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ADVERTISEMENT

The present work, entitled ¢‘ Langley Memoir on Mechanical Flight,’’ as
planned by the late Secretary Samuel Pierpont Langley, follows his publications
on ‘‘ Experiments in Aerodynamics ’’ and ‘¢ The Internal Work of the Wind *’
printed in 1891 and 1893, respeetively, as parts of Volume 27 of the Smithsonian
Contributions to Knowledge.

This Memoir was in preparation at the time of Mr. Langley’s death in 1906,
and Part I, recording experiments from 1887 to 1896, was written by him. Part
11, on experiments from 1897 to 1903, has been written by Mr. Charles M. Manly,
who became Mr. Langley’s Chief Assistant in June, 1898. The sources of infor-
mation for this Part were the original carefully recorded accounts of the experi-
ments deseribed.

It is expected later to publish a third part of the present memoir, to consist
largely of the extensive technical data of tests of the working of various types of
curved surfaces, propellers, and other apparatus.

It is of interest here to note that experiments with the Langley type of aero-
drome * did not actunally ccase in December, 1903, when he made his last trial
with the man-carrying machine, but as recently as August 6, 1907, a French
aviator made a flight of nearly 500 feet with an aerodrome of essentially the same
design. (See Appendix.)

In accordance with the established custom of referring to experts in the
subjeet treated, all manuseripts intended for publication in the Smithsonian
Contributions to Knowledge, this work was examined and recommended by a
Commission econsisting of Mr. O. H. Tittman, Superintendent of the United
States Coast and Geodetie Survey, who witnessed some of the field trials, George
0. Squier, Ph. D. (Johns Hopkins), Major, Signal Corps, U. S. Army, and Albert
Francis Zahm, Ph. D., of Washington City.

CrarLes D. WavrcoTr,
Secretary of the Smithsonian Institution.

1The name ‘‘ aerodrome ” was given by Secretary Langley to the flying machine in 1893, from
depodpopte (to traverse the air) and éepodpéuoc air runner.—Internal Work of the Wind, p. 5.

843941






PREFACE

The present volume on Mechanical Flight consists, as the title-page indi-
cates, of two parts. The first, dealing with the long and notable series of early
experiments with small models, was written almost entirely by Secretary Lang-
ley with the assistance of Mr. E. C. Huffaker and Mr. G. L. Fowler in 1897. Such
chapters as were not complete have been finished by the writer and are easily
noted as they are written in the third person. It has been subjected only to such
revision as it wounld have received had Mr. Langley lived to supervise this pub-
lication, and has therefore the highest value as an historical record. The com-
position of the second part, dealing with the later experiments with the original
and also new models and the eonstruction of the larger aerodrome, has neces-
sarily devolved upon me. This is in entire accordance with the plan formed by
My. Langley when I began to work with him in 1898, but it is to me a matter of
sincere regret that the manuseript in its final form has not hiad the advantage of
his eriticism and suggestions. If the reader shonld feel that any of the deserip-
tions or statements in this part of the volume leave something to be desired in
fullness of detail, it is hoped that some allowance may be made for the fact that
it has been written in the scanty and scattered moments that could be snatched
from work in other lines which made heavy demands upon the writer’s time and
strength. It is believed, however, that sufficient data are given to enable any
competent engineer to understand thoroughly even the most complicated phases
of the work.

Persons who care only for the accomplished fact may be inclined to under-
rate the interest and value of this record. But even they may be reminded that
but for such patient and nnremitting devotion as is here enregistered, the now
accomplished fact of mechanical flight would still remain the wild unnrealized
dream which it was for so many centuries.

To such men as Mr. Langley an unsuccessful experiment is not a failure but
a means of instruction, a necessary and often an invaluable stepping-stone to the
desired end. The trials of the large aerodrome in the antumn of 1903, to which
the euriosity of the public and the sensationalism of the newspapers gave a char-
acter of finality never desired by Mr. Langley, were to him merely members of
a long series of experiments, as much so as any trial of one of the small aero-
dromes or even of one of the earliest rubber-driven models. Had his health and
strength been spared, he would have gone on with his experiments undiscouraged
by these accidents in launching and undeterred by eriticism and misunder-
standing.
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Moreover, it is to be borne in mind that Mr. Langley’s contribution to the
solution of the problem is not to be measured solely by what he himself aceom-
plished, important as that is. He began his investigations at a time when not
only the general publie but even the most progressive men of science thought of
mechanieal flight only as a subject for ridieule, and Loth by his epoch-making
investigations in aerodynamies and by his own devotion to the subjeet of flight
itself he helped to transform iuto a field of scientific inquiry what had before
been almost entirely in the possession of visionaries.

The original plans for this publication provided for a third part covering
the experimental data obtained in tests of ecurved surfaces and propellers. Ow-
ing to the pressure of other matters on the writer, the preparation of this third
part is not yet complete and is reserved for later publication.

CuarLes M. Maxvy.
New York Ciry.
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LANGLEY MEMOIR ON MECHANICAL FEIGHE
Part L. 1887 To 1896

By S. P. LANGLEY
Epitep sy CHARLES M. MANLY

CHAPTER I
INTRODUCTORY

I* announced in 1891, as the result of experiments carried on by me
through previous years, that it was possible to construct machines which would
give such a veloecity to inclined surfaces that bodies indefinitely heavier than
the air eould be sustained upon it, and moved through it with great veloeity.
In particular, it was stated that a plane surface in the form of a parallelogram
of 76.2 em.X12.2 em. (30x4.8 inehes), weighing 500 grammes (1.1 1bs.), eould
be driven through the air with a velocity of 20 metres (65.6 feet) per second
in absolutely horizontal flight, with an expenditure of 1/200 horse-power, or, in
other terms, that 1 horse-power would propel and sustain in horizontal flight,
at such a velocity (that is, about 40 miles an hour), a little over 200 pounds
weight of sueh surface, where the specific gravity of the plane was a matter of
secondary importanee, the support being derived from the elasticity and iner-
tia of the air upon which the body is made to run rapidly.

It was further speeifically remarked that it was not asserted that planes of
any kind were the best forms to be used in mechanical flight, nor was it asserted,
without restrietions, that mechanical flight was absolutely possible, since this
depended upon our ability to get horizontal flight during transport, and to leave
the earth and to return to it in safety. Our ability actually to do this, it was
added, would result from the practice of some unexplored art or science which
niight be termed Aerodromies, but on which T was not then prepared to enter.

I had at that time, however, made eertain preliminary experiments with
flving models, which have been continued up to the present year,” and at the
same time I have continued experiments distinet from these, with the small
whirling-table established at Washington. The results obtained from the latter
being supplemental to those published in ¢“ Experiments in Aerodynamies,”’ and

1 Experiments in Aerodynamics,” Smithsonian Contributions to Knowledge, Vol. 27, 1891.

?This chapter was written almost entirely by Mr. Langley in 1897.
*1897.
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being more or less imperfeet, were at first intended not for publication, but for
my own information on matters where even an incomplete knowledge was better
than the absence of any.

It is to be remembered that the mechanieal diffienlties of artifieial flight
have been so great that, so far as is known, never at any time in the history
of the world previous to my experiment of May, 1896, had any such mechanism,
however actuated, sustained itself in the air for more than a few seconds—
never, for mstance, a single half-minute-—and those models which had sustained
themselves for these few seconds, had been in almost every case actuated by
rubber springs, and had been of such a size that they should hardly be described
as more than toys. This refers to actual flights in free air, unguided by any
track or arm, for, sinee the most economical flight must always be a horizontal
one in a straight line,* the faet that a machine has lifted itself while pressed up-
ward against an overhead track which compels the aerodrome to move horizon-
tally and at the proper angle for equilibrinm, is no proof at all of real ¢ flight.”’

I desire to ask the reader’s consideration of the fact that even ten years
ago,* the whole subject of mechanical flight was so far from having attracted
the general attention of physicists or engineers, that it was generally eonsidered
to be a field fitted rather for the pursuits of the eharlatan than for those of the man
of science. Consequently, he who was bold enough to enter it, found almost none
of those experimental data which are ready to hand in every recognized and
reputable field of seientific labor. Let me reiterate the statement, which even
now seems strange, that such disrepute attached so lately to the attempt to
make a ‘¢ flying-machine,”’ that hardly any scientifie men of position had made
even preliminary investigations, and that almost every experiment to be made
was made for the first time. To cover so vast a field as that whieh aerodromiecs
is now seen to open, no lifetime would have sufficed. The preliminary experi-
ments on the primary question of equilibrium and the intimately assoeiated
problems of the resistance of the sustaining surfaces, the power of the engines,
the method of their applieation, the framing of the hull strueture which held
these, the construction of the propeHers, the putting of the whole in initial
motion, were all te be made, and could not be conducted with the exactness which
would render them final models of aceuraey.

I beg the reader, therefore, to recall as he reads, that everything here has
been done with a view to putting a trial aerodrome sueceessfully in flight within
a few years, and thus giving an early demoustration of the only kind which is
conclusive in the eyes of the scientific man, as well as of the general public—a
demonstration that meechanical flight is possible—by aetually flying.

All that has been done, has been with an eye principally to this immediate

“ In this statement, of course, no account is taken of the “ internal work of the wind.”
‘Tcn years prior to 1897.
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result, and all the experiments given in this book are to be considered only as
approximations to exaet truth. All were made with a view, not to some remote
future, but to an arrival within the compass of a few years at some result in
actnal flight that could not be gainsaid or mistaken.

Although many experimenters have addressed themselves to the problem
within the last few years—and these have included men of education and skill
—the general failure to arrive at any actual flight has seemed to throw a doubt
over the conclusions which I had announced as theoretically possible.

When, therefore, I was able to state that on May 6, 1896, such a degrec of
success had been attained that an aerodrome, built chiefly of steel, and driven
by a steam engine, had indeed flown for over half a mile—that this machine had
alighted with safety, and had performed a second flight on the same day, it was
felt that an advance had been made, so great as to constitute the long desired
experimental demonstration of the possibility of mechanical flight. These results
were communicated to the French Academy in the note given below.’

Independently of the preliminary experiments in aerodynamics already pub-
lished, T had been engaged for seven years in the development of flying models.
Although the work was discouraging and often resulted in failure, success was
finally reached under the conditions just referred to, which obviously admitted
of its being reaclied again, and on a larger scale, if desired.

® Communication to the French Academy. Extract from the Comptes Rendus of the Sessions of

the Academy of Sciences, Vol. 122, Session of May 26, 1896.
(Translation.)
A Description of Mechanical Flight. By S. P. Langley.

In a communication which I addressed to the Academy in July, 1891, I remarked that the results
of experimental investigation had shown the possibility of constructing machines which conld give
such a horizontal velocity to bodies resembling in shape inclined planes, and more than a thousand
times heavier than air, that these could be sustained on this element.

While 1 have elsewhere remarked that surfaces other than planes might give better results,
and that absolutely horizontal flight, which Is so desirable in theory, is hardly realizable in
practice, so far as I know there has never been constructed, up to the present tlme, any heavy
aerodrome, or so-called flying-machine, which can keep itself freely in the air by its own force more
than a few seconds, the difficulties encountered in absolntely free flight being, for many reasons, im-
measurably greater than those experienced when the flight is controlled by the body’s pressing
upward against a horizontal track, or whirling-arm. No one is unaware that many experimenters
have been engaged in trying to execute free mechanical flight, and although the demonstration
which I furnished in 1891 [“ Experiments in Aerodynamics,” 1891] of its theoretical possibility with
means then at our disposition, seemed conclusive, so long a time has elapsed without practical resnlts,
that it might be doubted whether these theoretical conditions are to be realized. I have thought it
well, then, to occupy myself with the construction of an aerodrome with which I might put my
previous conclusions to the test of experiment. -

The Academy will, perhaps, find it interesting to read the narrative given here by an eye-witness,
who is well known to it. I am led to present it not only by the request with which he honors me,
but by the apprehension that my administrative duties may put a stop to these researches, so that
it seems to me advisable to announce the degree in which I have already succeeded, although this
suceess be not as complete as I should like to make it.

The experiments took place on a bay of the Potomac Rlver, some distance below Washington.
The aerodrome was built chiefly of steel, though lighter material entered into the construction, so
that its density as a whole was a little below unity. No gas whatever entered into the construction of
the machine, and the absolute weight, independent of fuel and water, was ahout 11 kilos (24 pounds).
The width of the supporting surfaces was about 4 metres (13 feet), and the power was furnished by
an extremely light cngine of. approximately one horse-power. There was no one to direct it on
toard, an? the means for keeping it automatically in horizontal flight were not complete. It Is
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In view of the great importance of these experiments, as demonstrating
beyond question the practicability of the art of mechanical flight, and also in
view of the yet inchoate state of this art, I have thought it worth while to pub-
lish an account of them somewhat in detail, even though they involve an account
of failures; sinee it is from them, that those to whom it may fall to continne
such construetions, will learn what to avoid, as well as the raison d’etre of the
construetion of the machines which have actually flown.

In an established art or scienee, this description of the essays and failures
which preceded full knowledge would have elnefly an historical mterest. Here
almost nothing is yet established beyond the fact that meehanical flight has
actually been attained. The history of failure i1s in this case, then, if I do not
mistake, most necessary to an understanding of the road to future sneeess, to
whieh it led, and this has been my motive in presenting what I have next to say
so largely in narrative form.

important to remark that the small dimensions of the machine did not allow it to Inelude any
apparatus for condensing the steam, so that It could only carry water enough for a very brief
course—a drawback which would not he encountered in one of a larger construction.

It is also to be noted that the speed estimated by Mr. Bell was that obtained in a continuous
ascending flight, and mueh less than would have been attained in a horizontal course.

On Mechanical Flight. Letter of Mr. Alexander Graham Bell to Mr. Langley.
. Washington, May 6, 1896.

I am quite aware that you are not desirous of publication until you have attained more eomplete
success in obtaining horizontal flight under an automatic direction, but it seems that what 1 have
been privileged to see to-day marks such a great progress on everything ever before done in this way,
that the news of it should he made public, and I am happy to give my own testimony on the results
of two trials which I have witnessed to-day by your invitation, hoping that you will kindly consent
to making it known.

For the first trial, the apparatus, chiefly constructed of steel and driven hy a steam engine,
was launched from a hoat at a height of about 20 feet from the water. Under the impulse of its
engines alone, It advanced against the wind and while drifting little, and slowly ascending with a
remarkahly unlform motion, it descrihed curves of ahout 100 metres in diameter; till at a height
in the air which I estimate at ahout 25 metres (82 feet), the revolutions of the screws eeased for
want of steam, as I understood, and the apparatus descended gently and sank into the water, which
it reached in a milnute and a half from the start. It was not damaged, and was immediately ready
for another fiight.

In the second trlal it repeated In nearly every respect the actlon of the first, and with an
identical result. It rose smoothly in great curves until it approached a prominent wooded promon-
tory, which it crossed at a height of 8 to 10 metres above the tops of the highest trees, upon the
exhaustion of the stedm descendlng slowly into the bay, where it settled in a minute and thirty-one
seconds from the start. You have an instantaneous photograph of it, which I took just after the
launch. [See plates 20, 21, and 22 of present work.]

From the extent of the curves which it described, which I estlmated with other persons, from
measurements which I took, and from the number of revolutlons of the propellers, as recorded by
the automatic counter which I consulted, I estlmate the ahsolute length of each course to he over
half an English mile, or, more exactly a little over 900 metres (2953 feet).

The duration of flight during the second trial was one minute and thirty-one seconds, and the
average velocity hetween twenty and twenty-five miles an hour, or, let us say 10 metres a second, in a
course which was constantly ascendlng. I was extremely impressed by the easy regular course of
each trial, and by the fact that the apparatus descended each time with such smoothness and
gentleness as to render any jar or daunger out of the question,

It seemed to me that no one could have witnessed these experiments without being convinced
that the possibllity of mechanicai filght had heen demonstrated.



CHAPTER 1I
PRELIMINARY

Part I of the present work is intended to include an account of the experi-
ments with actnal flying models, made chiefly at or near Washington, from the
earliest with rubber motors up to the construction of the steam aerodromes that
~ performed the flights of May 6 and November 28, 1896.

An account of some observations conducted at Washington, with the whirl-
ing table, on the reaction of various surfaces upon the air, is relegated to a later
part.

The experiments with working models, which led to the sueccessful flights,
were commenced in 1887, and it has seemed to me preferable to put them at first
in chronological order, and to present to the reader what may seem instructive
in their history, while not withholding from him the mistaken efforts which were
necessarily made before the better path was found. In this same connection,
I may say that I have no professional acqnaintance with steam engineering, as
will, indeed, be apparent from the present record, but it may be observed that
none of the counsel which I obtained from those possessing more knowledge
was useful in meeting the special problems which presented themselves to me,
and which were solved, as far as they have been solved, by constant ‘¢ trial and
error.”’

I shall, then, as far as practicable, follow the order of dates in presenting
the work that has been done, but the reader will observe that after the prelimi-
nary investigations and since the close of 1893, at least four or five independent
investigations, attended with constant experiment and radically distinet kinds of
construetion, have been going on simultaneously. We have, for instance, the
work in the shop, which is of two essentially different kinds: first, that on the
frames and engines, which finally led to the construction of an engine of un-
precedented lightness; second, the experimental construction of the supporting
and guiding surfaces, which has involved an entirely different set of considera-
tions, concerned with equilibrium and support in flight. These construetions,
however successful, are confined to the shop and are, as will be seen later, use-
less without a launching apparatus. The construction of a suitable launching
apparatus itself involved difficulties which took years to overcome. And, finally,
the whole had to be tested by actual flights in free air, which were conducted at
a place some 30 miles distant from the shop where the original construction

went on.
5
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Simultaneously with these, original experiments with the whirling-table were
being conducted along lines of researeh, which though necessary have only been
indieated. We have, then, at least five subjects, so distinet that they ean only
be properly treated separately, and accordingly they will be found in Chapters
VII, VIII, IX and X, and in Part Third [in preparation].

It is inevitable that in so complex a study some repetition should present
itself, espeeially in the narrative form chosen as the best method of presenting
the subject to the reader. Kach of these chapters, then, will contain its own
historical account of its own theme, so that each subject can be pursued continu-
ously in the order of its actual development, while, since they were all interde-
pendent and were actually going on siumultaneously, the order of dates which is
followed in each chapter will be a simple and sufficient method of reference from
one to the other.

ExPErRIMENTS WITH SMALL MoDELS

In order to understand how the need arises for sneh experiments in fixing
conditions whieh it might appear were already determined in the work ‘¢ Experi-

7’1 it is to be constantly borne in mind, as a eonsidera-

ments in Aerodynamies,
tion of the first importance, that the latter experiments, being conducted with
the whirling-table, foree the model to move in horizontal flight and at a constant
angle. Now these are ideal conditions, as they avoid such praetical difficulties
as maintaining equilibrinm and horizontality, and for this reason alone give
results more favorable than are to be expected in free flight.

Besides this, the values given in ¢‘ Aerodynamics ’’ were obtained with
rigid surfaces, and these surfaces themselves were small and therefore manage-
able, while larger surfaces, sueh as are used in actual flight, would need to be
stiffened by guys and like means, which offer resistance to the air and still
further reduce the results obtained. Tt is, thercfore, fairly certain, that noth-
ing like the lift of 200 pounds to the horse-power for a rate of 40 miles an hour,’
obtained under these ideal eonditions with the whirling-table, will be obtained
in actual flight, at least with plane iwings.

The data in ‘‘ Aerodynamics ’’ were, then, insufficient to determine the con-
ditions of free flight, not alone becaunse the apparatus compels the planes {o move
in horizontal flight, but because other ideally perfect conditions are ohtained by
surfaces rigidly attached to the whirling-table so as to present an angle to the
wind of advance which is invariable during the eourse of the experiment, whereas
the surfaces employed in aetual flight may evidently change this angle and cause

11t is desirable tbat the reader should be acquainted with the contents of this treatise, and of
another by me, entitied “ The Internal Work of the Wind,” both pubiished by the Smithsonian Insti-
tution. A knowledge of these works is not absoluteiy necessary, but of advantage in connection with
what follows.

# ¢ Experiments in Aerodynamics,” p. 107.
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the aerodrome to move upward or downward, and thus depart from horizontal
flight so widely as to bring prompt destruction.

To seeure this balance, or equilibrium, we know in theory, that the center
of gravity must be brought nearly under the center of pressure, by which latter
expression we mean the resultant of all the forces which tend to sustain the
aerodrome; but this center of pressure, as may in fact be inferred from ‘¢ Acro-
dynamics,”’ ® varies with the inclination of the surface. It varies also with the
nature of the surface itself, and for one and the same surface is eonstantly
shifted nnless the whole be rigidly held, as it is on the whirling-table, and as it
cannot be in free flight.

Here, then, are conditions of the utmost importance, our knowledge of which,
as derived from ordinary aerodynamic experiments, is almost nothing. A con-
sideration of this led me to remark in the conclusion of ‘¢ Aerodynamies *’:

“ T have not asserted, without qualification, that mechanical flight is prac-
tically possible, since this involves questions as to the method of constructing
the mechanism, of securing its safe ascent and descent, and also of securing the
indispensable condition for the economic use of the power I have shown to be
at our disposal—the condition, I mean, of our ability to guide it in the desired
horizontal direction during transport—questions whiclh, in my opinion, are only
to be answered by further experiment and which belong to the inchoate art or
science of aerodromics on which I do not enter.”’

It is this inchoate art of aerodromics which is begun in the following experiments
with actual flying machines.

In all discussions of flight, especially of soaring flight, the first souree to
which one naturally looks for information is birds. But here correet deductions
from even the most accurate of observations are very diffienlt, because the
observation cannot include all of the conditions under whieh the bird is doing
its work. If we conld but see the wind the problem would be greatly simplified,
but as the matter stands, it may be said that much less assistance has been de-
rived from studious observations on bird-flight than might have been anticipated,
perhaps because it has been found thus far impossible to reproduee in the fly-
ing machine or aerostatic model the shape and conditipn of wing with its flexible
and econtrollable connection with the body, and especially the instinetive control
of the wing to meet the requirements of flight that are varying from second to
second, and which no automatic adjustment can adequately meet.

At the time I commenced these experiments, almost the only flying-machine
which had really flown was a toy-like model, snggested by A. Pénaud, a young
Frenchman of singnlar mechanical genins, who contributed to the world many
most original and valuable papers on Aeronaunties, which may be found in the
journal ¢‘ T.’Aeronante.’”” His aeroplane is a toy in size, with a small propeller

3 Chapter VIII.
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whose blades are usually made of two feathers, or of stiff paper, and whose motive
power is a twisted strand of rubber. This power maintains it in the air for a
few seeonds and with an ordinary eapacity for flight of 50 feet or so, but it em-
bodies a deviee for automatiecally securing horizontal flight, whieh its inventor
was the first to enuneciate.*

Although Pénaud recognized that, theoretieally, two serews are necessary in
an aerial propeller, as the use of a single one tends to make the apparatus re-
volve on itself, he adopted the single serew on aceount of the greater simplieity
of construetion that it permitted. One of these little machines is shown as No.
11, Plates 1 and 2. y

AB is a stem about 2.5 mm. in diameter and 50 em. long. It is bent down at
each end, with an offset whieh supports the rubber and the shaft of the serew
to whieh it is hooked. The serew HH' is 21 em. in diameter, and has two blades
made of stiff paper; two are preferable, among other reasons, because they can
be made so that the maehine will lie flat when it strikes in its descent. About
the middle of 4D there is a ¢‘ wing ’’ surface DC, 45 em. long and 11 em. broad,
the ends C and D being raised and a little curved. In front of the serew is the
horizontal rudder GK having a shape like that of the first surface, with its ends
also turned up, and inclined at a small negative angle with this wing surface.
Along its eenter is a small fin-like vertieal rudder that steers the device later-
ally, like the rudder of a ship.

The approximately, but not exaetly, horizontal rudder serves to hold the
device in horizontal flight, and its operation ean best be understood from the
side elevation. Let C'D be the wing plane set nearly in the line of the stem, whieh
stem it is desired to maintain, in flying, at a small positive angle, a, with the
horizon, a being so chosen that the tendeney upward given by it will just eoun-
teract the aetion of gravity. The weight of the aeroplane, combined with the
resistance due to the reaction of the air caused by its advanee would, under
these conditions, just keep it moving onward in a horizontal line, if there were
no disturbanee of the eonditions. There is, however, in the wing no power of
self-restoration to the horizontal if these conditions are disturbed. But such
a power resides in the rudder GK, which is not set parallel to the wing, but at
a negative angle (a') with it equal to the positive angle of the wing with the hori-
zon. It is obvious that, in horizontal flight, the rudder, being set at this angle,
presents its edge to the wind of advanee and consequently offers a minimum
_resistance as long as the flight is horizontal. If, however, for any reason the
head drops down, the rear edge of the rudder is raised, and it is at onee subjeeted
to the action of the air upon its upper surface, which has a tendency to lower the
rear of the machine and to restore horizontality. Should the head rise, the lower

‘His device for obtaining automatic equilibrium is found in connection with the description of
his “ Aeroplane Auto Moteur,” in “ L’Aeronaute ”” for January, 1872.



No. 3 LANGLEY MEMOIR ON MECHANICAL ¥LIGHT 9

surface of the rudder is subjected to the impact of the air, the rear end is raised,
and horizontality again attained. In addition to this, Pénaud appears to have
contemplated giving the rudder-stem a certain elasticity, and in this shape it is
perhaps as effective a control as art could devise with such simple means.

Of the flight of his little machine, thus directed, Pénaud says:

¢“ If the screw be turned on itself 240 times and the whole lcft free in a hori-
zontal position, it will first drop; then, upon attaining its speed, rise and perform
a regular flight at 7 or 8 feet from the ground for a distance of about 40 metres,
requiring about 11 seconds for its performance. Some have flown 60 metres and
have remained in the air 13 seconds.” The rudder controls the inclination to
ascend or descend, causing oscillations in the flight. Finally the apparatus de-
scends gently in an oblique line, remaining itself horizontal.”’

The motive power is a twisted hank of fine rubber strips, which weighs 5
grammes out of a total of 16 grammes for the whole machine, whose center of
gravity should be in advance of the center of surface C'D, as will be demonstrated
in another place. This device attracted little notice, and I was unfamiliar with
it when I began my own first constructions at A]Iégheny, in 1887.

My own earliest models employed a light wooden frame with two propellers,
which were each driven by a strand of twisted rubber.® In later forms, the rub-
ber was enclosed and the end strains taken up by the thinnest tin-plate tubes,
or better still, paper tubes strengthened by shellac.

Little was known to me at that time as to the proper proportions between
wing surface, weight and power; and while I at first sought to infer the relation
between wing surface and weight from that of soaring birds, where it varies
from 1 to 1 sq. ft. of wing surface to the pound, yet the ratio was successively
increased in the earlier models, until it became 4 sq. ft. to 1 pound. It may be
well to add, however, that the still later experiments with the steam-driven
models, in which the supporting surface was approximately 2 sq. ft. to the
pound, proved that the lack of ability of these carly rnbber-driven models to
properly sustain themselves even with 4 sq. ft. of wing surface to the pound,
was largely due to the fact that the wings themselves had not been stiff enough
to prevent their being warped by the air pressure generated by their forward
motion.

During the years I presently desecribe, these tentative constructions were re-

5T have never obtained s6 good a result as this with any rubber motor. S. P. Langley.

¢One pound of twisted rubber appears, from my experiments, to be capable of momentarily
ylelding nearly 600 foot-pounds of energy, but this effect is attained only by twisting it too far. Tt
will be safer to take at most 300 foot-pounds, and as the strain must be taken up by a tube or frame
weighing at least as much as the rubber, we have approximately 0.0091 as the horse-power for one
minnte, or 0.091 horse-power for six seconds as the maximum effect, in continuous work, of a pound
of twisted rubber strands. The longitudinal pull of the rubber is much greater, but it is difficult to
employ it in this way for models, owing to the great relative weight of the tube or frame needed to
bear the bending strain. In either form, rubber is far more effective for the welght than any steel
spring (see later chapter on Avallable Motors).
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newed at intervals without any satisfactory result, though it became clear from
repeated failures, that the motive power at command would not suffice, even for
a few seconds’ flight for models of sufficient size to enable a real study to be made
of the conditions neecessary for successful flight.

In these earliest experiments everything had to be learned about the relative
position of the center of gravity, and what T have called the center of pressure.
In regard to the latter term, it might at first seem that since the upward pres-
sure of the air is treated as coneentrated at one poiut of the supporting surface,
as the weight is at the ecenter of gravity, this point should be always in the same
position for the same supporting surface. This relation, however, is never con-
stant. How paradoxical seems the statement that, if ab be such a supporting
surface in the form of a plane of uniform thickness and weight, suspended at ¢
(ac being somewhat greater than ¢b) and subjected to the pressure of a wind in
the direction of the arrow, the pressure on the lesser arm ¢b will overpower that

.
B

Fra. 1. Diagram of suspended plane showing position of C. P,

on the greater arm ac/ We now know, however, that this must be so, and why,
but as it was not known to the writer till determined by experiments published
later in ‘‘ Experiments in Aerodynamies,’”” all this was worked out by trial in
the models.

It was also early seen that the surface of support could be advantageously
divided into two, with one behind the other, or one over the other, and this was
often, though not always, done in the mmodels.

At the very beginning another diffieulty was met whieh has proved a eon-
stant and ever-increasing one with larger models—the difficulty of lannehing
them in the air. It is frequently proposed by those unfamiliar with this diffienlty,
to launch the aerodrome by plaecing it upon a platform ear or upon the deck of
a steamer, and running the ear or boat at an ihoreasing speed until the aerodrome,
whieh is free to rise, is lifted by the wind of advanee. But this is quite imprae-
ticable without means to prevent premature displacement, for the large surface
and slight weight renders any model of eonsiderable size unmanageable in the
least wind, such as is always present in the open air. Tt is, therefore, necessary
in any lannching apparatus that the aerodrome be held rigidly until the very mo-
ment of release, and that instant and simnltaneouns release from the apparatus
be made at all the sustaining points at the proper morgent.
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There is but a very partial analogy in this case to the launching of a ship,
whieh is held to her ways by her great weight. Here, the ¢ ship ’’ is liable to rise
from her ways or be turned over laterally at any instant, unless it is securely
fastened to them in a manner to prevent its rising, but not to prevent its
advancing.

The experiments with rubber-driven models commenced in April, 1887, at
the Allegheny Observatory, were continued at intervals (partly there, but chiefly
in Washington) for three or four years, during which time between thirty and
forty independent models were construeted, which were so greatly altered in the
course of experiment that more nearly one hundred models were in reality tried.
The result of all this extended labor was wholly inconclusive, but as subsequent
trials of other motors (snch as compressed air, carbonic-acid gas, clectric bat-
teries, and the like) proved futile, and (before the steam engine) only the rubber
gave results, however unsatisfactory, in actual flight, from which anything could
be learned, I shall give some brief account of these experiments, which preceded
and proved the necessity of using the steam engine, or other like energetic motor,
even in experimental models.

An early attempt was made in April, 1887, with a model consisting of a frame
formed of two wooden pieces, each about 1 metre long and 4 centimetres wide,
made for lightness, of star-shaped section, braced with cross-pieces and carrying
two long strips of rubber, each about 1 mm. thick, 30 mm. wide, 2 metres long,
doubled, weighing 300 grammes. Each of these strips could be wound to about
300 turns, one end being made fast to the front of the frame, the other to the shaft
of a four-bladed propeller 30 em. in diameter. The wings were made of lightest
pine frames, over which paper was stretched, and were double, one being super-
posed upon the other. Each was 15 em. wide, and 120 em. long. The distance
hetween them was 12 em. and the total surface a little more than 3600 sq. em.
(4 square feet). In flying, the rubber was so twisted that the propellers were run
in opposite directions. The weight of the whole apparatus was not quite 1 kilo-
gramme, or about 1 pound to 2 feet of sustaining surface, which proved to be
entirely too great a weight for the power of support. When placed upon the
whirling-table, it showed a tendency to soar at a speed of about ten miles an
hour, hut its own propellers were utterly insufficient to sustain it.

In this attempt, which was useful only in showing how much was to be learned
of practical conditions, the primary difficulty lay in making the model light
enough and sufficiently strong to support its power. This difficulty continued to
be fundamental through every later form;but besides this, the adjustment of the
center of gravity to the center of pressure of the wings, the disposition of the
wings themselves, the size of the propellers, the inclination and number of their
blades, and a great number of other details, presented themselves for examina-
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tion. Even in the first model, the difficulty of launching the machine or giving it
the necessary preliminary impulse was disclosed—a difficulty which may perhaps
not appear serious to the reader, but which in faet required years of experiment
to remove.

By June, 1887 fwo other models, embodying various ehanges that had sng-
gested themselves, had been eonstructed. Iach of these had a single propeller
(one an 18}-inch propeller with eight adjustable blades, the other a 24-inch pro-
peller with four adjnstable blades) and was sustained by two pairs of enrved
wings 4 feet 7 inches long. It is, however, unnecessary to dwell further on these
details, since these models also proved altogether too heavy in relation to their
power, and neither of them ever made an actual flight.

At this period my time became so fully occupied with the experiments in
aerodynamiecs (whieh are not here in qﬁestion) that during the next two years
little additional was done in making direct investigations in flight.

In June, 1889, however, new rubber-driven models were made in which the
wooden frames were replaced by tubes of light metal, which, however, were still
too heavy, and these snbsequently by tubes of paper eovered with shellae, which
proved to be the lightest and best material in proportion to its strength that had
been fonnd. The twisted rubber was earried within these tubes, which were made
just strong enough to withstand the end-strain it produced. The front end of
the rubber being made fast to an extremity of the tube, the other end was at-
taehed direetly to the shaft of the propeller, which in the early models was still
supplied with four blades.

A detailed deseription of one of these early models, No. 26, shown in Plates
1 and 4, follows:

In each of the two tubes of paper, stiffened with shellae, which form a part
of the framing, is mounted a hank of twisted rubber, whieh connects with a pro-
peller at the rear. There are two pairs of wings, superposed and inclined at
an angle, the one above, the other below the frame. A light stem connected
with the frame bears a triangular Pénaud tail and randder.

Length of model. ... ...c.oh ce < oot . A S 105 em.
Spread of WINES . Ll .. . Tolrrs e e B
Width -of UDPDPEr WINGS . . oo oo el e o e T 14
Width of. Jower Wings: . o207 ... o5 BESEC e LI 1.9, 1%
Diameter of propeller.. ... ... 00 o ST RN )
Area of uppPer WIDEZS. o ..ol e oot SR il 1134 sq. cm.
Area of lower WIRES. .. ....c. . i o b Ll 1548 “
Area of tail. . ... c.. g o ad 8 S T 144
Weight of wings. ... ... oo o e S S 51 grammes
Welght of tail. . l:o. ..o ot e e o e (0
Weight of frame. ... .. ... ... 8t . A NN SECREE 88, u&
Weilght of wheels:. ..~ o R e et AR 20= %
Weight of rnbber (-09 ponnd)fd. . .8 00 A 5 0 A 40
Total weight' . . a. @ oo S e S S 156

No. of turns of rubber: . & i S N 100

Time of runnlng AW 5. 4 T T o S 8 seconds

Horse-power from preceding data..........oovevveenneenn. 0.001 HP
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The aerodromes made at this time were too heavy, as well as too large, to
be easily lannched by hand, and it was not until 1891 that the first one was econ-
strueted light enough to actually fly. This first flight was obtained from the
north window of the dome of the Allegheny Observatory, on Mareh 28, 1891, and
imperfect as it was, served to show that the proper balancing of the aerodrome
which would bring the center of gravity under the center of pressure, so as to
give a horizontal flight, had yet to be obtained.

From this time on until 1893, experiments continued to be made with rub-
ber-driven models, of which, as has been stated, nearly 40 were constrneted,
some with two propellers, some with one; some with one propeller in front and
one behind; some with plane, some with curved, wings; some with single, some
with superposed, wings; some with two pairs of wings, one preceding and one
following ; some with the Pénaud tail ; and some with other forms. A few of these
early forms are indicated on the accompanying Plates 1 to 4, but it does not
seem neeessary to go into the details of their construetion.

]I\llo. 11 with which an early flight was made, closely resembles the Pénaud
model.

No. 13 has two propellers, one in front and one behind, with a single wing.

No. 14 has two propellers, nearly side by side, but one slightly in advance,
with a single wing and a flat horizontal tail.

No. 15 has one leading propeller and two broad wings, placed one behind
the other.

No. 30 has the propeller shafts at an angle, and one pair of wings.

No. 31 has the propeller shafts at an angle, and two pairs of wings super-
posed.

The wings in general were flat, but in some ecases eurved. The rubber was
usually wound to about 100 turns, and trouble continually arose from its ‘¢ kink-
ing »’ and unequal unwinding, which often caused most erratie flights.

It is sufficient to say of these that, rude as they were, much was learned from
them about the eondition of the machines in free air, which could never be learned
from the whirling-table or other constrained flight.

The advantages and also the dangers of curved wings as compared with
plane ones, were shown, and the general disposition which would secure an even

,balance, was ascertained; but all this was done with extreme difficulty, since
the brief flights were full of anomalies, arising from the imperfeet conditions of
observation. For instanee, the motor power was apparently exhaunsted more
rapidly when the propellers were allowed to turn with the model at rest, than
when it was in motion, though in theory, in the latter ease more power would
seem to be expended and a greater speed of revolution obtained in a given time.
The longest flights obtainable did not exceed 6 or 8 seconds in time, nor 80 to 100
feet in distanece, and were not only so brief, but, owing to the spasmodic action
of the rubber and other eauses, so irregular, that it was extremely diffienlt to
obtain even the imperfect results whieh were actually deduced from them.



14 SMITHSONIAN CONTRIBUTIONS TO KNOWLEDGE voL. 27

ABBREVIATIONS AND SyMBOLS HMPLOYED

The following rules and symbols were adopted for determining the relative
position of points on the aerodrome, some of them during 1891, and some of
them sinee. All are given here for eonvenienee of reference, though their chief
application is to the larger steam aerodromes deseribed later. Those which im-
mediately follow were meant to give some of the notation of deseriptive geometry
in untechnical language for the nse of the workmen employed. Let X, ¥ and Z
be three lines at right angles to each other, and passing through the same point
in space, O, lying at any eonvenient distanee above the floor of the work-shop.

p/

Y

Fi16. 2. Diagram showing mensural coordinates.

The line X lies North and South; the line ¥ Hes East-and West, and the line 7
points to the zenith. Now place the aerodrome on the floor so that its prineipal
axis lies horizontally in the plane XZ, with its head pointing North, and in sneh
a position that a line passing through the eenter of the propellers shall coincide
with the line Y.

When measurements are made on or parallel to the line X, the point of in-
tersection O will be marked 1500 eentimetres, and distances toward the South
will be less than, and distanees toward the North greater than 1500 centimetres.

When measurements are made on or parallel to the line Z, the point O will
be eonsidered to he marked 2500 eentimetres, and distances above will be greater
than, and distances below will be less than 2500 centimetres.
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Lastly, when measurements are made on or parallel to the line Y, the point
O will be marked 3500 centimetres, and distances toward the East will be greater
than, and distances toward the West will be less than 3500 centimetres. Meas-
urements in these latter direetions will be comparatively infrequent because the
center of gravity and eenter of pressure both lie in the plane XZ.

EXAMPLE

In the figure the point 7" in the tail, if 15 centimetres to the South of O,
would be graduated 1485 centimetres. A weight (W) 25 centimetres below the
axis, would be graduated 2475 centimetres. A point 50 centimetres above the
axis would be graduated 2550 centunetres, ete.

CG represents the Center of Gravity of the aerodrome, or (with subseript
letters) of any specially designated part, or with reference to some indicated
condition.

CG, CG, represent the Center of Gravity as referred to the first, or hori-
zontal, and to the second, or vertical plane, respectively.

CP represents the Center of Pressure 7 of the whole aerodrome, or (with a
subseript) of any specially designated part.

COF represents the Center of Figure of the aerodrome, or of any specially
designated part.

Subseripts:

“fw’’ refers to the front wings. ¢¢1 7 refers to the plane X7Y.
“rw’’ refers to the rear wings. ¢ 27 refers to the plane XZ.
¢ r " refers to a state of rest. ¢ 37 refers to the plane YZ.

““m?? refers to a state of motion.

““4”’ represents the total area of the supporting surface; ‘“ u ’’ represents the

total area of the tail ; HP represents the horse-power by Prony brake measure-
ment. ‘‘ Horse-power by formula ’’ is given by Maxim’s formula:*®
Ip— rev. X diam. of propeller X pitch X thrust
~ 33,000
(This formnla was not in use at the time of the rubber-motor experiments, for
which the thrust was not taken. It appears to assume that the conditions where
the screws from a fixed position move a mass of still air, are the same as those
of free flight. Tts results, however, are in better agrecement with experiment
than might be anticipated.)
¢ Flying-weight ”’ means everything borne in actual flight, ineluding fuel

and water.

7 The aerodrome 1s sustained by the upward pressure of the air, which must be replaceable by

the resultant pressure at some particular point, designated by CP.
8 Sce Century Magazine, October, 1891,
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ExpErIMENTS WITH AERODROMES Nos. 30 anp 31.

Remembering that the prineipal object of all these experiments is to be able
to predict that setting of the wings and tail with reference to the center of
gravity whieh will seenre horizontal flight, we must understand that in the fol-
lowing tables (see No. 30) the figures CP»=1516.5 cm. mean a prediction that
the center of pressure of the sustaining surfaees in motion (CP.) is to be found
in a certain position 1516.5; that is, 16.5 em. in advance of the line joining the
propeller shafts. This predietion has been made by means of previous caleula-
tion joined with previous experimental adjustment. We know in a rough way
where the CP will fall on the wings when they are exposed independently if flat,
and at a certain angle, and where it will fall on the tail. From these, we can
find where the resulting CP of the whole sustaining surface will be.

It would seem that when we have obtained the center of gravity by a simple
experiment, we have only to slide the wings or tail forward and back until the
(caleulated) center of pressure falls over this observed center of gravity. But
in the very act of so adjusting the wings and tail, the center of gravity is itself
altered, and the operation has to be several times repeated in order to get the
two values (the eenter of pressure and eenter of gravity) as near each other as
they are found in the above-mentioned table, our object being to prediet the posi-
tion whieh will make the actual flight itself horizontal. How far this result has
been obtained, experiment in actual flight alone ean show, and from a comparison
of the predietion with the results of observation, we endeavor to improve the
formula.

The difficulties of these long-continued early experiments were enhanced by
the ever-present difficulty which eontinued through later ones, that it was almost
impossible to build the model light enough to enable it to fly, and at the same
time strong enough to withstand the strains which flight imposed upon it. The
models were broken up by their falls after a few flights, and had to be eontinu-
ally renewed, while owing to the slightness of their construction, the eonditions
of observation could not be exaetly repeated; and these flights themselves, as has
already been stated, were so brief ‘in time (usually less than six seconds), so
limited in extent (nsunally less than twenty metres), and so wholly eapricious and
erratie, owing to the nature of the rubber motor and other causes, that very
many experiments were insufficient to eliminate these causes of mal-observation.

It is not necessary to take the reader through many of them, but not to pass
over altogether a labor whieli was so great in proportion to the results, but whose
results, sueh as they were, were the foundation of all after knowledge, I will, as
illustrations, take from an almost unlimited mass of such material the observa-
tions of November 20, 1891, which were eonducted with Model No. 30 with a
single pair of wings, shown in Plate 1, and with another one, No. 31, also shown
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RUBBER-MOTOR MODEL AERODROMES NOS. 11, 13, 14
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OBSERVATION OF NOVEMBER 20, 1891.

Locarity, UpPER HALL, SM1THSONIAN BUILDING.

No. 30. No. 31.

Single wings. Snperposed wings.
T R I 0y Foe oreis s oo oo oile spe inis 780 1516.5 cm
CG cveeiiivnnnn. o) B 30 IR TR0 DG R 1515 em. 1517 em.
Cfn o0 A0 b A DB O T T LA 1528 cm.
Length (witlhiont fender) . ~................ 120 cm. = 3.94 ft. 120 cm. = 3.94 ft.
Widithifover Wing tips. « « cc covvesecrsonasis 120 cm. = 3.94 ft. 120 cm, = 3,94 ft.
Weight of rubber (72 grammes in each tube) 144 gr. = 0.82 lbs. 144 gr. = 0.32 1hs.
Total flying weight (including tail) .........| 432 gr. = 0.95 lbs. 506 gr. = 1.11 Ibs.
Tutns of rnbber.........ccoccceivicennnnee 30 30
Diameter of propeilers..............counn.. 37 cm. = 1.21 ft. 87 cm. = 1,21 ft.
WiavRyGEspropellers . ... .. oo eieiaind oo icm. = 0.23 ft. 7em, == 0.23 ft,
IPltchtof propellers ... c. . ......co0nvesennen. 50 cm. = 1,64 ft. 50 cm. = 1.64 ft.

T I Each pair 1954 5q. cm. = 2.13 sq. ft.

Area of wings (cach 992 sq.cm.) ........... 1984 sq. cm. = 2,13 aq. ft. Totalp 3968 qu —4.96 q“
i SN R S B S R S 878« =0.40 « I 373 5q. cm. = 0.40 sq. ft.

Area of wings and tail in No. 30, 2357 sq. cm. = 2.53 sq. ft. 2.53 s8q. ft. <~ .95 =2.7. Therefore, there
are 2.7 or nearly 3 sqnare feet of sustaining area to the pound.

