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LETTER OF SUBMITTAL.

NatioNar ApvisorY COMMITTEE FOR AERONAUTICS,
StaTE, WAR, AND Navy BuiLping,
Washington, D. C., December 9, 1915.
The PRESIDENT:

In compliance with the provisions of the act of Congress approved
March 3, 1915 (naval appropriation act, Public, No. 273, 63dp gong.),
the National Advisory Committee for Aeronautics has the honor to
submit herewith its annual report for the period from March 3, 1915,
to June 30, 1915, including certain recommendations for future work
and a statement of expen&itures to June 30, 1915.

The committee was appointed by the President on April 2, 1915,
and held its first meeting for organization on April 23, 1915. On
June 14 the President approved rules and regulations which had
been formulated by the committee for the conduct of its operations.

By the act establishing the committee an appropriation of $5,000
a year for five years was made immediately available. Of the ap-
propriation for the first year, ending June 30, 1915, there was ex-
pended a total of $3,938.94, as shown by the itemized statement in
the accompanying report, and the unobligated balance of $1,061.06
was covered into the Treasury as requjredo by law.

In order to carry out its purposes and objects, as defined in the
act of March 3, 1915, the committee submits herewith certain recom-
mendations and an estimate of expenses for the fiscal year ending
June 30, 1917. The estimates in detail were submitted through the
Secretary of the Navy.

Attention is invited to the appendixes of the committee’s report,
and it is requested that they Ee published with the report of the
committee as a public document.

It is apparent to the committee that there is a large amount of
important work to be done to place aeronautics on a satisfactory
foundation in this country. Competent engineers and limited facil-
ities are already available and can be employed by the committee
to advantage, provided sufficient funds be placed at its disposal, as
estimated for the fiscal year 1917.

What has been already accomplished by the committee has shown
that although its members have devoted as much personal attention
as practicable to its operations, yet in order to do all that should be
done technical assistance should be provided which can be continu-
ously employed. There are many practical problems in aeronautics
now in too indefinite a form to enable their solution to be undertaken.
The committee is of the opinion that one of the first and most impor-
tant steps to be taken in connection with the committee's work is
the provision and equipment of a flying field together with aeroplanes
and suitable testing gear for determining the forces acting on full-
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8 LETTER OF SUBMITTAL.

sized machines in constrained and in free flight, and to this end the
estimates submitted contemplate the development of such a tech-
nical and operating staff, with the proper equipment for the conduct
of full-sized experiments.

1t is evident that there will ultimately bo required a well-equipped
laboratory specially suited to the solving of those problems which
are sure to develop, but since the equipment of such a laboratory
as could be laid down at this time might well prove unsuited to the
needs of the early future, it is believed that such provision should be
tho result of gradual development.

The investigations which the committee proposes in its program
for the coming year can only be carried out to a satisfactory degree,
with the limited facilities already existing, provided suflicient funds
are made available. The estimates of the committee are based on
such line of action, and on the assumption that a flying ficld can he

laced at its disposal on Government land. If, however, such
acilities be not practicable at this time, some progress may still be
made by the ufilization of the facilities of the Government aero-
nautic stations at Pensacola and San Diego.

The estimate of expenses for the fiscal year ending June 30, 1917,
is as follows:

For carrying into effect the provisions of the act approved March third, nineteen
hundred and fifteen, establishing a national advisory committee for aeronautics,
there is hereby appropriated, out of any money in the Treasury not otherwise appro-
priated, for experimental work and investigations undertaken by the commitice,
including technical and clerical assistants and the necessary unskilled labor, equip-
ment, supplies, office rent, and the necessary traveling expenses of the members and
employees of the committee, personal services in the field, and in the District of
Columbia: Provided, That an annual report to the Congress shall be submitted through
the President, including an itemized statement of expenditures, §85,000.

The comunittee, therefore, submits its report, recommendations,
and estimates to your favorable consideration,
Very respectfully,
(GEORGE P. ScRIVEN,
Brigadier General, Clief Signal Officer of the Army,
Chairman.



ANNUAL REPORT OF THE NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS.