Results.

Flight. | Aerodrome.
1 No. 30
2 No. 30
3 No. 31
4 No. 31
5 No. 31
6 No. 31
7 No. 30
8 No. 30
9 No. 30

10 No. 30
11 No. 30
12 No. 30

With 30 turns of the rubber, flew low through 10 metres.
Flew heavily through 12 metres, '
Flew high and turned to left; distance not noted.

The right wing having been weighted (to depress it and correct the tendency to tarn
to the ieft), model flew high, but the rubber ran down when it had obtained a flight
of 10 metres.

The wings were moved backward until the OP stood at 1493. The model still turned
to the ieft; flight lasted three and a-haif seconds; distance not noted.

Vertical taii was adjusted so as to further increase the tendency to go to the right. In
spite of all this, the model turned sharply to the left, fiying with a nearly horizontal
motion; tlme of flight not noted; distance not noted.

Straight horizontai flight; time three and three-fifths seconds, when rubber ran down;
distance 13 metres.

Straight flight as hefore; time two and four-fifths seconds; distance 13 metrea.

"With a curved wing in the samc position as the flat wing had previously occupled,
model flew up and struck the ceiling (nearly 30 feet high), turning to right, with a
flight whose cnrtate length was 10 metres.

Wing having been carried back 5 centimetres, model still flcw up, but not so high, and
stiii turned to the right.

Wings carried back 5 centimetres more; model still flew high; time two and two-fifths
seconds; distance 13 metres.

Wings carried back 4 centimetres more; model still flew high during a flight of 13 metres.

The observations now ceased, owing to the breaking up of the model
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in Plate 1, with superposed wings, which was used for the purpose of eompari-
son. 8. P. Langley was the observer, the place of observation the larger upper
hall of the Smithsonian building, at Washington, the time being taken by a stop-
watel, and the distanee by a scale laid down upon the floor. The models were in
every case held by an assistant and launched by hand, being thrown off with a
slight initial velocity. In the case of No. 30, the preliminary caleulation of the
position of the eenter of pressure had been made by'the process already de-
scribed; the center of gravity, with reference to the horizontal plane, was deter-
mined by simply suspending the whole by a eord.

The objects of these experiments, as of every other, were to find the practi-
cal eonditions of equilibrium and of horizontal flight, and to compare the ealcu-
lated with the observed positions of the center of pressure. They enable us to
make a comparison of the performances given by carlier ones with a light rub-
ber motor, with the relatively heavy motors used to-day, as well as a comparison
of siugle flat, single curved, and superposed flat wings.

The average time of the running down of the rubber in flight was something
like three seconds, while the average time of its running down when standing
still was but one and a half seconds. It might have been expeeted from theory
that it would take longer to run down when stationary, than in flight, and this
was one of the many anomalies observed, whose explanation was found later in
the inevitable defeets of such apparatus.

The immediate inferences from the day’s work were:

1. That the calculated position of the CP at rest, as related to the C@G, is
trustworthy only in the case of the plane wing.

2. The formula altogether failed with the curved wing, for which the CP
had to be earried indefinitely further backward.

On comparing the previous flights of November 14, with these, it seems that
with the old rubber motor of 35 grammes and 50 tnrns, the single wing, either
plane or curved, is altogether inferior to the double wing; while with the in-
creased motor power of this day, the single wing, whether plane or curved, seems
to be as good as the double wing. It also seems that the curved wing was rather
more efficient than the plane one.

The weight of the rubber in each tube was 72 grammes, or 0.16 pounds ; mean
speed of flight in horizontal distanee 4} metres (about 15 feet) per second.’

From experiments already referred to, there were found available 300 foot-
pounds of cnergy in a pound of rubber as employed, and in 0.16 of a pound, 48

foot-pounds of energy were used; ?F%)SO-G or 0.00145=the horse-power exerted in
b

* Subsequent observations indicate that the maximum velocity of horizontal flight must have been
about 10 metres per second.
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one minute, but as the power was in fact expended in 1/20 of that time we have
20x0.00145=0.029; that is, during the brief flight, about 0.03 of a horse-power
was exerted, and this sustained a total weight of only about a pound.

In comparing this flight with the ideal conditions of horizontal flight in ‘“Ae-
rodynamies,’’ it will be remembered that this model’s flight was so irregular and
so far from horizontal, that in one case it flew up and struck the lofty ceiling.
The angle with the horizon is, of course, so variable as to be practically un-
known, and therefore no direct comparison can be instituted with the data given
on page 107 of ‘“ Experiments in Aerodynamies,’’ but we find from these that at
the lowest speed there given of about 35 feet per second, 0.03 of a horse-power
exerted for three seconds would carry nearly one pound through a distance of
somewhat over 100 feet in horizontal flight.

The number of turns of the propellers multiplied by the pitch corresponds
to a flight of about 16 metres, while the mean actual flight was about 12. It is
probable, however, that there was really more slip than this part of the obser-
vation would indicate. It was also observed that there seemed to be very little
additional compensatory gain in the steering of No. 30 for the weight of the long
rudder-tail it carried. It may be remarked that in subsequent observations the
superiority of the curved wing in lifting power was confirmed, though it was
found more liable to accident than the flatter one, tending to turn the model over
unless it was very carefully adjusted.

It may also be observed that these and subsequent observations show, as
might have been anticipated, that as the motor power increased, the necessary
wing surface diminished, but that it was in general an easier and more efficient
employment of power to carry a surface of four feet sustaining area to the
pound than one of three, while one of two feet to the pound was nearly the limit
that could be used with the rubber motor.*

It may be remarked that the flights this day, reckoned in horizontal dis-
tance, were exceptionally short, but that the best flights at other times obtained
with these models (30 and 31) did not exceed 25 metres. Such observations were
continued in hundreds of trials, without any much more conclusive results.

10 Observers following de Lucy have long since called attentlon to the fact that as the scale of
Nature’s flying things increases, the size of the sustalning surfaces diminishes relatively to the welght
Varea
3y weight
prisingly constant when bats varying in weight as much as 250 times are the subject of experiment,
and later observations by Marey have not materially affected the statement. As to the muscular power
which Nature has imparted with the greater or lesser weight, this varies, decreasing very rapidly as
the weigbt increases. The same remark may be made, apparently with at least approximate truth,
with regard to the soaring bird, and the important inference is that if there be any analogy between
the bird and the aerodrome, as the scale of the construction of the latter increases, it may be reason-
ably anticipated that the size of the sustalning surfaces will relatively diminish rather than increase.

We may conveniently use M. Harting's formula in the form a=n*w}= ;f:,» where a=—area in sq.

c¢m., w the welght in grammes, I the length of the wing in cm., » and m constants derived from
observation.

is sur-

sustalned. M. Harting (Aeronautical Society, 1870) has shown that the relation






CHAPTER III
AVAILABLE MOTORS

In the introductory chapter to ‘‘ Kixperiments in Aerodynamics,”’ it was
asserted that

‘“ These researches have led to the result that mechanical sustentation of
heavy bodies in the air, combined with very great speeds, is not only possible,
but within the reach of mechanical means we actually possess.”’

It was, however, necessary to make a proper selection in arder to secure
that souree of power which is best adapted to the requirements of mechanical
flight. Pénaud had used india rubber as the cheapest and at the same time the
most available motor for the toys with which he was experimenting, but when
models were constructed that were heavier than anything made prior to 1887, it
appeared, after the exhaustive trials with rubber referred to in the preceding
chapter, that something which could give longer and steadier flights must be
used as a motor, even for the preliminary trials, and the construetion of the
large steam-driven model known as No. 0, and elsewhere described, was begun.
Even before the completion of this, the probability of its failure grew so strong
that experiments were commenced with other motors, which it was hoped might
be consistent with a lighter construction.

These experiments which eommenced in the spring of 1892 and eontinued
for nearly a twelvemonth, were made upon the use of compressed air, carbonic-
acid gas, electricity in primary and storage batteries, and numerous other con-
trivances, with the result that the steam engine was finally returned to, as be-
ing the only one that gave any promise of immediate suceess in supporting a
machine which would teach the conditions of flight by actual trial, though it may
be added that the gas engine which was not tried at this time on account of
engineering difficulties, was regarded from the first as being the best in theory
and likely to be ultimately resorted to. All others were fundamentally too
heavy, and weight was always the greatest enemy.

It is the purpose of this chapter to pass in brief review the work that was
done and the amount of energy that was obtained with these several types of
motors, as well as the obstacles which they presented to practical application
npon working aerodromes.

Ixpra RuBsBERr

India rubber is the source of power to which the designer of a working
model naturally turns, where it is desirable that it shall be, above all, light and
free from the necessity of using complicated mechanism. Rubber motors were,

21
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therefore, used on all of the earlier models, and served as the basis of caleula-
tious made to determine the amount of power that would be required to propel
aerodromes with other sources of energy.

Some of the disadvantages inherent in the nse of rubber are at once appar-
ent, such as the limited time during which its action is available, the small total
amount of power, and the variability in the amount of power put forth in a
unit of time between the moment of release and the exhaustion of the power. In
addition, serious, though less obvious difficulties, present themselves in practice.

There are two ways in which rubber can be used; one by twisting a hank of
strands, and, while one end is held fast, allowing the other to revolve; the other,
by a direct longitudinal stretching of the rubber, one end being held fast and the
other attached to the moving parts of the mechanism. The former method was
adopted by Pénaud, and was also used in all of my early construections, but while
it i3 most convenient and simple in its (theoretical) application, it has, in addi-
tion to the above drawbacks, that of knotting or kinking, when wound too many
turns, in such a way as to cause frietion on any containing tube not made im-
practicably large, and also that of unwinding so irregularly as to make the result
of one experiment useless for comparison with another.

In 1895, some experiments were made in which the latter method was used,
but this was found to involve an almost impracticable weight, because of the
frame (which must be strong enough to withstand the end pull of the rubber)
and the mechanism needed to convert the pull into a movement of rotation.

As the power put forth in a unit of time varies, so there is a correspond-
ing variation according to the original tension to which the rubber is subjected.
Thus in some experiments made in 1889 with a six-bladed propeller 18.8 inches
in diameter, driven by a rubber spring 1.3 inches wide, 0.12 inch thick and 3 feet
long, doubled, and weighing 0.38 pound, the following results were obtained:

Number of twists of rubber........ 50 75 100
Time required to run down......... 7 sec. 10 sec. 12 sec.
Foot-pounds developed ............ 37.5 63.0 124.6
Foot-pounds developed per min..... 321.4 378.0 623.0
Horse-power developed ......... -~ 0.0097 0.0115 0.0189

Thus we see that, with twice the number of turns, more than three times the
amount of work was done and almost twice the amount of power developed, giv-
ing as a maximum for this particular instance 328 foot-pounds per pound of
rubber.

The usual method of employing the twisted rubber was to use a number of
fine strands formed into a hank looped at each end. One of these hanks, con-
sisting of 162 single or 81 double strands of rubber, and weighing 73 grammes,
when given 51 turns developed 55 foot-pounds of work, which was put out in 4
seconds. This corresponds to 0.01 horse-power per minute for one pound of
rubber.
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The results of a large number of tests show that one pound of twisted rub-
ber ean put forth from 450 to 500 or more foot-pounds of work, but at the cost
of an overstrain, and that a safe working factor can hardly be taken at higher
than 300 foot-pounds, if we are to avoid the ¢ fatigue ’’ of the rubber, which
otherwise becomes as marked as that of a human musecle.

‘While twisting is an exceedingly convenient form of application of the re-
silience of rubber to the turning of propelling wheels, the direct stretch is, as
has been remarked, much more efficient in foot-pounds of energy developed by
the same weight of rubber. It was found that rubber could not, without undue
‘¢ fatigue,”’ be stretched to more than four and a half times its original length,
though experiments were made to determine the amount of work that a rubber
band, weighing one pound, was capable of doing, the stretching being carried
to seven times its original length. The results varied with the rubber used and
the conditions of temperature under which the experiments were tried, ranging
fromn 1543 foot-pounds to 2600 foot-pounds. The tests led to the conclusion that,
for average working, one pound of rubber so stretched, is capable of doing 2000
foot-pounds of work, but, owing to the weight of the supporting frame and of
the mechanism, this result can be obtained only under conditions impraeticable
for a flying machine. In the more practicable twisted form it furnishes, as has
been said, less than a fifth of that amount.

The conclusions reached from these experiments are:

1. The length of the unstretched rubber remmaining the same, the sustaining
power will be directly proportional to the weight of rubber;

2. With a given weight of rubber, the end strain is inversely proportional
to the length of the unstretched rubber;

3. With a given weight of rubber, the work done is constant, whatever the
form; hence if we let w=the work in foot-pounds, g=the weight of the rubber
in pounds, and k=a constant taken at 2000 as given above, we have

w=kg=2000 g foot-pounds.

This is for an extension of seven units of length, so that for a unit of extension

we would have approximately
w=300 g foot-pounds

which for four units of extension corresponds very closely to the 1300 foot-pounds
which Pénaund elaims to have obtained.
4. The end strain varies with the cross-section for a given unit of extension.
These results can lead to but one conelunsion; that for the development of the
same amount of power when that amount shall be 1 horse-power or more, rub-
ber weighs enormously more than a steam engine, besides being less reliable
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for a snstained effort, and, therefore, cannot be nsed for propelling aerodromes
intended for a flight that is to be prolonged beyond a few seeonds.

It may be desirable to present a tabular view of the theoretical energy of
available motors, whieh it will be noticed is a wholly different thing f{'om the
results obtained in praetice. Thus, we represent the weight of rubber only, with-
out regard to the weight of the frame required to hold it. In the steam engine,
we consider the theoretical efficiency per pound of fuel, without regarding the
enormous waste of weight in water in such small engines as these, or the weight
of the engine itself. We treat the hot-water engine in like manner, and in re-
gard to carbonic acid and eompressed air, we take no note of the weight of the
containing vessel, or of the eylinders and moving parts. In the same way we
have the theoretical potency of eleetrieity in primary and storage hatteries,
without counting the weight of the necessary eleetromotors; and of the inertia-
engine without diseussing that of the mechanism needed to transmit its power.

Foot-pounds of energy in one pound of

Gasolne 5w i. oL e R R e e R 15,625,280
BN L) 1T ) B TSI B el oot BB 6 60 6 o 90 00 A b5 a0 a5 9,721,806
GUNPOWAET i . ot et B e e, e S 960,000
Hot water, under pressiire of 100 atmospheres...............cc00u.. 2832
Alr, under pressure of 100 atmospheres, isothermal expansion....... 120,584
Liquid carbonic acid, at tempecrature of 30° and pressure of 100
atmospheres ............... e sl e s RA-H et LN R 78,800
Eiectric battery; short-lived, thin wailed; chromic acid and platinum. 75,000
Steel ring, 8 inches in diameter, at speed of 3000 tnrns per minute.. 19,000
Storage battery X . F. i T R S 17,560
Rubber, pufled .. . .. . b . e o 2,000
Rubber, twisted ..8% ... i o a0 o e PP, 300

It may be interesting to consider next, in even a roughly approximate way,
what may be expected from these various sources of energy in praetice.

SteaMm ExcINE

The steam engine on a small seale, and under the actual restrictions of the
model, must neeessarily be extremely wasteful of power. If we suppose it to
realize 2 per cent of the theoretieal energy contained in the fuel, we shall be as-
suming more than was actually obtained. The energy of the fuel eannot be
obtained at all, of conrse, without boiler and engine, whose weight, for the pur-
pose of the following caleulation, must be added to that of the fuel; and if we
suppose the weight of the boilers, engines and water, for a single minute’s flight,
to be eollectively ten pounds, we shall take an optimistic view of what may be
expected under ordinary conditions. We have in this view 1/500 of the theo-

*A singular fact connected with the stretching of rubber is that the extension is not only not
directly proportional to the power producing it, but that up to a certain limit it increases more
rapidly than the power, and after this the relation becomes for a time more nearly constant, and
after this again the extension becomes less and less in proportion.

In other words, if a curve be constructed whose abscissae represent extensions, and ordinates the
corresponding weights, 1t will show a reverse curvature, one portion being concave toward the axis
of abscissae, the other convex.
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retieal capacity possibly realizable under sueh eonditions, but if we take 1,/1000
we shall probably be nearer the mark. Even in this case we have, when using
gasoline as fuel, 15,625 foot-pounds per minute, or nearly 0.50 horse-power, as
against .0091 horse-power in the ease of the rubber, so that even with this waste
and with the weight of the engines necessary for a single minute’s service, the
unit weight of fuel employed in the steam engine gives 55 times the result we
get with rubber.

With aleohol we have about % the result that is furnished by gasoline, since
nearly the same boiler and engine will be used in either case. Certain diffieulties
which at first appeared to be attendant on the use of gasoline on a small scale
induced me to make the initial experiments with aleohol. This was continued
beeause of its eonvenienee during a considerable time, but it was finally displaced
in favor of gasoline, not so much on aecount of the superior theoretieal efficiency
of the laiter, as for certain praetieal advantages, such as its maintaining its flame
while exposed to wind, and like considerations.

GUNPOWDER

_Although there are other explosives possessing a much greater energy in
proportion to their weight than gunpowder, this is the only one whieh could be
considered in relation to the present work, and the eonclusion was finally reached
that it involved so great a weight in the containing apparatus and so much ex-
periment, that, although the simplicity of its action is in its favor where crude
means are necessary, experiments with it had better be deferred until other
things had been tried.

Hor-Water ENGINE

A great deal of attention was given to the hot-water engine, but it was
never put to practical use in the construction of an aerodrome, partly on account
of the necessary weight of a sufficiently strong containing vessel.

CoMPRESSED AIR

Compressed air, like the other possible sources of power, was investigated,
but ealeulations from well-authenticated data showed that this system of pro-
pelling engines would probably be inadequate to sustain even the models in long
flights. As the chief difficulty lies in the weight, not of the air, but of the eon-
taining vessel, numerous experiments were made in the construetion of one at
once strong and light. The best result obtained was with a steel tube 40 mm.
in diameter, 428 mm. in length, closed at the ends by heads united by wires,
which safely contained 538 cubie em. of air at an initial pressure of 100 atmos-
pheres for a weight of 521 grammes.
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If we suppose this to be used, by means of a proper reducing valve, at a
mean pressure of 100 pounds, for such an engine as that of Aerodrome No. 5,
whieh takes 60 cubic em. of air at each stroke, we find that (if we take no account
of the loss by expansion) we have 18,329 foot-pounds of energy available, which
on the engine described will give 302 revolutions of the propellers.

There are such limits of weight, and the engines must be driven at such high
speeds, that the increased economy that might be obtained by re-heating the
air would be out of the question. The principal object in using it wonld have
been the avoidance of fire upon the aerodrome, and the expansion of the unheated
air would probably have eaused trouble with freezing, while the use of hot (i. e.
superheated) water was impracticable. So when, after a careful computation, it
was found that, having regard to the weight of the containing vessel, only enough
compressed air could be stored at 72 atmospheres and used at 4, to run a pair
of engines with cylinders 0.9 inch in diameter by 1.6 inches stroke, at a speed of
1200 revolutions per minute for 20 seconds, all further consideration of its adap-
tation to the immediate purpose was definitely abandoned. This eourse, how-
ever, was not taken until after a model aerodrome for using compressed air had
been designed and partially bnilt. Then, after due consideration, it was decided
to make the test with carbonic-acid gas instead.

Gas

The gas engine possesses great theoretical advantages. At the time of these
experiments, the gas engine most available for the special purposes of the models
was one driven by air drawn through gasoline. As the builders could not agree
to reduce the weight of a one horse-power engine more than one-half of the then
usual model, and as the weight of the standard engine was 470 pounds, it was
obvious that to reduce this weight to the limit of less than 3 pounds was im-
practicable under the existing conditions, and all consideration of the nse of gas
was abandoned provisionally, although a gasoline engine of elementary simplic-
ity was designed but never built. I purposed, however, to return to this at-
tractive form of power if I were ever able to realize its theoretical advantages
on the larger seale which would be desirable.

BELECTRICITY

As it was not intended to bnild the model aerodromes for a long flight, it
was thought that the electric motor driven by a primary or storage battery might
possibly be utilized. It therefore occurred to me that a battery might be con-
structed to give great power in proportion to its weight on condition of being
short-lived, and that in this form a battery might perhaps advantageously take
the place of the dangerous compressed-air tubes that were at the time (1893)
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under consideration for driving the models. I assumed that the longest flight of
the model would be less than five minutes. Any weight of battery, then, that the
mode] carried in consumable parts lasting beyond this five minutes would be
lost, and henee it was proposed to build a battery, the whole active life of which
would be comprised in this time, to actuate a motor or motors driving one or.
two propellers.

Aeeording to Daniell, when energy is stored in secondary batteries, over
300,000 megergs per kilogramme of weight can be recovered and utilized if
freshly charged.

300,000 megergs=0.696 horse-power for 1 min.
300,000 megergs=0.139 horse-power for 5 min.

In a zine and copper primary battery with sulphuric acid and water, one
kilogramme of zine, oxidized, furnishes at least 1200 calories as against 8000
for one kilogramme of earbon, but it is stated that the zinc energy comes in so
much more utilizable a formn that the zine, weight for weight, gives practically,
that is in work, 40 per cent that of carbon. The kilogramme of carbon gives
about 8000 heat units, each equal to 107 kilogrammetres, or about 6,176,000 foot-
pounds. Of this, in light engines, from 5 to 10 per cent, or at least 308,800
foot-pounds, is utilized, and % of this, or abount 124,000 foot-pounds, would seem
to be what the kilogramme of zine would give in actual work. But to form the
battery, we must have a larger weight of fluid than of zinc. and something must
be allowed for copper. If we suppose these to bring the weight up to 1 kilo-
gramme, we might still hope to have 50,000 foot-pounds or 1.5 horse-power for
one minute, or 0.3 horse-power for 5 minutes.

Storage batteries were offered with a eapacity of .25 horse-power for 5 min-
utes per kilogramme, but according to Daniell one cannot expeet to get more
than 0.139 horse-power from a freshly charged battery of that weight for the
same time.

The plan of constructing a battery of a long roll of extremely thin zine or
magnesium, winding it up with a narrower roll of copper or platinized silver, in-
sulating the two metals and then pouring over enough acid to consume the major
portion of the zine in 5 minutes, was carefully eonsidered, but the difficulties were
so discouraging, that the work was not undertaken.

The lightest motors of 1 horse-power capacity of which any trace could be
found weighed 25 pounds, and a prominent electrician stated that he would not
attempt to construet one of that weight.

In trials with a } horse-power motor driving an 80 cm. propeller of 1.00
piteh-ratio, I apparently obtained a development of 0.56 indicated horse-power
at 1265 revolutions; but at lower speeds when tried with the Prony brake, the
brake horse-power fell to 0.10 at 546 revolutions, and even at 1650 revolutions
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it was but 0.262 indicated, with a brake horse-power of 0.144, or 55 per cent of
that indicated.

With these results both of theoretical calculation and practical experiment,
all thought of propelling the proposed aerodrome by electrieity was necessarily
abandoned.

CarBowNic-Acip Gas

At the first inception of the idea, it seemed that carbonic-acid gas would
be the motive power best adapted for short flights. It can be obtained in the
liquid form, is compact, gives off the gas at a uniform pressure dependent upon
the temperature, and can be used in the ordinary steam engine without any
essential modifications. The only provision that it seemed, in advanee, neces-
sary to make, was that of some sort of a heater between the. reservoir of liquid
and the engine, in order to prevent freezing, unless the liquid itself could bhe
heated previous to launching.

The engines in whieh it was first intended to use earbonic acid were the little
oscillating eylinder engines belonging to Aerodrome No. 1. The capacity of
each cylinder was 21.2 cu. em., so that 84.8 cu. em. of gas would be required to
turn the propellers one revolution wlhen admitted for the full stroke, and 101,760
cubic em. for 1200 revolutions. The density of the liquid at a temperatnre of
24° C. was taken as .72, and as 1 volume of liquid gives 180 volumes of gas at

a pressure of 2} atmospheres, we have 1—0%-’8’%6—(2:565 cu. em. of liquid, or 407

grammes required for 1200 revolutions of the engines.

Thus, a theoretical ealeulation seemed to indicate that a kilogramme of
liguid earbonic acid would be an ample supply for a run of two minutes. The
experiments were, at first, somewhat encouraging. The speed and apparent
power of the engines were sufficient for the purpose, but the length of time
during which power could be obtained was limited.

In 1892, 415 grammes of earbonie aeid drove the engines of Aerodrome No.
3;700 revolutions in 60 seconds, 900 i'n 75, and 1000 in 85 seconds, at the end of
which time the gas was entirely expended. The diameter of these eylinders was
2.4 cm., the stroke of the pistons 7 em., and the work done, that of driving a pair
of 50 em. propellers, when taken in comparison with the propeller tests detailed
elsewhere, amounted to an effective horse-power of about 0.10 for the output of
the engine.

The diffienlties, however, that were experienced were those partially fore-
seen. The expansion of the gas made such serious inroads upon the latent heat
of the liquid, that lumps of solid acid were formed in the reservoir, and eould be
heard rattling against the sides when the latter was shaken, while the expansion
of the exhaust caused such a lowering of temperature at that point, that the
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pipes were soon covered with a thiek layer of iee, and the free exit of the escap-
ing gas was prevented. T

Such diffieulties are to be expeeted with this material, but here they were
enhanced by the small scale of the construetion and the econstant demand for
lightness. And it was found to be very hard to fill the small reservoirs intended
to earry the supply for the engines. When they were screwed to the large case
in which the liquid was received and the whole inverted, the small reservoir
would be filled from one-third to one-half full, and nothing that could be done
would foree any more liquid to enter. :

In view of these diffienlties, and the objeetions to using a heater of any sort
for the gas, as well as the absolute lack of sueccess attendant upon the experi-
ments of others who were attempting to use liquid CO, as a motive power on a
large scale elsewhere, experiments were at first temporarily and afterwards
permanently abandoned.

The above experiments extended over nearly a year in time, chiefly during
1892, and involved the construction and use of the small aerodromes Nos. 1, 2,
and 3, presently deseribed.



CHAPTER 1V
EARLY STEAM MOTORS AND OTHER MODELS

In dealing with the development of the aerodrome, subsequent to the early
rubber-driven models, the very econsiderable work done and the failures incurred
with other types of motors than steam, have been briefly dealt with in the pre-
ceding chapter, but are scarcely mentioned here, as no attempts at long flights
were ever successful with any other motor than steam, and no information was
gained from any of the experiments made with compressed air, gas, earbonic
acid, or electrieity, that was of much value in the development of the successful
steam machines.

In November, 1891, after the long and unsatisfactory experiments with rub-
ber-driven models already referred to, and before most of the experiments with
other available motors than steam had been made, I commeneed the construetion
of the engines and the design of the hull of a steam-driven aerodrome, which
was intended to supplement the experiments given in ‘¢ Aerodynamiecs ’’ by
others made under the conditions of actnal flight.

In designing this first aerodrome, here called No. 0, there was no precedent
or example, and exeept for the purely theoretical conditions ascertained by the
experiments described in ‘¢ Aerodynamiecs,’’ everything was unknown. Next to
nothing was known as to the size or form, as to the requisite strength, or as to the
way of attaching the sustaining surfaces; almost nothing was known as to the
weight permissible, and nothing as to the proper seale on which to build the ae-
rodrome, even if the design had been obtained, while everything which related
to the actual eonstruction of boiler and engines working under such unprece-
dented conditions was yet to be determined by experiment.

The scale of the actual construetion was adopted under the belief that it
must be large enough to carry certain automatie steering apparatus which I had
designed, and which possessed considerable weight. I decided that a flying ma-
chine if not large enoungh to carry a manager, should in the absence of a human
directing intelligence, have some sort of automatie substitute for it, and be large
enough to have the means of maintaining a long and steady flight, during whieh
the problems (which the rubber-driven models so imperfectly answered) eould
be effectnally solved. '

When, in 1891, it was decided to attempt to build this steam aerodrome, the
only engine that had been made up to that time with any elaim to the lightness
and power I was seeking, was the Strinefellow engine, exhibited at the Crystal
Palace in London, in 1868, which it was then announced developed 1 horse-
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power for a total weight (boiler and engines) of 13 pounds. The original engine
came into the possession of the Institution in 1889 as an historical curiosity, but -
on examination, it was at once evident that it never had developed, and never
could develop the power that had been attributed to it, and probably not one-
tenth so much.

With the results obtained on the whirling-table at Allegheny as a basis, a
theoretical computation of the weight which 1 horse-power would cause to soar
showed that, with a plane whose efficiency should be equal to that of a 30x4.8
inch plane set at an angle of 5° and moving at a speed of 34 miles an hour, 1
horse-power would support 120 pounds.! With a smaller angle even better results
could be obtained, but as the difficulties of guidance inercase as the angle di-
minishes, I did not venture to aim at less than this. In this computation, no
allowance was made for the fact that these results were obtained by a mechanisin
which forcibly maintained the supporting surface in the ideal condition of the
best attainable angle of attack as if in perfect equilibrium, and above all in the
equally ideal condition of perfectly horizontal flight.

Besides this, I had to consider in actual flight the air resistance due to the
guy wires and hull, but after making an allowance of as much as three-quarters
for these differences between the conditions of experiment and those of free
flight, I hoped that 1 horse-power would serve to carry 30 pounds through the
air if a supporting surface as large as 3 feet to the pound could be provided,
and this was the basis of the construction which I will now deseribe.

The general form of this Aerodrome No. 0, without wings or propellers,
is shown in the accompanying photograph in Plate 10. Its dimensions and its
weights, as first designed, and as finally found necessary, are as follows:

COMPARISON OF ESTIMATED AND ACTUAL WEIGHTS OF PARTS OF
AERODROME “ 0 ”—IN POUNDS AND OUNCES.
Estimated Actuai

1bs. 0z, 1bs. 0Z.

L O O N o RaPETs <51, o oo o) s 'shaso s sforsToro & sfbts o sfayoleisie”sls ons "oTororohote 4 0 4 1
IBGURENARALBUINErs: ... ... o= oo Sl o e di s e e, 8 11 13 14
RIS A PATEHEEMONTB . . oo c o ceerovvcoscocsvasesasesionss 0 0 1 10
SUGSRIRE P ADPATATUS: "0 % il o oiissiosies biie s s s 0o o s 'sroioisls ooid 0 6 0 0
Frame of Hull and Braces, including bowsprit and tail tube.. 7 7 8 11
ORI tANKNCO VOrINE  ANA DIDOB. . ¢ v o o o o0 ccsiotoio s slolos siossoeosseses 0 0 0 13
Shafts, ball bearings (2:1) and wooden propellers (1:7) .... 1 14 3 8
Wilhes s (9:4)  and. guys (029) ......0ccceeetenaecosesnminiies. 4 0 5 13
O N onkchens o uehe SR-ols Shoioloksrs oo loyt & chskelofe o rontys oatToiokehTokohols il 5 2 2
DT R R O 0 SO a O St o S IR LS R I PR R R 9 0 4 0
Rotal’ Without ‘ofllorswater.t ... 0. ... .cooon. 0. Ll 27 11 44 8

(The weights attained in the actual making were, as is seen, nearly double those
first estimated, and this constant increase of weight nnder the exigencies of con-
struction was a feature which could never be wholly eliminated.)

* See footnote on page 32.

o
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After studying various forms for the hull or body of the prospective aero-
drome, I was led to adopt the lines which Nature has used in the mackerel as
most advantageous so far as the resistance of the air was concerned, but it proved
to be difficult in construction to make the lines of the bow materially different
from those of the stern, and in this first model the figure was symmetrical
throughout.

As I wish that my experience may be of benefit to the reader, even in its
failures, 1 will add that I made the not unnatural mistake of building on the plan
on which the hull of an ordinary ship is eonstrueted; that is, making the hull
support the projecting bowsprit and other parts. In the aerodrome, what cor-
responds to the bowsprit must project far in advance of the hull to sustain the
front wings, and a like piece must projeet behind it to sustain the rear wings and
the tail, or the supporting surfaces of whatever kind. The mistake of the con-
struction lay in disjoining these two and connecting them indireetly by the in-
sufficiently strong hull which supported them. This hull was formed of longi-
tudinal U-shaped ribs of thin steel, which rested on rings made of an alloy of"
aluminum, which possessed the lightness of the latter metal with very consider-
able toughness, but which was finally unsatisfactory. I may say parenthetically
that in noue of the subsequent constructions has the lightness of aluminumn been
found to compensate for its very many disadvantages. The two rods, which were
each 1 metre in length, were with difficulty kept rigorously in line, owing to the
vielding of the constructionally weak hull. It would have been better, in fact, to
have earried the rod straight through at any inconvenience to the disposition of
the boilers and the engine.

I may add that the sustaining surfaces, which were to be nearly flat wings,
composed of silk stretehed from a steel tube with wooden attachments, were to

1 The foliowing tabie taken from ‘+Experiments in Aerodynamics,” p. 107, gives the data for soaring of
30x 4.8 inch planes, weight 500 grammea.

Weight with planes
. of like form thst
e Soariug spced - Work e:;gert];lcd 1 horse-power will
with 3 QR a5 drive through the sir
horlzon at velocity V. {
a. St il ; .
Metres Feet Kilogram- | Foot- Kllo-
Pounda.
per second. | per second. metres. pounds. | grammes.
45° 11.2 36.7 336 2,434 6.8 15
30 10.6 34.8 195 1,268 13.0 29
15 11.2 36.7 86 623 26.5 58
10 12.4 40.7 65 474 34.8 77
5 15.2 49.8 41 297 55.5 122
2 20.0 65.6 24 174 95.0 209

The relations shown In the above table hold true only in case of planes supporting about 1,1 pounds to each
sqnare foot of sustaining area. For a different proportion of area to weight, other conditions would ohtaln.
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have been carried on the front rod, but, as subsequent experience has shown,
these wings would have been inadequate to the work, both from their insuffi-
cient size and their lack of rigidity.

The propellers, which were to be 80 em. in diameter, 1.25 piteh-ratio, and
whieh were expeeted to make from five to six hundred revolutions a minute, were
earried on the end of long tubular shafts, not parallel, but making with each
other an angle of 25 degrees, and united by gears near the bow of the vessel in
the manner shown in Plate 10.

The first engines were of the oseillating type, with the piston-rod eonneeted
direetly to the erank; were very light, and were unprovided with many of the
usual fittings belonging to a steam engine, such as rod or piston packing; and
their construetion was erude in ecomparison with their successors. They were
tested with the Prony brake and found to be deficient in power, for with a steam
pressure of 80 pounds to the square ineli, they ran at the rate of 1170 revolu-
tions per minute, and developed only .363 horse-power. It soon became evident
that they were too light for the work that it was intended that they should do,
and steps were taken, even before the completion of these tests, for the eonstrue-
tion of a pair of more powerful eylinders, which should also be provided with a
speeial boiler for the generation of the steam. Aecting upon the supposition,
whiel, as the sequel showed, was unwarranted, that compounding would result
in a saving of steam, it was deeided to work with compounded eylinders. As two
* propellers were to be used, they were each fitted with a distinet pair of eylinders
working directly upon the shaft, but so connected by gearing that they were
compelled to turn at the same rate of speed.

The eylinders were of the inverted osecillating type, like the first pair of
engines, but, unlike them, they were single-acting. The dimensions were: di-
ameter of high-pressure eylinder 1.25 inches; low pressure, 1.94 inches, with a
common stroke of 2 inches, and with eranks set opposite to each other so that
one eylinder was always at work. The eylinders were held at their upper ends
by a strap passing around a hollow econieal trunk, which served the double pur-
pose of a support for the eylinders and an intermediate receiver between them.
This receiver had a mean inside diameter of 1.25 inches, with a length of 4.75
inches, so that it had about twice the cubieal eapacity of the high-pressure eyl-
inder, while the displacement of the low-pressure eylinder was about 2.5 times
that of the high; ratios that would have given satisfactory results, perhaps, had
the steam pressure and other conditions been favorable to the use of the eom-
pound principle in this place. There were no valves for the admission of the
steam, for, inasmuch as the engines were single-acting, it was possible to make
ports in the eylinder-head aet as the admission and exhaust ports as the eylinder
oseillated, and thus avoid the eomplication and weight of eccentrie and valves.

4
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These cylinders were set in a light frame at an angle of 25° with each
other, or 12.5° with the median line of the aerodrome, and drove the long pro-
peller shafts as shown in Plate 10, No. 0. At the extreme forward end of the
crank-shafts there was a pair of intermeshing bevel gears which served to main-
tain the rate of revolution of the two propellers the same.

The boiler built for this work was a beehive-shaped arrangement of eoils
of pipe. It consisted at first, as shown in Fig. 3, of three double coils of #-inch
copper pipe coiled up in the shape of a truncated cone, carrying in the central
portion a pear-shaped receiver into the upper portion of which the water eir-

183} 1892

Fic. 3. Boilers in use in 1891-1892.

culating through the coils discharged. Each of these rceeivers was connected
at the top with the bottom of a long eylindrical drum, with hemispherical ends,
which formed a steam space from which the supply for the engines was drawn.
The lower ends of the coils were conneeted with an injection pipe supplying the
water. Each ¢ beehive ”’ had 23 turns of tubing, and had a base of 7.5 inches
and a top diameter of 6 inches, the steam drum being 2.5 inches in diameter. I
may here say that in the selection of the general type of boiler for the work to
be done, there was never any hesitation regarding the use of the water-tube
variety. Their superiority for the quick generation of large volumes of steam
had been so pronounced that nothing else seemed capable of competing with
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them in this respect, regardless of the absolute economy of fuel that might or
might not be exhibited. Henee, to the end of my experiments nothing else was -
used.

Fiven before the ‘‘beehive’’ boiler was eompleted, I was anxious to ascertain
what could be done with a coil of pipe with a strean of water cirenlating through
it, as well as with various forms of burners, for I realized that the sueeess of the
apparatus depended not only upon getting an exceedingly effective heating sur-
face, but also an equally effective flame to do the heating.

For fuel T naturally turned to the liquids as being more eompact and readily
regulated. Whether to use some of the more volatile hydrocarbons or aleohol,
was still an unsolved problem, but my opinion at the time was that, on the lim-
ited seale of the model, better results could probably be obtained with aleohol.

In the experiments made with a eoil preliminary to the trial of the ‘¢ bee-
hive ’’ boiler, I tried a simple horizontal coil of 2-inch eopper pipe into whieh
two forked burners working on the Bunsen prineiple and using eity illuminating
gas, were thrust. The jets were about § ineh apart. The arrangement primed
so badly that the engines eould not get rid of the entrained water, and would only
make a few turns.

I then tried the same coil with two 1.25-inch drums in the inside and with
five longitudinal water tubes at the bottom, beneath whieh were the same two
forked burners used in the previous experiment. The eoils were eovered with
a sheet of asbestos, and two round burners were added. This boiler would hold
a steamn pressure of about 15 pounds and run the engine slowly; but if the pres-
sure were allowed to rise to 60 pounds, the engine would drive a 2-foot propel-
ler of 18-inch pitch at the rate of about 650 turns per minute for from 80 to 90
seconds, while the steam ran down to 10 pounds, showing that this boiler, at
least, was too small. This was further shown in a trial of the plain coil made
in October, 1891; G pounds of water were evaporated in 32 minutes under a pres-
sure of 60 pounds. This was at the rate of 11.25 pounds per hour, or, taking
the U. S. Centennial standard of 30 pounds of evaporation per horse-power,
gave an available output of less than } horse-power.

With these results befére me, I decided to make a trial of the ‘¢ beehive ”’
prineiple upon a smaller scale than in the boiler designed for Aerodrome No. 0.
I used a small boiler of which the inner coil consisted of 8 turns of -inch eop-
per tube about 28 gauge thick, and the outer coil of 11 turns of }-inch copper pipe.
This gave 12 feet of 3-inch, and 16 feet of 1-inch tubing. The drum was of No.
27 gange, hard planished copper. With this boiler consuming 6 oz. of fuel, 80.3
oz. of water were evaporated in 28 minutes, or at the rate of about 10.75 pounds
per hour. As these coils contained but 2.22 square feet of heating surface, and
as the three to be built would contain 3.7 square feet each, it was estimated the
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10 square feet afforded by them could safely be depended upon to provide steam
for a 1 horse-power engine. As far as fuel consumption was concerned, the rate
of evaporation was about 15.6 pounds of water per pound of gasoline, all of
which was satisfactory.

The burner originally designed for use in connection with the ‘¢ beehive *?
boilers, consisted of a small tank in which a quantity of gasoline was placed, the
space above being filled with compressed air. Rising from the bottom of this
tank was a small pipe coiling back and down and ending in an upturned jet from
which the gas generated in the coil would issue. The burner thus served to
generate its own gas and act as a heater for the boilers at the same time.

In the construction of Aerodrome No. 0, four of the ¢ bechive ’’ coils were
placed in a line fore and aft. The fuel tank was located immediately back of the
rear coil and consisted of a copper cylinder 11 e¢m. in diameter and 9 em. long.
The engines were placed immediately in front of the coils, all the apparatus
being enclosed in a light framing, as shown in the photograph (Plate 10).

Extending front and back from the hull were the tubes for supporting the
wings and tail, each one metre in length. The cross-framing for carrying the
propeller shafts was built of tubing 1.5 em. diameter, and the shafts themselves
were of the same size. The ribs of the hull were rings made of angle-irons
measuring 1.50x1.75 em., which were held in place longitudinally by five 0.7 em.
channel bars.

As it had been learned in the preliminary experiments with the model ¢¢ bee-
hive *’ boiler that the heated water would not of itself cause a sufficiently rapid
circulation to be maintained through the tubes to prevent them from becoming
red-hot, two circulating pumps were added for foreing the water through the
coils of the two forward and two rear boilers respectively, the water being taken
from the lower side of the drum and delivered into the bottom of the coils, which
were united at that point for the purpose. A worm was placed upon each of the
propeller shafts, just back of the engines, meshing in with a gear on a crank-
shaft from which the pumps were driven. This shaft rotated at the rate of 1 to
24, so that for 1200 revolutions of the engine, it would make but 50, driving a
single-acting plunger 1.2 cm. in diameter and 2 e¢m. stroke.

Apparently all was going well until I began to try the apparatns. First,
there was a difficulty with the burner, which eould not be made to give forth the
relative amount of heat that had been obtained from the smaller model, and
steam could not be maintained. With one ‘“ bechive ’’ connected with the com-
pound engine, and a 70 em. propeller on the shaft, there were abont 250 turns
per minute for a space of abhout 50 seconds, in which time the steam would fall
from 90 pounds to 25 pounds, and the engine would stop. Then, as we had no
air-chamber on the pumps at the time, they would not drive the water through
the coils. Subsequent experiments, however, showed that the boilers could be
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depended upon to supply the steam that the compound engines would require;
but after the whole was completed, the weight, if nothing else, was prohibitory.

I had gone on from one thing to another, adding a little here and a little
there, strengthening this part and that, until when the hull was finally completed
with the engines and boilers in place, ready for the application of the wings, the
weight of the whole was found (allowing 7 pounds for the weight of the wings
and tail) to be almost exactly 45 pounds, and nearly 52 pounds with fuel and
water. To this excessive weight would have to be added that of the propellers,
and as the wings would necessarily have to be made very large in order to carry
the machine, and as the difficulties of launching had still to be met, nothing was
attempted in the way of field trials, and with great disappointment the decision
was made in May, 1892 (wisely, as it subsequently appeared) to proceed no
further with this special apparatus.

However, inasmuch as this aerodrome with its engiunes and boilers had been
completed at considerable expense, it was decided to use the apparatus as far
as it might be practicable, in order to learn what must be done to secure a
greater amount of success in the future. The fundamnental trouble was to get
heat. In the first place there was trouble with the burners, for it seemed to be
impossible to get one that would vaporize the gasoline in sufficient quantity to
do the work, and various forms were successively tried.

All of the early part of 1892 was passed in trying to get the boilers o work
at a steam pressure of 100 pounds per square inch. On account of the defects
in the tubes and elsewhere this required much patient labor. The writer, even
thus early, devised a plan of using a sort of aeolipile, which should actuate its
own blast, but this had to be abandoned on account of the fact that the pear-
shaped receivers would not stand the heat. This necessitated a number of ex-
periments in the distillation of gas, in the course of which there was trouble
with the pumps, and a continual series of breakages and leakages, so that the
middle of April came before I had secured any further satisfaction than to dem-
onstrate that possibly the boilers might have a capacity sufficient for the work
laid out for them to do; but subsequent experiments showed thaf even in this
T was mistaken, for it was only after additional jets had been put in between the
coils that I succeeded in getting an effective horse-power of 0.43 out of the
combination. 4 :

Finally, on the 14th of April, after having reduced the capacity of the pumps
to the dimensions given above (for the stroke was originally 1.25 inch) I obtained
the development of 1 full horse-power by the engine for 41 seconds, with a steam
pressure of 100 pounds per square inch, and a rate of revolution of 720 per
minute. But at the end of this brief period, the shafts sprung and the worm
was thrown out of gear.
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I pass over numerous other experiments, for their only result was to make
it elear that the aerodrome, as it had been constructed, could not be made to
work efficiently, even if its great weight had not served as a bar to its flight. It
was, therefore, decided to proeeed with the eonstruetion of another.

After the failure of the first steam-driven model No. 0, whieh has just been
deseribed, subsequent light models were construeted. These, three in number,
made with a view to the employment of earbonie aeid or eompressed air, but
also to the possible use of steam, are shown in Plate 10, Nos. 1, 2, 3; on the sane
scale as the larger model which had preceded them. In describing these, it will
be well to mention construetive features which were experimented on in them,
as well as to describe the engines used.

In No. 1, which was intended to be on about 2 the linear scale of No. 0, the
construetive fault of the latter, that of making the support depend on a too
flexible hull, was avoided, and the straight steel tube (‘‘ midrod *’ it will hereafter
be called) was earried through from end to end, though at the cost of incon-
venience in the placing of the machinery, in what may be called the hull, which
now beeame simply a proteetive case built around this midrod. The mistaken
device of the long shafts meeting at an angle was, however, retained, and the
engines first tried were a pair of very light ones of crude construetion.

These were later replaced by a pair of oscillating engines, ecach 3 em. di-
ameter by 3 cm. stroke, with a eombined eapacity of 42 eubic em. and without
cut-off. The midrod was made of light steel tubing 2 em. outside diameter.
The framing for the hull was formed by a single ring of U section, 8 em. aeross
and 18 em. in depth, stayed by five ribs of wood measuring 0.7x0.3 em. The in-
clined propeller shafts, which were connected by a pair of bevel gears as in No.
0, were made of tubing 0.5 em. outside diameter, and were intended to turn pro-
pellers of from 40 to 45 em. in diameter. The weight, without engine or reservoir
for gas, was 1161 grammes. With a weight equivalent to that of the intended
reservoir and engines plus that of the proposed supporting surfaces, the whole
weight, independent of fuel or water, was 2.2 kilogrammes.

The engines, which were not strong enough to sustain a pressure of over 2
atmospheres, at an aetnal pressure of 20 pounds drove the 45 em. propellers
through the long V shafts and lifted only about 1 of the flying weight of the ma-
chine. The power developed at the Prony brake was collectively only about .04
horse-power, giving 1200 turns a minute to two 40 em. propellers. This was the
best result obtained. 2

This aerodrome was eompleted in June, 1892, but changes in the engines and
other attempted improvements kept it under experiment until November of that
year, when it appeared to be inexpedient to do anything more with it

Aerodrome No. 2 (see Plate 10), was a still smaller and still lighter constrne-
tion, in which, however, the midrod was hent (not elearly shown in the photo-
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graph), so as to afford more room in the hull. This introduced a constructional
weakness which was not compensated by the added convenience, but the princi-
pal linprovement was the abandonment of the inclined propeller shafts, which
was doue at the suggestion of Mr. J. K. -Watkins, so that the propellers were
carried on parallel shafts as in marine practice. These parallel shafts were
driven by two very small engines with cylinders 2.3 em. in diameter by 4 cm.
stroke, with a collective eapacity of 33 en. em. and without cut-off, which were
mounted on a cross-frame attached to the midrod at right angles near the rear
end of the hull.

These engines, driven either by steam or by carbonic-acid gas developed
0.035 horse-power at the Prony brake, giving 750 revolutions of the 45 em. pro-
pellers, and lifting about 1 of the total weight which it was necessary to provide
for in actual flight. A higher rate of revolution and a better lift were occasion-
ally obtained, but there was little more hope with this than with the preceding
models of obtaining power enough to support the actual weight in flight, although
suneh sacrifices had been made for lightness that every portion of the little model
had been reduced to what seemed the limit of possible frailty consistent with
anything like safety. Thus the midrod was lighter than that of No. 1, being
only 1 enw. in outside diameter. The frame was made of thin wooden strips 5
mm. X 3.5 mm., united by light steel rings. The cross framing carrying the en-
gines was also of wood, and was formed of four strips, each 7 mm. X 3 mm.
The shafts were but 4 mm. in diameter.

As these engines did not give results that were satisfactory, when using
carbonie-acid gas, experiments were commenced to secure a boiler that would
furnish the requisite steam. As the ‘¢ beehive ’’ boiler had proved to be too
heavy, and as the steam obtained from it had been inadequate to the require-
ments, something else had to be devised. A few of the boilers used in 1892 are
shown in Fig. 3. The one marked 4 is one of the ‘“ beehives,’’ while an ele-
ment of another form tried is that marked B. It counsisted of 2-inch copper tubes
Joined to a drum of 10-o0z. copper. This was made in May, 1892, and was tested
to a pressure of 50 atmospheres, when it burst without any tearing of the metal.

In July another boiler like that shown at ¢ in Fig. 3 was made. This
was formed of tubes 3 em. in diameter, and weighed 348 grammes. It carried
abont 300 grammes of water and stood a steam pressure of 125 pounds per
square inch, but failed to maintain sufficient steam pressure.

Accordingly, in the same month, a third boiler like that shown at D was built.
It consisted of a tube 12 inches long to which were attached fifteen l-inch tubes
each 7 inches long, in the manner shown. The heating surface of this boiler,
including the tubes and the lower half of the drum, amounted to 750 square em.,
and it was thought that this would be sufficient to supply steam for a flight of a

\
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minute and a half. But when a test was ‘made, it also was found to be deficient
i steaming power even after changes were made in it whick oceupied mueh time.

By the first of October, 1892, there had been built one large aerodrome that
could not possibly fly, a smaller one, No. 1, on 2 the linear scale of No. 0, with
a pair of engines but no means of driving them, and the still smaller No. 2 with
a boiler that was yet untried.

Aerodrome No. 3 (Plate 10) was an attempt to obtain better conditions than
had existed in the preeceding model withont any radical change except that of
moving the cross frame, which carried the engines and propellers, nearer the
front of the machine. Instead of the oscillatory engines used up to this time,
two stationary eylinder engines, each 2.4 em. in diameter and 4 cm. stroke, hav-
ing a combined capacity of 36 cu. em. without eut-off were employed for driving
the propellers. The engines, though occasionally run in trials with steam from
a stationary boiler, were intended to be actuated either by ecompressed air or
carbonic-acid gas contained in a reservoir which was not actually constructed,
but whose weight was provisionally estimated at 1 kilogramme. The weight of
the aerodrome without this reservoir was but 1050 grammes, including the esti-
mated weight of the sustaining surfaces, which consisted principally of two wings,
each about 1 metre in length by 30 em. in breadth and which were in fact so slight
in their construction, that it is now certain that they could not have retained their
shape in actunal flight.

The only trials made with this aerodrome, then, were in the shop, of which
1t 1s sufficient to cite those of November 22, 1892, when under a pressure of 30
pounds, the maximum which the engines would bear, two 50 em. propellers were
driven at 900 revolutions per minute, with an estimated horse-power of 0.07,
about 35 per cent of the weight of the whole machine being lifted. This was a
much more eneouraging result than any which had preceded, and indicated that
it was possible to make an actval flight with the aerodrome if the boilers eonld
be ignored, the best result having been obtained only with carbonic acid supplied
withount limit from a neighboring ample reservoir.

This aerodrome was also tested swvhile mounted upon a whirling-arm and
allowed to operate during its advance through the air. The conclusion reached
with it at the close of 1892, after a large part of the year passed in experiments
with earbonie-acid gas and eompressed air, was that it was necessary to revert
to steam, and that whatever difficulties lay in the way, some means must be found
of getting sufficient power without the weight which had proved prohibitory in
No. 0.

With this chapter, then, and with the end of the year 1892, T close this very
brief account of between one and two years of fruitless experiment in the eon-
struetion of models supplied with various motors, subsequent to and on a larger
scale indeed than the toy-like ones of india rubber, bnt not even so efficient as
those had been, since they had never proeured a single actual flight.



CHAPTER V
ON SUSTAINING SURFACES

The following general considerations may conveniently precede the particu-
lar deseription of the balancing of the aerodrome.

In ‘¢ Experiments in Aerodynamics,’’ I have given the result of trials, show-
ing that the pressure (or total resistance) of a wind on a surface 1 foot square,
moving normally at the velocity of 1 foot per second, is 0.00166 pounds, and that
this pressure increases directly as the surface of the plane, and (within our ex-
perimental condition) as the square of the velocity, results in general accord-
ance with those of earlier observers.

I have further shown by independent investigations that while the shape of
the plane is of secondary importance if its movement be normal, the shape and
‘¢ aspect 7’ greatly affect the resultant pressure when the plane is inclined at a
small angle, and propelled by such a force that its flight is horizontal, that is,
under the actual conditions of soaring flight.

I have given on page 60 of ‘* Aerodynamics,’’ the primary equations,

PP (a) =hAVF(4),

W=P, cos a=kAV*F (a) cos a,

R=P,sin a=kAV*F () sin a,
where 17 is the weight of the plane under examination (sometimes called the
““lift*’) ; R the horizontal component of pressure (sometimes called the ¢“drift’’) ;
k is the constant already given; 4 the area in square feet; V the velocity in feet
per second; F a function of « (to be determined by experiment) ; a the angle
which, under these conditions, gives horizontal flight.

I have also given on page 66 of the same work the following table showing
the actual values obtained by experiment on a plane, 30x4.8 inches (=1 sq. ft.),
weighing 500 grammes (1.1 pounds):

Weight with planes
. Horizontal Work expended of like form that
Angle Soarmg,} ey pressure per minute 1 horse-power Wi]]_
with : % 60 RV. drive through the air
horizon at velocity V.
a. e A= ) i
Metres Feet Kilogram- | Foot- Kilo-
per second. | per second. iAo metres. | pounds.| grammes. i
45° 11.2 36.7 500 336 2,434 6.8 15
30 10.6 34.8 275 175 1,268 13.0 29
15 11.2 36.7 128 86 623 26.5 58
10 12.4 40.7 88 65 474 34.8 117
5 15.2 49.8 45 41 297 55.5 122
2 20.0 65.6 20 24 174 95.0 209

1 This pressure per unit of area varies with the area itself, but in a degree which is negligible
for our immediate purpose. 41
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It cannot be too elearly kept in mind that these values refer to horizontal
flight, and that for this the weight, the work, the area, the angle and the velocity
are inseparably eonneeted by the formule alrecady given.

It is to be constantly remembered also, that they apply to results obtained
under almost perfeet theoretical conditions as regards not only the maintenance
of equilibrium and horizontality, but also the rigid maintenance of the angle «
and the comparative absence of frietion, and that these eonditions are especi-
ally ¢ theoretical >’ in their exelusion of the internal work of the wind observ-
able in experiments made in the open wind.

ExperiMENTS 1N THE OPEx WIND

I have pointed out * that an indefinite source of power for the maintenanee
of mechanical flight, lies in what I have called the ¢ internal work >’ of the
wind. It is easy to see that the aetual effeet of the free wind, whieh is filled with
almost infinitely numerous and incessant changes of velocity and direetion, must
differ widely from that of a uniform wind sueh as mathematicians and physi-
eists have almost invariably contemplated in their discussions.

Now the artificial wind produced by the whirling-table differs from the real
wind not only in being eaused by the advaneing objeet, whose direction is not
strictly linear, and in other comparatively negligible particulars, but especially
in this, that in spite of little artificial currents the movement on the whole is
regular and uniform to a degree strikingly in contrast with that of the open wind
in nature.

In a note to the French edition of my work, I have ealled the attention of the
reader to the fact that the figures given in the Smithsonian publication can
show only a small part of the virtual work of the wind, while the plane, whieh is
used for simplicity of exposition, is not the most advantageous form for flight;
so that, as I go on to state, the realization of the actually suceessful aerodrome
must take account of the more complex conditions actunally existing in nature,
which were only alluded to in the memoir, whose object was to bring to attention
the little considered importance of the then almost unobserved and unstudied
minute fluctuations which constitute the internal work of the wind. T added
that I might later publish some experimental investigations on the superior effi-
ciency of the real wind over that artificially created. The experiments which
were thus alluded to in 1893, were sufficient to indicate the importance of the sub-
jeet, but the data have not been preserved.

What immediately follows refers, it will be observed, more particularly to
the work of the whirling-table.

2 See “Internal Work of the Wind " ; also Revue de L’Aeronautique, 3¢ Livraison, 1893.
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ReLaTioN oF AREA TOo WEIGHT AND POWER

In order to get a more precise idea of the character of the alteration intro-
duced into these theoretical conditions by the variation of any of them, let us,
still confining ourselves to the nse of the whirling-table, suppose that the plane
in question while possessing the same weight, shape, and angle of inelination,
were to have its area increased, and to fix our ideas, we will suppose that it be-
came 4 square fecet instead of 1 as before. Then, from what has already been
said, 7, the velocity, must vary inversely as the square root of the area; that is,
it must, under the given condition, become one-half of what it had been, for if
V did not alter, the impelling force continuing the same, the plane wonld rise
and 1ts flight no longer be horizontal, unless the weight, now supposed to be eon-
stant, were itself inercased so as to restore horizontality.

I have repeated Table XTII under the condition that the area be quadrupled,
while all the other conditions remain constant, except the soaring speed, which
must vary.

l Work. Weight,
Soaring speed |
a | (fect per second) Work expended per ' Weight of like planes
é DAz minute. which 1 H.P. will drive
| i A =4sq. ft. through the air with
‘ ‘ V= 500 gr. = 1.1 1lbs. veloeity V7.
| Foot-pounds. Pounds.
45° 18.4 1 ,211% 30
30 | 17.4 634 57
15 18.4 312 118
10 20.4 237 154
5 24.9 148 244
2 32.8 ! 87 | 418

W is the weight of the single plane; A is the area; R is the horizontal * drift.” Wt is the weight
of like planes which 1 H. P, wili drive at velocity V. Work is RV,

I. If Work is constant, R varies as *VA. II. If R is constant, Work varies as 3\/1—A’ 1T WY,
is constant while A varies, the weight which 1 H. P. wili support varies as VA.

The reader is reminded that these are simply deductions from the equations
given in ‘“ Aerodynamics,’” and that these deductions have not been verified by
direct trial, such as wonld show that no new conditions have in fact been intro-
duced in this new application. While, however, these deductions eannot convey
any confidence beyond what is warranted by the original experiments, in their
general trustworthiness as working formule at this stage of the investigations,
we may, I think, feel confidence.

I may, in view of its importance, repeat my remark that the relation of area
and weight which obtain in practice, will depend upon yet other than these theo-
retical considerations, for, as the flight of the free aerodrome cannot be ex-
peeted to be exactly horizontal nor maintained at any constant small angle, the
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data of ¢ Aerodynamies ’’ (obtained in eonstrained horizontal flight with the
whirling-table) are here insufficient. They are insufficient also because these
values are obtained with small rigid planes, while the surfaees we are now to use
cannot be made rigid under the necessary 1'e£1uire1nents of weight, without the
use of guy wires and other adjunets which introduce head resistance.

Against all these unfavorable conditions we have the favoring one that, other
things being equal, somewhat more efficiency can be obtained with suitable curved
surfaces than with planes.®

I have made numerous experiments with eurves of various forms upon the
whirling-table, and construeted many such supporting surfaces, some of whieh
have been tested in actual flight. It might be expected that fuller results from
these experiments should be given than those now presented here, but I am
not yet prepared to offer any more detailed evidence at present for the perform-
anee of eurved surfaces than will be found in Part II1.* I do not question that
curves are in some degree more efficient, but the extreme increase of efficiency in
eurves over planes understood to be asserted by Lilienthal and by Wellner, ap-
pears to have been associated either with some imperfect enuneiation of condi-
tions which gave little more than an apparent advantage, or with conditions
nearly impossible for us to obtain in actual flight.

All these eireumstances considered, we may anticipate that the power re-
quired (or the proportion of supporting area to weight) will be very much greater
in actual than in theoretical (that is, in eonstrained horizontal) flight, and the
early experiments with rubber-driven models were in fact successful only wlhen
there were from three to four feet of sustaining surface to a pound of weight.
‘When sueh a relatively large area is sought in a large aerodrome, the construe-
tion of light, yet rigid, supporting surfaces becomes a nearly insuperable diffi-
culty, and this must be remembered as consequently affeeting the question of the
construetion of boiler, engines and hulls, whose weight eannot be inereased with-
out inereasing the wing area.

* More recent experiments conducted under my direction by Mr. Huffaker give similar results,
but confirm my earlier and cruder observatlons that the curve, used alone, for small angles, is much
more unstable than the plane.

¢ As stated in the Preface, Part III has not yet been prepared for publication.



CHAPTER VI
BALANCING THE AERODROME

By ‘¢ balaneing ’’ I mean such an adjustment of the mean eenter of pressure
of the supporting surfaces with reference to the center of gravity and to the line
of thrust, that for a given speed the aerodrome will be in equilibrium, and will
maintain steady horizontal flight. ‘¢ Balance ’’ and ‘¢ equilibrium ’’ as here used
are nearly convertible terms.

LATERAL STABILITY

Equilibrium may be considered with reference to lateral or longitudinal sta-
bility. The lateral part is approximately seeured with comparative ease, by im-
itating Nature’s plan, and setting the wings at a diedral angle, which T have usu-
ally made 150°. Stability in this sense eannot be secured in what at first scems
an obvious way—by putting a considerable weight in the central plane and far
below the center of gravity of the aerodrome proper, for this introduees rolling.
Thence ensues the necessity of earrying the center of gravity more nearly up
to the eenter of pressure than would otherwise be necessary, and so far introdue-
ing conditions which tend to instability, but which seem to be imposed upon us
by the circumstances of actual flight. With these brief considerations concern-
ing lateral stability, I pass on to the far more difficult subject of longitudinal
stability.

LoNGITUDINAL STABILITY

My most primitive observation with small gliding models was of the fact
that greater stability was obtained with two pairs of wings, one behind the
other, than with one pair (greater, that is, in the absence of any imstinetive
power of adjustment).

This is eonnected with the fact that the upward pressure of the air upon
both pairs may be resolved into a single point whieh I will call the ¢ center of
pressure,’”’ and whiel, in stable flight, should (apart from the disturbance by the
propeller thrust) be over the center of gravity. The eenter of pressure in an
advancing inclined plane in soaring flight is, as I have shown in ¢ Aerodynam-
jes,”” and as is otherwise well known, always in advance of the center of figure,
and moves forward as the angle of inelination of the sustaining surfaees dimin-
ishes, and, to a less extent, as horizontal flight inereases in veloeity. These faets
furnish the elementary ideas necessary in discussing this problem of equilibrium,
whose solution is of the most vital importance to successful flight.

45
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The solutiou would be comparatively simple if the position of the CP could
be accurately known beforehand, but how difficult the solution is may be realized
from a consideration of one of the facts just stated, namely, that the position
of the center of pressure in horizontal flight shifts with the velocity of the flight
itself, much as though in marine navigation the trim of a steamboat’s hull were
to be completely altered at every change of speed. It may be remarked here
that the center of pressure, from the symmetry of the aerodrome, necessarily
lies in the vertical medial plane, but it may be comsidered with reference to its
position either in the plane XY (cp,) or in the plane YZ (cp.). The latter cen-
ter of pressure, as referred to in the plane Y Z, is here approximately calenlated
on the assumption that it lies in the intersection of this vertical plane by a hori-
zontal one passing through the wings half way from root to tip.

Experiments made in Washington, later than those given in ‘¢ Aerodynam-
ics,”” show that the center of pressure, (¢p,) on a plane at slight angles of inelina-
tion, may be at least as far forward as one-sixth the width from the front edge.
From these later experiments it appears probable also that the ecenter of pres-
sure moves forward for an increased speed even when there has been no percep-
tible diminution of the angle of the plane with the horizon, but these eonsidera-
tions are of little value as applied to curved wings sueh as are here used. Some
observations of a very general nature may, however, be made with regard to the
position of the wings and tail.

In the case where there are two pairs of wings, one following the other, the
rear pair is less efficient in an indefinite degree than the front, but the action
of the wings is greatly modified by their position with reference to the propel-
lers, and from so many other eauses, that, as a result of a great deal of experi-
ment, it seems almost impossible at this time to lay down any absolute rule with
regard to the center of pressure of any pair of curved wings used in praectice.

Later experiments conducted under my direction by Mr. E. C. Huffaker,
some of which will appear in Part III, indieate that upon the curved surfaces I
employed, the center of pressure moves forward with an increase in the (small)
angle of elevation, and backward with a decrease, so that it may lie even behind
the center of the surface. Sinee for some surfaces the center of pressure moves
backward, and for others forward, it would seemn that there might be some other
surface for whieh it will be fixed. Such a surface in faet appears to exist in the
wing of the soaring bird. These experiments have been chiefly with rigid sur-
faces, and though some have been made with elastic rear surfaces, these have
not been earried far enough to give positive results.

The curved wings used on the aerodromes in late years have a rise of one
in twelve, or in some cases of one in eighteen,’ and for these latter the following
empirical loeal rule has been adopted:

* See footnote page 47.
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The center of pressure on each wing with a horizontal motion of 2000 feet
per minute, is two-fifths of the distance from front to rear. Where there are
two pair of wings of equal size, one following the other, aud placed at such a
distance apart and with such a relation to the propellers as here used, the fol-
lowing wing is assumed to have two-thirds of the efficiency of the leader per unit
of surface. If it is half the size of the leader, the cfficiency is assumed to be one-
half per unit of surface. If it is half as large again as the leader, its efficiency
is assumed to be cight-tenths per unit of surface. For intermediate sizes of fol-
lowing wing, intermediate values of tle efficiency may be assumed.

These rules are purely empirical and only approximate. As approxima-
tions, they are useful in giving a preliminary balance, but the exact position of
the center of pressure is rarely determinable in either the horizontal or vertical
plane, except by experiment in actual flight. The position of the center of grav-
ity 1s found with all needed precision by suspending the aerodrome by a plumb-
line in two positions, and noting the point of intersection of the traces of the
line, and this method is so superior to that by caleulation, that it will probably
continue in nse even for much larger constructions than the present.

The principal faetor in the adjustment is the position of the wings with ref-
erence o the center of gravity, but the acrodrome is moved forward by the thrust
of its propellers, and we must next recall the fact of experiment that as it is for
constructional reasons difficult to bring the thrust line in the plane of the cen-
ter of pressure of the wings, it is in practice sufficiently below them to tend to tip
the front of the acrodrome upward, so that it may be that equilibriumn will be
attained only when CP, is not over CG,.

In the discussion of the equilibrium, then, we must consider also the effect
of thrust, and usually assume that this thrust-line is at some appreeciable distance
below the center of pressure.

~'We may conveuniently consider two cases:

1. That the center of pressure is not directly over the center of gravity; that
is, CG,—CP,=a, and estimate what the value of a should be in order that, dur-
ing horizontal flight, the aerodrome itself shall be horizontal; or,

1 According te Wellner (* Zeitschrift fiir Luftschiffahrt,” Beilage, 1893), In a curved surface
with 1/12 rise, if the angle of inclination of the chord of the snrface be «, and the angie between
the direction of resultant air pressure and the normal to the direction of motion be 3, then f<a and
the searing speed is

P—N/K F(m)XCOSﬂ
while the efficiency is

The foliowing values were derived from experiments in the wind:
o —=—3° ()7 +3° 6° ae 112°!
F(a)= 0.20 0.80 0.75 0.90 1.00 1.05
Tan 8= 0.01 0.02 0.03 0.04 0.10 0.17

sa that accerding to him, a curved surface shows finite soaring speeds when the angie of inciination
is 0° or even glightiy negative.
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2. Consider that the center of pressure is direetly over the eenter of gravity
(CP,—~CG,=0), and in this case inquire what angle the aerodrome itself may
take during horizontal flight.

First ecase. The diagram (IMig. 4) represents the resultants of the separate
system of forees acting on the aerodrome, and these resultants will lie in a verti-
cal medial plane from the symmetry of their disposition.

Let af represent the resultant of the vertical components of the pressure on
the wings; the horizontal component will lie in the line ae.

¥

< b e

Y

Fra. 4. Diagram showing relation under certain conditions of thrust, C. P. and C. G.

Let the eenter of gravity be in the line bd, and the resultant thrust of the
propellers be represented by cd. [

Let W =weight of aerodrome.

Let T=thrust of propellers.

Then if we neglect the horizontal-hull resistance, which is small in comparison
with the weight, equilibrium obtains when W xab=T x bd.

Second case. The diagram (F'ig. 5) represents the same system of forees
as Fig. 4, but in this ease the point of support is direetly over the center of
gravity ¢, when the axis of the aerodrome is horizontal.

Let W=weight of aerodrome.

Let T'=thrust of the propellers.

Let R=distance of CG. below CP,=ayg.

Let S=distance of thrust-line below CP,=ad.

If now the aerodrome under the action of the propellers be supposed to
turn about the CP, (or, a) through an angle a, so that g takes the position ¢’, we
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obtain by the decomposition of the force of gravity an element g'k=W sin a
which acts in a direction parallel to the thrust-line.

If we again neglect the horizontal hull resistance, equilibrium will be ob-
tained when

kg'xag'=Txad
or WR sin a=T8S

F1c. 5. Diagram showing relation under certain conditions of thrust, C. P. and C. G.

The praectical application of these rules is greatly limited by the uncertainty
that attaches to the actual position of the center of pressure, and this faet and
also the numerical values involved may be illustrated by examples.

Coxpition oF AeroproME No. 6, NovemBer 28, 1896

The weight was 12.5 kilos. On November 28, the steam pressure was less
than 100 pounds, and the thrust may be taken at 4.5 kilos. The distance bd was
25 em.

Hence 12.5xab=4.5%25 cm.

ab=9 cm.

This appears to give the position of CP,, but CP, is a resultant of the pressure on

both wings, and its position is determined by the empirical rule just cited. We
5

-
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cannot tell in faet, then, with exactness how to adjust the wings so that C@,~CP,
may be 9 cm., and equilibrium was in fact obtained in flight when (the empiri-
cally determined) CG,—CP,=3 cm.
Again, let it be supposed that CP, was really over C@, ... . The distance of the

center of gravity below the center of pressure is 43 em.=R. '
4 4.5X25 _q90

12.5x43
The doubt as to the aetnal position of the resultant center of pressure, then, ren-
ders the application of the rule uncertain. In practice, we are compelled (un-
fortunately) after first calculating the balance, by such rules as the above, and
after it has been thus found with approximate correctness, to try a preliminary
flight. Having witnessed the actual eonditions of flight, we must then readjust
the position of the wings with reference to the center of gravity, arbitrarily,
within the range which is necessary. This readjustment should be small.

3 63 3

C—y

Then a=sin nearly.

c
=A

Fic. 6. Diagram showing effect of Penaud tail.

In the preceding discussion it has been assumed that, if there is a flat tail or
horizontal rudder, it supports no portion of the weight. This is not an indis-
pensable condition bnt it is very convenient, and we shall assume it. In this
case the action of the so-called Pénaud rndder becomes easily intelligible. This
is a device, already referred to in Chapter II, made by Alphonse Pénaund for the
automatie regulation of horizontal flight, and it is as beautiful as it is simple.

Let AB (Kig. 6) be a schematic representation of an acrodrome whose sup-
porting surface is DD, and let it be inclined to the horizon at such an angle a
that its course at a given speed may be horizontal. So far it does not appear
that, if the aerodrome be disturbed from this horizontal course, there is any
self-regulating power which could restore it to its original conrse; but now let
there be added a flat tail AC set at an angle —a with the wing. This tail serves
simply for direetion, and not for the support of the aerodrome, which, as already
stated, is balanced so that the CG comes under the CP of the wing Bb.

Tt will be seen on a simple inspeetion that the tail under the given conditions
is horizontal, and that, presenting its edge to the wind of advanee, it offers no
resistance to it, so that if the front rises and the angle a increases, the wind will
strike on the under side of the tail and thereby tend to raise the rear and depress



~o. 3 LANGLEY MEMOIR ON MECHANICAL FLIGHT ol

the front again. If the angle a diminish, so that the front drops, the wind will
strike the npper surface of the tail, and equally restore the angle « to the amount
which is requisite to give horizontal flight. If the angle a is not chosen originally
with reference to the speed so as to give horizontal flight, the device will still
tend to continue the flight in the straight line which the conditions impose,
whether that be horizontal or not.

From this description of its action, it will be seen that the Pénaud tail has
the disadvantage of giving an undulatory flight, if the tail is made rigid. This
objection, however, can be easily overcome by giving to it a certain amount of
elasticity. It does not appear that Pénaud gave much attention to this feature,
but stress is laid upon it in the article ¢‘Flight,”’ in the ninth edition of the En-
cyclopmedia Britannica, and I have introduced a simple device for securing it.

The complete success of the device implies a strietly uniform veloecity and
other conditions which eannot well be fulfilled in practice. Nevertheless, it is as
efficient a contrivance for its object as has yet been obtained.

More elaborate devices have been proposed, and a number of them, depend-
ing for their efficiency upon the action of a variety of forees, have been eon-
structed by the writer, one of which will be deseribed later. This has the ad-
vantage that it tends to seeure absolutely horizontal flight, but it is much inferior
in simplicity to the Pénaud tail.

Apart from considerations about the thrust, the CP is in practice always
almost directly over the CG, and this relationship is, aceording to what has been
suggested, obtained by moving the supporting surfaees relatively to the CG, or
vice versa, remembering, however, that, as these surfaces have weight, any move-
ment of them alters the CG of the whole, so that successive readjustments may
be needed. The adjustment is further complicated by another important eon-
sideration, namely, that those parts which change their weight during flight (like
the water and the fuel) must be kept very near_the CG. As the water and fuel
tanks are fixed, it appears, then, that the center of gravity of the whole is prae-
tically fixed also, and this consideration makes the adjustment a mueh more
difficult problem than it would be otherwise.?

2The following formule proposed by Mr. Chas. M. Manly show how the center of pressure may
he moved any desired distance either forward or backward without in any way affecting the eenter of
gravity, and by merely moving the front and rear wings the same amounts but in opposite direc-
tions, the total movement of each wing heing in either case five times the amount that it is desired
to move the mean CP,, and the direction of movement of the front wing determining the direction
of movement of CP,.

In Figure 7, CP;y and OP,, are the centers of pressure of the front and rear wings respectively;
the weights of the wings, which are assumed to be equal and concentrated at their centers of figure,
are represented by w, w, and e is the distance of the center of pressure in either wing from its center
of fizure. The original mean center of pressure of the aerodrome is CP,, W is the weight of the
aerodrome, supposed to he concentrated at €@, while m is the distance from CP,, to OG..

Now, if we have assumed that the rear wing, being of the same size as the front one, has a lifting
effect of only 0.66, and on this assumption have calculated the proper relative positions of the front
and rear wings to cause the CP, to come directly over the CG@, and upon testing the aerodrome find
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tbat it Is too heavy In front and, therefore, wish to move the center of pressure forward an amount,
say b, without affecting the center of gravlty, we can calculate the proper relative pesitions of the
front and rear wings In the following manner. While the aerodrome as a whole Is balanced at the
point C@,, the weight of the wings is not balanced around this point, for the rear wing, owing to
Its decreased lifting effect, is proportionately farther from CP, than the front wing. In order, there-
fore, to avold moving the center of gravity of the machine as a whole, any movement of the wings
must be made In such a way as to cause the difference between the weight of the rear wing multl-
plied by its distance from CG, and the welght of the front wing multipiied by its distance from CG,
to equal a constant: that is,

w(m + a) — w(0.66m — a) = constant,
and

0.33wm -+ 2wa = constant.

If now the wings be moved so that CP, is moved forward a distance b, we may indicate the distance
from C@, to the new CP,y, by 2, and equating the difference between the weight of the rear wing

(3
ST ee(zb)

w w w w

Yogq Yecg,
Fia. 8. Fra. 9.

Fias. 7-9. Dlagrams lllustrating formule for moving C. P. without disturbing C. G.

multiplied by Its new distance from CG@, and the weight of the front wing multiplied by its new
distance from C@,, and making thls difference equal to the constant difference, we can calenlate 2
In terms of m and b, as follows:
Fig. 8,

w(a +2) —w(0.66(2+ b) 4 b —a) =0.33wm + 2wa.

S.2=m 4 5d.
Knowing 2, we readily find that the new distance from CPy to CG; equals:
0.66(z + &) 4+ b=0.66m - 5b.

In a similar manner we may calculate the proper relative positions of the front and rear wings
when we wish to move the center of pressure backward a distance, b, from the original CP, without
changing the position of CG,, From Fig. 7, we have as before:

w(m + a) — w(0.66m — a) = constant,
0.33wm + 2wa = constant.
Fig. 9,
w(z + a) —w(0.66(z,—b) — b— a) =0.33wm -} 2wa.
Jo2p=m—Bbb.
Simllarly we have for the new distance from CPjpy to CGy:
0.66(2,— b) — b =0.66m — 5b.
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CHAPTER VII

HISTORY OF CONSTRUCTION OF FRAME AND ENGINES OF
AERODROMES

During the years 1892 and 1893, it will be recalled, four aerodromes, known
as Nos. 0, 1, 2, and 3, had been built, which were of two general types of construc-
tion. First. that represented by No. 0, in which a radieally weak hull was made
to support rods at the front and rear, to which the wings and tail were attached.
This aerodrome was abandoned on account of the inability to provide it with
sufficient power, as well as because of its constructional weakness. Second, that
type represented by Nos. 1, 2, and 3, in which a midrod was carried through
from front to rear, aronnd which the hull supporting the machinery was built.
These models were much lighter than No. 0, but were all abandoned because
it was found impossible to propel even the lightest of them. While all these
machines were in the strictest sense failures, inasmuch as none of them was
ever equipped with supporting surfaces, yet tlie experience gained in the con-
strnction of them was of the very greatest value in determining the points at
which strength was needed, and in indicating the mode of construction by which
strength and rigidity could be obtained.?

1893

Another acrodrome, known as No. 4 (shown in Plate 11), was designed in
the latter part of 1892, and by the end of March, 1893, its construetion was well
under way. It was of the second type, in that the midrod was continuous, but
it differed from the preceding forms in having the machinery (boilers, burners,
and tanks) attached directly to the midrod, the hull now taking the form of a
mere protective sheathing. As in Nos. 2 and 3, two engines were used, which
were mounted on a cross-frame of light tubing attached to the midrod at right
angles. It had, as at first constructed, no provision for the generation of steam,
but only for carrying a reservoir of carbonic acid to supply gas for the engines.

The whole, including wings, tail, and engines, but without the carbonic acid
reservoir, weighed 1898 grammes (4.18 1bs.). A eylindrical reservoir, weighing
521 grammes (1.14 1bs.) and capable of holding 1506 cu. cm. (92 cun. in.) was
constructed for this purpose, and tested for 30 minutes with a pressure of 100

17t is to he remembered that these aerodromes were under incessant modifications, No..4 for
Instance, presenting successlve changes which made of it In reality a number of different machines,
one merging hy constant altérations into the other, though It still went under the same name. After
1895 the type of the models remained relatlvely constant, but during the first five years of the work,
constructions equal to the original bhuilding of at least eight or ten independent aerodromes were
made.
53
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atmospheres. If the weight of the eylinder, with its contents and adjunets, be
taken as 800 grammes (1.76 1bs.), the total weight of the aerodrome was 2698
grammes (5.95 1bs.). The wings were plane surfaces of silk, stretched over a
very light frame, with no intermediate ribs to prevent the wing from heing eom-
pletely distorted by the upward pressure of the air. Even if they had been suffi-
ciently strong and stiff, the total surface of both wings and tail was but 2601 sq.
em. (2.8 sq. ft.) or approximately 0.5 sq. ft. of supporting surfaece to the pound,
much less than was fonnd adequate, even under the most favorable ecirenm-
stances. The weight was much more than had been econtemplated when the
wings were designed, yet, if all the other features of the aerodrome had been
satisfactory, and suffieient power had been secured, the work of providing snit-
able snpporting surfaces would have been attempted. But as it was found that
the engines when supplied with carbonic-acid gas were unable to develop any-
thing like the power necessary to propel the aerodrome, and that the eonstrune-
tion could be greatly improved in many other ways, this aerodrome was entirely
rebuilt. The work of the engines with earbonie acid had been so completely un-
satisfactory that the idea was entirely abandoned, and no further attempts to
develop an efficient motor other than steam were made.

It now beeame realized more completely than ever before that the primary
requisite was to seeure sufficient power, and that this could be obtained only by
the use of steam. This involved a number of problems, all of which wonld have
to be solved before any lope of a sneeessful machine could be entertained. In
the first place, engines of sufficient power and strength, but of the lightest pos-
sible eonstruetion, must be built. Second, a boiler must be eonstructed of the
least possible weight, which would develop quickly and maintain steadily steam
at a high enough pressure to drive the engines. This demanded some form of
heating apparatus, which eould work under the adverse eondition of enclosure
in a narrow hull, and steadily supply enough heat to develop the relatively large
quantity of steam required by the engines.

The first of these problems, that of procuring suitable engines, was at least
temporarily solved by the construetion of two engines with brass eylinders,
which had a diameter of 2.4 em. (0.954n.), and a piston stroke of 5 em. (1.97 in.).
The valve was a simple slide-valve of the piston type, arranged to eut off steam
at one-half stroke. No packing was used for the piston or the valve, which were
turned to an accurate fit to the cylinder and the steam-chest respectively. In
the engines built up to this time, the parts had frequently been soldered together,
and a great deal of trouble and delay had arisen from this cause. In these new
engines, however, as strong and eareful a construction was made as was possi-
ble within the very narrow limits of weight, with the result that the engines,
though by no means as efficient as those construeted later, were used in all the
experiments of 1893 and also during the first part of 1894.
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As soon as these engines were completed, in February, 1893, a test was
made of one of the eylinders, steam being supplied from the boiler of the shop-
engine. The experiments.were made with the Prony brake, and showed that at
a speed of 1000 revolutions per minute, the power developed from a single eylin-
der was 0.208 H. P., with a mean effective pressure in the cylinder of only about
21 pounds per square inch of piston area, allowing a loss of 25 per eent for the
internal resistance of the engine. This pressure was so mueh less than should
have been obtained with the steam pressure used, that it now seems evident that
the steam passages and ports were too small to admit and exhaust the steam with
sufficient rapidity to do the work with the same efficieney that is obtained in
common practice. This, however, was not immediately reeognized. The piston
speed at 1000 R. P. M. was 328 feet per minute, at whieh speed the steam at a
pressure of 80 pounds should have been able to follow up the piston and main-
tain almost, if not quite, full boiler pressure to the point of cut-off, but it did
not do so. _

The problem of generating steam was much more diffieult and required a long
and tedious series of experiments, whieh consmmed the greater part of the year
before any eonsiderable degree of success had been attained. In the ecourse of
these experiments many unexpected diffienlties were encountered, which neeces-
sitated the construction of special forms of apparatus, which will be deseribed
at the proper point. Numerous features of construetion, which seemed to be of
value when first coneeived, but whieh proved useless when rigorously tested, will
be noted here, whenever a knowledge of their valuelessness may seem to be of
advantage to the reader.

The boiler was necessarily developed simultaneounsly with the development
of the heating apparatus, and in the following pages, as far as possible, they will
be treated together; but often for the sake of clearness and to avoid repetition,
separate tYeatment will be neeessary.

At the beginning of these experiments, there was much doubt as to whether
alecohol or gasoline would be found most suitable for the immediate purpose.
An aleohol burner had been used in connection with the earliest aerodrome, No.
0, but from the results obtained with it at that time, there seemed to be little
reason to hope for snecess with it. Tt is to be premised that the problem, which
at first seemed insoluble, was no less than to produce steam for something like
1 H. P. by a fire-grate, which should oeeupy only a few cubic inches (about the
size of a clenched hand) and weigh but a few ounees. Tt had to be attacked,
however, and as aleohol offered the great advantage of high ealorifie properties
with freedom from all danger of explosion, it was at first used.

Early in 1893, it oceurred to me to modify the burner so as to make it essen-
tially an aeolipile, and in April of that year the first experimental aeolipile model
shown at 4 (Plate 12) was made. It was very small and intended for the dem-
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onstration of a principle rather than for aetual serviee, but the eonstruection of
this small aeolipile was an epoeh in the history of the aerodrome. It furnished
immensely more heat than anything that had preeeded it, and weighed so little
and worked so well that in May the aeolipile marked B was made. In this de-
sign two pipes were led from the upper portion of the eylinder, one to a large
Bunsen burner which heated the boiler, the other to a small burner placed under
the tank to vaporize the aleohol. This was followed by the one shown at C,
wherein the heating burner was smaller and the gas pipe, leading to the main
burner, larger.

Figures D, E, F, and G (Plate 12) were really eontinnations and improve-
ments of the same idea. In C there was simply a tube or flue through the tank;
in I, however, this tube diseharged into a smoke-stack fastened to the end of the
cylinder, while in G the flue turned npward within the tank itself and diseharged
into the short stack on top. The object of these changes was to increase the draft
and heating power of the small flame, so that the gas would be more rapidly
generated and a greater quantity be thus made available for nse under the boiler
in a unit of time. They were, however, though improvements in a construction
whieh was itself a great advanee, still inadequate to give out a sufficient amount
of heat to meet the excessive demands of the required quantity of steam. The boil-
ers in conneetion with which these aeolipiles were used must now be considered.

The first boiler E (Plate 13) made during this year was a double-coil boiler
of the Serpollet type, formed of 19 feet of copper tubing having an internal di-
ameter of about } inch. Attaehed to the boiler was a small vertical drum, from
the top of which steam was led to the engine, a pipe from the bottom leading to
the pump. This boiler was tested in April with an aleohol heater, the pump in
this trial being worked by hand. This apparatus developed a steam pressure
varying from 25 to 75 pounds, which eaused the engines to drive a 60 em. pro-
peller of 1.25 piteh-ratio 565 revolutions per minute. The greatest diffienlty was
experienced in seeuring a sufficient and uniform eirculation in the boiler eoils.
The aetion in the present case was extremely irregular, as the pressure some-
times rose to 150 pounds, driving the engines at a dangerous speed and bending
the eccentrie rod, while at other times it would fall so low that the engines stop-
ped eompletely. »

As the pump used in this trial had proved so unsatisfaetory and unreli-
able, it was replaced by a reservoir of water having an air-ehamber eharged to
10 atmospheres, the flow from which eould apparently be regulated with the
greatest nicety by a needle valve at the point of egress; but for some reason
its performance was unsatisfactory and remained so after weeks of experiment.

There was used in eonneetion with this device the double-eoil boiler shown
at F' (Plate 13) whieh was made of tubes flattened so as to be nearly eapillary.
The idea of this was to obtain a larger heating surface and a smaller volume of
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water, so that by proper regulation at the needle valve, just that quantity would
be delivered which conld be converted into steam in its passage through the
coils, and be ready for use in the engines as it left the boiler at the farther ex-
tremity. The results obtained from this were an improvement over those from
the original coil, and a third set of coils (@7, in Plate 13) was made. This boiler
consisted of three flattened tubes superposed one over another.

These two boilers were tried by placing them in a charcoal fire and turning
on an alcoliol blast, while water from a reservoir under constant air pressure
was forced through them past a pin valve. The result was that the two-stranded
coil supplied steam at from 10 to 40 ponnds pressure to run the engines at about
400 revolutions per minute. The pressure rose steadily for about 40 seconds -
and then suddenly fell away, though the coils were red-hot, and neither the water
nor the alcohol was exhausted—apparently because of the irregularity of the
supply of water, due to the time taken by it after passing the valve to fill the
considerable space intervening between that point and the boiler.

An attempt was made to overcome this difficulty by pntting a stop-cock di-
rectly in front of the boiler so that the water, while still under the control of the
needle valve, could be turned in at onece; the alecohol blast was also arranged to
be turned on or off at pleasure, and provision was made, by taking out the end
of the flue inclosing the boiler, to provide for an increased air supply. With this
arrangement a flame eight or nine inches long was obtained, but a test showed
that not more than 25 grammes of water per minute passed through the tubes,
which was not enough.’

Further tests with these boilers were so far satisfactory as to show that
with the flattened-tube Serpollet boiler, comprising from 60 to 80 feet of tubing,
from 80 to 100 pounds pressure of steam could be maintained, but not steadily.
As there were diffienlties in flattening the tubes to make a boiler of this sort, a
compromise was effected in the construction of the one shown at H (Plate 13),
which was made of light copper tubes 5 mm. in diameter, laid up in three lengths
of 6 metres each. The ends of these coils were so attached to each other that the
water entering at one end of the smallest coil would pass through it and then
enter the middle coil, whence it passed through the third or outer coil. Two
sets of these coils were made and placed in the thin sheathings shown in the
photograph. Repeated experiments with these boilers demonstrated that the
pressure did not rise high enough in proportion to the heat applied, and that
even the pressures obtained were irregular and untrustworthy. The principal
difficulty still lay in maintaining an active and uniform circulation through the
coils, and for this purpose the water reservoir under constant air pressure had
proved itself inadequate. This pointed to a return to the nse of the force pump,
the construction of which had hitherto presented so many special difficnlties that
it had been temporarily abandoned.
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A further diffieulty experienced in the use of these boilers had been that of
obtaining dry steam for the engines, as during the early experiments the steam
had been delivered directly into the engines from the boiler coils. Bnt in August
the writer devised a ehamber, known as the ‘¢ separator,”’ where it had an op-
portunity to separate from the water and issue as dry steam, or at least approxi-
mately dry steam. This was an arrangement familiar in prineciple to steam en-
gineers under another form, but it was one of the many things whieh, in the igno-
rance of steam engineering the writer has already freely admitted, he had to
reinvent for himself. 5

At about the same time, a new pump was designed to drive the water from
the bottom of the separator, which served the double purpose of steam drum and
reservoir, into the coils. This pump bad a diameter of 4.8 em., and was run at
180 strokes per minute.