NarioNal ApvisorY COMMITTEE FOR AERONAUTICS,
StaTE, WAR, AND Navy BuirLpixg,
Washington, D. C., December 9, 1915.
To the Congress:

The members of the National Advisory Committee for Aeronautics
were appointed by the President on April 2, 1915, in pursuance of the
following provision in the naval appropriation act (Public, No. 271,
63d Cong.), approved March 3, 1915:

An Advisory Committee for Aeronautics is hereby established, and the President
is authorized to appoint not to exceed twelve members, to consist of two memlers
from the War Department, from the office in charge of military acronantics; two
members from the Navy Department, from the office in charge of naval acronautics;
a representative each of the Smithsonian Institution, of the United States Weather
Bureau, and of the United States Bureau of Standards; together with not more than
five additional persons who shall be acquainted with the needs of acrcnautical
science, either civil or military, or skilled in aeronautical engineering or its allied
sciences: Provided, That the members of the Advisory Committee for Acronauties,
as such, shall serve without compensation: Provided further, That it shall Le the
duty of the Advisory Committee for Aeronautics to supervise and direct the scientific
study of the problems of flight, with a view to their practical solution, and to deter-
mine the problems which should be experimentally attacked, and to discuss their
solution and their application to practical questicns.: In the event of a laboratory
or laboratories, either in whole or in part, being placed under the direction of the
committee, the committee may direct and (romﬁx(‘t rescarch and experiment in
aeronautics in such laboratory or laboratories: And provided further, That rules and
regulations for the conduct of the work of the committee shall be formulated by
the committee and approved by the President.

That the sum of $5,000 a year, or so much thereof as may e necessary, for five
years is hereby appropriated, out of any money in the Treasury not othervise appro-
priated, to be immeaiately available, for experimental work and investigations
undertaken by the committee, clerical expenses and supplies, and necessarv expenses
of members of the committee in going to, returning from, and while attending meet-
ings of the committee: Provided, That an annual report to the Congress shall be
submitted through the President, including an itemized statement of expenditures,

APPOINTMENT OF COMMITTEE.

Under the authority of the statute the President appointed the
following members of the committee:

Prof. Joseph 8. Ames,
Johns Hopkins University, Baltimore, Md.
Capt. Mark L. Bristol, United States Navy,
Dircctor of Naval Aeronautics, Navy Department.
Prof. William F. Durand,
Lolal}d Stanford Junior University, Stanford University,
Cal.
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Prof. John F. Hayford,
Northwestern University, Evanston, Ill.
Prof. Charles F. Marvin,
Chief, United States Weather Bureau.
Hon. Byron R. Newton,
Assistant Secretary of the Treasury, Treasury Department.
Prof. Michael 1. Pupin,
Columbia University, New York, N. Y.
Licut. Col. Samuel Reber, United States Army,
Officer in Charge Aviation Section, War Department.
Naval Constructor Holden C. Richardson, United States Navy,
Navy Department.
Brig. Gen. George P. Seriven, United States Army.
Chief Signal Oflicer, War Department.
Dr. S. W. Stratton,
Director, United States Burcau of Standards.
Dr. Charles D. Walcott,
Secretary, Smithsonian Institution.

RULES AND REGULATIONS.

The approved rules and regulations for the conduct of the work of
the National Advisory Committee for Aeronautics, as approved by
the President on June 14, 1915, are as follows:

RULES.

1. The committee may exercise all the functions authorized in the act establishing
an advisory committee for aeronautics.

2. The committee, under regulations to be established and fees to be fixed, shall
exercise its functions for the military and civil departments of the Government of the
United States, and also for any individual, firm, association, or corporation within
the United States: I’rovided, however, That such department, individual, firm, asso-
ciation, or corporation shall defray the actual cost involved.

3. Nofundsshall be expended ior the development of inventions, or for experiment-
ing with inventions for the benefit of individuals or corporations.

REGULATIONS FOR CONDUCT OF COMMITTEE,
ArTIcLE 1.
MEETINGS.

1. The annual meeting of the advisory committee shall be held in the city of Wash-
ington, in the District of Columbia, on the Thursday after the third Monday of October
of each year, A semiannual meeting of the advisory committee shall be held on the
Thursday after the third Monday in April of each year, at the same place.

2. Special meetings of the advisory committee may be called by the executive com-
mittee, by notice served personally upon or by mail or telegraph to the usual address
of each member at least five days prior to the meeting.

3. Special meetings shall, moreover, be called in the same manner by the chairman,
upon the written request of five members of the advisory committee,

4. If practicable, the object of a special meeting should be sent in writing to all
members, and if possible a special meeting should be avoided by obtaining the views
of members by mail or otherwise, both on the question requiring the meeting and on
the question of calling a special meeting.