The result of the first experiments with these improvements demonstrated
that, within eertain limits, the amount of water evaporated is proportional to the
eireulation, and in this boiler the eireulation was still the thing that was at fault.
Finally, the results of the experiments with the two-stranded, triple-eoil boiler
may be summed up in the statement that it was possible to maintain a pressure
of 80 pounds, and that with it the engines could be made to develop from 0.3 to
0.4 H. P. at best. It weighed 650 grammes (1.43 pounds) without the asbestos
Jaeket.

Abont this time the writer had the good fortune to secure the temporary
serviees of Dr. Carl Barus, an accomplished physicist, with whose aid a great
variety of boilers were experimented on.

The next form of boiler tested was that shown at N (Plate 13), made on a
system of eoils in parallel, of whieh there were twenty eomplete turns. In the
first test it generated but 20 pounds of steam, beeause the flame refused to work
in the colder eoils. The work of this boiler was very unsatisfactory, and it was
only with the greatest difficulty that more than ten pounds pressure could be
maintained. There was trouble, too, with the circulation, in that when the flame
was in full play the pump seemed to meet an almost solid resistance, so that it
could not be made to do its work.

A new boiler was accordingly made, eonsisting of three coils of four strands
each. With this the pump worked easily, but whereas it was expeeted to get 120
pounds pressure, the best that could be obtained was 70 pounds. The onter
coil was then stripped off, and a trial made in which everything ran smoothly
and the pressure mounted momentarily to 90 pounds. After some adjustment,
a mean pressure of 80 pounds was obtained, giving 730 revolutions of the en-
gine per minute, with an indicated horse-power of 0.32.

It was shown in this work that, within eertain limits, steam is generated
most rapidly when it is used most rapidly, so that two engines eould be used
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almost as well as one, the reason apparently being that the rapid cireulation in-
ereased the steam generating power of the boiler, and that the engines worked
best at about 80 pounds...It was also found that a larger tubing was better than
the small, weight for weight, this fact being dne to the greater ecase with which
cirenlation eould be maintained, since fewer coils were neccessary in order to
obtain the same external heating surface. The pressure in the eoils and the
separator was also muech more nearly equalized. The result was that the boiler
temporarily approved was one made of tubing 6.35 mm. (0.25 inch) in diameter,
bent into a two-coil, two-stranded boiler, having sixteen complete turns for each
strand in each coil. The total weight was 560 grammes (1.23 pounds) with a
total heating surfaee of 1300 sq. em. (1.4 sq. ft.).

The separator used in the experiments made during August and September
was of a form in whieh the water was forced below a series of partitions that
prevented it from following the steam over into the eylinders of the engines. It
weighed 410 grammes (0.9 pound) and was most eonveniently worked with 700
grammes (1.54 pounds) of water. The boiler and separator together weigled
970 grammes (2.1 pounds).

A new separator was, however, designed, which was horizontal instead of
vertical, as it was intended that it should be placed just below the midrod. An-
other form, devised for construetional reasons, consisted of a eylinder in which
a pump was imbedded. Heretofore the pump used had been single-acting, but it
was now proposed to make a double-acting pump. Upon testing this apparatus,
it was found that when using an aeolipile, it took 150 grammes of aleohol to
evaporate 600 grammes of water. It was evident that the latter was used very
wastefully, so that the thermal efficieney of the engine was not over one per eent;
but it was also evident that, under the necessity of sacrificing everything to light-
ness, this waste was largely inevitable.

About the middle of Oetober, another boiler (O, Plate 13) was made, which
eonsisted of two eoils wound in right and left hand serew-threads, one fitting
loosely over the other, so as to make a eylindrical lattice-work 32 em. (12.6 in.)
long. Each eoil eontained two strands of eopper tube 0.3 mm. thiek, and weigh-
ing 54 grammes to the metre (0.036 pound to the foot). The inner eoil had a
diameter of 5.63 em. (2.22 in.), with nine turns of tube to the strand, the two
strands making a length of 319 em. (10.5 feet) for the eoil. The outer eoil had
a mean diameter of 6.88 em. (2.71 in.) and a length of 388 em. (12.7 feet) for the
two strands. The total length of the two eoils was, therefore, 707 em. (23.2 feet),
with a heating surface of about 1415 sq. em. (1.52 sq. ft.) and a total weight of
382 grammes (0.84 pound).

The results obtained with this boiler were so far satisfaetory as to show that,
under the most favorable eonditions, when air was supplied in unlimited quanti-
ties and there were no disturbing eurrents to put out or interfere with the work
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of the burners, steam could be supplied at a sufficient pressure to run the en-
gines. It was realized, however, that the couditions in flight would be very dif-
ferent, and that in order to protect the apparatus from the wind, some sort of
protecting covering would have to be devised, which would of itself introdunce
new difficulties in providing the burners with a proper and uniform draft.

The hull, as at first constructed, consisted of a cylindrical sheathing open in
front, through the rear end of which the boiler and aeolipile projected inward,

=

Fie. 10. Diagram of pendulum.

so that the air taken in at the front would be drawn through the boiler and hearth
to the exclusion of lateral currents. In the first tests, however, after the hull had
been applied, it was impossible to secure a proper rate of combnstion, nearly the
whole hull being filled with a bluish flame, while only a very small portion of the
gases of combustion passed into the eoils of the boiler. The remedy for this lay in
obtaining an increased draft, and a small stack was, therefore, arranged to earry
off the products of combustion. This proved inadequate, and it was only after
several weeks of experiment with various types of smoke-stack, and constant
alteration of the aeolipile, that it was possible to make the apparatus work effi-
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ciently when it was inside the hull. Finally such a degree of success was attained
that the burners counld be kept lighted even when the aerodrome was placed in a
considerable artificial breeze, created by a blower in the shop.

In connection with these tests of the engines and boilers, some method was
desired, in addition to the Prony brake tests, by which the thrust of the propel-
lers when driven by the engines at various speeds could be measured accurately
and in terms which would be readily available in judging whether the aerodromes
were ready to be given an actual trial in free flight. Such a method was found
in the use of an apparatus known as the ¢ pendulum,’’ which was introduced
near the end of 1892, but was not generally used until the end of 1893. After
this time, however, this test was made a condition prerequisite to taking any of
the aerodromes into the field, and proved of the greatest assistance in estimat-
ing the probable outcome of the trials.

The apparatus used, which is diagrammatically shown in Fig. 10, was ex-
tremely simple both in theory and operation. It consisted primarily of a hori-
zontal arm AC carryving the knife-edge B by which it is pivoted on each side on
supporting beams not shown. Depending from 4C is the light vertical arm DE,
rigidly joined to it and carrying the lower horizontal arm F@G, all of which are
braced together so as to maintain the arm DE constantly perpendieular to 4C.
To this arm F@G the model was rigidly attached with its center of gravity in line
with the vertical arm DE and its weight inereased by the addition of properly
disposed flat weights, in order to make the angle of lift for a given thrust of the
propellers smaller and less likely to interfere with the working of the boiler and
separator.

Before the actual test of the ‘¢ 1ift ’’ could be made, it was necessary to know
the exaet distance of the vertieal center of gravity of the model and the extra
weights from the knife-edge B. This was determined by the following method:
A known weight was suspended from the arm 4B at some arbitrarily selected
distance from the point B. This weight caused the perpendicular arms 4B and
DE to rotate through an angle, 8, which was measured on the scale KL. Know-
ing, then, the weight on the arm 4B, its point of application, the weight of the
aerodrome suspended on the arm DE, and the angle of rotation, it is easy, by a
simple application of trigonometric functions, to determine the distance of the
center of gravity of the model from the point B.

In a test of Aerodrome No. 6 made on September 23, 1898, the weight sus-
pended from AB was 10,000 grammes, its point of application 50 cm., the model
was weighted to 20,450 grammes, and the angle of rotation, 6, was 7° 2. Letting
¥ equal the distance of the CG from B, we may equate the balanced forces thus:

10,000 x50 cos 7° 2'=20,450 %y sin 7° 2
10,000 x 50 cot 7° 2'=20,450 y
y=198.2 em.
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Having determined this distance, the weight on 4B was removed and the
aerodrome was allowed to regain its former position. The distance of the center
of thrust from I was then measured. The engine was next started and the num-
ber of revolutions of the propellers eounted by a tachometer. The thrust of the
propellers, acting perpendicularly to the arm B D, produeed rotation around the
point B, the angle of which was measured as above.

In the power test of No. 6, the following data were obtained:

W=weight of aerodrome=20,450 grammes.

¢=angle of 1ift=19° 30".

Distanee of CG from ecenter of rotation=198.2 em.

Distance of eenter of thrust from eenter of rotation=186.3 em.

As the propeller thrust and the weight of the model are forees acting in opposite
directions at known distanees from a eenter of rotation, letting L equal the ‘‘dead
lift,”” we may express the equation thns:

W sin 6x198.2=1 x 186.3,
L=1002 X sin19° 30 x 20,450,
L=7,263 grammes ‘‘ dead lift.”’
The flying weight of Aerodrome No. 6 was 12,064 grammes, and the per cent of
this weight lifted was, therefore,
7,263
12,061 =60.3.

This was mueh more than was necessary for flight, but in order to insure
successful flights and avoid delay, the rule was made in 1895 that no aerodrome
was to be launched until it had previously demounstrated its ability to generate
enough power to maintain for at least two minutes a lift of 50 per eent of the
total flying weight. At the same time other important data were obtained, such
as the steam-pressure, the time required to raise sufficient steamn, the total time
of the run, and the general working of the boilers and engines.

As will easily be seen, these tests afforded a most satisfactory basis of judg-
ing what the aerodromes might be expected to do in actual flight if the balancing
were correet. .

At this time, October, 1893, the aerodrome (Old No. 4) was practically
complete, and the most anxious thought was given to lightening it in every way
consistent with the ever-present demand for more power, which necessitated an
increase in the weight of both burners and boilers to supply the requisite steam.

On November 14, when the aerodrome was prepared to be shipped to Quan-
tieo for trial, its condition was about as follows. The steam-generating appa-
ratus—the parts of which were of substantially the forms last deseribed, al-
though some slight improvements had been introduced—had been developed to
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such a point that a pressure of from 70 to 80 pounds of steam eould be main-
tained for 70 seconds, when it was tested in the shop. What it would do under
the unfavorable eonditions imposed by flight was to be learned only by trial.

At this pressure, the engines, the efficieney of which had-been inereased by
an improvement in packing, would develop approximately 0.4 indieated H. P.,
while at 105 pounds pressure they at times developed as mueh as 0.8 H. P.
Wlhen the aerodrome was tested on the pendulum, these engines, when making
less than 700 revolutions per minute, lifted over 40 per cent of the total flying
weight.

The propellers used at this time were aceurate heliees, having a diameter of
60 em., a width of blade of approximately 36 degrees, and a piteh-ratio of 1.25.
They were formed of wood, and were bushed with brass where they were at
tached to the shafts.

AERODROME OLD NO. 4 AS PREPARED FOR FLIGHT BEFORE BEING SHIPPED FOR TRIAL
ON NOVEMBER 14, 1893

i Wood and | Mica and . Total and mean
Part. Copper. | Stecl. | Brass. | Iron. silk. A Bedtont Fluid. welghts.
gms. | gms. | gms. gms. gms. gms. gms. gms.
ACOlIPILes Trg. oeale LR $300 = 92 B = -, i 292
o SRR 350 0o 37 43 & L 6o 387
Sepsrator and pnmps.... 300 30 100 20 o 55 e 450
Engine and fTramell .. .. - Je 350 570 .o .. "y o5 920
Midrod (200 cm. long).. . . 220 . oG od o L 220
Two smoke-staeks ...... 70 g ik co 06 X, i1 70
Asbestos jacketing...... o y. 84 og . 50 L% 50
Air chamber........... = - - 82 g o - 82
Splder between hoiler and
L7 e N 82 al L, & Y .. e 32
LR ARRCRPRI V.. oo 0 = o 54 ! . .. 15 . .- .- .- 15
B0 vl s | 952 | 600 814 ‘ 102 =T .. | 2518= 5.5¢1bs.
)1 R Sk, 94,2 v N M T N e
Pins for starter......... 3 15 o 5 .. Fa ) 15
Two large wings and tail. .. . i M R 571 . 5 571
Buffer and steerer....... ofs ok ofe ‘ of 53 &5 o 53
Rropellierst .. 8.0 i o » SN IS 250 o3 5o 250
Ry e, . 50 | 15 oY . . 8714 | 25 | .. |1014= 2.23 Ibs.
Grandtotal...........| 1002 | 615 | 8§64 | 102 874 | 5 | .. |$582=17.77 lbs.
PO, o 0 it oo - 8.9 [7.8 | 8.5 |75 0.8 3.0 .. | 2.8 L
Volnme (cu.ems.)....... 113 9 102 136 1002 25 g 1425=) 87 cn.1ins.
RO, . e WL Py .o 0 .o 50 R 100 100
b RO o T T o R v. 5 9. o P 500 500
L iy S 1t S N L5 o 7 i .. | 4132=79.11bs.
. 125
DeneifyMo . SRy LT = a% i~ g e oG . 500 2.01 II.
Volume (cn. ems.)....... 5. s ~y - a vy e 2050
Permanent air spaces:
in midrod, vol. = 355 cc.
In cngine frame, vol. = 100 ce. 4139
volnme 88 per II. 2050 ce. Deusity = 5505 =1.65 } 111,

2505 ce.
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The total ﬁying weight of Old No. 4, including fuel and water, was 4132
grammes (9.1 Ibs.), a much larger weight than bhad been contemplated when
the original designs were made. A detailed statement of the weights of the
various parts of the aerodrome, together with some data as to its density, is
given on the preceding page. There were provided in the wings and tail ap-
proximately 2 sq. ft. of supporting surfaee to the pound of weight, which would
have been barely sufficient to sustain tlic aerodrome, even if it had been success-
fully launched and the wings had been built much stronger than the flimsy con-
struction in use at this time.

An air chamber, which served the double purpose of floating the aerodrome
and of providing a moveable weight by whiel the center of gravity could be
shifted to the proper position relatively to the center of pressure, was eon-
structed of the thinnest sheet-iron and attached to the midrod.

This aerodrome, the fifth in actual construetion, and the first, after years of
experiment, to be carried into the field, was transported to Quantico, where the
first trial with it was made on November 20, under the conditions deseribed m
Chapter IX.

1894

The aerodrome, No. 4, which has just been deseribed, had not been put to the
test of an actnal flight, for reasons connected with the diffieulties of launching,
which are more fully described elsewhere; but, when the completed machine was
more fully studied in eonnection with the unfavorable conditions which it was
seen would be imposed on it in trials in the open air, many possibilities for im-
provement presented themselves. It was seen, for instance, that a better design
might be made, in which the engines, boiler and aeolipile might be placed so that
the center of gravity of each would lie in the same vertical plane as the eentral
line of the aerodrome. In order to do this the construction of a single midrod,
which was the distinguishing feature of Old No. 4, had to be essentially departed
from, the midrod of this new one, No. 5, being opened out into two rods, so to
speak, which were bent out so that-the open space between them furnished a
sufficiently large hull space to hold the entire power generating apparatns. In
arranging the machinery within this hull, it was provided that, as the water and
fuel were expended, the center of gravity of the aerodrome would shift little,
and, if at all, backward relatively to the center of pressure.

Instead of the two small engines, which it will be remembered were mounted
on the eross-frame in No. 4, a single engine with a larger cylinder, having a di-
ameter of 3.3 em. (1.3 in.) and a stroke of 7 em. (2.76 in.), capable of developing
about 1 H. P. was used. This engine was mounted within the hull near the for-
ward end and drove the propellers by suitable gearing.
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In addition to these radical ehanges many important improvements were
made in the different parts. Internal compartments were built in the ‘separa-
tor, so that even if the water was displaced by the pitehing of the aerodrome, it
could still perform its funetions properly The pump was provided with a ratehet,
so that it eould be worked by hand after the burners were lighted, and before
enough steam had been raised to enable the engine to run it. An active circu-
lation was thus maintained in the coils of the boiler as soon as the burner was
lighted and before the engine was started, which prevented the tubing from be-
ing burnt out, as had frequently happened previously. The wing construction
was also improved and many other changes were introduced, which will be treated
separately.

In the meantime, No. 4, which had been damaged in the attempted lannching
in November, 1893, was strengthened and prepared for another trial which took
place in January, 1894.

By the end of the first week in February, the engine of No. 5 was ready for
trial, and with a boiler pressure of about 80 pounds per square inch, apparently
developed 0.56 H. P. on the Prony brake, when making 800 revolutions per min-
ute. To accomplish this ealled for such good distribution of steam in the eyl-
inder, that it is doubtful if the power could be exceeded at that speed and
pressure. :

It was, however, apparent that it was desirable to have a boiler capable of
supplying steam for at least one horse-power, and that in order to do this, there
must be an improvement in the aeolipiles. The problem consisted in arranging
to evaporate more than 500 cu. em., and in fact as nearly as possible 1000 cu.
em. (61 eun. in.) of water per minute, and, sinece from 200 to 300 cu. em. per
minute had already been evaporated, this was not regarded as impossible of ae-
complishment. The theorectical advantages of gasoline had for a long time been
reeognized, as well as the very praectical advantage possessed by it of keeping
lighted in a breeze, and several attempts had been made during the latter part
of the previous year to construet a sunitable burner for use with it. These had
not been very successful; but in view of the increasing demand for a flame of
.greater efficiency than that of the alecohol aeolipiles, it was decided to resume the
experiments with it.

Accordingly, a gasoline evaporator was tried, consisting in the first ex-
periment of a gasoline tank with nine flues, through which stcam was passed.
A flow of steam gave a rapid evaporation of gasoline when the pressure did not
exceed 5 pounds. The chief diffieulty with the burner employed was that the
snpply of gasoline gas would rise and fall as the steam rose and fell, conditions
just the opposite of what was really desired. On the other hand, it was thought

that this gasoline tank would form a real condenser for the steam, so that a por-
6



66 SMITHSONIAN CONTRIBUTIONS TO KNOWLEDGE voL. 27

tion of the exhaust steam would be eondensed and be available for use in the
boiler again. The gasoline vapor had many advantages over the alcohol; but it
was at first possible to evaporate only 120 cu. em. of gasoline in a minute.

In the experiments that were made at this time (March 9) with gasoline,
the main objeet in view was to obtain a smooth blue flame at 10 pounds pressure.
There had been failures to aceomplish this, owing to the high boiling point of
the hiquid, and while the work was in progress it was still evident that the prob-
lem of the boiler and the flame whieh was to heat it had not been solved. A Prony
brake test gave, at 130 pounds pressure, 1.1 H. P. with about 1000 revolutions
of the propellers; but this was with steam supplied from the boiler of the sta-
tionary shop engine.

On April 1, 1894, the following record was made of the condition of Aero-
drome No. 5:

¢“ The wings, the tail, and the two 80 em. propellers, as well as the two smaller
propellers, are ready. The eylinders, gear, pump, and every essential of the
running gear, are in place. The boilers, separators, and adjunets are still under
experiment, but may be hoped to be ready in a few days. At present, the boilers
give from 450 to 600 grammes of mixed steam and water per minute. With 130
pounds of steam, the engine has actually developed at the brake, without cut-
off, considerably more than 1 H. P., so that it may be confidently considered that
at 150 pounds, with cut-off, it will give at least 0.8 H. P., if it works proportion-
ately well.”’

The delays incident to the accomplishment of the work in hand were always
greater than anticipated, as is instanced by the fact that it was the latter part
of September before the work was actually completed. The greater part of this
delay was due to the necessity for a constant series of experiments during the
spring and summer to determine the power that it was possible to obtain with
the various styles of boilers, aeolipiles, and gasoline burners.

‘While No. 5 was thus under construction, new and somewhat larger engines
had been built for No. 4, the work on them having been begun in January. The
eylinders of these engines, which are more fully described in eonnection with
Aerodrome No. 6, were 2.8 em. in diameter, with a 5 em. stroke, each eylinder
thus having a capacity of 30.8 cu. em., which was an increase of 36 per cent
over that of the old brass cylinder engines, which had previously been used on
No. 4. On April 28, under a pressure of 70 pounds, these engines drove the
two 60 em. propellers at a rate of 900 R. P. M., and lifted on the pendulum nearly
40 per ecent of the total flying weight of Aerodrome No. 4, which was now ap-
proximately 5 kilos. A trial was made at Quantico in the latter part of May,
which is described in Chapter IX. Tt is only necessary to mention in this con-
nection that there was a great deal of trouble experienced with the aleohol aeo-
lipile, the flame being extinguished in the moderate wind to which the aero-
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drome was subjected while preparations for the launch were being made. More-
over the flame was so nearly invisible in the sunlight that it was uncertain
whether it was burning in the ecritical instants just before the launch, when doubt
might be fatal. These conditions resulted in a final decision in favor of gaso-
line, on account of its greater inflammability, and in the provision of such hull
covering that the fires could be lighted and maintained in a breeze.

In June, I tried a modification of the burner, in which the gasoline was de-
livered under the pressure of air to the evaporating coil. In the first trial steam
was raised to a final pressure of about 70 pounds, and a run of 45 seconds was
secured under a pressure of 40 pounds in the gasoline tank, which was thought
to be altogether too high; for, at the end of the run, the whole apparatus was
enveloped in flames, because of the gasoline that was projected through the
burner-tips.

Continual experiments with different forms of burner, illustrated in Plate
12, occupied the time, with delays and imperfect results, which were trying to the
investigator, but are omitted as of little interest to the reader. They had, how-
ever, the incidental result of proving the practical superiority of gasoline over
alcohol, and culminated in the evolution of the burner that was finally used
successfully. It consisted of a tank for the gasoline, from which compressed
air delivered the liquid to a small coil surrounded by asbestos, in which it was
vaporized. At the rear end of this coil three pipes were led off, one of which
was a small ‘“ bleeder,’’ which fed the burner for heating the gasoline, the other
two leading to the main burners. After the generation of gas in the small coil
bad been started, the heat from the small burner was expected to continue the
vaporization, so that nothing but gas would be able to reach the main burners.
A device was also introduced, which had greatly increased the amount and uni-
formity of the draft and consequently made the burners and boilers more effi-
cient than before. This consisted simply in passing the exhaust steam from the
engines into the smoke-stack, and it is remarkable that it was not thought of
earlier.

By the middle of September, 1894, both aerodromes were completed and
ready for another test. On September 27 the condition of Aerodrome No. 4
was as follows: The general type of construction, namely, that of a single
midrod, to which all the steam generating apparatus was attached, and which
supported also the cross-frame and the wings, was the same as in the construc-
tion of 1893. On account of the increased weight of the model, and the substi-
tution of an inferior piece of tubing in place of the former midrod, it was found
necessary to stiffen it by the use of temporary trusses. Permanent bearing
points for holding the aerodrome securely to the newly devised launching appa-
ratus were also attached to this midrod.



68 SMITHSONIAN CONTRIBUTIONS TO KNOWLEDGE voL. 27

The engines in use at this time were the small steel eylinders described
above, which were mounted on the eross-frame, anud drove the propellers direetly.
These engines were capable of delivering to the propellers, as had been proved
by repeated tests, at least 0.66 brake horse-power.

The boiler consisted of two inner coils and an enveloping outer eoil, loosely
wound and conneeted in series. The inner eoils, each of which had about 17
turns of 8 mm. diameter, 0.2 mm. thick tubing, developed about 80 per eent of
the steam; the outer eoil of 8 turns, while not exaetly useless as a steam gener-
ator, afforded an efficient means of fastening the smoke-stack and eover of the
boiler, and for attaching the latter to the midrod. This boiler was externally
30 cm. long, 16 em. wide, and 10 em. deep, weighing with its eover approximately
650 grammes. The stack for the burnt gases, into which exhaust steam was led
from a central jet, was about 1 foot long. At best this boiler was capable of
developing slightly over 100 pounds of steam.

The separator was of the form last deseribed, exeept that the steam dome
bad been moved toward the front, to prevent the jerk of the launehing ear in
starting from causing water to be pitehed over into the engines. It was con-
structed of sheet aluminum-bronze, and weighed, together with its pump, 580
grammes. The pump, which was double-acting and fitted with ball valves, was
capable of discharging 4.5 grammes of cold water per stroke, its efficieney being
only about one-half as great with hot water.

The gasoline burner, which had been finally adopted in plaee of the aleohol
aeolipiles, had now been perfeected to the form in which it was finally nsed. Two
Bunsen burners of speeial construetion were provided with gasoline gas by the
heat of an intermediate aceessory burner, which played upon a coil to which all
three burners were eonnected. Gasoline was furnished from a tank made of
aluminum-bronze, under an air pressure of about 20 pounds, the fluid being un-
der the control of a serew stop-cock. This tank, whieh was capable of holding
100 to 150 eu. em. of gasoline, weighed 180 grammes, and the burners with an
outer sheathing weighed 302 grammes.

It was caleulated that about 3306 cu. em. (201 cu. in.) of air spaee would be
required to float the aerodrome in water, and this was supplied by an air eham-
ber, having a eapacity of 2700 cu. em. (165 eu. in.), whieh eould be shifted to
adjust the longitudinal equilibrium of the aerodrome, and about 900 cu. em. (55
en. in.) of space in the gasoline tank and the midrod. The reel and float, which
served to indieate the loeation of the aerodrome, if for any reason it should be
submerged, were in one piece, and so moored that there was no danger of fouling
the propellers.

The total weight of the aerodrome was about 6 kilogrammes (13.2 Ibs.), or,
with a maximum quantity of fuel (850 eu. em. of water, 150 cu. em. of gasoline),
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less than 7 kilogrammes. From 60 to 90 pounds of steam eould be maintained

. by the boilers for about 2 minutes, at which pressure the engines developed about
0.66 brake horse-power, driving the 70 em., 1.25 pitch-ratio propellers at 700 R.
P. M., and giving a lift of from 2.6 to 3.0 kilos (5.7 to 6.6 pounds), or about 40
per cent of the flying weight.

The wings and tail had a total surface of 2.62 sq. m. (28.2 sq. ft.), giving a
ratio of 2.7 kilos to 1 sq. m. of wing surface (1.8 sq. ft. per pound). If the hull
resistance be neglected, the soaring speed of this aerodrome was about 5.9 metres
(19 feet) per seecond, or 13 miles per hour.

Turning now to the completed No. 5, its frame was of the ‘‘ double mid-
rod ”’ type deseribed above, the two tubes whieh formed the frame being pro-
longed at the front and rear to afford points of attachment for the wings and
tail. The range through which the wings could be shifted to adjust the position
of the center of pressure was, however, very small. The hull, whieh, it will be
remembered, contained all the power generating apparatus, was mueh stronger
and heavier than that of No. 4, and resembled somewhat the hull of a ship. It
had a frame-work of steel tubing brazed to the midrod, to which an outer
sheathing of sheet aluminum 0.3 mm. thick was attached. It was, however, ex-
cessively heavy, weighing nearly 800 grammes.

The engine, which was mounted near the front of the hull, was the single
eylinder, one horse-power engine, deseribed above, which drove the two propel-
lers by suitable gearing. The remaining parts of the power plant were identical
with those already deseribed in connection with No. 4, but the more advantage-
ous loeation of them in No. 5 rendered them somewhat more efficient.

It had been planned to use 80 em. propellers of 1.25 piteh-ratio on No. 5, but
it was found in the shop tests of the aerodrome that the eross-frame was not
strong enough to withstand the strains, and that the engine could be made to
work much more steadily with a smaller propeller. Accordingly, propellers of
70 em. diameter and 1.25 piteh-ratio, similar to those used on No. 4, were finally
substituted.

For floating the aerodrome, when it descended into the water, an air-cham-
ber similar to that of No. 4, but of a larger capacity was provided. With this in
place on the aerodrome, it was caleulated that, if all the parts except this float
and the gasoline tank were filled with water, there would still be a buoyancy of
over 2 kilogrammes.

The total weight of No. 5 was 8200 grammes, or with its full supply of fuel
and water 9200 grammes. In this aerodrome the same boilers used in No. 4
were capable of maintaining for at least a minute 115 pounds of steam, so that
the engine now gave the maximum of one brake horse-power for which it was
designed, and, driving the 70 em. propellers, lifted repeatedly nearly 45 per ecent
of the flying weight.
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The wings and tail constructed for No. 5 were identical with those of No. 4,

being slightly curved and containing 2.62 sq. m. (28.2 sq. ft.), equivalent to 1.4.
sq. ft. to the pound, which with the flimsy construction of the wings gave an en-
tirely inadequate support to the aerodrome.
. During the summer a launching apparatus of a new and improved type,
which is deseribed in Chapter X, had been perfeeted, and with it repeated tests
were made of both aerodromes in October, November, and December, with the un-
satisfactory results recorded in Chapter IX. In the course of these experiments,
many slight modifications of the burners and boilers were made, but no important
changes were introduced except that the cross-frame of No. 5 was enlarged and
strengthened so as to admit of its carrying one metre propellers safely. The
results, however, which were obtained, did not compensate for the increased
weight of the larger frame.

Viewing the work of this year from the standpoint of results obtained in
the numerous attempts at flight, it would seem that very little progress had been
made, and that there was small reason to expect to achieve final success. How-
ever, if the work be examined more particularly, it will be seen that two of the
most difficult problems had been solved, one completely as far as the models
were concerned, and the other to a very satisfactory degree. First, a launching
apparatus, with which it was possible to give the aerodrome any desired initial
velocity, had been devised, and so far perfected that no trouble was ever expe-
rienced with it in testing the models. Second, as a result of the extended and
systematic series of experiments, which had been conducted under the direction
of Dr. Barus, a steam pressure of 115 pounds could be maintained steadily in
the boilers for at least a minute, and the burners could be kept lighted even in
a considerable breeze.

A summary of these experiments, together with some account of the diffi-
culties encountered and the results finally obtained with the apparatus in use
at the end of the year, is given in the following report, which was prepared by
Dr. Barus in December, 1894.

¢ If water be sprayed upon a surface kept in a permanent state of ignition,
any quantity of steam might be generated per time unit. Similarly advantage-
ous conditions would be given if threads of water could be passed through a
flame. In practice this method would encounter two serious difficulties, the im-
portance of which is accentuated when the boiler apparatus is to be kept within
the degree of lightness essential in aerodromics. These difficulties are (1) the
danger of chilling the flame below the point of ignition or of combustion of the
gases, and (2) the practical impossibility of maintaining threads of water in
the flame. For it is clear that the threads must be joined in multiple are, so
as to allow a large bulk of water to circulate through the boiler, whereas even
when there are hut two independent passages for the water through the furnace,
it is hard to keep both supplied with liquid without unduly straining the pump.
If the water be even slightly deficient, circumstances will arise in which one of
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the passages is better than the other. This conduit will then generate more steam
and drive the water under forece through the other passage, increasing the tem-
perature discrepancy between them. KEventually the hot passage reaches igni-
tion and ecither bursts or melts. This is what sooner or later takes place in
boilers adapted for flying machines and consisting of tubes joined in multiple
arc, when a single moderately strong circulating pump supplies the system.

¢“ Mo avoid these annoyaneces, i. €., to increase the length of life of the
boiler, the boiler tubes are joined in series to the effect that a single current of
water may flow successively through all of them. It is needful therefore to
seleet wide tubes, such as will admit of an easy circulation in consideration of the
length of tubing employed without straining the pump and at the same time to
allow sufficient room for the efflux of steam. Other considerations enter here,
the bearing of which will be seen presently: if the tube be too wide the difficulty
of coiling it on a mandrel of small diameter is increased, while at the same time
the tube loses strength (cet. par.) in virtue of the increased width.

Diagram 2.

Diagram 1.

“Tt is from considerations such as these that, in the course of many ex-
periments, copper tubing about 8 mm. in diameter has been adopted. Copper is
selected because of its freedom from internal corrosion, easy coiling, and be-
cause of its availability in the market. The thinnest tube to be had (walls only
0.1 mm. thick) will withstand more pressure than can be entrusted to the larger
steam receivers in circuit with the boiler. The boiler weight is thus a negligible
factor, and it is quite feasible to reduce the thickness of boiler tubing, by the
superficial application of moderately strong nitric acid, to 200-400 grammes per
horse-power of steam supplied. External corrosion due to flames occurs only in
case of deficient water, and if the boiler be made of tubing with the walls 0.2
mm. thick, it is in view of the possibility of such accidents. Boilers may then
be tested to 25 atm. without endangering the metal.

‘¢ Boilers are wound or coiled with regard to the two points above suggested,
viz.: to avoid chilling the flame the successive turns are spaced on all sides, and
to bring the water as nearly into the flame as possible, the diameter of the coils
is chosen as small as expedient. Further reasons for this will presently be ad-
duced. The type of boiler eventunally adopted is shown in the accompanying dia-
grams, 1 and 2, Fig. 11.

¢ Diagram 1, is a perspective diagram showing the plan of winding and Dia-
gram 2, an end view. The circulation is indicated. There are two inner coils
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cach containing about 17 turns, wound on a mandrel 5 em. in diameter. The turns
are spaced so as to allow about 1 ¢m. clear between suceessive turns. The outer
coil envelopes both, and in this there are about 3 em. between successive turns,
and 8 turns in all. Length, say, 30 cm., breadth 16 cm., thickness 10 cm., give
the external dimensions of the boiler. The shell space between outer and inner
layers of tubing must nowhere be less than 1 em. When so wound, the inner
coils (here as in other boiler forms) raise about 80 per cent or more of the steam;
the outer or enveloping coil, while not quite useless, make the most effective
frame work for the boiler jacket whieh bas been devised. The coils are brazed
together by blind tubes, as shown in Diagram 2, to keep the whole in shape.
Weight with couplings and cover when complete 535 grammes.

“ The cover is preferably of mica, through which the flame within the boiler
may be seen, and in which lightness, nonconduction, and resistance to the disin-
tegrating effects of high temperature are met with in a pronounced degree. This
jacket is held down by copper bands and the end band is continuous with the
long smoke-stack, as will presently be shown.

¢ The wide form of boiler with two coils within the envelope is not abso-
lutely essential. The same amount of steam can be generated from one coil in
an envelope in other respects equal to Diagram 1 if a sufficiently hot flame be
passed axially through the coils. Such a flame, however, is unstable, and for
this reason two milder flames with a good air access are to be preferred on prac-
tical grounds even if the weight is thereby increased.

‘“To further understand the boiler construction it is advisable to consider
the action of the flame. Inasmuch as wide tubes must be used, the problem of
evaporating water as fast as possible is equivalent to getting heat into the cur-
rent (water and steam circulating through the coils) as fast as possible from
without. If, therefore, ¢ is the mean temperature of the fluids within the coils,
and T the effective temperature surrounding the tube, then the rate at which
heat will flow into the tubes is proportional to T—¢. Now ¢ the temperature of
the steam is nearly constant (100°-150°) whereas T the effective flame tempera-
ture may vary from 800° to, say, 1600°. It is for this reason that the heat

sponged up by the boiler depends almost directly on the flame temperature.
) ‘“ What conditions, therefore, will make the flame effectively hot?

‘(1) The coils must obviously be brought as nearly into the flame as feasi-
ble: for this purpose the eylindrical hLelix is better than any other form. But

“(2) The turns and coils must not be so crowded together as to chill the
flame into imperfect combustion in various parts of its extent. Hence the loose
form of winding. Again

““(3) There must be oxygen enough to allow complete combustion, and

‘“(4) The flame itself must be hot and the radiation cheeked by good
jacketing.

‘““ To take up the last points: the effective heat of the flame depends not
only on the combustion heat of the fuel used; it depends also, among otler things,
on the speed with which this combustion takes place. A flame burning from a
low pressure of alecohol gas will be at low temperature as compared with a flame
burning from high pressures of the gas. If the flame be burnt from a Bunsen
burner in the usual way it is an interesting question to know how flame tempera-
ture will vary with gas pressure. At present we know it merely in steam pres-
sures incidently produnced in a given engine (No. 4) as for instance:

Flame pressure, 10 1bs., 20 1hs., 30 1bs. e WU e B
Steam pressure, 40 Ibs., 80 lbs., 120 Ibs. g S
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¢ Unfortunately there is a limit set to this proeess of increasing the steam
supply, quite aside from eonditions inherent in the method. This is due to the
fact that a eertain speed of efflux cannot be exeeeded without putting the flame
out. Suppose, for instance, in Fig. 12, that a gas generated from a liquid is
ignited at the end of the Bunsen burner F; then if the velocity of efflux of mixed
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gas and air in the direetion AB from the mouth of F exeeeds the velocity of com-
bustion in the direction 54, the flame will obviously be earried away from the
month of the tube and dissipated. This state of things is actually realized at
pressures exceeding about 15 1bs., depending on the degree of mixture of the eom-
bnstible gases used, and therefore on apparently haphazard eonditions eonneeted
with the jet, the air holes, the air supply, ete.
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¢ Tf, however, the velocity of the jet at the point of efflux be checked by an
obstruction like a eylinder C, Fig. 13, placed co-axially with the burner tube F,
the speed of combustion will no longer be exeeeded (supposing C properly ehosen)
and flames will then burn from high-pressure gas. In this way flames were
maintained generated from aleohol gas at even 40 lbs. and above.

Ao
B B e e
‘\

Fic. 14,

““ The gas eseaping from the Bunsen burner is never sufficiently aérated to
burn completely. Otherwise there would (in general) be explosions in the tube
F. A part of this air is supplied at the mouth of the boiler B, Fig. 14, and the
amount available here will depend on the veloeity of the jet . Henee it does
not follow that a high-pressure burner like that in Fig. 11 will supply a pro-
portionate amount of heat, since its jet suetion is not intense and the ecombustion
within the boiler is inecomplete. This difficulty may be remedied by placing
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air holes in the jaeket of the boiler, provided the boiler be wrapped loosely
enough not to ehill the flame below ignition. It is with reference to this effect
that the boilers, Fig. 11, were wound. A number of rifts aaa, Fig. 15, are then
left in the jacket through whieh air may enter in virtue of the burner flame act-
ing as a jet at the mouth of the boiler.

““ When so construeted the flame at first enters the inner eoil only ; but after
a little while it suddenly spreads out throughout the whole interior spaee and
envelops the coils. This sudden expansion is due, probably, to the assumption
of the spheroidal state by the water within the eoils, the ecurrent now flaring on
an enveloping cushion of steam. The pump must work well, for deficient water
means a hot tube and deficient steam, or eventually a rupture of the tube.

‘“ Thus far the dependence for draft has been on the burner jet and the sue-
tion of the smoke-stack in virtue of the inertia of the moving gases. But even
with this ventilated boiler, this method is limited to eertain dimensions of the
boiler. Thus a boiler 80 em. long yielded about the same quantity of steam as a
boiler half as long and otherwise similar. Only the initial parts of the boiler
are, therefore, relatively efficient, and the reason of this seems to be that, apart
from shape, ete., the flame as a heat-producing agent is practieally defunct, when
a certain amount of heat has been taken out of it: in other words, even with
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fair ventilation the flame is eventually chilled off by the voluminous products of
combustion continually accumulating in the boiler. The same choking action ae-
companies the presence of unburnt gases. If, for instanee, the flame be burnt
in the air, it is slender and much smaller in Volume than in the boiler. The flame
is also of small volume and burns eompletely in a wide boiler, but the steam is
always deficient, because of the distanee between flame and coils (see above).
With the above apparatus about } 1b. of dry steam per minute per square foot
of heating surface was attained. -

¢ This introduees the final condition for rapid steam generation. There
must be artificial suetion at the smoke-staek. By passing the exhaust steam in
the form of a eentral jet through the smoke-staeck the yield of steam was inereased
20 to 30 per cent. In fact as the supply of gas from the burmer is given, the
artificial suetion in question means more air in the boiler for' the same amount
of gas and it means also a more rapid removal of the exhaust gases. The ex-
periments with steam suction are yet to be completed, and with them the boiler
question is to be finally laid at rest. The chief points at issue are these:

‘¢ 1. Seeing that the jet suction inereases with the length of the smoke-staek,
up to a certain length at least, how long and how wide must the efficient smoke-
stack be made? Thus a smoke-stack 10 em. long is all but useless. Good re-
sults are obtained when the stack measures 30 em. in length beyond the end of
the steam jet.
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¢ 9 What is the relative efficiency of the initial and final halves of the
length of the boiler? This will show in how far it is useful to increase the
length of the boiler for a given burner and steam jet. It will also show what
advantage is to be gained from triplicate boilers with three burners, as compared
with duplicate boilers with two burners, or single boilers with one burner, when
the same weight of tubing is used throughout.

¢ 3. What is the effect of pressure on the aeolipile tank, or in how far does
the steam generated depend on what may -be called the pressure of the flame?
This is also an important point which remains for quantitative solution. It can
be approached in two ways: either by finding the steam evaporated in terms of
the tank pressure, or by finding the temperature of the flame pyrometrically.

‘4. What speed of water cireulation best conduces to steam generation?
A good pump is now installed by which the circulation can be varied. If water
can be put into the boiler just fast enough to come out dry steam at the other
end, the efficiency ought to be a maximum, but it does not follow that it will be
so, for one can imagine a wet eirculation sponging up more heat than one which
is just dry at the end.”’

1895

During January and February, 1895, the experiments with boilers and bnrn-
ers were continued and even better and more uniform results than those given
above were obtained. The boilers of Aerodrome No. 5 were finally brought to
such a state of efficieney, that under favorable conditions a lift of nearly sixty
per cent of the flying weight was secured. This was mueh more than was re-
quired for flight, but it was deecided to postpone the trials until No. 4 could alse
be made ready for a test and the frame of No. 5 could itself be strengthened in
many weak plaees.

Upon examining No. 4, which had been put aside since the trials in De-
eember, it was found to have rusted so badly throughout and to be so unfit in
every way for trial, that a eomplete reconstruetion of the whole would be neces-
sary. So many advantages liad been gained in No. 5 by the double midrod type
of construetion that it was deeided to rebuild No. 4 on a modification of the same
plan, as shown in Plate 11, retaining, however, the same engines which had been
used before.

In this a very guarded return was made to the type which had proved so
unsatisfactory in No. 0, that is, making the hull support rods at the front and
rear for attaching the wiugs and tail. In this case, however, the hull was eon-
strueted very rigidly, and the tubes at the front and rear were firmly attached
and braced so that they eould withstand a considerable strain without undue
distortion. The work on this frame was completed in Mareh, but the other parts
were not in entirely efficient condition even in May, when the aerodromes were
taken to Quantico for trial. Moreover, it was found that the weight of this
aerodrome had increased far beyond the original estimates.
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In view of the disasters from trials in the ficld, due to inability to obtain
automatic equilibrium in flight and to the flexure of the large wings rather than
to defects of the engines, the conditions at this time, after three years of failure,
scemed so nearly hopeless, that without abandoning the work on these steam
acrodromes, I again had recourse to the early plan of constructing smaller mod-
els driven by India rubber, in which the small wings employed could be made of
the requisite stiffness. Instead of employing twisted rubber, however, the de-
feets of which had been amply proved in previous trials, these new construc-
tions were meant to employ rubber directly stretched and pulling. In this con-
ditien the rubber exercises nearly six times the power in proportion to weight
that it does when twisted, but on the other hand it requires a very strong frame
and subordinate parts.

I spent an inordinate amount of time and labor during this year in attempt-
ing to employ this latter form of construction and finally got a few useful re-
sults from it, but none in proportion to the labor expended.

During March, Aerodrome No. 5, the frame of which had proved on test to
be radically weak, was completely refinished excep't for the wings. The propel-
lers had hitherto been made of wood, but in May, I commenced a new construc-
tion of steel, wood and cloth, on a plan giving a figure which, though not rigor-
ously helicoidal, was practically near enough to the theoretical form and was
also both lighter and more elastie than the wooden eonstruction.

On May 8 and June 7 Aerodrome No. 5 was again tried at Quantico,
and although the tests were unsuceessful, in that the aerodrome failed to fly,
partly because of the fact that so much time was spent in raising steam that prac-
tically the entire supply of fucl and water was exhausted before the aerodrome
was actually launched, yet it had come so much nearer flying than any maehine
had previously done, that it was felt that if either the power could be increased
or the weight decreased even a slight amount, the aerodrome would probably
fly. Inview of the great care that had been exercised in keeping down the weight,
it seemed almost hopeless to attempt to reduce it, and it also seemed equally
hopeless to attempt to get more power without increasing the weight. How-
ever, something had to be done to increase the ratio of power to weight, and as
it was seen that this would involve extensive changes in No. 5, it was decided to
entirely rebuild No. 4 with this idea in view, though it was evident that it in-
volved a plan of construction even lighter than the dangerously light plan on
which No. 4 had already been constructed.

During Mr. Langley’s absence in Europe in the summer, Aerodrome No. 4
was entirely reconstructed and made to embody many new characteristics, the
changes introduced being so radical that this model was henceforth designated
as ‘“ New No. 4.’ The new characteristics of this model were its unprecedent-
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edly light frame and the elevation of the transverse frame 12 eentimeters above
the midrod, whereby the position of the line of thrust was raised so that it was
20 centimetres from the eenter of pressure, which from theory seemed to be
very nearly its eorreet position. The total flying weight was but 6400 grammes
(14 pounds), with a total supporting surface of fifty-four square feet, equivalent
to very nearly four square feet per pound. It was hoped that with this extremely
light eonstruefion the ‘¢ dead lift ’’ would amount to a large pereentage of the
flying weight, and as mueh as sixty per eent was aetually lifted on the pendulum.
As, however, the aerodrome approached completion it beecame more and more
evident that the construction was hopelessly fragile, the frame being secarcely
able to support itself in the shop. By November this conclusion became eertain,
and this aerodrome (New No. 4) was never put to an actual test in the field. The
very expensive set of wings eovered with gold beater’s skin, which were also
construeted at this time for this model, proved so weak under test that they were
entirely abandoned.

When Mr. Langley returned to Washington in the fall, many important
points, whieh had been under special eonsideration during the past year, partie-
nlarly those relating to the disposition of sustaining surfaees, and the pro-
vision of automatie equilibrium, were still not definitely determined. It was
not yet deeided whether two sets of wings of equal area should be used for the
aerodrome, or what the efficiency per unit of area of the following surfaces was
in comparison with the leading surfaces. To aid in determining these and other
important points concerning the relative position of the center of gravity and
the eenter of pressure in the horizontal planes, he had several small gliding mod-
els made, which could be used with either one or two pairs of wings, and afforded
an opportunity for testing and comparing several types of curved surfaces.

These models were built so that the center of gravity eould be adjusted to
any desired point, and had in addition, as a means of assisting in preserving
equilibrium, a small tail-rudder, shaped somewhat like a child’s dart, which was
intended to support no part of the weight.

The tests with these models were very satisfactory and aided greatly in the
final development of what is known as the ‘‘ Langley type.”” Indeed, in the
single month of November all the points, which had hitherto been more or less
indefinite, were finally decided upon, and the tests of the following spring proved
these decisions correet. )

Two sets of wings of equal area were hereafter provided for every aero-
drome, which not only greatly increased the stability, but also overcame the
difficulty hitherto experienced in bringing the CP over the CG. The tail-rudder,
formed of planes interseeting at right angles, was adopted as the means of con-
trol. In use on the aerodromes it was set at a negative angle, and given a eertain



78 SMITHSONIAN CONTRIBUTIONS TO KNOWLEDGE voL. 27

degree of elasticity, which was at first provided in the frame of the rudder, but
was later given by a flat wooden spring, by which it was attached to the aero-
drome. The tail in this form now became the sole means of controlling the
equilibrium, and the results obtained with it were so very satisfactory that no
further attention was given either to the gyroscopie control built during the pre-
vious summer, or to any of the electrical forms of control constructed prior to
that time, all of which involved more or less delicate apparatus. -

The definite form into which these ideas erystallized is perhaps best exem-
plified in the letter of instructions issued by Mr. Langley on November 30, 1895
to the men employed on the work. The text of this letter is given in the Ap-
pendix, and the forms referred to in it for recording the weights and adjust-
ments of the aerodromes are those used in the data sheets after this time.

In October work was resumed on Aerodrome No. 5, on which nothing had
been done since its test on June 7. The reconstruction of ‘¢ Old No. 4’ into
‘“ New-No. 4 7’ which had occupied the entire summer, and the final result of
which was the production of a machine so radically weak as to be useless, had
been so discouraging that it seemed vain to attempt in any way to decrease
the weight of No. 5. The addition of the rear wings in place of the tail had,
however, so greatly increased the supporting surface that it seemed possible
that No. 5 might now be able to fly with no greater engine power than it had
on June 7. Some weak places in its frame were, therefore, strengthened and
the midrod at the front was raised five centimetres in order to raise the center
of pressure farther above the center of gravity and give the front wings a
greater range of adjustment. Some slight changes were also made in the gear-
ing which drove the pump, so as to make it work faster, and new burners, boilers
and a gasoline tank were construeted during November. Later the midrod, which
had formerly consisted of two separate pieces attached at the front and rear
respectively of the main frame, was made continuous, and in order to avoid
passing it through the smoke-stack, the stack was made to fork at this point.
These changes are clearly shown in Plates 14 and 15, which are photographs taken
on December 3. This plan was, however, soon changed so that the midrod
passed through the smoke-stack and was rigidly attached to the frame at several
points, and a new pump and new boilers were substituted for those whieh had
been worn out. Aside from these changes, which although small, added very ma-
terially to the general strength of the frame, no important changes were made
in No. 5 prior to its remarkable flight of May 6, 1896.

‘While these changes were being made in No. 5, similar ones were also being
carried out in New No. 4, and the addition of the rear wings to No. 4, together
with other slight changes, made it such a distinetively different machine from
what it had been, that it was now designated as No. 6. After making extensive
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repairs to the extremecly light frame of No. 6 (formerly New No. 4) it was
thought to be in suitable condition for flight and was accordingly boxed prepara-
toi‘y to sending it to Quantico.

The year, therefore, closed with No. 6 apparently in condition for test, but
it was decided not to take it to Quantico until No. 5, which was still undergoing
repairs, could also be got ready.

1896

A few days after the beginning of the new year, while the repairs on No. 5
were being completed, it was decided that the frame of No. 6 which had been
boxed ready to be carried into the field for trial, was so weak that before putting
it to an actual test in flight it would be best to make some tests on the strength
of its frame. While testing the frame for torsional strength, it broke under the
moderate test of a weight of 500 grammes placed at the tips of the wings, the
angle of deflection just prior to its breaking being 35°, while the frame of Old
No. 4 in March, 1895, had shown a deflection of only 10.5° under a similar test.
This breaking of the frame showed very plainly that the worst fears in regard
to it had been realized and that by some mecans or other the frame must be
strengthened. This was finally accomplished by making the midrod continuous
through the smoke-stack as had already been done in No. 5, and at the same
time an additional improvement was made in the means of attaching the Pénaud
tail, whereby it was lowered in order to give it a greater clearance in passing
under the launching car in actual test. Later the boilers proved defective and
new ones were substituted, but except for some minute details no further changes
were made in Aerodrome No. G prior to its test in May.

On May 6, No. 6 was unsuccessfully tried at Quantico just prior to the very
successful test of No. 5. In this test no serious damage was done to the frame,
but before going to Europe in the summer, Mr. Langley ordered that both aero-
dromes be completely overhauled and put in condition for further experiments
in the fall. In this remodelling practically no changes were introduced in the
frame of either No. 5 or No. 6, but the engines of No. 6 were refitted and. a new
boiler was substituted, which, with slight improvements in the burner, resulted
in a somewhat increased power in the engines.

A complete deseription, giving all essential details of both Aerodromes Nos.
5 and 6, will be found in Chapter X.



CHAPTER VIII

HISTORY OF CONSTRUCTION OF SUSTAINING AND GUIDING SUR-
FACES OF AERODROMES 4, 5 AND 6

IxTRODUCTION

In some early experiments in 1887 with the small models without motor
power, which have not been partieularly deseribed, two pairs of wings, in the
same plane, were employed for reasons conneceted with stability. Afterward,
in many of the rubber-driven motor models, which have been described in Chap-
ter II, two large front wings were employed and the following pair were di-
minished into what may properly be called a tail. This plan was a retrogres-
sion in design, and it was pursued by the writer with a pertinaeity which was
not justified by the results obtained, being used even on the carly rubber-driven
models. :
In this construection, it will be observed that the flat tail was in faet not
only a guiding but a sustaining surface, since it bore its own share of the
weight. It was not until a much later date (November, 1895) that the writer
returned to his earlier construction of two pairs of wings in the same plane
bearing the whole weight of the aerodrome, to which was now added a flat
tail, whose function was not to support, but wholly to guide. This was de-
veloped into the final construction by the addition of a vertical rudder or
rudders.

The present chapter is not concerned with the history of the earlier at-
tempts with small models, or of those numerous constructions of sustaining sur-
faces whieh were never put to actual trial; nor does it give any description of
the experiments which were made in placing one set of surfaces over the other,
according to a method suggested in ‘¢ Experiments in Aerodynamies.””*

The experiments in ‘¢ Aerodynamics,’”” and the theoretical considerations
given in Chapter V on sustaining $urfaces, would never alone have led to the
construction which was finally reached, which was largely due to the hard les-
sons taught by incessant accident and failure in the field. The present chapter,
therefore, should be read in connection not only with the pages of ‘‘ Aerody-
namies,’’ but with Chapters V and IX of this book.

It is to be remembered that, while the center of gravity of the aerodrome
could be determined readily and exactly, the center of pressure could be de-
termined only approximately in advance of trial in actual flight. The positions

t Chapter V.
80
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of the supporting surfaces given in this echapter are, then, approximations made
from rules for ¢ balancing,’’ i. e., for obtaining equilibrium in actnal flight,
rules which are in fact tentative, sinece they are founded on a priori consider-
ations with partial correction from the empirical kuowledge gained by pre-
vious field trials. For these rules see Chapter VL

1893

With reference to the supporting and guiding surfaces of Aerodromes Nos.
4, 5, and 6, Aerodrome No. 4, in its earliest condition mentioned in the preced-
ing chapter, was taken into the field, but never brought to trial in the air. It
is sufficient to say that in the largest of the three sets of wings construected,
cach wing was 17 x51 inches, and therefore contained about six square feet, so.
that with the tail (which was at this time a supporting surface), whose area
was one-half that of the two wings, the total supporting surface was 18 square
feet, or since the flying “weight was 9.1 pounds, the proportion of surface to
weight was somewhat less than 2 square feet to the pound. The wings were at
this time ribless, it being expected that the silk cover which was purposely left
loose would take its curve from the air filling it, which subsequent experience
has shown would have led to eertain disaster if the aerodrome had been launched.
It may be added that there was a vertical rudder of what is now seen to have
been a wholly inadequate size. These remarks may be applied with little modi-
fication to the attempted flight with No. 4 on May 25, except that the vertical
rudder had been made larger, but was still much too small.

1894

From the account of the field trials to be given in Chapter IX, it will be
seen that in numerous attempts at flight prior to October 6, 1894, the cause of
failure can in every instance be traced to imperfections more fundamental than
those of the sustaining surfaces, cither the launching device or some other -
part failing to work satisfactorily. I therefore commence a description of the
sustaining surfaces with those of Nos. 4 and 5 as used on that day.

The construetion of the wings of No. 4 and No. 5, which were nearly iden-
tical, is shown in Fig. 4 Plate 16. A rod of hickory, tapering from § inch in di-
ameter at the larger end to } inch at the smaller, was steamed and bent, as
shown in the drawing, to form the main front rib of the wing. This was
firmly elamped to the midrod, and to the rib in turn were attached a number
of cross-ribs of hickory, slightly curved, the inner one of which was fastened
to the hull at its inner extremity, while the whole was covered with silk. The
length of each wing was 162 em. (63.75 inches), and the width 54 em. (21.25
inches). The tail was plane and equal in area to one of the wings, so that the
joint area of the wings and tail was 2.62 square metres (28.2 sq. ft.).

7
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Eaech wing was attached to the midrod by a single clamp, different forms
of which are shown at F, GG, H, I (Fig. 16). The clamp consisted of two short
split tubes, into which the main front ribs were securely elamped by means of
serews., They were set at an angle and united to a grooved frame, by which
the wings eould be readily attached to a second piece clamped about the mid-
rod. The tail clamp, like the wing clamp, was eomposed of two pieces, sliding
one upon the other, but as the tail formed a single surfaee, one part was per-
manently attached to it. Clamps F, G were fitted to aerodrome No. 4, and H,
I to No. 5. The wings were set at a diedral angle of about 150°, but as they were
not guyed in any way, this angle in flight and under the npward pressure of the
air probably beecame mueh less. The tail was plane but ribbed like the wings.
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Fic. 16. Wing clamps, 1892-1896.

In preparing the machine for flight, the wings and tail of No. 4 were set
at a very small root angle with the midrod, perhaps not exceeding 3°, but while
this angle might be maintained at the firmly held root of the wing, it was later
seen to be probable that the extremity of the wing was flexed by the npward
pressure of the air after launching, though the full extent and evil effect of
{his flexure was not recognized at the time. In the approximative ealculations
for *“ balanee,’” made at this time, the tail was treated as bearing § of the weight
of the aerodrome, as it was } of the supporting area, for though it was reeog-
nized that its position in the ¢“ lee »” of the wings rendered it less efficient, the
degree of this diminution of efficiency was not realized. A vertieal rudder
20 em. X 70 em. (8 in.x 28 in.), with an area of 0.14 metres (1.5 sq. ft.) was used.
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The particulars of the launch will be found in Chapter IX. In the present
connection, it is sufficient to say that though launched with the requisite veloc-
ity and without accident, it fell into the water at a distance of about 15 metres
(49 feet) with the midrod nearly horizontal, the eombined effeet of engines and
initial impulse having in faet kept it in the air for less than two seconds. The
true canse of this failure not then being recognized, it was attributed to the
angle of the wings with the midrod having been too small.

The launch of No. 5 followed almost immediately, but taking warning by
the supposed cause of failure of No. 4, its wings were set at a root angle of 20°,
and a hurried adjustment was made to secure greater rigidity, the tip being
partly secured against twisting by a light eross-pieee, and guyed so that the
wing as a whole was not only at a greater angle, but stiffer than in the ease of
No. 4. These changes it was hoped would cause the aerodrome to advanee at
a considerable initial angle with the horizontal, and it did so, for instantly after
the launeh, as the aerodrome escaped from its bonds into free air, the inelina-
tion of the midrod increased until it stood at about 60°, when the machine,
after struggling a moment to maintain itself, slid backward into the water
(with its engines working at full speed) after advancing about 12 metres (39
feet), and remaining in the air about 3 seconds. '

On the whole, the result of the first actual trial of an aerodrome in the field
was disconcerting, for unless the result was due to the wings being plaeed in
a position wholly unfavorable to support, there seemed to be no doubt that
either the engine power or the supporting surface was insuffiecient. Now this
engine power was by computation between three and four times what was nec-
essary to support the aerodrome in horizontal flight at an angle of 20°, and
after making every allowance for slip, there should have been still an excess of
power for the first flight of No. 4, whereas actual trial indicated that it was
insufficient. But on the other hand, the experiment with No. 5, which moment-
arily held its position in the air at an angle of 60°, seemed to indicate that the
engine power was abundant, and that the failure must be traeed to some other
eause.

As a result of these experiments it was eoneluded, ¢ that it is an all-im-
portant thing that the angle of the front wing shall be correct, and that this
cannot be calculated unless it is known how much the tip will turn up under
pressure of the weight.”” T felt, then, that I had leatned something from the
failures as to the need of greater rigidity of the wings, though how to obtain
this without adding to their weight was a trying problem. It was thus at an
early stage suspeected that the evil to be guarded against in wing construction
was the distortion of the form of the wing under pressure, ehicfly by torsion,
which is speecially hard to provide against without a construction which is neec-
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essarily heavy. This suspieion was a eorrect one, though the full extent of the
evil was not yet surmised.

In the light of subsequent experiment it may now be confidently stated that
the trouble was with the wings, which at the moment after lannching were flexed
wholly out of the shape which they were designed to have, and which they re-
tained up to that eritieal moment.

After returning to Washington, one of the wings was inverted, and a quan-
tity of sand, equal in weight to the pressure upon the wing in flight, was added,
under which the yielding at the tip amounted to 65°, or from +20° to —45°,
showing that the wings were entirely too weak to sustain the aerodrome.

In speaking of the efforts to strengthen the wings, it must be constantly
remembered that this could hardly be done in any way whielh did not involve
inereased weight; that is, it eould hardly be done at all, sinee inereased weight
was forbidden. '

The first attempt at systematic gnying was made on October 27. As shown
in Fig. B, Plate 16, two guy-posts extending beneath the midrod were con-
nected by guy-wires with the outer extremities of the wing, by means of which
it was sought to hold the wing in place and prevent its extremity from twist-
ing upward, while a third wire conneeting with the bowsprit prevented its mov-
ing backward. In addition, two aluminum wires, streteched across above from
wing to wing, kept the lower guys tight.

On October 27, Acerodrome No. 5, equipped with large new wings and tail,
having a combined area of 3.7 square metres (40 sq. ft.), the wings being each
64 em.x192 em. (25.25 in.x 75.75 in.), turned sharply and completely round, ap-
parently through some internal eurrent of the main wind against which it was
advancing. Owing to this almost instantaneous turn, it lost headway and came
down. This led to the subsequent construction and nse of a mueh larger verti-
cal rudder, intended fo prevent in future any sueh sudden pivoting and conse-
quent loss of momentum. The wings showed a tendeney to ‘ pocket ”’* and
bag, which indicated some serious faunlt in their eonstruetion.

As a result of these experiments, it was decided on October 29 to attempt
to make the wings stiffer (though their weight was almost prohibitory), by in-
serting more cross-pieces, cross-pinning and guying them so as to make them
more rigid as a whole, and less liable to pocket.

At this time an automatic device in the form of a sliding tail was designed,
which it was thought would cause the eenter of pressure to move backward
when the acrodrome reared, and forward when it plunged downward, but the
deviee, though afterward constructed, was never brought to trial in the field.

Aerodrome No. 5, equipped with a new set of wings similar to those used

24 Pocketing ” is a form of distortion in which the canvas or siik bags locally in numerous places
between the cross-ribs.
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on October 27, and guyed as in the previous experiment, was again launehed
on November 21, with the results reeorded in Chapter IX. The failure was
attributed to the twisting of the wings under pressure to such an extent that
not only was their effeetive area greatly redueed, but the outer portions were
upturned so as to eateh the air upon the upper surfaces, the result being in
part a downward pressure.

On the following day a pair of the wings was inverted and a weight of
sand equal to the air pressure to whieh they were subjected in flight, was dis-
tributed over their surfaces. Under the aetion of this, the twisting of the wing
was seen to inerease from the root, which was held with comparative rigidity,
up to the tip, where in spite of the eross-ribs it amounted to 45°. The resist-
ance to torsion lay chiefly in the front rib, whiech, in addition, eould be bent
easily, allowing the surface to become distorted with great loss of lifting power.

The experiments of 1894 had demonstrated the urgent necessity for greater
rigidity in the sustaining surfaces, which might, as it seemed, be obtained either
by inereasing the strength of the framing (whiel meant additional weight) or
by resorting to some new and untried eonstruction, or by a proper system of
guying. Guying seemingly offered the most feasible solution of the problem;
but although the system of wire guying was thoroughly tried, the result was
very unsatisfaetory, as the wings continued to twist and bag in a way that was
extremely discouraging.

1895

I aeccordingly had recourse in 1895 to the system of wooden guy-sticks
shown in Fig. D, Plate 16, which necessarily added greatly to the weight of the sus-
taining surfaces. Eaeh wing was separately strengthened by means of a light
rod of spruee, in eross-seetion about the size of the main front rib, extending
across the upper surface of the wing, at a distance of about one-third the
width of the wing behind the front rib. It was tied to each of the cross-ribs
and to the outer bent portion of the front rib, and at its root was fastened to
the frame of the aerodrome.

This effectually prevented the bending of the front rib and the consequent
bagging of the eover, and to that extent marked a deecided advance in wing
eonstruction. But it was faulty, in that, not being supplemented by wire guy-
ing, it offered little resistance to the twisting of the wing about the main front
rib, the rear tip of the wing being free to turn up under pressure, as it had
done on former occasions. A similar guy-stick was stretched aeross the tail. To
guard against torsion, rods extending diagonally across the wings and tail were
used, which, with the aid of the gny-sticks just deseribed, prevented the surfaces
from twisting greatly. In addition, a rod joining the front ribs and stretching
aeross from wing to wing tended to maintain a fixed diedral angle.
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The wings as thus guyed were rigid enough, and in the field-trials of No. 5
on May 8 and June 6, did not yield noticeably under pressure, and there seemed
to be no serious default in their lifting power, but the guy-sticks were heavy
and the system was not again employed. The wings used in these trials, shown
in Fig. C, Plate 16, had a frame of hickory, consisting of a front rib and nine eross-
ribs, over which the silk was tightly stretched. The eurvature of the wings, -
which is shown in the cross-sectional drawing, had a rise of about one-twelfth
the width, the highest point of curvature oceurring about one-fourth the dis-
tance from front to rear. Eaech wing was 64 cm.x 192 em. (25.25 in. X 75.75 in.),
the two with the tail, in surface equal to a single wing, having an area of 3.7
square metres (40 sq. ft.). The combined weight of the wings was 1150 grammes
(2.53 pounds), and of the tail, 583 grammes (1.28 pounds).

The evolution of a vertieal rudder had meanwhile been going steadily for-
ward. Those first used had been small, reetangular, stiff, and heavy, but in the
experiments of May 8 a mueh lighter and larger construction, eonsisting of a
frame 92 em.x 76 em. (36 in.x30 in.) eovered with paper, was used, and on June
7 this was replaced by a long, diamond-shaped rudder, having a spruee frame
covered with silk, very light and seemingly more effective than any hitherto
used.

I had in the meantime designed a ¢ tail-rudder,’’ eonsisting of a horizontal
tail and vertieal rudder combined, caeh having an area of about 0.6 square
metres (6.5 sq. ft.) which, however, was not used until 1896.

In August was begun the eonstruetion of a deeply eurved and arched pair
of wings for No. 4, whieh consisted of a light framing of spruce elaborately
guyed and eovered with gold-beater’s skin drawn tight as a drum-head with
pyroxelene varnish. In their eonstruetion a new feature, foreshadowed in the
method of guying the separate wings used in the field-trials of May and June,
was introduced, which was adopted in all subsequent constiruetions—the guy-
stiek, previously described as stretching lengthwise across the wing being now
made a part of the wing itself, which was thus provided with two longitudinal
ribs instead of one. The additional rib oeccupied a central position, and like
the front rib was attaehed to the midrod by means of a strong wing elamp.
Its outer end was united to the front rib, which was here bent into a quadrant
of a cirele. This pair of wings had an expanse of 435 em. (14.3 feet), an area
of 2.5 square metres (26.8 sq. ft.), a weight of 660 grammes (1.45 pounds), and
a depth of eurvature equal to one-tenth their width.

This eonstruetion offered a two-fold advantage in its resistance to both tor-
sion and bagging, for as the pressures upon the wing were nearly balanced
about the middle rib, the tendency to twist was reduced to a minimum, while
the bagging, whieh results from the bending of the framework, as distinet from
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its twisting, was greatly reduced by the manner in whieh the frame was pnt
together, the whole eonstruetion permitting a return to the system of wire guy-
ing at first adopted, which had been found inapplieable to a wing having but a
single longitudinal rib forming its front margin. When eompleted, the wings
were strongly guyed with piano wire, both above and below, to guy-posts at-
tached to the midrod, and eaeh eross-rib was separately guyed with wire chords.
Although these wings had eost mueh in time and labor, and econtained many
points of improvement, they were eventually found to be too weak to support
the aerodrome, and were therefore abandoned without a trial in the field.

For the plane horizontal tail hitherto used a pair of eurved wings was sub-
stituted, similar in all respects to those just described, but having only half
their area, and these were later replaced by a pair equal in size and in every
way the eounterpart of the front wings. The tail as hitherto used aceordingly
disappeared, and gave place to another having a wholly different funetion to
perform; for while the old tail, like the rear pair of wings whieh superseded
it, was intended to bear a definite part of the weight of the aerodrome, the new
tail which was now added behind the rear pair of wings was not supposed to
bear any part whatever of the weight, but to aet solely as a guide, and this new
feature, first introduced in October, 1895, was eontinued to the end.

This arrangement of the surfaees is quite different from that adopted by
Pénaud in 1872, in which the tail beeame automatic in its aetion through its
small angle of elevation as eompared with that of the wings, while still acting
as a supporting surface, whereas in the present arrangement the funetion of
the tail was solely one of gnidanee. This, I believe, was one of the important
ehanges which perhaps as mueh as any other led to final sueeess.

During the fall of 1895 a large number of experiments were made both in
free flight with gliding models, and in eonstrained flight with the whirling-table,
to determine the relative lifting power of the front and rear wings per unit of
area, and from these the following new rules were deduced for finding the een-
ter of pressure:

If a following wing is the size of the leader, assume that its efficiency is 66
per cent per unit of surface.

If it is half the size of the leader, assume that its efficieney is 50 per eent
per unit of surface.

If it is half as large again as the leader, assume that its efficiency is 80 per
cent per unit of surface.

For intermediate sizes of surface, proportionate values per unit of surface
may be assumed.

If we consider the area of the front wing to be unity, and that of the rear
wing to be n, and if m be the efficiency of the rear wing per unit of surface,
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the above is expressed in the following formule, whieh it will be remembered

take aceount only of wings following each other in the same or nearly the same

plane, and are not applieable where one wing is either above or below the plane

of the other. In the formule, CP is the resultant eenter of pressure upon both

wings expressed in the notation deseribed in Chapter 11, CP» is the center of

pressure of the front wings, and CP:» the center of pressure of the rear wings.
If the value of = lie between one-half and unity,

n+1
m= —3‘;

while if the valune of n lie between unity and 11,
wi S
15
In either ease
_CProtmnCPro

cr 1-+mn 3

where the leading and following wings are equal
n=1,m=%and CP=§QP’l-5F—2g&”

' The steady flight of one of the gliding models referred to led to the eon-
struction of a new set of wings for No. 5, patterned after those used on the glid-
ing model. These wings, shown in Plate 17, were rectangular in outline, 200
em. X80 em. (6.56 ft.x2.62 ft.), each wing having an area of 1.6 square metres
(17.1 sq. ft.) They were eonstrueted with spruee framing eovered with China
silk, and were strongly guyed with piano wire in mueh the same manner as the
light, skin-eovered wings already deseribed, whieh had preceded them. The eom-
bined weight of the two pair was 1950 grammes (4.3 pounds).

The long eentral rib was now mueh the larger of the two whiel, as in the
preceding wing, formed the foundation of the strueture. It oceupied a position
two-fifths the distanee from front to rear, and presumably eoineided at all points
with the center of pressure of fore and aft sections of the wings, so that the pres-
sure in front of the rib was at all points balaneed by the pressure in the rear,
and there was consequently little tendency in the wing to twist under pressure
of the wind. The two main ribs were rigidly conneeted by eross-ribs of spruee,
20 em. (8 inches) apart, steamed and bent to the desired form. The eurvature
of these ribs was the same for all, and in depth was one-twelfth the width of the
wing, while the highest point of eurvature was one-sixth of the distanee from
front to rear, these ratios having been chosen as approximating those found in
the wing of the soaring bird. These wings were subsequently used in the first

sueeessful flights of the following year.

.
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AERODROME NO. 5. PLAN OF WINGS AND SYSTEM OF GUYING
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During the year 1895 but iwo field-trials were made with the steam aero-
dromes, and neither of these was successful; but a great step forward had heen
taken in the eonstruction, guying and arrangement of the sustaining surfaces.
The wings had been made stronger with no inerease in weight per unit of area.
On the contrary, the ratio of weight of sustaining surfaees to area had been act-
nally reduced from 43 to 28 grammes per square foot, so that the snrfaces were
both lighter and stronger.

Two longitudinal ribs had taken the place of the single one before used, a
second wing elamp had been added to correspond to the midrib, the diffieult
problem of torsion had been effectually solved, the system of guying greatly im-
proved, and it appeared that in the next trial the wings might be expected to
bear the weight of the aerodrome without serious distortion.

1896

In January, 1896, two new pairs of wings were designed for No. 6, and in or-
der to give a greater efficieney to the rear wings, they were made larger than
the front ones, the area of the latter being 22 square feet, and of the former 27
square feet, and whereas the width of each wing had formerly been one-third
of its length, it was now inereased to two-fifths to correspond to those of No. 5.

The progress made in construetion and guying is shown by the fact that
when on January 28 one pair of the wings of No. 5 was inverted and sanded, the
yielding at the tip was less than 5° greater than at the root, whereas at one time
it had been 65°. A similar test applied to a pair of wings of No. 6 on Mareh 4
gave even better results, as the yield at the root was but 1° 45, and at the tip
2° 30",

The sneeessive stages of the development of the wing clamps are shown in
Fig. 16. In its final form the front wing clamp, or that which held the main
front rib, shown at AB (1896), had adjustable sliding pieces, by means of which
the wings eould be set at any desired angle of elevation, the wing as a whole re-
volving about the rear wing clamp, shown at CD (1896).

The general system of guying the wings, as shown in Plate 17, had been
greatly improved. In the present form a bowsprit and guy-posts firmly at-
tached to the midrod furnished points of attachment for the piano wires with
whieh the wings were guyed and held rigidly in place, other wires being stretehed
across from wing to wing so as to maintain them at a constant diedral angle of
abont 150°. The elamps by which the guy-posts were attached to the midrod, are
shown at EF (Fig. 16).

In the sueccessful flights of No. 5 on May 6, the completed wings already de-
seribed weighed together 1950 grammes (4.29 pounds), and had a total sustain-
ing area of 6.4 square metres (68.8 square feet), the flying weight of the aero-
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drome was 11,775 grammes (26 pounds), and the sustaining surfaces therefore
amounted to 2.6 square feet to the pound, whieh, as the event proved, was amply
sufficient.

The ¢ tail-rudder,”’ shown in Plate 17, comprised a vertical and horizontal
surface of silk interseeting in a eentral rod or axis, having a length of 115 em.
(3.8 feet). The framing was of spruce and consisted of two sets of four arms,
each radiating from the central rod, the hexagonal outline of the surfaces be-
ing formed of piano wire, over which the silk was drawn and sewed. The area
of each surface was about 0.6 square metres (6.45 square feet), and the total
weight was 371 grammes (0.8 pounds). :

A flat steel spring inserted in the forward end between the rudder and the
midrod gave it a certain desirable degree of elasticity in a vertical direction.
The rudder was held in place by a pin passing through the midrod, and was so
set as to coineide with the line of direet flight, its purpose, as already explained,
being to guide the aerodrome, but to take no part in its sustention.

In balaneing Aerodrome No. 5 on May 6, the wings were so adjusted that in
accordance with the notation given above, p. 15:

Cwa=1575
CPrw=1415.5;

and as the wings were of equal size, from what has preceded in the present

)
b2 30Pf@g—_0!’ WL 6012,

The center of gravity was located at 1497, so that there should have been a very
slight tendency on the part of the aerodrome to rise, as was actually the case.
The formula was perhaps not quite so aceurate as the prolonged flight of the
aerodrome would seem to indicate, as it takes no aeeonnt of the thrust of the
propellers, which in action tended to elevate the aerodrome in front while their
resistance would tend to depress it when they had ceased to revolve, which con-
sideration accounts for the action of the aerodrome on May 6, as deseribed in
Chapter IX. The formula may, however, be regarded as approximately correet.

In the final sueecessful trial with No. 6 on November 28, 1896, the wings used
were similar in general construction and manner of guying to those of No. 5 on
May 6, but, as shown in the photograph (Plate 29A, Chapter X), the front rib at
its outer extremity was bent to a quadrant to conneet with the midrib, this eon-
struetion being somewhat stronger than that adopted in the wings of No. 5. The
eurvature was but one-eighteenth of the width of the wing instead of one-twelfth
as in No. 5. The front and rear pairs were similar and equal and had a com-
bined area of 5 square metres (54 sq. ft.), and a weight of 2154 grammes (4.74
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Ibs.). The flying weight of the aerodrome was 12,120 grammes (26.7 1bs.), the
sustaining surface thus amounting to slightly more than 2 square feet to the
pound.

The position of the wings, in aeeordance with the notation adopted, was

CP 1»=1563.2,
CPr=1374.

Sinee the wings were equal in size,

P, = 3CPru+2CPrw
9
The eenter of gravity was located at 1484, which was 3.5 cm. in the rear of the
eenter of pressure. The flight was approximately horizontal, and the setting
seems to have been as accurate as could be desired. The angle of elevation of
the wings at the root was 10° 30’, and so well were they guyed that there was no
visible yielding at any point during the flight. As the midrod during flight was
approximately horizontal the angle of elevation of the wings may be taken as
10° 30; the efficieney of the rear wings was two-thirds that of the front wings,
and the effective area was therefore 27+27x3=45 square feet.
The wings being very nearly plane we have therefore the data for deter-
mining the soaring speed from the formula of ‘“ Aerodynamiecs ’’ (Chapter VI,

p. 60).

=1487.5.

W=P, cos a=kAV*F (a) eos a,

in whieh W=26.7 pounds; A=45 sq. ft.; £k=0.00166; «=10° 30'; F (a) cos a=
0.353. By substituting these values in the formula we obtain V=32 feet per
second.

The speed aetually attained, however, was about 30 miles an hour, or 44
feet per second, which seems to indicate that the angle of elevation under pres-
sure was redueed to much less than 10° 30’. For a veloeity of 44 feet per second,
the theoretical value of « would be but 6°. In this caleulation, however, the hull
resistanee and that of the system of guy-wires, which must have been compara-
tively large, has been omitted. It would appear, therefore, that the actnal re-
sults obtainable in flight are much more favorable than ealculations based on

experimental data would presuppose.



CHAPTER 1IX

HISTORY OF LAUNCHING APPARATUS AND FIELD-TRIALS OF
AERODROMES 4, 5 AND 6

LauNCHING APPARATUS

I have elsewhere mentioned that the difficulties of launching even a very
small model aerodrome are considerable. KEarly experiments were tried with
an apparatus something like a gigantic eross-bow, and in later years with vari-
ous forms of pendulum, all of which latter bronght out the inherent theoretical
defect of the movement of rotation of the acrodrome, and were otherwise prac-
tically inefficient.

A deviee, consisting of two pendulums, one behind the other, connected by a
rigid rod, from which the aerodrome could be suspended and east off without ro-
tation, was at one time eonsidered, but abandoned. Experiments were also made
with several forms of railroad, upon which the aerodrome was to run up to the
moment of release, before the form of launching apparatus, which finally proved
successful, was adopted.

All these had failed chiefly for two reasons; first, it was difficult to canse
the aerodrome fo be released just at the moment it attained sufficient speed to
soar; second, the extensive surface presented to the wind by the wings of the
aerodrome, made it necessary to provide means for holding the machine se-
curely at several points up to the moment of release without danger of inter-
fering in any way with the aerodrome when it was cast into the air. This proved
a serious problem, which can be appreciated only by one who has seen such a
machine in the open air, where its wings are subject to movement and distor-
tion by the slightest breeze. The steps by which these difficulties were removed
and the final type of launching apparatus perfected are recorded in the following
pages in connection with the field-trials of the model aerodromes.

1892

As the end of the year 1892 approached and with it the completion of an
aerodrome of large size which had to be started upon its flight in some way,
the method and place of launching it pressed for decision. Omne thing at least
seemed clear. In the present stage of experiment, it was desirable that the aero-
drome should—if it must fall—fall into water where it would suffer little in-
jury and be readily recovered, rather than anywhere on land, where it would
almost certainly be badly damaged.

92
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The shores of the Potomae on both banks were scrutinized for this pur-
pose, from a point about two miles above Washington to below Chopawamsie
Island, some thirty miles below the eity. Several lofty and secluded positions
were foimd, but in all these there was the danger that the aerodrome might be
wrecked before reaching the water, or, turning in its course, fly inland; but more
than this, it could be launehed only on the rare oecasions when the exaet wind
was blowing which the loeal conditions demanded.

Finally, the idea, whieh seems obvious enough when stated, presented it-
self of building a kind of house-boat, not to get up initial motion by the boat’s
own velocity, but to furnish an elevated platform, which eould be placed in the
midst of a considerable expanse of water, if desired, under conditions which
admitted of turning in the direction of the wind, as it need hardly be repeated
that it was indispensable to the maehine, as it is to the bird, to rise in the face
of a wind, if there be any wind at all.

The house-boat in question was nothing more than a seow about 30 feet long
by 12 feet wide, npon which a small hounse was ereeted, to be used for the oeea-
sional storing of the aerodromes. On account of the aecidents which were eer-
tain to oecur in the first attempts, it was fitted up with the means of making
small repairs. On the roof of the house there was a platform npon which the
operator stood when making a lanneh, and npon which were mounted the launeh-
ing devices hereafter described.

This boat, shown in Plate 18, was eompleted in November, 1892.

1893

By the kindness of the Superintendent of the Coast Survey, the house-boat
was towed in May, 1893, down to Chopawamsic Island, a small island near the
western bank of the Potomac River, not far from the Quantieo station of the
Washington and Riehmond Railroad Company. A map of the island and the ad-
jaeent land and water is shown in Plate 19.

The honse-boat was at all times moored somewhere on the west side of the
island, in the streteh of quiet water between that and the west shore of the river.
The waters shown here are, with the exeeption of a narrow ehannel, very shallow,
and, indeed, partly dry at low tide, so that there was no danger of an aerodrome
being lost, unless its flight earried it a long distance away and over the land.

FieLp Triavs?

Aerodrome No. 4, as shown in Plate 11, had a single midrod, a flying weight
of 9 pounds,’ and supporting surfaee, eonsisting of wings and tail, of 18 square

1The site of these experiments, which was 30 miies below Washington, has been described.
The writer is designated by the initiai “ L ; Dr. Barus, who severai times assisted, by the ijetter
“B?”; Mr. Reed, carpenter, by “R”; Mr. Maltby, machinist, by “M”; and Mr. Gaertner, instru-
ment maker, by “G.”

*Weights and dimensions are here given in approximate pounds and feet,
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feet. Its engines, with about 100 pounds pressure, developed an aggregate of
0.4 H. P., and lifted 50 per eent of the flying weight. The propellers were 60 em.
(2 feet) in diameter and 1} piteh ratio.

The aerodrome was intended to be launched by a contrivance called the
‘¢ starter,”” which was an inelined rod, hinged at the bottom, on the top of which
the aerodrome was supported on a rod which was thrown down at the instant
of flight, giving the aerodrome a slight forward impulse, with the expectation
that it would get up sufficient initial speed to soar from the action of its
propellers.

On November 18 the writer (1), with Dr. Barus (B) and the two mechanies
(R and M), went to Quantico by an early train, and superintended with inter-
ested expectation the arrangements for this first trial in the open air of the mech-
anismn which had now been over two years in preparation.

We met with an unexpected diffieulty—that of launching the aerodrome at
all, for though the wind was only a very gentle breeze, it was only by holding
it down with the hands that it was possible to keep the aerodrome in position
for the launch, during the few minutes which passed from the time it was placed
upon the apparatus to the time of releasing it. Whether the launching device
itself might be effective or not could not be ascertained, since it was found that
nothing which could even be called an attempt to launch could be made except
in an absolute calm; a condition of things very diffiecnlt for any one to under-
stand who has not passed through the experience. The writer returned to Wash-
ington at the close of the day without having done anything, but having learned
a great deal.

November 20. L, with B and M, came down again, and waited until 4.20,
when, the breeze having fallen to almost a calm, the aerodrome was maintained
in place on the launching apparatus with great diffieulty, while it was repeat-
edly set on fire by the scattering liquid fuel. Finally it was let go, and fell close
to the house-boat, the tail striking the edge of the platform. The immediate
cause of failure was the defective launching apparatus, for the design of which
the writer felt himself responsible. d

November 24. 1, with B, M, and R came down again to Quantico, but the
very moderate wind proved completely prohibitory to any attempt at launching,
and all returned again to Washington.

November 27. T, with B and M, eame down to try a new launching appa-
ratus, not different in principle from the preceding one, but of better construe-
tion. The morning was exeeptionally calm, but the engines were found to he
out of order, and precious time was spent in slight repairs whieh should have
been made in the shop. At 3.30 p. m., when the engines were at last ready, the
exceptional calm gave place to a very gentle and almost impereeptible breeze,
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which, nevertheless, again proved prohibitory to the launching, and with ex-
{reme disappointment the party returned to Washington, it being at last fully
recognized that unless some way were found of holding down all the extended
supporting surfaces upon the launching piece, and at the same time of firmly
clamping the body of the aerodrome until it could be dropped, as well as of re-
leasing all this simultaneously at the critical instant, no attempt at launching
was likely to succeed exeept in such an entire and perfect ealm as rarely oceurs.
Independent of this launching diffieulty, some way of protecting the fires from
the wind had to be found, which was by no means easy, since an efficient pro-
tection meant an enelosure of them and a diminished influx of air, of whieh it
was essential that there should be an unlimited supply.

December 1. L, with B, R, and M proceeded to Quantieco. The same con-
ditions presented themselves and the party returned, without effeeting anything.

December 7. I, B, R, and M present; day overeast but perfectly calm.
Taught by experience, we had everything ready, and a little after one o’cloek the
launeh was made. The aerodrome fell direetly into the boat, the rod of the
starter having broken. It was little damaged, but in view of the injury and
the rising wind, all other attempts were abandoned for the day.

December 11. Present, L, with B, R, and M. A new ‘‘ starter ’’ had been
devised and brought down, but was not yet quite ready for use, and an attempt
was made to employ the old one with the improvements suggested by experi-
ence, but, after two attempts to launel, the work was abandoned for the day, ow-
ing this time not to the launching apparatus, but to troubles in the engines and
pumps, due probably to injuries received in the fall of the 7tli, whiech were not
detected until the time of the actual trial.

December 20. L, with B, M, and G, present; engine and aerodrome in or-
der and everything apparently favorable. What seemed to be an almost entire
calm came toward evening, yet onee more the all but imperceptible breeze which
prevailed was found to defeat all arrangements for holding the aerodrome to
the launching ways before it was let go.

Trips to Quantieo were also made on November 24, and December 1 and 21,
of which no account is given as the very moderate wind which prevailed in each
case precluded any attempt at launching the aerodrome.

It will be seen that eight trips were made to Quantico, and that, far from
any flight having been made, not once even was the aerodrome launched at all.
The principal cause for this lay in the unrecognized amount of difficulty intro-
dueed by the very smallest wind, irrespective of the unfitness of the launching
apparatus to give the desired initial speed and direction. :

In all these trials, the aerodrome rested on the launching apparatus, by
whieh it was projeeted forward by means of a spring in such a way as not to
interfere with the propellers.
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Previous tests with the rubber-driven models had demonstrated the futility
of all simple pendulum types of ‘¢ east off,”” and likewise all the trials hitherto
of a railroad form of launching apparatus, in which the aerodrome was mounted
on a car, which had itself to get out of the way, were equnally failures, so that
when the deviee referred to above proved to be worthless, it seemed that almost
every plan had been exhansted. There were, moreover, other difficulties, some
of which have been indicated above, such as that of making the burners work
properly in even a moderate wind during the very short time required for at-
taching the wings and so adjusting the aerodrome on the lannching apparatus.

These difficulties, whiell, now that they have been overcome, seem difficul-
ties no longer, but which then seemed insuperable, were all conneeted with the
ever-present problem of weight. It would have been easy to make rigid sustain-
ing surfaces which wonld not bend i1i the wind; to make fires which wonld not go
out; and easy to overcome all the impediments which seem so trivial in deserip-
tion and were so formidable in practice, were it not that the mandate of abso-
lute necessity forbade this being done by any contrivance which wonld add to
the weight of an already phenomenally light constrnetion. The difficulties of the
flight as they were scen in the workshop were multiplied, then, beyond nieasnre
by the actual experiments in the field, and the year closed with a most diseonr-
aging outlook.

1894

The new year began without any essential improvement in the means al-
ready described, though a new launching apparatus had been devised by the
writer, which was scarcely so much an apparatus for launching, in the ordinary
sense of the word, as one for holding the aerodrome out over the water, and
simply letting it drop from a height of abont 25 feet, during which fall it was
hoped (exact data being unobtainable in advance of experiment) that there
wonld be time for the propellers to give the aerodrome the necessary soaring
speed before reaching the water. This device consisted of an inverted tripod,
which held the aerodrome comparatively steady by three bearing points, while
a cross-bar of wood was added to prevent the wings from swaying before the
launch. Previonsly, the supporting surfaces, wings and tail, had been put on
only at the last minute. Now it beeame possible to keep them on in a gentle
breeze for an indefinite time before launching.

January 9. The previous day having been spent in practicing the steps pre-
liminary to launehing, so as to avoid delay in assembling and mounting the aero-
drome, the writer, with Dr. Graham Bell, went to Quantico. The day was calm,
and every condition seemed favorable. The aerodrome was dropped fairly, un-
der full steam, and it fell in a nearly horizontal position, but tonched the water
at a distance of only 50 or 60 feet, evidently before the necessary initial speed
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could be impressed on it by its engines. The conclusion should have been that
by this method nothing but a practically unsuitable height would suffice to start
the aerodrome in a calm, though it might perhaps be done in the face of a con-
siderable brecze.

May 25. After a considerable interval of delay, due to the river being closed
by ice and other causes, Aerodrome No. 4 was again dropped from the starter
nnder nearly the same conditions as in the trial of January 9, and with a quite
similar result, the final conclusion being that this method must be abandoned.
It may be added that a vertical rudder was tried on this day.

June 12. No. 4, with an improved blast, was tried at Quantico, Mr. Goode
being present. The day ended in failure from another cause, the improved
blast, which worked well in the shelter of the shop, but proved useless in the field,
being extinguished by the feeblest wind. At this time (in June and July) I de-
signed a horizontal railroad with launching springs and track, underneath which
ran a car which held the aerodrome firmly until the moment of automatic release.
This apparatus finally proved to be the successful solution of the launching
problem. The description given later, with the drawing in Plate 18, shows the
after-inprovements, but no specific change from that in use from the first.

About this time I also arranged for certain changes in the boilers and
burners, having decided that I would not go into the field without some ground
for confidence not only that the aerodrome could be launched successfully, but
that a steady flame could be maintained under the boilers.

October 6. No. 4, as remodelled, having a flying weight of about 14.5 pounds,
a supporting snrface of about 28 square feet, with a total engine power of about
0.5 H. P., and having lifted 40 per cent of its weight on the pendulum, was taken
down the river for trial with the new railroad launching apparatus, and several
days were spent in erecting the launching apparatus on the house-boat, and in
lannching ‘¢ dummy ’’ acrodromes from it for practice.