5. Tmmediately after each meeting of the advisory committee a draft of the minutes
shall be sent to each member for approval.

6. There shall be monthly meetings of the executive committee.
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ArticLe 1I.
OFFICERS.

1. The officers of the advisory committee shall be a chairman and a secretary, who
shall be elected by the committee by ballot, to serve for one year.

2. The chairman shall preside at all meetings of the committee and shall have the
usual powers of a presiding officer.

3. The sccretary shall issue notices of meetings of the committee, record its trans-
actions, and conduct the correspondence relating to the committee and to the duties
of his office.

ArticLe I1I.
COMMITTEES.

1. There shall be an executive committee which shall consist of seven members, to
be elected hy the advisory committee by ballot from its membership, for one year.
Any member elected to fill a vacancy shall gerve for the remainder of his predecessor’s
term. The executive committee shall elect its chairman,

2. The executive committee in accordance with the general instructions of the
advisory committee, shall control the administration of the affairs of the committee,
and shall have general supervision of all arrangements for research, and other matters
undertaken or promoted by the advisory committee; and shall keep a written record
of all transactions and expenditures, and submit the same to the adyvisory committee
at each stated meeting; and it shall also submit to the advisory committee, at the
annual meeting, a report for transmission to the President.

3. The executive committee is authorized to collect acronautical information, and
such portion thereof as may be appropriate may be issued as bulletins or in other
forms.

4. There may be subcommittees appointed by the executive committee, the chair-
men of which shall be members of the advisory committee, and the other members
of which may or may not be members of the advisory committee.

5. All officers and all members of committees hold office until their successors are
elected or appointed. ’

ARrTICLE 1V,

FINANCES.

1. No expenditures shall be authorized or made except in pursuance of a previous
appropriation by the advisory committee, or by authority granted by the advisory
committee to the executive committee.

2. The fiscal year of the committee shall commence on the 1st day of July of each

car.
Y 3. The executive commitiee shall provide for an annual audit of the accounts of
the advisory committee, and shall submit to the annual meeting of the advisory com-
mittee a full statement of the finances and work of the committee, and a detailed
estimate of the proposed expenditures for the succeeding fiscal year.

4. The Paymaster General of the Navy shall be the disbursing officer for such funds
a8 may be appropriated for the use of the advisory committee. The chairman of the
advisory committee, or the chairman of the executive committee, if authorized by
the advisory committee, shall approve all accounts for the disbursement of funds.

5. Contri[‘;utions of funds or collections for any purpose for aeronautics may be
made to the Smithsonian Institution, and disbursements therefrom shall be made by
the said institution.

ArTICLE V.
AMENDMENTS.

1. Amendments to these rules and regulations may be made at any stated meeting
by a two-thirds vote of the advisory committee, subject to approval by the President.

ORGANIZATION OF COMMITTEE.

Pursuant to a call of the Secretary of War, by direction of the
President, the members of the Advisory Committee for Aeronautics
met in the office of the Secretary of War on April 23, 1915. The first
meeting was called to order by the Secretary of War, and a temporary
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organization was effected. Brig. Gen. George P. Seriven, United
States Army, was elected temporary chairman, and Naval Con-
structor Holden C. Richardson, United States Navy, temporary
secretary.

In conformity with the designationin the call for the first meeting,
issued by the Secretary of War, the word ¢ National” was prefixed
to the terms ‘‘Advisory Committee for Acronautics.”

Under the authority of the rules and regulations the organization
was completed by the election of officers for one year ws follows:

Brig. Gen. George . Scriven, United States Army, chairman,
Naval Constructor Holden (1. Richardson, United States Navy, secretary.

OrrICERS AND MEMBERS or Execurive ('GMMITTEE.
OFFICERS.

Dr. Charles D. Walcott, chairman.
Naval Constructor H. C. Richardson, secretary.

MEMBERS.

Prof. Joseph 8. Ames. Prof. Michael I. Pupin.
Capt. Mark L. Bristol, United States Navy. | Lieut. Col. 8. Reber, United States Army.
Prof. Charles F. Marvin. Dr. S. W. Stratton.

WORK OF THE COMMITTEE.

The executive committee was directed to consider a program of
investigation and procedurc intended to carry into effect the purposes
of the act creating the advisory committee, and to report the same
with recommendations. The recommendations and the report of
the executive committee were approved by the general committee at
the annual meeting, and are incorporated in this report.

The authority of the advisory committee wis given to the exceutive
committee to institute special investigations that promised to he of
service to aviation. The results are shown in the reports forwarded
herewith as appendices. The limited time spd the limited funds
available both combined to prevent the accomyli<hment of additional
work of importance, whiclh might otherwize Liuve been undertaken,

The executive committec instituted an invesiigation of facilities
available in various colleges, technical and engineering institutions,
and among manufacturers and various acronautic societies, {for the
carrying on of acronautic investigations. It was found that limited
facilities were available for attacking various problems of acronautic
design, and that same could be made available to the committee,
provided funds were available to carry out the necessary experiments,
or to engage competent engineers on different phases of the work,
A number of institutions have available mechanical laboratories and
enginceering courses capable of application to acronautics, but only
the Massachusetts Institute of Technology and the University of
Michigan so far offer regular courses of instruction and experi-
mentation.  Worcester Polytechnic Institute has conducted experi-
ments on full-sized propellers mounted on a whirling table turning
on a pivot in the middle of a pond. The arms of the whirling table
are provided at one end with a dynamomecter for measuring the
torque and thrust and revolutions of the propeller, and at the center a
control stand for controlling the speed of the propeller. The speed
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of the rotating arm is controlled by means of a drag in the water,
attached to the opposite end of the rotating arm. While there are
objections to this method of testing in a circular path in the open,
the method is ingenious and the results obtained should be valuable,
particularly for comparison. In general, however, it appears that
the interest of colleges is more one of curiosity than tRat of con-
sidering the problem as a true engineering one, requiring development
of engineering resources and, therefore, as not yet of sufficient
importance to engage their serious attention. Manufacturers are
principally interested in the devclopment of t pes which will meot
Government requirements or popular demand},’ but which will not
involve too radical or sudden changes from their assumed standard
types.

’ }JXS a result of the investigations of the facilities available in this
country, and of the problems requiring solution, it is found that
many problems cxist requiring careful and thorough investigation,
which could be attacked with facilities which can be placed at the
disposal of the committee, provided sufficient funds are made avail-
able. Considerable work has already been accomplished in aero-
nautics with which the general public is not acquainted. This
covers lines of development and investigation which if published
would save money and effort on the part of individual investigators
and inventors who are now duplicating investigations already made
by others. Some of these investigations have resulted in improve-
ment; others have shown the futility of development on certain lines.
Some of this information is already embodied in reports which are
only accessible to a few interested parties who know of its existence.
Much can be accomplished by making the results of such investiga-
tions accessible, either in a reference library or in the form of reports.

PROBLEMS.

Of the many problems now engaging general attention, the follow-
ing are considered of immediate importance and will be considered
by the committee as rapidly as funds can be secured for the purpose:

A. Stability as determined by mathematical investigations.—The re-
duction to practical form of the analytical methods of determining
the stability of aeroplanes from design data, without necessarily
requiring wind-tunnel tests or full-sizeﬂests of same.

?a—l) his will require first a thorough investigation by compe-
tent mathematicians and physicists of the work so far accomplished
by different authorities of prominence in this country and abroad.
T{e publication of many valuable treatises which have already been
prepared is not sufficient, as many of these treatises are presented
m such highly technical manner that they are not in form to be
com rehen%le by designers and manufacturers who are otherwise
fitted for practical accomplishments in aeronautical work.

(a-2) Another phase of these investigations is the natural tend-
ency on the part of designers and constructors to assume that math-
ematicnl theories are of use only to those who are mathematically
inclined; and there is objection, frequently based on good ground,
that in order to arrive at solutions of the complicated equations
involved, mathematicians necessarily make certain assumptions
which are not always based on actual conditions, and though the
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conclusions drawn are logical, based on the assumptions made, there
is reasonable doubt if the resulting conclusions apply to a complete
machine. Until such distrust is overcome, true engineering progress
in the design of air craft will be hampered and progress will depend,
much as in the past, on “cut and try”’ methods. However, when
the mathematician can explain by a correct application of mathe-
matical analysis why certain things occur in practice, for which no
satisfactory solution has been found, a start will be made toward the
removal of the distrust of mathematical formula and real progress
begin. As an instance of such application attention is invited to
the report of Hunsaker and Wilson, of the Massachusetts Institute
of Technology (Report No. 1), in which it is shown that although
an aeroplane is designed so that statically it is stable to a satisfactory
degree, it does not necessarily follow that the machine is dynamically
stable; and in fact in the case investigated it was found that while
within certain limits the machine was dynamically stable, the limits
of dynamic stability were much smaller than supposed, and at low
speeds dynamic instability existed to such a degree as to require
correction in the design. Such instability has probably been the
cause of a large number of accidents, and yet constructors and
designers were at a loss to explain the cause until demonstrated by
the test of a model of an actual machine in a wind tunnel.