Aerodrome No. 4 then being fitted under conditions which apparently in-
sured a good start (the center of pressure being nearly over the center of grav-
ity, the root angle of the wing being zero, the midrod nearly horizontal, the
engine working well, and with apparently ample sustaining surface) was finally
snccessfully launched, but the hiopes which were reasonably entertained proved
to be unfounded. The result of this first actual trial of a ¢ flying machine ** in
free air was most disconcerting, for the aerodrome, which had in theory many
times the power required for horizontal flight, plunged into the water with its
engines working at full speed, after a course hardly longer than that performed
by the dummy. This result was at first inexplicable.

No. 4, then, did not fly at all, from some at first inscrutable cause, and it was

decided to make a trial of No. 5, though it was hard to put the result of so much
8



98 SMITHSONIAN CONTRIBUTIONS TO KNOWLEDGE voL. 27

time, painstaking and cost to the hazard of destruction. With the experience
just acquired from the trial of No. 4, the wing of No. 5 was set at an angle of
about 20° with the midrod, and the tip was secured by a light cross-piece, so
guved that the wing as a whole, while set at this considerably greater angle with
the rod, was stiffer than before. In addition to this, the air chamber was moved
back so that the center of gravity was from 6 to 10 em. behind the (calculated)
center of pressure. These changes were made in order to insure that the front
should at any rate keep up, and it did.

The aerodrome was launched sucecessfully with the engines working nnder
a pressure of 110 pounds of steam. The head rose continnally until the mid-
rod stood up at an angle of about 60°, checking all further advance. It re-
mained in the air in a stationary position for nearly a second, and then slid back-
ward into the water, striking on the end of the rudder and bending it. The dis-
tance flown was about 12 metres, and the time of flight 3 seconds. One of the
propellers was broken short off, and the shaft was bent.

It thus became clearly evident that some cause prevented the proper balan-
cing of the machine, which was necessary to secure even approximately the the-
oretically simple condition of horizontal flight. It was all-important that the
angle of the front wing should be correct, but its position could not be acenrately
known in advance of experiment, and this experiment could only be made with
the machine itself, and involved the risk of wrecking it.

These trials gave a very vivid object lesson of what had already been antiei-
pated,® that the difficultics of actual flight would probably lic even more in ob-
taining exact balance than in the first and more obvious difficulty of obtaining
the mere engine power to sustain a machine in the air. The immediate problem
was to-account for the totally different behavior of the two aerodromes in the
two flights, under not very different conditions.

Observations of the movement of the two aerodromes through the air, as
seen by the writer from the shore, seemed to show, however, that the wings
did not remain in their original form, but that at the moment of launching there
was a sudden flexure and distortion due to the upward pressure of the air. The
time of flight was too short, and the speed too great, to be sure of just what did
occur, but it seecmed probable that the wings flexed under the initial pressure of
the weight which came upon them at the moment of launching, and that they
were in fact, while in the air, a wholly different thing from what they were an
instant before, so that a very slight initial difference in the angle at which they
first met the air might cause the air to strike in the one case on the top of the
wings and throw the head down, and in the other case so as to throw the head up.
To ascertain the extent and character of this flexure, caused, it will be observed, by

! “ Experiments in Aerodynamics.”
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the weight of the aerodrome suddenly thrown on the wings, I inverted the aero-
drome and distributed a weight of dry sand equal to that of the whole mmachine
evenly over the supporting surfaces. It was found that under the weight of the
sand the extremity of the wings bent to an angle of 45° downwards (and con-
sequently must have bent to an angle of 45° upwards in the air), a condition of
affairs worse than anything that had been suspected, and sceming to demand
the entire reconstruction of the wings with a strength and consequent weight
for which there was no means of providing.

There had been some injuries to the machines in the trials of the 5th and
6th, and these were repaired. A new float had been made for No. 4, and a new
set of larger wings for No. 5. Kach of these wings had a length of 76 incles
and a breadth of 25 inches, making the total surface of the two 26.4 sq. ft., while
that of the tail was 13.2 sq. ft., or about 40 sq. ft. in all.

October 22. When No. 5 was finally prepared for another trial, its condi-
tion was as follows:

YIRS o ) 016 % e St s S O U R T N 22 pounds

Area of supporting surfaces (wings and tall)..... 40 sq. ft.

Sq. ft. of surface per pound of weight............ .8 ¢

Englne power with 115 lbs. steam pressure........ 1.0 H. P?

BoWer, Necessary to SOAr. . ......cceucececectanens NS5 SEPSA

Theoretical soaring speed (plane wings at 20°).... 24 ft. per sec.

Previous lift on pendulum....................... 40 per cent of flying weight

October 25. The aerodromes having been taken to Quantico on October 23,
and satisfactory experiments made with dummniies in order to test the launching
apparatus, the house-boat was carried out into midstream and moored.

Aerodrome No. 4 was launched in the face of a wind of about 1100 feet per
minute. The midrod was at a very small inclination with the horizontal, about
3°. The angle (a) of the chord of the curved wing measured at the rod, where
it was rigidly held, was 15°. The adjustment was such as to bring the CG im-
mediately nuder the CP, without any allowance for the fact that the line of pro-
peller thrust was below the CP.° The aerodrome under these conditions was
launched with the head Ingh. It made a real, though brief, flight of about 130
fect in 4} seconds, when it swung abruptly round through 90°, and, losing head-
way, sank continuously, finally falling backward into the water.

October 27. Aerodrome No. 4, having been repaired and guyed with wires
from the wings to vertical guy-posts beneath, was launched again, but one of the

*On the data of “ Aerodynamics,” a plane having 1.8 sq. ft. of surface per pound, and advanclng
at an angle of 20°, would soar at a speed of 24.1 ft. per second.

® It will be remembered that the purely theoretical conclusions just cited apply to the power
delivered In direct thrust, hut that of the above actual H. P. an Indefinlte amount was lost in friction
and slip of propellers.

*It may be observed that at this time the position of the CP was calculated on the assumption
that the pressure for flight surfaces was proportional to the areas, without also allowing for the
fact that the following surfaces, like the tail, were under the “lee” of the wind and so far less
efficient. It follows, then, that the value CP — CG was not really 0, as was assumed, but something
considerable, i
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guy-wires eaught on the launching car, and threw the aerodrome immediately
into the water with but little damage.

On the same day No. 5 was launched. The theoretical CP—CG was nomi-
nally 0, but, for the reasons stated in the footnote on p. 99, was really something
positive, that is to say, the CP was really somewhat in advance of the CG; in-
elination of midrod less than a (=20°). The aerodrome under these eircum-
stanees, while keeping its head up, at first fell rapidly, yet seemed about to rise
just as it struck the water, conveying the idea that if the launching had been
made with a greater initial velocity it would have risen and cleared the water.
The wings visibly pocketed, however, and it was clear that some better dispo-
sition must still be made for them. The flight was 3} seeonds.

No. 5 was tried again on the same day with larger wings, whose area was 40
square feet. These wings, though stiffer, poeketed a little. a=20° as before. It
flew rapidly, and at first horizontally, to a distance of 100 feet or more against
a five-mile breeze. It then turned abruptly round through 180°, at first falling
(from loss of headway), then distinetly rising, and at the same time throwing
its head up until it reached an angle of nearly 60° with the vertieal, when it fell
backward after a flight of between 6 and 7 seconds. The wings were evidently
not yet strong enough to resist flexure.

November 21. No. 3, in nearly the same eondition as before. Two extra
springs had been plaeed on the launching ear, in order to give the aerodrome a
greater initial velocity than before. KEverything appeared favorable, but as it
left the launching track a piece flew out of the port propeller, in spite of which
the aerodrome, after dropping 5 feet, rose bodily at an angle of 45° and fell
backward into the water (time, 5 seconds).

Another trial was made the same day with the same aerodrome, under sim-
ilar eonditions, exeept that the angle of inclination (a) was reduced to 7°. It
now, with all the other circumstances of launching like those immediately be-
fore, behaved entirely differently, plunging head downward into the water at
a distance of 30 feet. Onee more it was shown beyond dispute that the wings
must somehow be made even stiffer. .

December 8. Another trial was undertaken with No. 5, the CG being 10 em.
in front of the CP at rest. The root angle of the wings was 18°, tip angle 27°,
elevation of midrod 1 in 24. The other changes made since the previous trial
consisted ehiefly in the inereased weight dune to the longer and stronger frames
and shafts that were made to earry 100 em. propellers. The flight obtained was
so short that it was as unsatisfactory as before.

The aerodrome rose in the air after leaving the launching apparatus, and
then slid back into the water in the plane of its own wings. On the first trial, it
strueck the boat, and was slightly injured; on the second, with root angle of
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wings 10°, tip angle 20°, the flight partook of the same eharaeter, but the ma-
chine struek the water clear of the boat.

The faet that with the CG 10 em. in advance of the caleulated CP the aero-
drome steadily rose in front, seems to indicate that the rule used at that time for
caleulating the CP (see Chapter II) was not very accurate. This rule was based
upon the assumption that the tail, having an area equal to one-third the entire
sustaining surface, supported one-third the total weight (expressed by the for-

mula CP=— 3 , where CPum and CPin represent respeetively the CP

of the wings and tail in motion), and that the CP of eaeh surface was one-fifth
its width in front of the eenter of figure.

December 12. Four days later, the tail had been moved back 21 em., thus
carrying the CG back 7 em., but the vertical rudder (weighing 105 grammes),
for whieh there was now no room, was taken off, whieh in a measure eounter-
aeted this change.

A trial was then made with the wings set at an initial angle of 8° at the
root and 20° at the tip. The aerodrome was released with the engines working
under a steam pressure of 90 pounds, and soared off horizontally for some dis-
tance, when suddenly it swerved to the right as though something on that side
had given out, and turning quite through 180° headed toward the boat, striking
the water about 76 feet away. The time of the flight was 4 seconds.

It was found upon the recovery of the machine that one of the propellers
had been twisted through 90°, so that the two were no longer symmetrieal. The
turning may have been due to this twist or to unequal influence of the wind
npon the two wings; for when I applied the sand test to the wings after return-
- ing them to Washington, it was found that they deflected so mueh that the grains
would not lie upon them, whieh, to a great extent, explains the failure to secure
a better flight.

Thus the end of another year had been reached, and what might be called a
real flight had not yet been secured. The only progress that seemed to have been
made was that the aerodromes were not quite so nmmanageable and errafic it
their flights as at the beginning of the year, and that it had been demonstrated;
at least to the writer’s satisfaction, that the power was sufficient for the work to
be done. The launehing device had been so perfeeted that it worked satisfac-
torily, but the problem of balaneing seemed as far from solution as before.

1895

While, for eonvenienee in narrating the progress of the work with the aero-
dromes, eaeh year has been treated as ‘a unit, it is, of course, understood that
the work itself shows no especial differenee between the closing of one vear and
the beginning of another. Changes which had important effects were introdueed
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at various times, but were, of eourse, made as they suggested themselves with-
out any reference to time or season. But while it was enstomary to make, from
tiine to time, a résumé of the progress of the work, yet at the closing of the cal-
endar year it was the custom to make a more complete digest of just what had
been accomplished during the year.

Upon thus reviewing the progress of the work during 1894, it was felt that
the results whieh had been aceomplished for such a large expenditure of time
seemed small, sinee no real flight had been made by any of the aerodromes, and
no definite assurance that a successfnl flight would be obtained within the imnme-
diate future seemed warranted by what had already been aceomplished. But
now that the prineipal diffienlties eonnected with the launching apparatus had
been overcome, thus permitting the aerodromes themselves to be given a fair
trial, the belief was encouraged that the eontinuanee of the actual tests of the
machines, with slight ehanges which previous tests had shown advisable, would
finally result in a suceessful flight.

The early wecks of 1895 were spent in a series of pendulum tests on No. 5,
and in making such slight changes as these tests indieated would be advisable.
As a result of small improvements introduced in the boilers, No. 5 had by the
middle of March shown a repeated lift of considerably over 50 per eent, and in
some tests as much as 62 per cent of its flying weight. Certain radical ehanges
previously deseribed in Chapter VII were also made in Aerodrome No. 4, and
in the pendulum tests of it a lift of 44 per eent of its flying weight had been
obtained.

Eneouraged by the better results which the ‘aerodromes had shown in the
above tests, it was deeided to test them again in free flight, and they were ac-
eordingly sent down to Quantico in eharge of the two meechanies, R and M, Mr.
Langley, accompanied by Dr. Graham Bell, whom he had invited to witness the
tests, following on May 8. On the evening of May 8 No. 5 was mounted on the
launching apparatus in order to drill the mechanies so that when favorable
weather presented itself the aerodrome eould be got ready for launching with the
mivimum delay. i

On May 9 Mr. Langley and Dr. Bell reached the house-boat at 5 a. m., but
even with the drill of the previous evening the meehanies were not able to have
No. 5 ready for trial until 6.15 a.m. The principal eonditions of No. 5 at this
time were:

Total weight 11,200 grammes (24.6 pounds), including 800 grammes of
fuel and water. Previous lift on the pendulum 54 per cent, with a steam pres-
sure of 150 pounds. With this steam pressure the engine made about 600
R.P.M. when driving the 95 em. propellers, whiech through their reduction
gearing made about 500 R. P. M.
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When the aerodrome was balanced for flight so as to bring the theoretical
¢¢ center of pressure in motion ’’ over the center of gravity, it was found that it
was not possible to carry the center of gravity in front of this point, although
it was known by experience to be necessary. Aeeordingly in the first trial the
outer ends of the tail were pressed down by the guys so that the wind of ad-
vance tended to lift the tail and throw the head down more than if the tail had
been flat. Furthermore, the float, weighing 200 grammes, instead of being placed
in its normal position near the base of the bowsprit, was earried out to its ex-
tremity, this change in the position of the float alone being sufficient to carry the
center of gravity forward three or four centimetres. The curved wings were
set at an angle of nine degrees at the root and eleven degrees at the tip. They
were well guyed, and in flight appeared to be not materially twisted or altered.

It was antieipated that the pressing down of the outer ends of the tail and the
shifting of the eenter of gravity would cause the aerodrome to point downward in
flight, and this anticipation was verified in the test. At 6.15 a. m. the aerodrome
was launched at a steam pressure of 120 pounds. A perfeet ealm prevailed at
the time and the machine started straight ahead. There was no perceptible
drop at the moment it was released from the launching car, but a smooth and
steady descent until it struek the water, nose down, at a point approximately
200 feet from the boat. Dr. Bell noted that the length of time the aerodrome
was in the air was 2.8 seconds. Omne of the propellers was broken and the other
one was found to have twisted its shaft one-fourth of a turn.

At 9.45 a.m., the wings having been dried, No. 5 was again tried. The
float was moved back to ils normal position at the base of the bowsprit, and the
guys, by whieh the outer ends of the tail had been depressed in the previous
trial, were so adjusted that the tail was flat. The machine was, therefore, in
the condition of theoretical equilibrium for rapid motion with a plane wing. All
the other conditions were precisely as in the previons trial, exeept that the
ronnd-end 100-centimetre propellers were substituted for the 95-eentimetre ones
whieh had been broken, and a new paper-covered tail was used. The mechanie
in charge was directed to let the steam reach its highest pressure eonsistent
with a flight of one-half a minute, before launching the machine, but he seemed
to have lost all sense of the length of time the fuel and water would last, as he
let the engines run until almost the whole charge was exhansted before launch-
ing it. The aerodrome went off almost horizontally, then turned up into the
wind and rose to an angle of abont twenty degrees; then (while moving for-
ward) slowly sank as though the engine power had given ont, as in faet it doubt-
less had. The actual distance travelled was 123 feet and the length of time 7.2
seconds. While the exhaustion of the fuel and water prior to launehing the ma-
chine had prevented what apparently would otherwise have been an exceed-
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ingly good flight, yet the fact that the aerodrome rose immediately after being
launched, and continued to do so until the power gave out, was in itself very
encouraging.

At 1.40 p. m. No. 5 was again ready for trial (the third one for the day),
and this time Mr. Langley and Dr. Bell witnessed it from a greater distance in
liopes of being able more elearly to study its behavior when aetunally in the air.

The previous trial having missed success through the fuel and water hav-
ing been consumed before the machine was launched, Speecial instructions were
given to avoid the recurrence of this mistake. But the machine was held for
probably two minutes after the burners were lighted, with very much the same
result as before. The conditions of the aerodrome were the same as in the
previous trial, except that the tail was a little flatter, so as to tend to make the
head slightly lower in flight. It was launched at an angle of about thirty de-
grees with the very gentle wind that was blowing, and, apparently under the di-
rection of the rudder, turned into the wind, the midrod rising to an angle of
about twenty degrees and (as noted in Mr. Langley’s record book) ‘‘ The whole
machine absolntely rising during five or six seeonds—a fine spectacle! Then
the power visibly gave out, the propellers revolving slower. It settled forward
and lost nearly all of its forward motion at the end of about seven seconds, but
did not finally touch the water until ten and a guarter seconds.’’

While the length of time that the aerodrome had been sustained in the air
was so short that no actual flight had really been achieved, yet the results en-
couraged the belief that with the aerodrome more accurately balanced, it eould
reasonably be hoped that a somewhat longer flight would be obtained. It was,
however, very evident that, although the correct balancing whieh would in-
sure equilibrium for a few minutes might soon be attained, the maehine, lack-
ing a hunian intelligence to eontrol it, must be provided with some meehanism
which would tend to restore the equilibrium, the conditions of which must nee-
essarily change in a maehine depending on the air for its support. In order
to see what could be done in this direetion, it was, therefore, decided to return
immediately to Washington with the machines and make some minor changes
in them before attempting further flights.

By the end of May, Nos. 4 and 5 were again in readiness for a trial, and
the mechanies were accordingly sent to Quantico to complete preparations for
the tests. During May Mr. A. M. Herring, who had been experimenting with
model machines for several years, was engaged for a few months as an assist-

.ant, and he was immediately put in charge of the field trials of Nos. 4 and 5,
whiell were now about to be made. On June 6 Mr. Langley, accompanied hy
Mr. Herring, went to Quantico, and on June 7, at 5 a. m., Aerodrome No. 5 was
ready for trial, hut the wind was so high that nothing conld be done. The wind
later diminished in intensity, but the house-boat had beeome stuck on the beach
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and it was impossible to make the launehing apparatus point directly into the
wind, which was blowing from the rear of the boat. An attempt was made to
launch the aerodrome even with the wind blowing at its rear, but it was found
impossible to make the fires burn and the test was aecordingly postponed. Later
in the afternoon the honse-boat was floated and the preparations for a test were
immediately eompleted. At 5.42 p. m. the fires were lighted, but the burners did
not work properly and the proper steam pressure could not be obtained. At
6.20 p. m. the fires were again lighted, and at 6.22 the aerodrome was launched,
its midrod having an upward angle of 25 degrees, or more, with the launching
track. The aerodrome moved off nearly horizontally, but seemed to be very
sluggish in its movement and fell in the water about seventy feet from the boat,
after having been in the air only 4.8 seconds. The damage eonsisted of a broken
propeller and a slight strain in the main frame, the extent of which, however,
was not immediately seen.

The steam pressure at the time of launching was 110 pounds, which was ob-
viously insufficient. The aerodrome had lifted fifty per cent of its weight on the
pendulum, and its sluggisliness of movement seemed, therefore, unaccountable
even for this pressure. It seemed probable, however, that the pressure ran down
immediately after the machine was launched, on account either of the use of
the light-weight burners in place of the larger and heavier ones, or of the dim-
inution of the air pressure in the gas tank.

At 7.55 the aerodrome was again launched, and this tiine made a still shorter
flight than before, being in the air only three seconds. A serious leak in the en-
gine eylinder was, however, discovered just as the machine was launched, and
this probably aceounted for the lack of power.

Not only had the tests which liave just been deseribed indieated that there
was a laek of power during flight, although previous pendulum tests had repeat-
edly shown hfts greater than fifty per cent, but, furthermore, the wings them-
selves, while appearing perfectly capable of supporting the aerodrome when
viewed with the mnachine stationary, were seen to flex to such an extent in flight
that it seemed probable that much of the power was eonsumed in merely over-
coming the head resistanee of a large portion of the wings whieh had lost all
lifting effect.

During the fall and winter, as recorded in Chapters VII and VIII, Aero-
drome ‘‘ New No. 4,”” whieh had been reconstrneted during the summer, and
which upon test was found radically weak, was almost entirely rebuilt and after-
wards known as No. 6. Important changes were also made in No. 5, which
greatly inereased its strength and power. The improvements, however, which
contributed more than anything else to the marked success achieved in the next
trial of the aerodromes, were those which had to do with the nature and dispo-
sition of the sustaining surfaces and the means for securing equilibrium,
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It will be recalled that in the more recent trials the apparent eauses of fail-
ure had been the inability to provide sufficiently rigid wings, the great difficulty
of properly adjusting the relative positions of the centers of pressnre and grav-
ity, and the lack of any means of regaining equilibrium when the balance of the
acrodrome had in any way been disturbed. In the fall of 1895, aceordingly, it
was finally decided to employ a second pair of wings equal in size to the first or
leading pair. This not only added greatly to the stability of the aerodrome, but
also made it possible, without any alteration in the plan of the frame, to bring
the center of pressure into the proper position relative to the center of gravity.
In addition the plan of construeting the wings was modified by the introduc-
tion of a second main rib, which, placed at approximately the center of pres-
sure of the wings, made them much stiffer, both against bending and torsion.
The two pairs of wings now became the sole means of support, and the tail
which had hitherto heen made to bear part of the weight of the aerodrome, as
well as assist in preserving the longitudinal equilibrium, was now intended to
perform only the latter funetion. It was placed in the rear of the wings and
was combined with the vertieal rudder. Further, in adjusting it on the aero-
drome, it was set at a small negative angle and given a certain degree of elas-
ticity, as deseribed above, This device proved to be a most efficient means of
maintaining and restoring the equilibrium, when it was disturbed, and its value
was apparent in all future tests of the models. :

1896

The important changes in the steam-driven models which had been begun
in the previous fall, and whieh in the case of No. 4 had been so extensive as to
convert it into a new aerodrome, No. 6, were continued during the early spring,
and it was not until the last of April that the models Nos. 5 and 6 were ready
for actual test in free flight.

The condition of No. 5, which made the first suecessful flight, is given in
the data sheet for May 6, 1896, and its general form at this time may he seen
in the photograph of May 11, Plate 27A. ‘;\lthoug’h the changes deseribed above,
as well as the modifications in the boilers and burners of both aerodromes had
undoubtedly effected a great improvement in every detail of the machines, the
disappointments experienced in the preceding yvears prevented any great feeling
of confidence that the trials whiech were now to be made would be entirely sue-
cessful. On May 4, however, the two mechanics, Mr. Reed and Mr. Maltby, were
sent down to Quantico with Aerodromes Nos. 5 and 6, and Mr. Langley, aceom-
panied by Dr. Graham Bell, who had been invited to witness the tests, followed
on the afternoon of the 5Hth. " On May 6 the wind was so very high all the morn-
ing that a test was found impracticable. During the forenoon, however, the
wind gradually died down, and by 1 p. m. was blowing from six to ten iiles an
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hour from the northeast. At 1.10 p. m. Aerodrome No. 6 was launched, but the
guy-wire uniting the wings having apparently canght on one of the fixed wooden
strips whieh held the wings down, the left wing was broken before the aero-
drome was really launched, and the result was that the machine slowly settled
down in the water by the boat, breaking the propellers and slightly injuring
the Pénaud tail. ‘

After removing No. 6 from the water, No. 5 was placed on the launching
car and immediately prepared for a test. At 3.05 p. m. it was launched at a
steam pressure of 150 pounds and started directly ahead into the gentle breeze
which was then blowing. The height of the lannching track above the water
was abont twenty feet. Immediately after leaving the launching track, the aero-
drome slowly deseended three or four feet, but immediately began to rise, its
midrod pointing upward at an increasing angle until it made about ten degrees
with the horizon and then remained remarkably constant at this angle through
the flight. Shortly after leaving the launching track the aerodrome began to
circle to the right and moved around with great steadiness, traversing a spiral
path, as shown in the diagram (Plate 19). From an inspection of the diagram,
it will be noticed that the aerodrome made two complete turns and started on the
third one. During the first two turns the machine was constantly and steadily
ascending, and at the end of the second turn it had reached a height variously
estimated by the different observers at from 70 to 100 feet. When at this height,
and after the lapse of one minute and twenty seconds, the propellers were seen
to be moving pereeptibly slower and the machine began to descend slowly, at
the same time moving forward and changing the angle of inclination of the
midrod until the bow pointed slightly downward. It finally touched the water
to the south of the house-boat at the position shown, the time the machine was
in the air having been one minute and thirty seconds from the moment of launch-
ing. The distance actually traversed, as estimated by plotting its eurved path
on the coast-snrvey chart and then measuring this path, was approximately 3300
feet, which is the mean of three independent estimates. This estimate of the
distance was checked by noting the number of revolutions of the propellers as
recorded by the revolution counter, which was set in motion at the moment the
machine was launched. On the assumption that the slip of the propellers was
not greater than fifty per cent, the 1166 revolutions as shown by the counter
would indicate a distance travelled of 2430 feet. As it was felt very certain
that the slip of the propellers could not have ainounted to as much as fifty per
cent, it seemed a conservative estimate to place the length of flight at 3000 feet,
which would mean a rate of travel of between 20 and 25 miles an hour. The eir-
cunlar path traversed by the aerodrome was accounted for by the fact that the
guy-wires on one of the wings had not been tightened nup properly, thus causing
a difference in the lifting effect of the two sides.
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The aerodrome was immediately reecovered from the water and prepara-
tions made for a second test, the machine being launehed again at 5.10 p. m. at a
steam pressure of 160 pounds. The conditions were the same as at the first trial,
except that the wind had changed from north to south and was perhaps of less
veloeity than before. The path traversed by the aerodrome in this second trial
was almost a duplicate of the previous one, exeept that on acconnt of the ehange
in the direction of the wind the machine was launehed in the opposite direction.
In tightening up the guy-wires, which had not been properly adjusted in the pre-
vious test, they were probably tightened somewhat too much, since in this see-
ond test the aerodrome eireled towards the left, whereas in the first flight it had
eireled towards the right. The aerodrome made three eomplete turns, rising
to a height of approximately sixty feet with its midrod inelined to the horizon
at a slightly greater angle than before. The propellers again eceased tnrning
while the machine was high in the air and it glided forward and downward and
finally settled on the water after having been in the air one minute and thirty-
one seconds. The distanee travelled was estimated as before, by plotting the
path on the coast-survey chart, and was found to be 2300 feet.

During these flights several photographs were secured of the machine while
it was actually in the air, some of the pictures being taken by Dr. Bell and others
by Mr. F. E. Fowle. The clearest of these are shown in Plates 20, 21, and 22.

Just what these flights meant to Mr. Langley ean be readily understood.
They meant suceess! For the first time in the history of the world a deviee pro-
duced by man had actually flown through the air, and had preserved its eqm-
librium without the aid of a guiding human intelligenece. Not only had this de-
vice flown, but it had been given a second trial and had again flown and had
demonstrated that the result obtained in the first test was no mere aecident.

Shortly after returning to Washington, Mr. Langley left for FEurope, but
before doing so he gave instruetions to the workmen to remedy the small weak-
nesses and defeets whieh had been found in Aerodrome No. 6, and to have both
aerodromes ready for trial before his return in the fall.

After returning in the fall, Mr. Langley again had Aerodromes Nos. 5 and
6 taken down to Quantico for trial, and this time had as his invited guest Mr.
Frank G. Carpenter. On November 27 a test was made of Aerodrome No. 6,
the general disposition of which at this time may be learned from the deseription
in Chapter X, and the photographs in Plates 29A, 29B. The model was launehed
at 4.25 p. m. with a steam pressure of 125 pounds. The aerodrome went nearly
horizontally against the wind, and descended into the water in six and a quarter
seconds at a distance of perhaps 100 yards. After the machine had been re-
covered from the water, it was found that a pin had broken in the synchronizing
rod which eonneets the two propeller shafts together, and that the eounter, which
showed 495 revolutions of the propellers, had been eansed to regisier inacen-
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PATH OF AERODROME FLIGHTS, MAY 8 AND NOVEMBER 28, 1896, NEAR QUANTICO, VA., ON THE POTOMAC RIVER
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INSTANTANEOUS PHCTOGRAPH OF THE AERODROME AT A DISTANCE IN THE AIR DURING ITS FLIGHT AT QUANTICO ON THE POTO-
MAC RIVER, MAY 6, 1896. ENLARGED TEN TIMES
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INSTANTANEOUS PHOTOGRAPH OF THE AERODROME AT A DISTANCE IN THE AIR DURING ITS FLIGHT AT QUANTICO ON THE
POTOMAC RIVER, MAY 6, 1896. ENLARGED TEN TIMES
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rately on this aceount. The balancing of Aerodrome No. 6 had been made the
same as that of No. 5, but in No. 6 the line of thrust was twelve centimetres
higher, and this fact, which had not been taken into account in determining the
proper balaneing for No. 6, seemed to be sufficient cause for the aerodrome
coming down into the water so soon after being launched. Darkness had de-
scended before the aerodrome eould be recovered and prepared for a second
trial. On the next day, November 28, a high wind prevailed in the morning,
but in the afternoon it beecame comparatively calm, and No. 6 was launched at
4.20 p. m. under the same conditions as on the preeeding day, except that the
float, whieh weighed 275 grammes, was moved back from the bowsprit eighty
centimetres in order to make the machine lighter in front. The acrodrome was
launched at a steam pressure of not much over 100 pounds, the air draft for
the burners being temporarily bad. The midrod made an angle of approximately
three degrees with the horizontal. On account of a slight rain, which had oc-
curred just before the machine was launehed, the wings were wet and the weight
of the entire aecrodrome was doubtless as much as twelve kilos. Immediately on
being launched the aerodrome started directly ahead in a gentle sonth wind,
moving horizontally and slowly turning to the right and appearing to approach
dangerously near to some thick woods on the west shore. However, it fortu-
nately eontinued turning until it pointed directly up the beach with the wind
in the rear. It then moved more rapidly forward, dipped and rose but once,
and this very slightly, and continued its remarkable horizontal flight, varying
not more than two yards out of a horizontal eourse, and this only for a mo-
ment, until it finally descended into the bay at a point nearly in a line between
the house-boat and the railroad station at Quantico. Upon being recovered, it
was found to be absolutely uninjured, and another flight would have been made
with it immediately but darkness had descended. The time of flight, as deter-
mined independently by two stop-watehes, was one minute and forty-five sec-
onds. The number of revolutions of the propellers was 2801, or at the rate of
1600 R. P. M., whieh, with an allowanee of fifty per cent slip, should have car-
ried the aerodrome a distanee of 4600 fecet in one and three-quarter minutes.
While the distance from the house-boat in a straight line to the point at whieh
the aerodrome deseended was only about 1600 feet, yét it was estimated by those
present that this straight-line distance was eertainly not greater than one-third
the total length of the path traversed, which would mean a distance of something
like 4800 feet. The length of the eourse, as plotted on the coast-survey map
and afterwards measured, was 4200 feet, and it, therefore, seemed safe to say
that the total distance travelled was about three-quarters of a mile, and the
speed was, therefore, about thirty miles an hour,

10



CHAPTER X

DESCRIPTION OF THE LAUNCHING APPARATUS AND OF AERO-
DROMES Nos. 5 AND 6

Reference has already been made to the development of the ¢¢ cast-off ’
apparatus that was used at Quantico for launching the aerodrome. An initial
velocity is indispensable, and after long experiment with other forms which
proved failures, an apparatus was designed by me, which gave a sufficient linear
velocity in any direction. It had, moreover, been found that, when the aero-
drome was attached to any apparatus upon the roof of the house-boat, sunch
slight changes in the direction and intensity of the wind as would ordinarily pass
unperceived, would tend to distort or loosen it from its support, so that only
the most rigid of fastenings at three independent bearing points were of any use
in holding it, while the wings must be separately fastened down, lest they should
be torn from their sockets. It was, then, necessary to be able to fasten the
aerodrome very firmly to the cast-off apparatus, to start it upon its journey in
any direction with an initial linear velocity that should equal its soaring speed,
and to release it simultanconsly at all points at the very same instant, while at
the same time the points of contact of the launching device, to which it had just
been fastened, were themselves drawn up out of the way of the passing pro-
pellers and guys.

All these requirements and others were met by the apparatus finally adopted,
which is shown in Plates 23 and 24. It consists of a strong timber frame-work,
carrying a track, consisting of two flat iron rails set on edge, upon which runs
the launching car, suspended from two small wheels on each side. At the front
end of the frame there are two eylindrical air buffers to receive the buffing pis-
tons and thus stop the car after the aerodrome has been released. The car is
drawn to the rear end of the track and held by the bell-erank lever 4 (Plate 23).
The contact points BB and C are turned down and the cluteh-hook D set over the
clutch-post K. The aerodrome is thus held firmly up against the three points BB
and C by the cluteh D, and a distortion from its proper position rendered impos-
sible. All these points are thrown up out of the way of the projecting portions of
the acrodrome at the instant of release. This result is accomplished as follows:
when the car has reached the proper point in its forward course, the cam E, which
is hinged at 1, is depressed by a roller fixed to the framework of the deviee. In
this motion it pushes down the adjustable connections F'F7, which are attached at
their lower ends to the bell-crank arms GG, which turn about a central pivot at
2. Thus the downward movement of the connections I opens the jaws of the

110
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eluteh D. While the eluteh D is rigidly attached to G to prevent transverse
movement, it is hinged to the latter at 3 so that it ean fold in a longitudinal di-
rection. Serewed to the clutch D is a narrow plate 4, which, when the cluteh is
elosed, is behind the Ing 5, thus preventing any turning about the hinge 3.

But when the arms of G and the jaws of the clamp are thrown out by the
depression of F, the plate 4 is moved out from behiud the lug 5 and the elamp
is free to fold to the front. The strut, hinged at 6, is under a eonstant tension
from the spring 7 to fold up, and is prevented from doing so ouly by the connee-
tions 8, by which it is held down until the release of the plate 4 from behind the
lug 5, when the spring snaps them instantly np and out of the way.

As the struts BB have no fixed conneetion with the aerodrome, they are re-
leased by the relaxation in the rigidity of the other conneetions and are thrown
up by their spring 9 and held in that position by the clip 10 catching beneath the
upper cross-piece.

The power for the propulsion of the car is obtained by means of from one
to nine helieal springs working under tension, and multiplying their own mo-
tion four times by means of a movable two-sheave pulley, as shown in the
drawing.

DEescripTion oF AEroDROME No. D

When the details of the acrodrome, whose deseription is to follow, are con-
sidered from the standpoint of the engineer aeeustomed to make every pro-
vision against breakage and aceident and to allow an ample factor of safety in
every part, they will be found far too weak to stand the stresses that were put
upon them. But it must be remembered that in designing this machine, all
precedent had to be laid aside and new rules, adapted to the new conditions, ap-
plied. Tt was absolutely necessary, in order to insure success, that the weight
should be cut down to the lowest possible point, and when this was reached it
was found that the factor of safety Lad been almost entirely done away with.
and that the stresses applied and the strength of material were almost equal.

The same observation holds true of the boilers, aeolipile, and engines, when
regarded from the point of view of the economical generation and use of steam.
It was fully recognized that the waste of heat in the coil boilers was excessive,
but as it was necessary that there should be an exceedingly rapid generation of
steam with a small heating surface, this was regarded as inevitable.

In the engine the three points aimed at in the design were lightness, strength
and power, but lightness above all, and necessarily in a degree which long
seemed incompatible with strength. No attempt was made to secure the re-
quirements of modern steam-engine construction, either in the distribution of the
steam or the protection of the eylinder against the radiation of heat by a suitable
jacketing. The very narrow limits of weight permissible required that the bar-
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rel of the cylinder should be as thin as possible, that no protective jacketing
should be used, and that the valve motion should be of the simplest deseription.
To obtaining the greatest lightness consistent with indispensable power, every-
thing else was subordinated; and hence, all expectation of ordinary economieal
efficiency had to be abandoned at the outset.

It was only after long trials in other directions that Mr. Langley intro-
duced the aeolipile deviee, which for the first time provided sufficient heat. Even
in the aeolipile, however, it was apparent that nothing short of the most com-
plete combustion accompanied by the highest possible temperature of the flamne
would be sufficient for the extreme demand. To secure this result under all
conditions of wind and weather, with the aerodrome at rest and in motion, re-
quired the long series of experiments that are given in another chapter. In
respect to the generation of heat, then, it is probable that it would be difficult to
exceed the performance of the final type of burner in practical work, but in the
utilization of this heat in the boiler, as well as in the utilization of the steam
there generated, the waste was so great as to be prohibitive under ordinary
conditions. But this was not ordinary work, and the simplest protection against
radiation from boiler, separator, and engine could not well be used.

The framework of the acrodrome is niade of thin steel tubes, the main or
midrod extending the whole length of the machine and carrying the attach-
ments to which the wings are fastened. Snspended from this midrod by rigid
connections is a skeleton hull of steel tubing, shaped somewhat like the frame-
work of a boat, from which, direetly abeam of the engines, arms are run out
like the outriggers of a rowboat for carrying the propellers. Within this cen-
tral hull are placed the aeolipile, the boiler, and the engine, which with their
auxiliary parts, the pump and the separator, constitute the entire power-gener-
ating apparatus.

The aeolipile consists of four essential parts: the spherical air chamber con-
taining the supply of compressed air by which the gasoline in the reservoir
tank is forced into the burner; the reservoir tank eontaining the gasoline that
is to be used as a fuel; the gas generator wherein the liquid gasoline is heated
and converted into gas; and the burners where it is finally utilized to heat the
boilers.

The air ehamber D, Plate 25, is a spherical vessel 120 mm. in diameter, lo-
cated at the extreme front end of the hull. It is made of copper 0.25 mm. thick
and has two openings. The front opening has a copper pipe 1 em. outside diam-
eter, to which the air pnmp for charging the chamber is connected. From the
back a copper pipe 5 mm. ontside diameter extends to the top of the gasoline
Teservoir. :

This reservoir, shown at I, Plate 25, is also a light, hollow sphere 120 mm.
in diameter; both this and the air chamber being made by soldering hemispheres
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of copper together at their cireumferences. There are three openings in the
reservoir tank; two at the top and one at the bottom. One of those at the top
serves for the admission of the 5-mm. pipe bringing compressed air from the
air ehamber ; the other is connected with a pipe 1 em. in diameter, through which
gasoline is supplied to the tank, and which is closed by a simple plug at the top.
The hole in the bottom serves as the outlet for the gasoline to the burners. Close
to the bottom of the tank there is placed a small needle valve, which serves to
regulate the flow of oil, for, were the pipe left open, the compressed air would
foree the oil out with such rapidity that the burners would be flooded and the
intensity of the flame impaired. The eonstruction of this valve is elearly shown
in Plate 26 A. It consists of a brass shell having one end (a) soldered to the bot-
tom of the tank. The needle enters through a stuffing box whose gland is held
by two small screws. The stem of the needle is threaded and engages in a thread
cut in the body of the casting and is operated by a fine wire on the outside. It
will readily be seen that this device affords a means of making a very aceurate
adjustment of the flow of the liquid to the burners.

After leaving the needle valve the gasoline flows along the pipe S, Plate 25,
until it reaches the evaporating coil, N. In order to subject the oil to as large
a heating surface as possible, in comparison with the sectional area through
which it is flowing, the pipe, which left the needle valve with a diameter of 6 mm.
soon eontraeted to 5 mm., is here flattened to a width of 7 mm. and a thickness
of 2mm. There are seven complete turns of this flattened tubing coiled to an out-
side diameter of 30 mm. At the end of the seventh coil the pipe is enlarged to a
diameter of 1 em. and two eoils of this size are added, the inside diameter being
the same as that of the flattened eoil. This enlarged portion serves as a sort of
expansion chamber for the eomplete gasification of the gasoline, which is then
led back through a turn of the enlarged pipe, beneath the eoils and to the front.
At the front end of the eoil a small branch is led off, forming a ‘¢ bleeder,’’
which takes sufficient gas to supply the burner by which the eoil is heated, the
products of whose eommbustion pass into and between the coils of the boiler
like those of the regular heating burners. The gas pipe rises in front of the coil
and by a T eonnection branches to the two burners that are plaeed in front of
the eoils of the boiler. These burner pipes ar¢ 5 mm. in diameter and enter
sheet-iron hoods forming regular burners of the Bunsen type, which are fully
shown in all their details in the acecompanying engraving, Plate 26. The pipe is
plugged at the end, and a hole 0.9 mm. in diameter drilled for the nipple of the
burner in front of the coil where the water first enters from the separator, and
0.85 mm. for the one in front of the return coil. The face of the burner shell
stands exaetly eentral with and 41 mm. in front of the ecoils.?

!Very exact accuracy in these minute details is indispensable to tiie efficient working of the
engines.
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This eonstitutes the heat-generating portion of the maehine, and with it it
is probable that a flame of as high a temperature is prodnced as ean be reached,
with the fuel used, by any practical deviee.

The boiler or steam-generating apparatus may be said to consist of three
parts: the separator, the eirculating pumps, and the generating coils.

The separator (M in Plate 25) is a device which has attained its present
form after a long course of development. As at present constructed, it is formed
of a hollow sphere 190 mm. in diameter and is located as nearly as possible over
the center of gravity of the whole apparatus. It serves the double purpose of
water reservoir and steam drum, and is ealled a ¢ separator '’ on account of
the funetion whieh it performs of separating the water from the steam as it en-
ters from the coils. There is a straight vertical pipe 10 mm. in diameter rising
from the top of the sphere and fastened to the right-hand side of the midrod.
This is used for filling the separator with water. Upon the other side of the
midrod there is a small steam dome 42 mm. in diameter with a semi-spherical
top rising to a height of 70 mm. above the top of the sphere. From this dome
two steam pipes are led off, one to the engine and the other to the steam gauge.

As already stated elsewhere, it was found in the experiments with the coil
boiler that an artifieial foreing of the eirculation of the water was a neeessity,
as the natural eireulation was too slow to be of any serviee. Aeeordingly, but
only after numerous devices involving less weight had failed, a pump driven
from the engine shaft was designed and used. In the ecarly experiments vari-
ous types of pumps were tried in which the valves were opened and closed au-
tomatically by the pressure of the water. It was found, however, that with the
mixtore of steam and water to be handled, the valves eould not be depended
upon to open and elose properly at the high speeds at which it was neeessary to
run the engine. In Aerodrome No. 5, therefore, a double-acting pump with a
meehanically operated valve was used. The pump, shown in detail in Plate 26A,
is driven from a shaft eonneeted with the main engine shaft by a spur gear and
pinion, whieh rotates at half the speed of the engine shaft. The pump itself
consists of two barrels, the main barrel having a diameter of 23 mm. with a
piston stroke of 20 mm. The outer shell of the barrel is made of aluminnm
bronze and is lined with a cast-iron bushing 1.25 mm. in thiekness. The piston
has a length of 14 mm. and is formed of an aluminum dise and center, having a
follower plate of the same material with two cast-iron split rings sprung in.
The water is reeeived into and delivered from the valve eylinder, which is 18
mm. in diameter and also lined with a east-iron bushing 1.25 mm. thick. The
aluminum bronze shells of both eylinders are 0.75 mm. in thickness. The valve
is a simple piston valve 35 mm. long with bearing faces 4 mm. long at eaeh end.
The water is taken from the bottom of the separator and led to the eenter of the
valve ehest of the pump by a copper p pe 1ecm. outside diameter. The ports



No. 3 LANGLEY MEMOIR ON MECHANICAL FLIGHT 115

leading from the valve to the main eylinder are 3 mm. wide and 34 mm. apart
over their openings. It will thus be seen that wlien the valve is in its eentral
position, as it should be at the beginning of the piston stroke, both ports are
eovered with a lap of 0.5 mm. inside and out, so that the valve has to move
0.5 mm. before suetion or discharge can take place. As the valve is moving most
rapidly at this point, it opens and both functions begin before the piston has ad-
vanced pereeptibly. The delivery is made at the ends of the valve eylinder
through two eopper pipes of 1 em. diameter that unite into a single pipe before
reaching the boiler. The throw of the valve is 14 mm. so that the ports are un-
covered and held wide open for the greater portion of the stroke of the piston,
and begin to elose only when the latter approaches the end of its stroke. In this
way perfect freedom is given to the flow of the water and all choking is avoided.
As the engine has been run at a speed of more than 688 revolutions per minute,
the pump must have made at least 344 strokes in the same time, thus displa-
eing 166.2 ee. of water. The diameter of the piston rod and valve stem is 3 mm.
and they pass through stuffing boxes with glands of the ordinary type for paek-
ing. This pump served its purpose admirably, and with it it was possible to
maintain a eontinuous eireulation of water throngh the two eoils of the boiler.

The third element in the steam-generating system is the boiler proper?®
(Plates 25 and 264 ), which consists of two coils of eopper pipe, having an out-
side diameter of 10 mm., each eoil being formed of 21 turns each 75 mm. in di-
ameter upon the outside and spaeed 7.5 mm. apart, so that the total axial length
" of eaeh eoil is 36 cm.

The water is delivered to the front end of the right-hand ecoil, and, first
passing through this, erosses over at the rear of the boiler to the left-hand
eoil, returning through it to the front whenee it is led to and delivered into the
top of the separator. Here the steam and water are separated, the former
going through the separator and thenee to the engine, while the unevaporated
water falls to the bottom to be again taken into the pumps and sent through the
eoils.

In order that the draft of the burner and the gases of eombustion might not
be dissipated, it was necessary to sheathe the boiler. The method of doing this
is shown in Plate 25. Tt will be seen that the front half of the boiler is wrapped
in a sheet of miea through whieh the coils ean be faintly seen. This, in turn, is
held at the extreme front end by a strip of thin sheet-iron, 0. Over the back
end the stack @, made of very thin sheet-iron, is slipped. This has an oblong
eross-section at the lower end where it goes over the boiler; it is provided with
a hole through which the midrod passes, and terminates in a eireular opening of
about 10 em. diameter.

2The reader who may care to note the evolutlon of this boiler, by trial and error, wili find a
portion of the many dlscarded types shown In Plate 13.
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The engine, which is elearly shown in the dimensional drawing, Plate 26B, is
of the plain slide-valve type, using a piston valve and solid piston, without pack-
ing rings. The cylinder is formed of a piece of steel tubing 35 mm. outside di-
ameter, with flanges 47 mm. in diameter and 2.25 mm. thick brazed to each end,
to which the cylinder heads are attaclhied by small machine serews. Inside this
cylinder is a thin cast-iron bushing in order to obtain a better rubbing surface
for the piston. The cross-head is a small piece of aluminum bronze, running on
round guides that also serve as eylinder braces. There are also four hollow
braces, 5 mm. in diameter, running from the back cylinder head to a corru-
gated steel bed-plate, that stands vertically and reaches from one side rod of
the frame of the hull to the other, and to which are bolted the bearings of the
main shaft. The connecting rod has the cross-section of a four-rayed star and
drives a crank in the center of the shaft. The following are some of the princi-
pal dimensions of the engine:

milllmetres.
Inside diameter of eVIIRAEr % L . i it rotretiltl SRt er Ty, 33
Stroke of piston; .. 20l owl, SN T N B R ey 70
Length of ‘cylinder ngide.’ . e .m0 R i e e 88
Length of /DISLOR. oo B ol plore o o R Ll L Sy AR 11
Clearance at each ‘end... 2. . 8 8 Lt son bl T - b et 0.5
Diameter of plston rad. .. .o 0 s s e 5
Length of cross-head. . . . o s N R 17.5
Diameter of 'gSuldes: .. v cl. ..t ot S Pyt 45
Distance from center to center of guldes.................. 26
Length of guldes. { . ... o udh ot Rt O T T 110
Length of wrlst-pin,_BeaGInE. =7 .1 48 B ol L AL 8.5
Length of-‘connecting- mod ... .05 S e Sf e B o A 150
Ratio of connecting rod to stroke,................covveunn. 21/7to1
Length of erank-pinn .. . . .00 Ut aa I T L 10
Diameter of main shaftis: . . o e I e P 8
Length of maln bearings. . il o o B0 LD o L 25
Distance from center of cylinder to center of valve stem.. 35
Length of valve.... ., Jooo o SNk e v T @2
Width of Ports. ... . .%ok ip ol e Tl S LR S 2
Outslde lap of valve.. ... . oo b Summns (LU RS ERE IRt 4
Inside lap of valve..:. .t . Uic ey ol YT St S a 3
Lead of valvel.. .. ... .0 0 s 8 s DY S 0
Travel of. valve. . e o ot oo Bl e el Ty R T e u R P e gt S Ui 13
Cut-off from beginning of stroke............... ..ot 57
EXRaust OPERS: .. . ol o cogorosshole o 5le o ehofslaness TR R RRHER Y L P SRR S End of stroke
Exhaust closes on return stroke....... R R ¥ o 20 00 48
Diameter of valve stem........... FrANCE e § ek B % 4o G oh e 4.5
Diameter of/ecCentnle. il . 5.5 chl C ek Lol - AR o) S 36
Width of eccentric........ AT SR e s N, 0 6 o o 4
Width, of erank-arm.. . 2 55 ctTnpll SEEERE e R it g

The weights were nearly as follows:

grammes
FNGINE .« oo o o L B I oS SRR 464
Pump and pump shafts.......... BRSO K F I Go o oG b 231
Gasoline tank and vVAlVER: . J.e o ook ool S i o 178
BUTHOrs: ..i. §-LbPer b oot 5 P P I & oo - 360
Bollers, frames holding hollers, and mica covers over boilers 651
Separator, steam gauge and pipe for engine................ 540
Exbhaust- pipe " .0 0. iR g s PR o & o5 S e 143
Smoko 'StacK . ... o aofoni ol e e o e ofe R eeeo. 342

In all, 2909 grammes, or 6.4 pounds.
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These weights are those determined in December, 1896, when some slight
changes had been made from the conditions existing at the time of the flight by |
this aerodrome on May 6. Previous to that time, with a pressanre of 130 pounds,
between 1.1 and 1.25 horse-power was given on the Prony brake. At the actual
time of flight the pressure was about 115 pounds, and the actual power very
nearly 1 horse-power. ;

The valve stem was pivoted to the center of the valve partly because this was
the lightest connection that could be made, and partly to allow the valve per-
fect freedom of adjustment upon the seat. Many parts, such as guides, braces,
erank-pins, wrist-pin and shafts, are hollow. The steam is taken in at the front
end of the steam chest, and the exhaust taken out of the center, whence it is led
back to the stack and by means of a forked exhaust pipe discharged in such a
way as to assist the draught of each coil of the boilers. Like the eylinder the
steam chest is made of a piece of steel tubing, 20 mm. diameter on the outside,
with an inside diameter of 19 mm., and is fitted with a cast-iron bushing 0.5 mm.
thick, making the inside diameter of the steam chest 18 mm. It, too, has flanges
brazed to the ends, to which the heads are held by small machine screws.

The shaft for conveying the power to the propeller shafts extends across
the machine from side to side; it is hollow, being 8 mm. outside diameter, with
a hole 5 mm. diameter through the center.

It is formed of five sections: the middle section, containing the crank, has
a length of 110 mm. and is connected at either end, by flanged couplings, to
lengths 320 mm. long, which are in turn extended by the end sections having a
length of 230 mm. In addition to the four main bearings that are bolted to the
pressed-steel bed-plate already mentioned, there are two bearings on the outer
framework on cach side. At the outer end of each shaft there is keyed thereto
a bevel gear with an outside diameter of 27 mm. and having 28 teeth. This gear
meshes with one of 35 teeth upon a shaft at right angles to the main shaft and
parallel to the axis of the aerodrome. These two shafts, one on either arm,
serve to carry and transmit the power to the propellers. They are 192 mm. long,
8 mmn. in diameter, and are provided with three bearings that are brazed to a
corrngated steel plate forming the end of the outrigger portion of the frame.
These shafts are also hollow, having an axial hole 4 mm. in diameter drilled
through them. The propeller scat has a length of 43 mm. and the propeller is
held in position by a collar 25 mm. in diameter at the front end, from which
there project two dowel-pins that fit into corresponding holes in the hubs of the
propellers, which are held up against the collar by a smaller one screwed into
the back end of the shaft. The thrust of the collar is taken np by a pin serewed
into the end of the forward box and acting as a step against which the shaft
bears, the arrangement being clearly shown by the accompanying drawing,

Plate 26A.
.12
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This, then, comprises-the motive power equipment of the acerodrome, and,
to recapitulate, it includes the storage, automatic feeding and regulation of the
fuel; the storage, circulation and evaporation of the water; the engine to con-
vert the expansive power of the steam into mechanical work; and the shafting
for the transmission of the energy developed by the engine to the propellers.

The propellers were made with the greatest care. Those used in the suc-
cessful trials were 1 metre in diameter, with an actual axial pitch of 1.25 metres.
They were made of white pine, glued together in strips 7 mm. thick. The hub
had a length of 45 mm. and a thickness or diameter of 25 mm. At the outer edge
the blade had a width of 315 mm. and a thickness of 2mm. These propellers
were most accurately balanced and tested in every particular; each propeller
blade was balanced in weight with its mate and the piteh measured at every
point along the radius to insure its constancy; finally the two propellers of the
pair to be used together were balanced with cach other so that there would be
no disturbance in the equilibrium of the machine. As will be noted from the
foregoing description of the machinery, the propellers ran in opposite direc-
tions, as they were made right- and left-hand serews. The weight of cach pro-
peller was 362 grammes.

We now turn again to take up the details of the construction of the frame-
work by which this propelling maehinery is carried. The whole aem(.lrome, as
clearly shown in the photographs, Plates 27A and 27B, is built about and depend-
ent from one main backbone or midrod, which extends well forward of all of the
machinery and aft beyond all other parts. This rod, as well as all other por-
tions of the framework, is of steel tubing. The midrod, being largest, is 20 mm
outside diameter, with a thickness of 0.5 mm. It is to this midrod that the
wings are directly attached, and from it the hull containing the machinery is
suspended.

The plan outline of the hull skeleton is similar to that of the deck of a ves-
sel. The steel tubing, 0.5 mm. thick, of which it is formed,.has an outside diam-
eter of 15 mm. from the front end to the eross-framing used to carry the pro-
pellers, back of which the diameter is decreased to 10 mm.

The midrod makes a slight angle with this frame, the vertical distance be-
tween the centers of the tubing being 73 mm. at the front and 67 mm. at the
back. The tube, corresponding to the keel of a vessel, is braced to the upper
tubes by light U-shaped ribs and by two 8-mm. tubes forming a V brace on a
line with the back end of the gnides of the cngine. At the extreme front and
back there is a direct vertical connection to the midrod.

The propeller shafts are 1.23 m. from center to center, and are carried on
a special cross-framing, partaking, as already stated, of the character of an out-
rigger on a row-hoat. (Sce Plate 27B.) The rear rods, which are of 10 mm. steel
tubing, start from the front end of the rear bearings of the propeller shaft and
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extend across from side to side. The top rod is brazed to the side pieces of the
hull and the bottom rod to the keel. They are connected by a vertical strut of
8-mmn. tubing at a distance of 265 mm. inside of each propeller shaft. At the
front end of the propeller shaft two more rods run across the frame. The lower
is similar and parallel to the back rod already deseribed, while the npper is bowed
to the front, as shown in the plan view of the frame (Plate 30). In order to
take the forward thrust of the propeller a second cross-brace is inserted, which
runs from the rear bearing of the propeller shaft to a point just in advance of
the front head of the eylinder, and is brazed to the two upper tubes of the cross-
frame as well as to the upper tubes of the main framing of the hull. The outer
ends of the tubes of the cross-framing are brazed to a thin, stamped steel plate
which firmly binds them together, while at the same time it forms a base for
attaching the bearings of the propeller shaft. This end plate has a thickness of
one millimetre.

In addition to the framing proper there are two guy-posts which fit into
the sockets CC, and over which truss wires are drawn, as shown in the side view
in Plate 27A. These posts have a length of 730 mm. from the lower edge of the
socket, and are capped at their lower extremity by a light steel ferrule whose
outside diameter is 10 mm.

From the drawing of the wings of No. 5, shown in Plate 17, it will be seen
that they are formed of two pine rods 15 mm. in diameter at the inner ends, ta-
pering to a half circle of the same diameter at the tips. These rods are con-
nected by eleven spruce ribs measuring 8 mm.x3 mm., and curved, as shown in
the side elevation, these, in turn, being covered by a light white silk drawn so
tightly as to present a smooth, even surface. The total length of the wing is 2
metres, and the width over all is 805 mm. Vertical stiffness is obtained in the
wings by a series of guy-wires, which pass over light struts resting upon the
main rods. These main rods are inserted and held in the wing clamps 4 and B,
Fig. 16, and make an angle of 150° with each other. As is the case with all
other essential details of the aerodrome, a great deal of time and attention was
given to the designing of the wing clamps before a satisfactory arrangement
was secured.

To enable it to control the aerodrome in both directions, the tail-rudder,
Plate 27A, has both a horizontal and a vertical surface, the approximate dimen-
sions of which are, length 115 cm. (3.8 feet), maximum width 64 em. (2.1 feet),
giving each quarter section an area of about 0.64 sq. m. (6.9 sq. ft.). It is given
the proper angle and degree of elasticity in a vertical direction by the flat hick-
ory spring, which fits into the clamp N, and attaches the rudder to the frame.

The only other attachments of the aerodrome are the reel, float, and counter.
They have nothing whatever to do with the flying of the machine, and are



120 SMITHSONIAN CONTRIBUTIONS TO KNOWLEDGE voL. 27

merely safety appliances to insure its recovery from the water. The reel eon-
sists of a light spool on whieli a fine cord is wound, one end of which is attached
to a light float that detaches itself and lies upon the surface of the water when
the machine sinks, while the other end is fastened to the spool that goes down
with the aerodrome. The ¢ float *’ is a light copper vessel with conical ends
whieh is firmly fastened to the midrod, and which is intended to so lower the
speeific gravity of the whole machine that it will not sink. The eylindrieal por-
tion of this float has a length of 250 mm. and a diameter of 170 mm., one cone
having a length of 65 mm. and the other and front one a length of 140 mm.,
which makes the total length of the float 375 mm. It is made of very thin cop-
per, and served in the successful trials not only as a float to sustain the machine
on the surface of the water, but also as a weight by whieh the center of grav-
ity was so adjusted that flight was possible.

The counter records the nnmber of revolutions of the propellers after
launching. It is a small dial counter, reading to 10,000, with a special attach-
ment which prevents any record being made of the revolutions of the propellers,
until the aetnal moment of launching, when a piece on the launching apparatus
throws the counter in gear at the instant that the aerodrome leaps into the air.

DEescriprioN oF AERODROME No. 6

" Aerodrome No. 6, it will be remembered, was the outgrowth of a number of
changes made in No. 4 during the fall of 1895 and the early part of 1896. In
this reconstrnetion the aim was to lighten the whole maehine on aecount of the
smaller engines used on No. 6, and to arrive at better eonditions as regards sta-
bility than existed in either No. 4 or No. 5. The modifications from No. 4 were
so radieal and the differences that exist between Nos. 5 and 6 are so eonsider-
able as to demand careful attention.

As regards general appearance the frame of Aerodrome No. 6 resembles
that of No. 5 in eonsisting of a single eontinnous midrod of steel tubing, 20 mm.
in diameter, 0.5 mm. thick, immediately beneath which the hull eontaining the ma-
chinery is situated. In reconstrueting the framework after the tests m Janu-
ary, 1896, had shown it to be dangeronsly Weak, espeeially against torsion, it was
decided to make the hull only strong enough to earry its contents and to attach
it to the stronger midrod in such a way that all torsional strains would be taken
up by it, whereas in No. 5 the hull strneture must bear a large proportion of
sueh strains. It was therefore built throughout of 8-mm. tubing, 0.3 mm. thiek,
and was rigidly attached to the midrod by braces at the front and rear, and also
at the eross-frame. The hull was also made narrower (except at the rear, where
it was widened to eontain the boiler) and shorter than the hull of No. 5—an ad-
vantageous change made possible by the fact that the engines were not eontained
in the hull, but mounted on the transverse frame.
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In No. 5, as deseribed above, a single engine mounted at the front end of the
hull communicated its power through transmission shafts and gearing to the
propellers, which were necessarily in the same plane. This brought the line of
thrust very nearly in the same plane as the center of gravity of the aerodrome,
a condition tending to promote instability of longitudinal equilibrium. In No.
6, however, the use of two engines situated on the transverse frame and com-
munieating their power directly to the propellers, made it possible to raise the
transverse frame 12 em. above the hull, and thus raise the line of thrust to a
position intermediate between the center of pressure and the center of gravity,
withont materially affecting the latter. As a result of this change Aerodrome
No. 6 was rendered much more stable and made steadier flights with fewer un-
dulations than No. 5.

The engines in use on No. 6 were the small engines deseribed above in con-
nection with No. 4. The cylinders were of steel tubing 2.8 em. in diameter, with
a 5-em. stroke, each eylinder thus having a capacity of 30.8 ce. They were lined
with a thin cast-iron bushing and east-iron rings were sprung in the piston head
so as to give as smooth a rubbing surface and as perfect action as possible. As
in the engine of No. 5 a plain sliding valve of. the piston type was used, cut-off
being approximately at one-half, thongh the ports were so small that it was diffi-
cult to determine it with any great accuracy. No packing was used, but the
parts were carefully ground so as to give a perfect fit.

These engines, as is most clearly shown in Plate 30, were mounted sym-
metrically on either side of the cross-frame and were connected direetly to the
propeller shafts. In order to insure that the propellers would run at the same
rate, there was provided a synchronizing shaft, 7', in Plate 30, having on each
end a bevel gear, which intermeshed with similar gears on the propeller shafts.
Steam for the eylinders was conveyed from the separator through the pipes LL.

The steam-generating apparatus for No. 6 was exactly like that already de-
seribed in conneetion with No. 5, the only difference being in the more compact
arrangement in the case of No. 6. The relative location of the apparatus in the
two models is clearly shown in Plates 28, 29B, and 30, the corresponding parts be-
ing similarly labeled, so that a separate deseription for No. 6 is superfluous.

The wings used on No. 6 were somewhat smaller than those of No. 5, and
differed from them in having the front mainrib bent to a quadrant at its outer
extremity and continued as the outer rib of the wing. The degree of curvature
of the wings was also somewhat less, being one-eighteenth for No. 6 and one-
twelfth for No. 5. The four wings were of the samme size and had a total area
of 54 sq. ft. On account of the shortened hull of No. 6 they were allowed a
much greater range of adjustment, which rendered it much easier to bring the
CP into the proper relative position to the CG than was the ease with No. 5.
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ParT 1. 1897 TO 1903
By CHARLES M. MANLY

Assistant in Charge of Experiments

CHAPTER I
INTRODUCTORY

Although in 1896 Mr. Langley had made the firm resolution not to under-
take the construction of a large man-carrying machine, as he realized that his
multitudinous administrative duties left him practically no time available for
original research, yet the longing to take the final great step of actually trans-
porting a human being through the air, which the successful flights of the mod-
els had now for the first time in the history of the world actually proved to be
possible, soon became irresistible.

Ten years of almost disheartening difficulties, a full appreciation of which
can hardly be gained from the preceding description, had already been spent in
demonstrating that mechanical flight was practicable, and Mr. Langley thor-
oughly realized that the construction of a large aerodrome would involve as
great, if not even greater difficulties. Nevertheless, his indomitable will, which
balked at no obstacle, however great it might seem, prevailed against the ad-
vice of his close friends and associates, and even that of his physician, who had
counselled him that a resumption of concentrated thought and vigorous en-
deavor would materially shorten his life, which had already passed three score
years. Only a few were privileged to come into close contact with him in his
daily work, and thereby catch the inspiration of his unwavering persistence, his
ceaseless perseverance, his plain inability to submit to defeat; but no one who
has read the record of his astronomical expedition to Mt. Whitney, or the story
of his development of the Bolometer, or the preceding chapters of this history
of his years of patient work in the development of the flying machine, can have
failed to obtain some appreciation of this most striking feature of his character.
Having once determined on the accomplishment of a definite object, no amount
of difficulty that might arise deterred him from pushing on until in some way
and by some means he had succeeded; and no one appreciated better than he
that if the thin edge of the right wedge can be inserted under an obstacle, that
obstacle can be removed, no matter how formidable it may seem.

The undertaking of the construction of a large aerodrome was very largely
influenced by President McKinley, who had become impressed with the great

123
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possibilities of a flying machine as an engine of war. When he found that Mr.
Langley was willing to devote his own time to the development of a machine,
provided the Government would furnish the funds for the aetual construection
and tests of it; he appointed a joint board, consisting of Army and Navy offi-
cers, to investigate and report on the plans with which Mr. Langley had achieved
success with the models. The report of this joint board of Army and Navy
officers being favorable, the Board of Ordnance and Fortification of the War
Department, at the direction of President McKinley, requested Mr. Langley to
undertake the construction and test of a machine, which, while not expeeted to
be a practical war machine, might finally lead to the development of such an en-
gine of war. In this eonnection it is interesting to read a letter which Mr. Lang-
ley addressed to the Board of Ordnance and Fortification at the time he un-
dertook this work.

SyrtasoxNtax Instirurion, December 12, 1898,

The Board of Ordnance and Fortification, War Department.

GENTLEMEN: In response to your invitation, I repeat what I had the honor
to say to the Board—that I amn willing, with the consent of the Regents of this
Institution, to undertake for the Government the further investigation of the
subject of the construction of a flying machine on a scale capable of carrying a
man, the investigation to include the construetion, development and test of such
a machine under conditions left as far as practicable in my diseretion, it being
understood that my services are given to the Government in such time as may
not be occupied by the business of the Institution, and without charge.

I have reason to believe that the cost of the construction will come within
the sum of $50,000.00, and that not more than one-half of that will be called for
in the coming year. i

I entirely agree with what T understand to be the wish of the Board that
privacy be observed with regard to the work, and only when it reaches a suc-
cessful completion shall T wish to make public the fact of its success.

T attach to this a memorandum of my understanding of some points of de-
tail in order to be sure that it is also the understanding of the Board, and I am,
gentlemen,

‘With much respeet,
Your obedient servant,
S. P. LaNGLEY.

MEMORANDUM

ATTACHED TO MY LETTER OF THIS DATE TO THE BOARD OF ORDNANCE AND FORTIFICATION

While stating that I have, so far as I know, an exclusive right of property
in the results of the experiments in aerodromics which I have eondueted here-
tofore and am now conducting, and while understanding that this property and
all rights conneeted with it, whether patentable or otherwise, will remain mine
nnqualifiedly, T am glad to place these results, without charge, at the service of
the Board of Ordnance and Fortification for the special construction at present
proposed, which seems to me to be of National utility.
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I assume that no public statement will be made by the permission of the
Board until the work is terminated, but that I may publish ultimately at my
discretion a statement of any scientific work done in this eonneetion.

I understand that the exercise of this diseretion ineludes the ordering and
purchase of all material by contract or in open market, and the employment of
any necessary help, without restriction, and that, while I desire that no money
shall pass throngh my hands, itemized bills for each expenditure, made in proper
form and approved by me, will be paid by the Chief Signal Officer.

Much has already been spent at the Smithsonian Institution for the pur-
pose in question, in speeial apparatus, tools and experiments, and in recent
construetions now actually going on, which have involved still more time than
money, and which are essential for experimental use in building the proposed
maehine; and since to re-create all this independently would greatly defer prog-
ress, I assume that my discretion includes the deeision as to how far this shall
be used and paid for at the cost of this allotment (it being understood that I
have no personal property in any of the material which might be transferred for
the purpose of the work) ; and I also assume that my discretion ineludes the de-
cision as to where the work shall be eonducted—that is, whether in shops al-
ready eonstructed, or in others to be elsewhere erected or rented, with the nec-
essary adjuncts, whether on land or water, and generally whatever is neeessary
to the earliest attainment of the object desired by the Board.

S. P. LaNcLEY.
SmitasoN1aN InstTrruTioN, WasHINGToN, D. C.,
December 12, 1898.

As is always the case in experimental work, especially in a field so very new
as was the field of aerodromics at the time that this larger construetion was un-
dertaken, the ‘¢ plant,’’ or shops and laboratories required for the constructional
and testing work, grew to a size far beyond what seemed even remotely pos-
sible at the beginning of the work; and even the mere administration involved in
the carrying on of this work proved to be no inconsiderable matter before it had
progressed very far.

The years of experiment with the models had demonstrated clearly that the
greatest difficulty in the development of the aerodrome was the construction of
a suitable power generator, which should combine the elements of extreme light-
ness and unusual power with a fair degree of durability. Althongh remarkably
good results had been secured in the case of the models through the use of steam,
it was realized from the first that not only would the development of a steam-
power plant for a large man-carrying aerodrome present difficulties of a con-
structional nature, but that such a steam plant would necessarily be so fragile
and delicate as to make it a constant menace to the machine which it was to pro-
pel. The solution of the difficulty, it was believed, was to be found in the use of
an internal eombustion engine; hut Mr. Langley had had very little experience
with sueh engines, and was averse therefore fo undertaking the construetion of
a large aerodrome until he had assurance that a suitable gasoline engine eould
be secured. Before making an agreement to attempt the work for the War De-
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partment, he had, therefore, made a search for a reliable builder who would un-
dertake to eonstruet a gasoline engine of not less than 12 horse-power to weigh
not exceeding 100 pounds, and what then seemed a safe econtract had been en-
tered into with sueh a builder to supply one engine whieh would meet these
requirements.

Almost immediately before the Board of Ordnanee and Fortification had of-
ficially placed the work in Mr. Langley’s hands and had made an allotment of
fifty thousand dollars to meet the expenses thereof, it was found that the en-
gine builder eould not be depended on, and that it would, therefore, be neces-
sary to find one who was more reliable and more experienced in the construe-
tion of light engines. After a most extended search for the best builder to un-
dertake this work, a contraet was entered into on December 12, 1898, with Mr.
S. M. Balzer, an engine builder in New York City. Ie was to furnish a twelve-
horse-power engine to weigh not more than 100 pounds, and delivery of it was to
be made on or before February 28, 1899. With this great problem of the engine
apparently provided for, every faeility of the Institution shops was pressed to
the utmost limit in order to have the frame, supporting surfaces, launching ap-
paratus, and other accessories ready as soon as possible after the. delivery of
the engine. It was expeeted from the first that more power would be neeessary
than this one engine would furnish, and provision had been made in the eontraet
that a duplieate engine should be construeted immediately after the completion
of this first one. From past experience, however, it was not likely that the eor-
reet balaneing of the aerodrome eould be determined from a priori calenlation
based on the results obtained with the models, and it was, therefore, expected
that the aerodrome would have to be launched several times before a sueeessful
flight could be obtained. In view of this it was planned to make a test of the
machine as soon as the first engine was ready, with the expeetation that, while
the aerodrome would not have sufficient power to fly, yet the test would furnish
definite data on the all-important question of balancing, and also determine
whether or not the launching apparatus would require modification. In faet,
Mr. Langley felt so apprehensive that the first, and possibly the second test,
would be unsueceessful that, in order to avoid the possibility of a fatal aceident,
it was planned that a dummy should be used to represent the weight of the
man in these preliminary tests.

This plan, however, was not carried ont. In 1903, when the large aerodrome
was finally completed, so mueh time had been lost that the writer proposed to
assume the risks of such an aecident and to guide the machine in its first test,
in the hope of avoiding a disaster, with the consequent delay of months for re-
pairs, whieh the presence of a controlling hand eapable of eorreeting any inae-
curacies of balancing rendered far less likely to oceur. To this proposal Mr.
Langley assented with great reluctance, as he fully realized the danger involved.
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Particular attention is called to the above facts, which clearly show that
while a certain degree of success in the initial tests was later hoped for, yet
from the beginning it had been felt rather certain that several tests would have
to be made before final sueecess would be achieved.

To those experienced in scientific experiments this realization of the prob-
ability of several tests being necessary before success could reasonably be ex-
pected does not seem strange, for the record of past experience eontains very
few examples of epoeh-making inventions springing full fledged from the hand
of their maker and proving a success on the first test.

The two experiments made in the fall of 1903, in which the aerodrome was
each time so damaged in the process of launching that its ability to fly was
never really tested, should therefore be considered merely as the first of a se-
ries which it had been expected would need to be made before success would be
achieved. Further tests were made impossible at the time on account of the
lack of funds, the expense of such work being nnusually heavy.

While the lack of funds, therefore, was the real cause of the temporary sus-
pension of the work, yet an influence which does not often enter into scientific
work—the unjust eriticism of a-hostile press—was directly responsible for the
lack of funds. It seems very certain that had it not been for this eriticism of
the press the funds would have been readily forthcoming for continuing the
work to the point of success.



CHAPTER 1II
GENERAL CONSIDERATIONS

In the development of man-carrying flying machines two well-defined paths
are open. First: Starting with gliding machines, in which gravity furnishes
the motive power, the operator may by practice acquire sufficient skill in con-
trolling them to warrant the addition of propelling mechanism, and individnal
skill in eontrol may be gradually replaced by automatic controlling mechan-
ism. Second: From self-propelled models, possessing automatic-equilibrium
controlling mechanism, and of a sufficient size to furnish determinative data,
one may, by proper modification in size and construetion, progress to an auto-
matically eontrolled man-carrying machine in which, for ideal conditions, no
especial skill on the part of the operator is required. Eaeh method has its
advantages.

After eonclnding his earlier and purely physieal researches, the results of
which were embodied in ‘¢ Experiments in Aerodynamies,”” Mr. Langley was so
firmly convineced of the praecticability of mechanical flight that hie undertook
the construction of the model aerodromes in order to demonstrate it. It is very
doubtful if at any time, prior to the snccessful flights of the models in 1896, he
seriously contemplated the construetion of man-earrying machines. His object
in developing the models was not, therefore, to furnish a prototype for a large
machine, but merely to demonstrate the feasibility of mechanical flight; and this
he did. This is shown very clearly by the closing remark of the article he pub-
lished in 1897, describing the flights of the models. ‘“ I have now brought to a
close the portion of the work which seemed to be specially mine—the demon-
stration of the praeticability of mechanical flight—and for the next stage, which
is the commereial and practical development of the idea, it is probable that the
world may look to others.””? When he later undertook the eonstruction of the
large machine for the War Department it was natural that, with the inspiring
sight of the models in flight still fresh in his mind, he determined to use as a
prototype these sneeessful machines, which were the only things of human con-
struetion that had ever really flown for any considerable distance.

Not being an engineer, and realizing that to pass from the constrnetion of
models to that of man-carrying machines involved the solution of many engi-
neering problems, Mr. Langley, in the spring of 1898, sought the advice of Dr.
R. H. Thurston, who had from the first manifested the deepest interest in his

14 The Flying Machine” McClure's Magazine, June, 1897.
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work in aerodromics. On the recommendation of Dr. Thurston he engaged the
services of the writer, who assumed charge of the work in June, 1898,

While the method of ¢ cut and try ’’ had brought success in the models, and
was perhaps the only method by whieh they could have been successfully devel-
oped, it was thought that, with these models as a basis of design, mueh time
would be saved by making an analytical study of them as engineering structures,
and from the data thus obtained the proper proportions for the parts of the
larger machine could be ealculated.

Sueh an analytieal study, however, revealed very little from whieh to make
ealeulations as to the strength necessary for the various parts of the large ma-
chine, but it did show very clearly that most of the parts were working under
stresses generally far above the clastic limit of the materials, and in many cases
the ultimate breaking strength was closely approached. Sueh a eondition was
the natnral outcome of the method by which these models had been developed—
all the various parts having been built at first of the least possible weight and,
when they proved too weak, strengthened until they would withstand the stresses
imposed on them. It is extremely doubtful if previous ealculations as to the
strength necessary would have been of any assistance, in faet it is probable
that it would have been a distinet disadvantage and would have resulted in the
machines being entirely too heavy for flight.

The exact strength which had been incorporated in the frames of the mod-
els was as nnknown as was the exact amount of the stresses which they had been
made to withstand. Their statie strength was easily determined by calculation,
but . the stresses due to the live loads were incapable of exact determination
from the available data, for stresses produce strains, which in turn generally
cause distortions aceompanied by greatly increased stresses. While exact data
were, therefore, lacking as to stresses and strengths in many of the important
parts, yet the models furnished most important illustrations of nnusunal strength
for minimum weight, and a careful study of them showed many ways in which
increased strength could be obtained with deereased weight whieh eould hardly
have been devised without these conerete examples.

It was, however, by no means possible to build the large aerodrome within
the permissible limits of weight by simply inereasing the various parts of the
models aceording to some predetermined function of the size of the whole.

The fundamental diffienlty is that inevitably, by the laws of geometry,
which are mere expressions of the properties of space, if a solid of any form is
magnified, the weight inereases as the cube, while the surface inereases only as

“the ‘square, of the linear dimensions. Sueeessive generations of physicists and
‘mathematieians pointed out that while this ¢* law of the cube *’ is of advantage
in the eonstruetion of balloons, yet it is a stumbling bloek that will prevent man

13
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from ever building a dynamie flying maechine sufficiently large to earry even one
human being.?

However, since strength is a fuuction of material and form rather than
weight, it is possible by seleeting proper materials and adopting suitable strue-
tural forms to evade to a certain extent this ‘* law of the eube.”” The whole his-
tory of struetural seienee has therefore been a series of attempts to find stronger
and lighter material and to disecover methods of so modifying form as to dis-
peuse with all parts of a structure that do not contribute to its strength. So in
aerodromics the struetural problem has been that of finding materials and forms
best suited to the purpose for which they are required, for it does not always
follow that either the form or the material best suited for one scale of eonstruc-
tion is the most advantageous to employ on a different scale. Nor is even the form
or material which gives the greatest strength for the least weight necessarily
the best to employ. For the struetural problem must necessarily be eo-ordinated
with those of balancing, propelling, and transporting, and each must, therefore,
have its proper attention in the design of the whole machine.

Many of the general eonsiderations of the design of an aerodrome suffi-
ciently large to transport a man were determined during the spring and snmmer
of 1898, when the first actnal drawings (Plate 32, Figs. 1, 2 and 3) of the pro-
posed machine were made. Starting with the assumption that the Models Nos.
5 and 6 were capable of transporting a load of approximately ten pounds more
than their weight, it was seen that, sinee the supporting surface of any aero-
drome would inerease approximately as the square of the linear dimensions, in
order to carry a man the aerodrome would need to be approximately four times
the linear dimensions of these models. Caleulations based on the results accom-
plished in the eonstruetion of the models indicated that such an aerodrome
would need to be equipped with engines developing 24 horse-power. The best
that eould reasonably be hoped for was that these engines would not weigh over
200 pounds, and, therefore, allowing 40 pounds for fuel and fuel tanks, it be-
came necessary to bring the weight of frame, supporting surfaces, tail, rudder,
propellers and every other aecessory within 250 pounds, if the total weight of
the machine, including 150 ponnds for the aeronaut, was not to exeeed 640
pounds, or 16 times the combined weight of the model and its load of 10 pounds.
Although the problem of eonstructing the frame, wings and all other parts
within the limit of 250 pounds seemed indeed formidable, it was helieved that the
greatest obstacle in the produetion of such a machine would be that of securing a
sufficiently light and powerful engine to propel it.

20One noted astronomer and mathematician re-affirmed this opinion as late as 1900 and even
stated that man could not hope to construct a flying machine capabie of sustaining a weight as
great as our largest birds, not knowing that even at that time the modei Aerodromes Nos. 5 and 6
had aiready done more than this.
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"A brief account has already been given of the attempts made by Mr. Lang-
ley to secure a suitable gasoline engine for the large aerodrome, but the difficul-
ties encountered in the search have not perhaps been sufficiently emphasized.
At this time (1898) the automobile industry, throughh which has come the de-
velopment of tlie gasoline engine, was in its infancy, and there were few build-
ers either in the United States or Europe who were attempting anything but
rough and heavy construction. Many of them were enthusiastic over the possi-
bilities of the internal combustion engine, and were ready to talk of devising
such an engine as the aerodrome would require, but few were willing to guaran-
tee any such definite results as were demanded. However, the prospects of se-
curing a suitable gasoline engine from a reliable builder within a reasonable
time secmed so strong that it was decided early in 1898 to begin the construc-
tion of the frame on the general plan which would probably be best adapted for
use with a gasoline engine, and in case it finally proved impossible to secure such
an engine, to construct later a steam plant which could be adapted to this par-
ticular frame.

Some tentative work on the construction of the frame was accordingly be-
gun in the summer of 1898, some months before an engine builder was found
who seemed likely to be successful in furnishing the engines. An extensive
series of tests on propellers was also made at this time for the immediate pur-
pose of determining what form and size would be best, since the dimensions of
the transverse frame could not be definitely settled until it was known how large
the propellers would need to be.

Preliminary designs were also begun for the wings, rudders, and launching
apparatus, but when the point was reached of actually making the working
drawings for these, it was seen that the change in the scale of the work re-
quired many important modifications in constructional details. As the models
had flown successfully only three times, and in each case under practically the
same conditions, it was felt that it would be unwise to make changes in im-
portant details without first making a series of tests of the models in flight to
determine the effect of such changes. It was therefore decided to completely
overhaul Models Nos. 5 and 6, strengthening them in many important parts and
“ tuning up »’ their power plants, which had slightly deteriorated since they
were last used in November, 1896. When the work of preparing these models
for further experiments was begun it was thought that it would require at most
only a few weeks, but as it progressed it was found that certain parts of the
mechanical work on the engines had been so poorly executed originally that it
would be necessary to practically rebuild the engines. The final result was that
the power plants of both aerodromes were entirely rebuilt, and they were not
ready for actual test in flight until the spring of 1899,






CHAPTER II1
EXPERIMENTS WITH MODELS

Immediately after the contract for the engine had been placed and the
actnal work had been begun, attention was given to the problem of providing
means for properly lannching the aerodrome. On the theory that the plan of
launching the small aerodromes, which had finally been adopted after many years
of painstaking experiment, would be the best to employ for the large aerodrome,
Mr. Langley decided to have constructed a large house-boat with the launching
track arranged on it in a way similar to that used for the small machines.
While the general plans for this boat hdad been under consideration for some
time, the actual working drawings were completed in January, 1899, and so
great seemed the need for expediting its construction, in order to have it ready
at the time when the engine was expected, that the contract which was made
for its construction specifically provided for its being completed promptly, there
being a large forfeit to cover any delay on the part of the contractor.

While the boat itself was being constructed, the working drawings were
completed for the house to be built on it, and a contract was made for the con-
struetion of this hiouse within a given period, there being also a time forfeit in
this contract.

‘When the end of February arrived, it was found that, although the engine
builder had succeeded in constructing an engine which weighed one hundred
pounds, and which theoretically should have given something over twelve horse-
power, yet he was unable to make it work properly. And then began a pro-
tracted period of most exasperating delays, the engine builder promising from
week to week that certainly within the succeeding ten days he would be able to
make delivery of the engine developing the full horse-power for which the con-
tract called. After this delay on the engine had continued for some months—
a delay which necessitated the cessation of the work on the main steel frame
of the aerodrome, as it was deemed best to make certain tests of the engine
running while supported by a portion of the frame to determine whether or not
it was strong enough before completing the rest of it—Mr. Langley decided to
employ part of the time in the construction of a model of one-eighth the linear
dimensions of the large aerodrome, which was to be used in testing a model of
the newly designed launching apparatus described later, and which might also
be flown as a kite in making check measurements on the proper balancing which
should be employed for the large aerodrome.

133
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The perfected launehing apparatus which had been used for the steam-
driven models Nos. 5 and 6 (described in Part I, Chapter X) had proved most
satisfactory and reliable, but when the designs were made for a launching ap-
paratus for the large machine it was found that an exaet duplication of the
plan of the small one involved serious diffieulties in eonnection with the eon-
struction of the house-boat, owing to the very econsiderable weight and size of
the turn-table neeessary to permit the aerodrome to be launehed in any desired
direction, regardless of the direction in which the house-boat might be pointing
under the influence of the wind and tide. A new design was accordingly made
for a launching apparatus in whieh the launeching ear was to run on a track
mounted directly on the turn-table, the launehing ear supporting the aerodrome
from underneath, instead of being mounted in an inverted position on an over-
head track with the aerodrome depending from it.

From the previous description of the lannehing apparatus, it will be re-
ealled that, in order to provide that the aerodrome should drop slightly at the
moment of its release from the car, and thereby avoid all danger of entangle-
ment, the speed of the lannching car at the point at which the aerodrome was re-
leased was purposely made less than the ‘¢ soaring speed ’’ of the aerodrome.
Having this feature in mind, when designing the ¢‘ underneath ’’ launching ap-
paratus, it was recognized that the danger of the aerodrome becoming entan-
gled with this form of apparatus ecould be avoided by making the launehing speed
greater than the veloeity whielh it would be necessary for the aerodrome to
have in order to soar, provided the balancing was correct and the aerodrome did
soar. Nevertheless, it was deemed unwise to put too mueh dependence on the
empiriecal ealeulations from whieh the balaneing of the large aerodrome would
neeessarily be determined, and, therefore, some means scemed necessary for
causing the launching car to drop out of the way immediately upon releasing
the aerodrome. In the new design, more completely described below, in Chapter
IV, this was accomplished by so arranging a portion of the front end of the track
that, at the moment the launching ear released the aerodrome, it dropped like a
disappearing gun carriage, leaving the aerodrome free in the air with no pos-
sibility of becoming entangled, provided the aerodrome itself did not drop more
rapidly than an angle of 15 degrees.

A small working model of this launching apparatus, one-eighth the linear
dimensions of that which would be necessary for the large aerodrome, was first
designed and constructed in the shop, the small one-eighth-size model of the
large aerodrome being launched from it into a sheet stretehed in front of it to
act as a buffer. When it was found to work very satisfactorily, a large one,

twice this size, was immediately built for use with the steam-driven models Nos.
5 and 6.
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These models, Nos. 5 and 6, which had flown so successfully in 1896, had,
during the preceding twelve months, been completely overhauled and thoroughly
tested in preparing them for trials in actual flight. Many pendulum tests were
made on both aerodromes, and it was found after repeated trial that each could
be depended on to show a lift of sixty per cent of its flying weight.

This was more than sufficient for flight, but in order to insure successful
trials and avoid delay no aerodrome was lanneched until it had shown previously
its ability to generate enongh power to maintain for at least two minutes a lift
of at least fifty per cent of the total flying weight.

Models Nos. 5 and 6, having thus proved their readiness for trial in flight,
were accordingly, in April, 1899, taken to Chopawamsic Island, together with
the old ‘ overhead ’’ launching apparatus and the new one above desecribed, and
placed on a small house-boat similar to the one which had been used in 1896.
Two men were detailed for this special work, and were first employed in mount-
ing the old launching apparatus for a few preliminary tests with it, in order to
make sure that the aerodromes were in proper working order before trying
them on the new ‘‘ underneath ’’ one. After considerable delay, due to various
causes, this apparatus and the aerodromes were got into proper working con-
dition, and during June, July and August the following flights were made with
these machines, the record being condensed from the reports immade by the writer
to Mr. Langley while he was abroad.

ConDENSED RECORD oF FrLIGHTS oF AERODROMES NoS. D AND 6 FROM
Ju~Ne 7 To Aucust 3, 1899

JUNE 7T—AERODROME NO. 6

After making a preliminary test of the engines and boiler, with the aero-
drome mounted on benches inside the house-boat, to insure that everything con-
nected with the power plant was in proper working order, the aerodrome was
mounted on the launching apparatus on top of the house, the various parts
were assembled and everything made ready for a flight. As it was calculated
that this aerodrome would require a soaring speed of something like twenty-five
feet a second, the springs whieh furnished the motive power for the initial ac-
celeration of the car were adjusted to the proper tension to canse it to reach a
speed of approximately twenty-three feet a second at the moment of launch-
ing. KEverything being in readiness the burners were lighted but worked some-
what sluggishly at first, so that two minutes were consumed in raising a steam
pressure of 110 pounds. Although this pressure should have been reached within
one minute after lighting the burners, and the extra minute which had been
consumed had made a drain on the supply of fuel and water which should have
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been left for eonsumption during flight, yet it was thought best to launch the
acrodrome, so at 12.37 p. m. the car was released and the aerodrome launched.
The launching apparatus worked perfeetly; the aerodrome started off smoothly,
and immediately after being released from the car it dropped slightly and be-
gan to turn to the right. It had been impossible to move the house-boat out
into the stream so as to point the launching apparatus directly into the wind, as
one end had settled slightly on the muddy beach in consequence of the existing
low tide. For this reason it was neeessary to launeli the aerodrome due south,
while the wind, which was very light, was from the north-northeast, and, there-
fore, blowing on its port quarter. The effect of the aerodrome turning to the
right immediately after being launehed was that it eansed the wind to strike it
to an inereasing extent on the port side until, finally, it was going direetly with
the wind. Tt did not, however, continne in this direetion, but kept turning to
the right in a eirele until it headed direetly into the wind, whieh, now striking
tlie under instead of the upper surface of the wings, immediately caused the
aerodrome to rise. It continued eireling, making three complete circles of ap-
proximately 200 feet diameter, dropping slightly when moving with the wind, but
rising when moving against it, until, at the completion of the third circle, it
had altered its path to such an extent that the left front wing touched a tree and
caused the front of the machine to dip a little. It, however, kept up its flight,
but the contact with the tree had so lowered its bow, and apparently also caused
the wings to be twisted to sueh an extent, that it seemed unable to rise again,
and after making another quarter cirele it deseended. Although the propellers
were still turning when it struck the water, they had very greatly deereased
their speed, making it apparent that the power had been very greatly reduced
through the exhaustion of the fuel and water supply. The aerodrome did not
sink, but slowly drifted with the current of the ereek and was recovered in about
five minutes and brought to the house-boat, where the wings were dismounted
and dried, and the metal parts were carefully wiped off to prevent them from
rusting. The path of this flight is plotted on a portion of a coast-survey echart
and is shown in Plate 33. ',

This erratie eireling at first seemed unaceountable, but on eloser examina-
tion, after the aerodrome had been brought into the house-boat, it was found
that the pin which eonnects the synchronizing gear to the port propeller shaft
had been sheared off. This had evidently happened while the aerodrome was
still on the launching apparatus. The effect of this was to throw the total work
" of the water-circulating pump on the starboard engine, thus giving the port en-
gine less work to do, and consequently making the port propeller run much
faster than the starboard one, and thereby eausing the peculiar and erratie eir-
cling of the aerodrome. It is evident that the undulatory motion of the aero-
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drome was due to the fact that, when it was moving against the wind, the speed
relative to the air was greater than when it eircled so as to go with the wind, and
that this greater relative velocity inereased the lifting power of the aerodrome.

The total time of the flight was 57 seconds, and the distance covered was be-
tween 2000 and 2500 feet, thus giving a speed of a little less than 30 miles an
hour. Ccmparing this flight with that of November 28, 1896, made by the same
machine, it will be noted that in the earlier flight the veloeity was practically
the same, but that the time of flight and the distance traversed then were nearly
twice as great as in the present case.

A complete record of the details, not only of weight, but also of the position
of the wings, the center of gravity, ete., which show the exact condition of the
aerodrome when it made this flight, will be found in the appendix (Data Sheet,
No. 3).

JUNE 13—AERODROME NoO. 6

In the flight of June 7 there was a slight trembling of the aerodrome while
it was in the air, and although this was probably due to the fact that the syn-
chronizing gear was ont of operation on account of the shearing off of one of
the pins which held it, allowing the port engine to run faster than the star-
board one, it was thought possible that some of the trembling might be due to
the ‘“ wind-vane ’’ rudder, which had been added to represent the equivalent of
a steering device by which the operator would control the direction of the
large machine. It was decided, therefore, to omit the ¢‘ wind-vane ’’ rudder in
the present test, but to test the aerodrome with the same equipment of single-
tier wings and Pénaud tail that had been nsed in the previons flight, the reel
and float being moved to bring the CG the same as on June 7.

Evervthing being in readiness, with the launching track pointed south, and
the wind blowing only abont 51 miles an hour from the southwest, the burn-
ers were lighted and 63 seconds were consnmed before the steam pressure rose
to 100 pounds. Although the valve whieh eontrolled the burner was open to its
full extent the pressure showed no tendency to rise above 100 pounds, which
was not considered quite high enough to furnish sufficient power for a suceess-
ful flight, but as it was desired to determine at once at how low a steam pressure
the aerodrome would fly successfully, it was decided to launch it even at this
pressure. The lauuching apparatns was accordingly released and the aerodrome
started off, gliding down about three feet immediately after being released, and
then rising again, turning slightly to the right and then heading directly for the
Virginia shore, where it seemed that it wonld smash itself in the heavy growth
of timber, but when it was about 250 feet from the shore it turned towards the
right and started back towards the island. The wind, however, which was
blowing from its rear, evidently got down the smoke-stack and put out the fire,
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for the aerodrome commenced to descend as soon as it turned its back to the
wind, and came down in the channel of the creek. The path of this flight is
shown by the solid line in Plate 34.

The total distanece covered, as measured by plotting the course of its flight on
the coast-survey chart, was about 1800 feet, and the length of time of flight was
40 seconds. The aerodrome was immediately recovered and brought into the
house-boat, where it was found that there were still about 1000 grammes of
water and 100 grammes of fuel unused in it, showing conclusively that the fire
had been put out by the wind.

Upon inspeetion it was found that the aerodrome was uninjured, and al-
though the burner had not worked at all satisfaetorily, yet as the weather was
exceedingly favorable it was decided to make another trial with it immediately,
using the superposed wings.!

Everything being in readiness the burners were lighted, and 70 seconds
were consumed before the pressure rose to 90 pounds, beyond which it was im-
possible to make it rise. Although it was felt certain that 90 pounds was not
sufficient pressure to furnish the power necessary, yet as a storm was approach-
ing in the distance, it was decided to launch the aerodrome, as it could at least
be determined whether it was properly balanced for the superposed wings.
When a total of 75 seconds had been eonsumed the ear was released and the
aerodrome was lannched. The wooden arrangement for pressing down on the
top of the wings to keep the aerodrome from being injured by the wind while
it was on the car had been raised to the proper height for the superposed
wings, but it had not been noticed that the sticks whieh support this arrange-
ment had been elevated so much that they would come in contact with the beam
extending across the boat, and from whieh the launching track was supported.
Just as these sticks reached the cross-beam, however, it was noticed that they
projected about three inches above the lower side of it; but the next moment
they struck it, and although the force with which the ear was running broke all
four of them, the blow was sufficient to slow down the ear, and thereby cause
the aerodrome to be launched at a very greatly reduced speed; not over one-
fifth of what it should have been. The shock of breaking these sticks evidently
jarred the burners so that the fire was extinguished, for the aerodrome shot
forward for about 25 feet and settled with everything intact, and with its mid-
rod perfeetly horizontal. The aerodrome itself sustained absolutely no injury,
coming down as easily as though it had been lowered by a rope, and would
have been given another trial immediately but for the faet that it was very
late in the afternoon and darkness was rapidly approaching. The data on set-
ting of wings, tail, ete., are shown on Data Sheet No. 4 (Appendix).

! These wings are described in Chapter VI, pp. 191.
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JUNE 22—AERODROME NoO. 6

After several days’ delay, due to numerous small but exceedingly annoying
troubles,—such as the leaking of boilers because of defeets in the copper tubing,
and the bursting of the air tank, due to its being pumped up to an excessive
pressure, which a defective pressure gauge had failed to indicate,—Aerodrome
No. 6 was made ready for another trial, and it was decided to test it again with
the snperposed wings which had been nsed in the second experiment of June 13.
The aerodrome was mounted on the ‘‘ overhead ’’ lannching apparatus, which
it will be remembered had been used in all the previous tests, and after 90 sec-
onds had been consumed in raising a steam pressure of 110 pounds, it was
launched directly into the wind, which was due south. After leaving the launch-
ing car, the aerodrome flew straight ahead for about 75 feet, when it suddenly
turned its bow up into the air at an angle of about 15 degrees, and it seemed
that the machine would be blown back onto the hounse-boat. However, when the
rear end of the tail was within about 10 feet of the boat, and only about 10 feet
above the water, it suddenly regained its equilibrium and went straight ahead
again in the face of the wind with the guy-posts only about 4 feet above the sur-
face of the water, flying almost exactly horizontally for a distance of about 100
feet, when the bow again suddenly became elevated. As the aerodrome was so
close to the water, the wind forced it down until the burners were extingunished
by coming in contact with the water. This brought the aerodrome to a stand-
still absolutely uninjured, the propellers being several inches above the water
when they quit turning. The aerodrome was brought into the house-boat and
thoroughly dried out, and another trial would have been made with it imme-
diately but the wind which had been steadily increasing was now blowing some-
thing more than 12 miles an hour, and it was considered best not to attempt ex-
periments in so strong and gusty a wind, for fear of the wings being broken
by the wind suddenly veering and striking them on the side or rear while the
aerodrome was still on the launching apparatus. The peculiar action of the
aerodrome in the air appeared to be due to the fact that the propellers inter-
fered more with the lifting power of the rear superposed wings, as they were
then constructed, than they did with the ‘¢ single-tier ’* ones. The data on the
setting of the wings, tail, etc., are shown on Data Sheet No. 5 (Appendix).

It was also found after the experiment that one of the workmen, in assem-
bling the machine on the launching car, had secretly increased the stiffness of
the spring which controls the elasticity of the Pénaud tail. The effect of this
increase in the stiffness of the Pénaud tail might at first thought appear to be
similar to that of moving the center of pressure forward. Upon a closer analy-
sis, however, it will be seen that the effect is very much greater, as excessive
stiffness of the Pénaud tail not only causes the aerodrome to elevate its bow,
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but requires the overcoming of a strong downward foree at the rear, even more
serious than would be caunsed by placing an extra load at the rear of the ma-
chine without regard to its effect on the balaneing. In experiments of this
kind, however, the workmen get certain ideas of their own as to how the work
should be conducted, and it is almost impossible in assembling the aerodrome to
prevent them from making adjustments which are quite different from those
which they have been directed to make, and which have been definitely planned
with a view to determining the effect of slight changes which it is desired shall
not be masked by changes of any kind in other details.

JUNE 23—AERODROME XO. 6

The wind, which had been blowing half a gale all day, gradually quieted
down towards sunset and at five o’clock was very light, blowing only two miles
an hour from the east-southeast. As one of the rear superposed wings had been
injured on the previous day in ecarrying the aerodrome into the house-boat after
its short and erratic flight, it was decided to use the ‘¢ single-tier ’’ wings in

this experiment, and also to continue using the ¢

overliead ’ launching appa-
ratus for a few more flights. Everything being in readiness, the burners were
lighted and 70 seconds were consumed in raising a steam pressure of 120 pounds,
at which pressure the aerodrome was launehed. It started straight ahead, drop-
ping not more than a foot, and flying on an absolutely even keel for about 800
feet, when it suddenly turned to the left and made a short half ecircle of about
100 feet diameter, heading for a point about 150 feet east of the house-boat.
When it was about 200 feet from the shore, a sndden gust of wind caught under
the Pénaud tail, raising the rear portion of the acrodrome and causing the bow
to point down at an angle of about 30 degrees. The aerodrome kept this angle
and struck the shallow water only about 20 feet from the shore. The aerodrome
was comparatively uninjured, and another flight would have been made imme-
diately but for the fact that by the time the aerodrome had been properly in-
spected it was quite late, and entirely too dark, and there would have been dan-
ger of losing it in the adjacent marshes, which are difficult to traverse even un-
der the best conditions of tide and light. The path of this flight is shown by the
dotted line in Plate

JUNE 27—AERODROME NO. D

‘While the preceding tests had been going on with Aerodrome No. 6, such
time as could be spared for it was spent in getting Aerodrome No. 5 into proper
condition. The copper tubing from which the boilers for both aerodromes were
made was greatly inferior to that which had been used in previous .years, and
as this tubing conld be procured only by having it speeially drawn to order in
France, and as it required several months after placing an order before the tub-
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ing eould be delivered, it was neeessary to make the best of what was already on
hand. The eopper tubing for the boilers whieh had been used in 1896, after be-
ing carefully annealed and filled with fine sand, eould be wound into a perfectly
smooth helix, free from all wrinkles, indentations, and so forth, on the inner
side of the eoil. But no amount of eare, both in annealing and in winding this
present lot of tubing, would produce a smooth lhelix, the tubing being badly
wrinkled on the inner side of the eoil in spite of every preeaution. These
wrinkles, however, were not so much the cause of serious trouble as was the
faet that the tubing was not uniform in quality, each length of it having nu-
merous rotten spots whiel did not always show up in the winding, but whieh
gave way after the boiler had been eompleted and one or two preliminary runs
in the shop had been made with it. While the effect of sueh small things ean-
not be appreeiated from merely reading about them, yet they were the eause
of the most exasperating annoyance and delay, as no sooner had the aero-
drome been gotten into what appeared to be perfect working order than the boiler
would break at one or more points, thus causing a delay which at the moment
would seem to involve not more than a few hours, but before everything was
again in working order would amount to several days.

However, after much perseveranee, Aerodrome No. 5 was put in satisfac-
tory working condition, and on June 27 was launched with its ‘¢ single-tier ”’
wings and Pénaud tail. The data on settings of wings, tail, ete., are given on
Data Sheet No. 6. After lighting the burners, 70 seconds were consumed in
raising a steam pressure of 120 pounds Immediately upon leaving the launeh-
ing ear the aerodrome started to rise with its bow elevated to an angle of about
15 degrees. It flew straight ahead about 80 feet, when it came backward and
downward and touched the water about 40 feet from the boat. The failure of the
aerodrome to fly properly was evidently due to its not being in proper balance.
The cause of this laek of proper balance was not immediately apparent, but was
very soon deteeted and will be discussed later on.

JUNE 30—AERODROME NO. D

After several days of ineessant rain and strong winds, which prevented an
experiment, the weather became brighter and the wind quieted down and the
afternoon of June 30 was almost ideal for an experiment. At five o’clock Aero-
drome No. 5, with ‘¢ single-tier ’’ wings and Pénaud tail, was placed on the
launching apparatus, a few minutes later the burners were lighted, and just as
the propellers started to turn a racking noise was heard. Upon investigation
it was found that the cireulating pump had broken. The break was a very small
matter and could have been repaired in an hour, but it was then too late to re-
pair the damage and get a flight before dark, so the aerodrome was reluctantly
dismounted and the men put to work repairing the broken pump.
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JuLy 1 To suLy 8

The great disadvantage of conducting the experiments at a point forty
miles from the eity and the shops was felt at all times. Workmen, even of the
very best class, cannot be kept contentedly at work at a point so far removed
from their homes, even by bringing them to the city on Saturday afternoon and
carrying them baek to the experimental grounds the following Monday. More-
over, it is worse than useless to try to get even as muel as one-third the ordi-
nary amount of work done if there is the slightest exeuse for tightening anchor
ropes, watching passing boats, or wasting time on any of the multitudinous small
variations from their usual routine of life.

On July 7, Aerodrome No. 5, equipped with ‘¢ single-tier > wings and Pé-
nand tail, was made ready for a flight in the afternoon. The settings of the
wings, tail, ete., are given on Data Sheet 6. Using the ‘¢ overhead ’’ launching
apparatus, the aerodrome was launched with a steam pressure of 115 pounds.
Immediately upon being launched its bow rose to an angle of about fifteen de-
grees or more, and the aerodrome came backward and downward and touched
the water about three or four feet from the house-boat.

It may be well to recall from what has been said in Part I, Chapter IX, that
Aerodrome No. 5 is the one with the very low thrust line, and in 1896 had its
“ separator 7’ several centimetres in front of its center of gravity. When this
aerodrome was overhauled just previous to these experiments, the separator
was moved back to the same relative position as that in Aerodrome No. 6, so that
the gradual depletion of the water supply during flight would not cause it to be-
come light in front of the center of gravity.

In the launeching of Aerodrome No. 5, above described, it showed no ten-
dency to drop immediately upon leaving the launching ways, but on the con-
trary its bow in every case rose almost immediately until it was at an angle of
about fifteen degrees or more. From the photograph (Plate 35) it will be no-
ticed that the wings of the aerodrome are held down by the longitudinal strips,
A, fastened to eross-beams attached to the lannching ear. If, now, the launch-
ing speed is too great and the aerodrome tries to rise immmediately npon being
released, the front end, which passes from under the launching ear before the
rear does, and is thus free to rise, will immediately rise, while the rear cannot
rise until it has passed entirely in front of the ear, which being a distance of
several feet requires an appreciable fraction of a second, during which time the
bow of the machine has been able to rise to quite a steep angle. This has the
effeet of slowing down the aerodrome so that it does not get quite the proper
chance to start on its flight with a minimum head resistance. !

In view of the above facts. it was deecided to decrease the speed of the
launehing ear slightly when using Aerodrome No. 5, so that this matter eould
be thoroughly tested out.
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JuLy 11 To JuLy 14—AERODROME XO. D

The very early moruing preceding actual sunrise on July 11 was undoubt-

edly as calin as it is possible to find; there was absolutely no breeze stirring
and the water in the river was as smooth as glass as far as one eould see. The
anemometer cups were stationary, the wind vane stood absolutely parallel to
the launching apparatus and everything promised a most suecessful experiment.
After mounting the aerodrome on the ‘¢ overhead ’’ launching apparatus the
burner was lighted, and while the steam pressure was still rising and the pro-
pellers were revolving faster and faster all the time, there was a snap and they
ceased to turn. The fire, which was burning fiereely, ran the pressure imme-
diately to 150 pounds. An attempt was at once made to start the propellers
again by giving them an initial turn by hand, it being thought possible that a
sudden gush of water had taken place and, accumulating in one end of the en-
gine cylinder, had blocked the engine. However, as the engine refused to keep
the propellers going after they were started, and as the pressure was still rising
very rapidly, the burner was shut off and an investigation made. Upon remov-
ing the hull covering, it was found that the connecting rod bearing had broken
off short near the erank pin of the engine, and that it would be necessary to
take the part to Washington in order to repair it, as there were no machine
tools on the house-hoat.
. After several days of exceedingly bad weather, the eonditions grew more
favorable. Late in the afternoon of July 14, Aerodrome No. 5 was again placed
on the ¢ overhead ’’ launching apparatus and prepared for a trial. After light-
ing the burners, 95 seconds were required to raise a steam pressure of 120 pounds.
Upon leaving the launching apparatus the acrodrome went direetly ahead for
a few feet, but immediately eommenced to rise, elevating its bow to an angle of
20 degrees by the time it had travelled 40 feet. With its bow in this position,
it was blown back towards the house-boat and a little to the right of it, and,
when within about 5 feet of the water, suddenly righted itself and started ahead
again, rising all the time and reaching a height of about 20 feet by the time it
had travelled 100 feet. In the meantime the bow had again become elevated to
an angle of about 15 degrees and the aerodrome was blown backwards and down-
wards again. Just before reaching the water it started to right itself, but it
had deseended so that the front guy-post was in the water, thus destroying its
equilibrium and ecausing it to settle into the water. The path of this flight is
shown by the peculiar S-shaped line in Plate 34.

In the adjustments preliminary to the above trial the Pénaud tail was ele-
vated to an angle of 7} degrees when the aerodrome was stationary in the shop.
This excessive elevation, coupled with the faet that the center of gravity was
also probably a little too far forward, no doubt accounts for the erratic flight.
The data on setting of wings, tail, ete., are given on Data Sheet No. 7 (Appendix).
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JULY 19—AERODROME NO. 3

After several days of exceedingly bad weather the conditions were more fa-
vorable on July 19. Since the last experiment on July 14 the coefficient of elas-
tieity of the Pénaud tail had been decreased, the rear wings moved back 5 centi-
metres, and the ¢ float ’’ so placed that the center of gravity of the machine
was brought to the same position it had had on that day, that is, 2 centimetres
back of the line of thrust. With this arrangement, assuming that the CP is
over the CG, we should have an apparent efficiency of the rear wings of 63.6 per
cent, since the distance between CPrv and CG is 79.7 centimetres, and the dis-
tance between CP:» and CG is 125.3 centimetres. With the adjustment of July
14, the distance between CPrw and CG was 79.7 centimetres, and the distance be-
tween CPrv» and CG was 118.3 centimetres, thus allowing for an apparent effi-
ciency of 67.37 per ecent for the rear wings. It will be reealled that in the un-
successful flight of July 14 the midrod of the aerodrome was inclined at an angle
of about 20 degrees during most of the time that it was in the air, thus indi-
cating that the front wings were lifting proportionately more than they should.
On July 14 the Pénand tail had a negative elevation of 7° 30’, and it required
1240 grammes placed at its center to bring it to the horizontal. On July 19 the
elevation of the tail was changed to 5° and a weaker spring for controlling the
elasticity was substituted, so that it required only 200 gramines placed at the
center of the tail to bring it to the horizontal. A rubber band, of about one-
half the strength of the upper spring, was attached by means of a cord to the
Jower guy-post and the lower vertical ribs of the tail, so that the tail would be
elastie both ways. This rubber band was in place and acting to help draw the
tail down when the above measurement of the coefficient of elasticity was made.
A rubber band connected to the lower side of the tail was also used in the
flight of July 14, but it was so very weak, compared to the upper spring, that its
effect was negligible.

The effect of this change in the balancing of the aerodrome, and also the
more considerable effeet which the eoefficient of elasticity of the tail has on the
balancing, will be immediately noticed from the description of the next flight.
The data on setting of wings, tail, etc. are given on Data Sheet No. 8.

At 3 p.m., the wind having died down, Aerodrome No. 5, equipped with its
‘“ single-tier ’’ wings and Pénaud tail adjusted as above, was placed on the
¢ overhead '’ launching apparatus. After lighting the burners, one minute and
thirty seeonds were required to raise a steam pressure of 120 pounds. Imme-
diately upon leaving the launching apparatus, the aerodrome started straight
ahead, dropping about 3 feet by the time it had gone 100 feet; it then rose
with its midrod at an angle of about 6 or 8 degrees, regaining its level very
quickly, however, and making three of these undulations by the time it had gone
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300 feet. It continued straight ahead for another 300 feet and began to circle
to the left, the diameter of the first cirele being about 200 feet. As soon as it
started to cirele, it rose with its midrod at an angle of about 15 degrees, and
by the time it had made its first half turn it started to descend, coming down to
within 15 feet of the water. As soon, however, as it had completed this first
turn, it again rose, making another half ecirele, then, upon the completion of
this halt turn of the second circle, descended, this time to within 10 feet of the
water, rising again for the third half turn, but again deseending to within 2 feet
of the water at the completion of this third circle, and then rising and complet-
ing the first half turn of the fourth circle. By this time, however, it had sunk
so near to the water that the guy-posts caught in the tall grass while it was de-
scending just before the completion of the fourth ecircle, thus pulling the aero-
drome down into the water with the bropellcrs still ronning. The total time
the aerodrome was in the air was 46 seconds. The total munber of revolutions
of the propellers was 488, or at the mean rate of 637 R. P. M. Upon examining
the aerodrome, after it was recovered, it was found that there were 925 grammes
of water left in the separator, the fire having been put out by the aerodrome
coming down into the water.

When the aerodrome first commenced to circle during its flight, it was no-
ticed that the front wing clamps had twisted on the midrod, the left wing being
dipped downwards, and the right one, of course, being elevated, and the peculiar
circling of the acrodrome was undoubtedly due to this fact. The cause of the
wing clamp twisting on the midrod was that one of the workmen forgot to
tighten one of the serews of the wing clamp when the wings were being adjusted
on the aerodrome. But for this unfortunate twisting of the wings, it is probable
that the flight would have been perfeetly straight and the distance eovered would
have been considerably greater than it was, the total path traversed being about
2600 to 2800 feet, found by plotting the path on the coast-survey chart and meas-
uring it.

JULY 27—AERODROME XNO. 6

As the proper balancing of both Aerodrome No. 5 and No. 6 had now been
determined with reasonable accuraey, and as much more time had already been
given to the experiments than had been intended, it was decided to dismount
the ¢“ overhead ’’ launching apparatus at onee and substitute the ¢“ underneath *’
one, so that it could be immediately determined whether this newer plan for
launching the aerodrome by a car supporting it from underneath would be suit-
able for use with the large machine. After a considerable period of exceedingly
bad weather, during which time the change was made in the launching appa-
ratus, the weather conditions became more favorable on July 27. Aerodrome
No. 6, equipped with ‘¢ single-tier '’ wings and Pénaud tail, was mounted on the

14
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‘“ nnderneath ’’ launching apparatus, and everything was got ready for a flight.
On lighting the burners, they failed to work properly, and, npon investigation,
it was found that the air valve controlling the air pressnre on the gasoline
tank, was out of order. While this was being repaired, the wind rapidly in-
creased in veloeity and became very gusty, thus endangering the aerodrome, as
the wings were very liable to be broken by the wind snddenly veering more rap-
idly than the house-boat eould turn or the turn-table conld be moved, and thus
striking the wings from the side and pntting an enormous upward pressure on
them, owing to the fact that the diedral angle between them gave to each wing
an elevation of 7} degrees from the horizontal. The aerodrome was accord-
ingly dismounted and everything kept in readiness for a {rial, with the hope
that the wind wonld die down, or at least become steady, but it did not do so
until after dark.

JULY 28-—AERODROME NoO, 6

Aerodrome No. 6, equipped with ‘¢ single-tier *’ wings and Pénand tail, was
launched from the ¢‘ underneath ’’ lannching apparatus. There was a dead
calm, the river not showing a ripple; the wind vane pointed to the northeast,
but as the tide was low and the boat was aground, the lannching track was point-
ing due south. At 7 a.m. the burners were lighted, and 80 seconds were con-
sumed in raising a steam pressure of 120 pounds. Everything worked perfectly ;
the uprights on the ear, which initially support the aerodrome and upon its be-
ing released are instantaneously pulled down by rubber springs, as well as the
disappearing part of the track, acted without the slightest hiteh. TIimmediately
upon leaving the launching apparatus, the aerodrome depressed its bow to an
angle of between 3 and 4 degrees and made a direct line for the water. At
this angle it struck just on the opposite side of the channel, about 300 feet from
the house-boat, and while several minor parts, such as guy-posts, were injured
no damage of importance was done. Owing to the diffienlty of getting through
the marsh and recovering Aerodrome No. 6, it was found impossible to make
another trial with No. 5 before the wind had inereased to a prohibitive veloe-
ity. The path of this flight is shown by the dotted line in Plate 36. The data
on setting of wings, tail, etec., are given on Data Sheet No. 9.

The last previous trial of Aerodrome No. 6 was made on June 23, and the
balaneing at that time was evidently correct for the settings of the tail which
were then nsed. The Pénaud tail then had an elevation of 7} degrees, and the
coefficient of elasticity was such that 1240 grammes were required at the center
of the tail to deflect it to the horizontal. In the trial above recorded, on July
28, the adjustments of the wings were practically what they were on June 23,
the CG being moved forward 1 centimetre, but the Pénand tail had an elevation
of something less than 5 degrees, and the coefficient of clasticity was such that
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200 grammes placed at the center were required to deflect the tail to a horizontal.
It was not intended that the angle of the tail should have been less than 5 de-
grees, but it was found that one of the workmen had improperly attached the
fastening wire, and had considerably decreased the angle. This last adjustment
of the Pénaund tail should have been the same as that used on Aerodrome No.
5 in its flight of July 19. The CG had purposely been moved forward slightly,
but the effect of moving the C'G forward and at the same time decreasing the stiff-
ness and angle of the tail was shown by this flight.

The above trial not only very clearly emphasizes the importance of care-
fully determining what the elasticity of the Pénaud tail should be, but also em-
phasizes the fact that even the best workmen, who have had several years of
experience, cannot be relied on in anything which requires that everything be
done exactly right and not nearly right.

JULY 29—AERODROME No. D

(%1 %)

The aerodrome equipped with ‘¢ single-tier ’’ wings and Pénaud tail was
launched from the ¢“ underneath ”’ launching apparatus at 9 a. m., 1 minute and
30 seconds having been required to raise 120 pounds steam pressure. The wind
was from the southeast, with a velocity of 3 miles an hour, and the launching
track was pointed directly into it.

The lannching apparatus, with the disappearing track, worked perfectly,
and the aerodrome started straight ahead, dropping slightly at first, but imme-
diately regaining its level and going ahead, gradually raising its bow to an
angle of about 8 or 10 degrees, and slightly slacking up its speed by the time it
had gone about 300 feet. It then made a circle to the left of a radius of about
75 feet and started back. As soon as it had made this turn it regained its level
and directly regained its speed. But as soon as it had speeded up again it ele-
vated its bow, which slackened its speed as before. It then again righted itself,
still going in the same direction and crossing the sand-bar on the point of the
island at a height of about 40 feet. As soon as it had crossed the sand-bar, it
again made a circle to the left with a radius of about 75 feet, heading directly
for the house-boat, but when it had got back above the sand-bar it again circled
to the left, passing directly between two tall trees, and barely missing them,
and still circling to the left, when it again reached the opposite side of the sand-
bar. It, however, kept on circling to the left and once more started back to-
wards the house-boat, this time passing to the left of the trees and acain barely
missing them, and completing this, its second, circle over the sand-bar. It then
started due north, heading directly for Quantico, but by this time something
had evidently happened to the burners as the fire went out, and the propellers
gradually slowed up. However, it kept on towards Quantico, gradually de-
scending on an even keel, and came down in the water at a point about 500 feet
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from the sand-bar and about 1000 feet from the house-boat. The propellers
had almost ceased turning when the aerodrome came down into the water, and
it settled almost as quietly as though it had been picked up and placed there,
so that no damage was done to it.

The total time that the aerodrome was in the air was 63 seconds, and the
total length of flight was about 2500 feet. The path of this flight is shown by
the dotted line with the double eircle in Plate 836. The data on settings of wings,
tail, ete., are given on Data Sheet No. 10.

As soon as the workmen had had their breakfast, Aerodrome No. 5 was
again placed on the launching apparatus, equipped this time with the super-
posed wings and Pénaud tail. Upon lighting the burners, it was found that they
did not work properly, a small piece of soot having clogged up the tip of the
vaporizing coil. While this trouble with the burners was being remedied, the
wind increased to sueh an extent that it was found necessary to remove the
aerodrome from the launching apparatus to prevent its being injured by side
gusts. As it was Saturday and the wind showed no signs of quieting down,
the experiments were discontinued until the next week.

AUGUST 1—AERODROME NO. D

After placing the aerodrome on the launching apparatus and getting every-
thing in readiness for a flight, upon lighting the burners a sudden sheet of
flame shot out of the smoke-stack and so seriously charred three panels of each
of the rear wings that they had to be removed for repairs. The silk covering
of the wings had been ecoated with a special fire-proofing preparation, but the
intensely hot flame, of course, charred all the silk that it came in contact with.

By the time that the wings had been repaired, and the defeet in the burner
which caused the aceident had been remedied, a severe storm had arisen, mak-
ing it necessary to remove everything to the interior of the boat. While wait-
ing for the weather to become more suitable, a test of the engine of Aerodrome
No. 5 was made inside of the house-boat. In this test a steam pressure of 140
pounds was obtained, giving 650 R. P. M, of the round-end, 100-eentimetre pro-
pellers, which previous tests had shown to mean a thrust of 7480 grammes.
As the flying weight of the aerodrome was now 14,104 grammes, the thrmst ob-
tained would correspond to a lift of 53 per cent of the flying weight, which
was maintained in this test for 90 seconds.

As the CG of Aerodrome No. 5 seemed to be a little too far forward in the
flight of July 28, it was decided to change it slightly, and it was moved back 4
millimetres.

A trial run in the house-boat was also made on Aerodrome No. 6, while
waiting for the weather to become more suitable, but, unfortunately, the result
of this test was disastrous. The aerodrome had been placed on trestles and
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held down to the floor by wires fastened to the eross-frame. In the midst of
the test one of the wires slipped, allowing the aerodrome to push forward and
thus permitting the propellers to eome in contact with the wires which held
it to the floor. Both propellers were entirely demolished and the eross-frame
was broken off short just at the right-hand engine. The disaster was entirely
due to the earelessness of one of the workmen in tightening one of these wires,
a further example of the extreme heedlessness of workmen, even in the most
important details, which concern the very existenee of the machine.

AUGUST 3—AERODROME NO. D

After the very satisfactory trial of Aerodrome No. 5 in the shop two days
previous, it was hoped, now that the weather had become suitable, that a good
flight with the superposed wings would be obtained. The aerodrome, equipped
with these wings, was aceordingly placed on the launching apparatus and the
burners were lighted, but they refused to work properly, a steam pressure of only
80 pounds being obtained. After much delay the burners were finally got to
work properly, but the wind had increased in veloeity to sneh an extent that it
was neecessary to remove the aerodrome to the interior of the house-boat. As
the wind eontinued to inerease in veloeity it was deeided to make another trial
of the aerodrome inside of the house-boat. Upon doing this it was very soon
found that there was a small leak in the front turn of one of the eoils of the
boiler, and the steam from this played direetly against the burner, causing it to
work intermittently. A new coil was substituted, and after some adjustment a
very excellent rin was obtained, the steam pressure reaching 130 pounds and
the propellers making 654 R. P. M.

In the afternoon the wind quieted down and the aerodrome, equipped with
. superposed wings, was again placed on the launching apparatus. The burners
were lighted but again refused to work properly, the vaporizing tip being
stopped up with soot. This eaused the burner to ¢ flood,’”” whieh sent a sheet
of flame through the stack and burned the rear right wing. k

A new wing was substituted, the burner tip was eleaned out and everything
was again put in readiness for a flight. Upon lighting the burners, 1 minute and
58 seeonds were required to raise 120 pounds steam pressure. The underneath
launching apparatus, with the disappearing track, worked perfectly, the aero-
drome dropping slightly, but going straight ahead. It, however, eontinued to de-
scend for a distanece of about 100 feet, the bow being elevated about 5 degrees.
The bow then became horizontal, the aerodrome rising slightly at the same time,
but going only about 50 feet farther, when it again started to descend slightly,
and finally settled gently on the water between 300 and 500 feet from the house-
boat, with its bow elevated about 3 degrees. There was a hiss as the hull
touched the water, showing that the fire was still burniug and making it im-
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probable that the failure of the flight was due to lack of power. The data on
settings of wings, tail, ete., are given on Data Sheet No. 11.

The speed of the lannching ear, one foot in frout of the point at which
the aerodrome was released, was twenty feet a second, as shown by the carbon
record sheet carried by the launching car and moved in front of a tuning fork
whieh had been set in vibration.

The aerodrome, being uninjured in the previous flight, was again placed on
the ‘“ underneath ’’ launching apparatus, and before attaching the wings a short
run was made in order to see that everything was in proper working condition.
As everything seemed to be all right, the wings and tail were immediately ad-
justed for another trial. As the bow was slightly elevated in the previous trial,
it was thought best to bring the CG a little farther forward, and this was ae-
cordingly done. As the aerodrome also seemed to drop slightly in leaving the
lannching ear in the above trial, the tension of the launching springs was slightly
inereased so as to inerease the veloeity at the moment of release.

Just as the sun was setting the aerodrome was again launched, 1 minute and
30 seconds having been required to raise 120 pounds steam pressure, but the
pressure was rising very rapidly at the moment of launching. There was an
absolutely dead calm prevailing, the river being as smooth as glass. The launch-
ing apparatus, with the disappearing track, worked perfectly. Immediately
upon being released the aerodrome went straight ahead, with its midrod hori-
zontal, but gradually glided downward as thongh the wings had very little 1ift-
ing power, and settled in the water about 200 feet from the honse-boat. The ve-
loeity of the launching car, 1 foot before the aerodrome was released, was 22
feet a second, as shown by the earbon reeord sheet.

In the above trials of the superposed wings, the conditions of the wind and
of the aerodrome were certainly as favorable as conld be expected. There was
as much power being furnished by the engine as had been furnished in the pre-
vious flights with the ¢‘ single-tier >’ wings, and the balancing of the acrodrome
was exceedingly good. The superposed wings, unquestionably, had a fair trial
and proved inferior to the ‘¢ single-tier ’’ ones, for they had a supporting sur-
face of 2.75 square feet to the pound, whereas with the ‘¢ single-tier >’ wings
there was approximately 2 square feet to the pound. The deecreased lifting
power of the superposed wings seems to be another confirmation of the results
of the Allegheny experiments with the ‘‘ plane-dropper.’’?

As more time had already been given to these tests than it scemed well to

#See ‘“ Experiments in Aerodynamles.” It will be recailed that in the experiments with the
“ plane-dropper ” there was a greatly reduced llftlng power with superposed planes when their dls-
tance apart was one-half the width of the planes, unless a speed of about 42.5 feet a second was ob-
tained. In the ahove tests with the superposed wings, the speed was only from twenty to twenty-
two feet a second at the time of launchlng, and as the distance between the surfaces was only one-

haif as great as theilr width, it is not surprising that the lifting power should not be as great as with
the “ single-tier ” wings.
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spend on them at that time, owing to the pressure of the work of construetion
for the large machine, it was deemed best to discontinue them for the time be-
ing, and as soon as time could be found for it, to construct a set of wings with
superposed surfaces, using only two surfaces and making their dlstanee apart at
least equal to or greater than their width.

It will be remembered that the prime object in making these tests was to
obtain data for use in the balancing of the large aerodrome and in construet-
ing a launching apparatus for it. The chief deduections drawn from them were:
First: That it would be best to construet the first set of wings for the large ma-
chine on the ‘¢ single-tier >’ plan, and later to make a set of superposed ones,
should further experiments with new designs develop a type of superposed sur-
faces which gave as good lifting power as the ¢‘ single-tier >’ ones. Second:
That the proportioning of the coefficient of elasticity of the Pénaud tail should
be given as careful attention as the setting of the wings. Third: That the ‘‘ un-
derneath ”’ lannching apparatus was equally as good as the ¢ overhead ’’ one,
and that both worked as well as could be desired; and, fourth, that while short
periods of ealm weather might be expected during some part of the day on a
portion of the days of each month, yet the most favorable conditions were more
apt to be met with between the first break of day and the actual rising of the
sun, or from an hour preceding sunset until darkness aetunally eame.

It will be noted that while considerable delay was experienced in making
these tests, nearly all of it was due to the very delicate adjustments required
in the power-generating apparatns of the aerodrome, but it should also be noted
that when these adjustments were accurately made the models operated exceed-
ingly well, and could be depended upon to give good flights of sufficient duration
to permit a careful study of their action while in the air.

In the experiments of June 27 and July 7, above deseribed, the aerodrome
immediately after leaving the launching apparatus began to rise with its mid-
rod pointed upward at an angle of abont 15 degrees. From Data Sheet No. 6,
which gives in detail the important data as to the settings of the wings, the
elasticity of the Pénaud tail,® ete., we note that the tail had a negative angle of
74 degrees, and that the spring which held it at this angle was of such a stiff-
ness that it required 1240 grammes placed at its center of figure to depress it to
the horizontal. It will also be noticed that the position of the front and rear

*In fact the setting of the tail at a negative angle and fastening It to the frame by an elastic
or spring connection was only begun in 1896, and while it proved to be the key to the solution of the
problem of automatic longitndlnal stability, yet it was not at that time so recognized, althongh the
first real test of the aerodromes after the elastic connection and negative angle of the tail were
adopted resulted in the epoch-maklng flight of No. 5 on May 6. By comparing the angle of the
tall on No. 5 in Plate 27A, Part I, with the angle of the tail on No. 6 In Plate 27B, Part I, it will be seen
that while the first had an angle of much less than 5 degrees, the latter had an angle of about 15
degrees. But the wooden springs changed so that It was not accurately known what the angle
really was at the tlme of either flight in 1896.
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wings relative to the center of gravity of the machine was not the same as that
which existed at the time of the very successful flights of 1896, as shown by Data
Sheet No. 1 of No. 5, May 6, 1896. When the elasticity of the tail was adjusted
before making this test it was thought that it was made the same as in the ex-
periments of 1896, though accurate data as to the exact amount of this elastic-
ity had, unfortunately, not been kept.

A slight change had also been made in the method employed of attaching
the Pénaud tail to the machine. In 1896 the tail was attached to the machine
by means of a flat piece of wood (hickory) which bad been steamed and bent to
the proper extent to cause the rudder to have a negative angle of about 5 de-
grees, but no accurate note was made of its angle or stiffness, so that in 1899
no data were available as to exactly what the angle had been or how stiff the
spring was. Owing to the fact that wood not only warps and twists, but also
that any piece which has been steamed and bent gradually loses a certain amount
of its curvature, it was decided in 1898 to change this method of attaching the
tail, the wooden spring being replaced by a coiled steel spring attached to an
upper guy-post and connected to the tail by a bridle wire fastened to the cen-
ter of figure of the tail.

After the experiment of July 7, 1899, a lower spring, consisting of small
rubber bands, was connccted by a wire to the lower part of the rudder and
fastened to the guy-post, thereby more nearly reproduncing the conditions ob-
tained when using a wooden spriug, which, of course, tends to return the rudder
to its normal position when it is displaced in either direction. After attaching
this lower spring to the rudder, the experiment of July 14 was made, and it
was found that the acrodrome still flew with its midrod pointed upward at a
very steep angle. It was, therefore, felt certain that the upper spring on the
rudder was too stiff, and that it should not reqnire so much as 1240 grammes
to bring it to the horizontal. This spring was, therefore, replaced by a weaker
one, and the angle of the rudder was also deereased until it had a negative angle
of only 5 degrees and required only 200 grammes placed at its center of fignre
to bring it to the horizontal. From the description of-the flight of July 19, it
will be seen that these changes immediately corrected the tendency of the aero-
drome to point its nose upward at such a sharp angle, and it will be later seen
that after a further slight adjustment the flight of July 29 was made, in which
the proper balancing was obtained and the aerodrome made a good horizontal
flight.

After these preliminary tests with the ‘¢ overhead >’ launching apparatus,
it was dismounted and the ¢“ underneath ’’ one substituted and the experiments
of July 28, 29 and August 3 were made. Everything connected with this ‘‘ under-
neath *’ launching apparatus worked perfectly from the start and four flights
of the aerodromes were made using it.
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EXPERIMENTAL FORMS OF SUPERPOSED SURFACES, 1898, 1899 (SEE ALSO PLATES 64 AND 65)
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It will be reecalled that in ‘‘ Experiments in Aerodynamies >’ Mr. Langley
made tests of the soaring speed, etc., of surfaces when superposed. In many
of his experiments with rubber-driven models, he also employed superposed sur-
faces. During the summer of 1898 several forms of superposed surfaeces, of
a proper size for use on the steam-driven models Nos. 5 and 6, were eon-
structed and were tested under as nearly as possible the same conditions as
would exist when used on the aerodrome, by mounting the surfaces on the whirl-
ing-table and measuring their soaring speed, lift, drift, ete., to determine just
what arrangement of surfaces gave the greatest lifting effect with the least
resistance. Two of the forms which were tested are shown in Plate 37, Figs.
1 and 2, and Plates 64 and 65. At the eonelusion of these tests, it was decided to
construct a set of surfaeces on the plan shown in Plates 64 and 65, and to have
them ready for use on either of the models Nos. 5 and 6. These surfaces were
taken to Chopawamsic Island in April, 1899, when all of the other aerodromic
material was first earried there. It was planned to mnake some tests with them
to determine whether or not it would be best to use superposed surfaces on the
large aerodrome or to follow the plan of ‘¢ single-tier ”’ ones, which had the
great advantage of having already proved their worth in the sueccessful flights
of the models. On August 3, Aerodrome No. 5, equipped with these superposed
surfaces, was launched. Tt will be noted from Data Sheet No. 11 that the super-
ficial area of the superposed surfaees was considerably greater than that provided
by the ¢ single-tier ’’ ones, and on the assumption of the same efficiency per unit of
surface in both cases, the aerodrome should have soared at a less speed and re-
quired less power when using the superposed surfaces. The results obtained,
however, were just the reverse, the aerodrome being unable to sustain itself when
using the superposed surfaees, whereas with the ¢ single-tier ’” ones it was evi-
dent that a slight excess weight might easily have been carried without preventing
the aerodrome from soaring properly. Wlile it was felt that these tests were not

entirely conclusive as to the superior lifting power of the ¢

single-tier ”” sur-
faces, yet as the engine bnilder was constantly promising, eaeh time with in-
ereased emphasis, that he would within less than a fortnight deliver the engine
for the large aerodrome, and that it wonld develop even more power than the
specifications ealled for, it was deemed best to cease the experiments with the
models and eoncentrate all effort on the eompletion of the large aerodrome
frame and the eonstruction of a set of ¢ single-tier ’’ supporting surfaces for
it. It was recognized from the first that the ‘¢ single-tier »’ supporting surfaces
lacked the rigidity which eould be secured by the frnss eonstrnetion afforded by
the superposed plan, yet these models, which were the only machines in the
history of the world that had ever flown suceessfully, had heen equipped with
¢ gingle-tier ’’ surfaces; and the experience so dearly bought during the long
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vears of development of these models had taught the very valuable lesson that
in work of this kind where we have no margin on anything, but everything has
to be caleulated on the ¢“ knife-edge ’’ basis, it is an exeeedingly unwise thing to
introduce any modification from what has been proved to be satisfactory, unless
such modification is absolutely necessary.

The principal objeet in building the one-eighth size model of the large aero-
drome, as mentioned in the first part of this chapter, was to determine by act-
ual experiment whether the new form of ‘‘ underneath '’ launching apparatus,
which had just been designed, was likely to prove as satisfactory as the original
‘“ overhead ’’ type, which had been used in the successful flights of the models in
1896. Yet after it was completed this acrodrome was found so very strong and
stiff, even though roughly construeted by merely tying the joints of the tubing
together with wires and soldering over the joints, that it was decided to equip
it with power, if a suitable form of power could be found which could be easily
applied. Just at this time liquid air as a motive power was attracting eonsid-
erable attention all over the country, and attempts were made to procure a
small power plant for operation by liquid air. After devoting considerable time
to the matter it was found impossible to do anything with it just at that time, as
the liquified air could not be obtained in Washington, and one of the chief ex-
pernnenters in New York, who had.been given a commission to make certain ex-
periments at his plant, so continuously delayed beginning them that it was found
necessary to give up the idea.

However, after the completion of the tests of the launehing apparatus some
experiments were made in flying the model as a kite. For this pnrpose a mast
twenty feet high was constructed and so arranged that it eould be mounted at
the center of a small power launch. The model acrodrome was flown by a cord
connected to it by a bridle, the eord passing over a swivel pulley on top of the
mast and down into the boat, whence it could be played out or hauled in as
ocecasion required. By heading the launch into the wind it was possible to se-
cure sufficient relative velocity to cause the model to support itself and a num-
ber of tests were made in this way. It was found that when the bridle was at-
tached at the point at which the propellers would deliver their thrust, had they
been in use and driven by power, the model flew exeeedingly well, maintaining
its equilibrium even during very strong gusts. Owing to the rolling produced
by waves from the large boats which were continually passing in the part of
the river where these tests were made, the power launch was often in danger of
being upset by its tall mast; and finally, when the tests were just reaching the
point where accurate information was being obtained on the balancing of the
model, a sudden rolling of the boat caused the mast to snap off while the model
was in the air. Before it conld be picked up from the water a passing boat had

swamped it and it was lost in the river.
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Although the model was, as has been said, rudely constrneted and, there-
fore, did not represent a serious loss, yet the pressure of the more important
construetion work for the large machine prohibited the construetion of another
rough model for continuing these kite experiments, which it was felt could not
at best be more than approximate indications of the general stability of the ma-
chine under practical conditions.



CHAPTER IV
HOUSE-BOAT AND LAUNCHING APPARATUS

The use of a house-boat seemed to Mr. Langley so indispensable in former
years in making open-air tests of the models that he decided from the outset,
though advised by the writer against doing so, to use the same plan on a mueh
larger secale in eonneetion with the large aerodrome. Aside from its supposed
utility as a eonvenient and apparently safe place from which to launch the aero-
drome, the house-boat was valuable as a portable workshop for making neces-
sary repairs and as a temporary storehouse for the apparatus, thereby sav-
ing mueh packing and unpacking. It also provided sleeping quarters for the
workmen.

It was early seen that this plan would require a boat at least 60 by 40 feet,
which eould be built only at a large initial cost. But as the experie