B. Air-speed mefers.—An important ];roblem to aviation in
general is the devising of accurate, reliable, and durable air-speed
meters and other aeronautic instruments for the navigation and
control of air craft.

(b—1) The most important of these problems is that of the pre-
vention of ‘stalling’”’ of aeroplanes. The committee consigcrs
“stalling’” responsible for a very high percentage of aeroplane
accidents. It is believed that at present the possibility of stallin
exists in all machines, except & few which have been specially designe§
to have a high degree of inherent longitudinal stability; but it appears
desirable and necessary to use machines of a normal type, because
of certain considerations affecting the methods of using these machines
in warfare and also because of certain restrictions Involved in the
performances of machines of the inherently stable type. The best
means of preventing stalling is the development of a reliable air-
speed meter, which by its indications will give warning of the approach
to those conditions which produce stalling. A number ol' such
meters already exist in different forms, but none so far developed
or brought to the attention of the committee is considered to be
satisfactory or reliable.

(5—2) The Bureau of Standards is now ergaged in investigation
of such meters, and attention is invited to the report of Prof. Herschel
and Dr. Buckingham of the bureau on Pitot tubes. (Report
No.2.) In addition to the investigation by the Bureau of Standards
referred to, a number of manufacturers and individuals are already
engaged in the development of air-speed meters. The development
of other forms of aeronautical instruments is in a more satisfactory
condition and is progressing steadily.

C. Wing sections.—The evolution of more efficient wing sections
of practical form, embodying suitable dimensions for an economical
structure, with moderate travel of the center of pressure and still
affording a large range of angle of attack combined with efficient
action.
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D. Motors.—The development of high powered acronautic motors
of the lightest possible construction consistent with reliable opera-
tion and the maximum economy of fuel and oil consumption.

(d-1) The committee is of the opinion that with proper encourage-
ment, satisfactory types of acroplane motors can be developed which
will rival in efficiency and certainty of operation the automobile
motors of to-day and the best acronautic motors which have been
doveloped abroad. This will require that manufacturers having
capable organizations at their disposal shall become interested in
acronautic development and sce a market for their products. In the
meantime, both the War and Navy Departments are already engaged
on this problem and may be expected to contribute valuable informa-
tion in the near future. By employing some of the most competent
engineers of this country on investigations of the many complicated
details of design of gas engines, the committee should be able to make
. substantial progress on these lines,

(d-2) An efficient form of radiator is needed, which will provide
satisfactory cooling for water cooled motors, without involving too
much weight or resistance, and it is desirable that the principﬁ‘s of
design should be carcfully investigated with a view to the develop-
ment of & type which will embody the different qualities required 1n
such a manner as to have the least unfavorable effect on the acro-
dynamic cfficiency of aircraft.

(d-3) An efficient form of muffler for internal combustion engines
is necessary for military aircraft. An attempt by the committee to
obtain a report on this subject has so far been unfruitful, though it is
hoped that satisfactory progress can be made in the near future,
The problem is not a simple one on account of the high power of the
motors used.

E. Propellers.—The devclopment of more efficient air propellers,
which will hold their efficiency at high values over a large range of
speed of advane~. Also improvements in design of propellers relative
to materials and details of construction, leading toward reduced
woi‘;j{ht and greater permanence of form, together with provision for
ready repairs and moderate cost of construction.

(e-1) ft is considored that this country has available a number of
compotent authorities on propellers for water craft, who are thor-
oughly equi]t))ped to glace the design of acronautic propellers on a
satisfactory basis, and it is advisable that the committee should have
at its disposal funds to engage such talent on the development of
propeller gosign. A great deal of work has already been accomplished
abroad and is available for use, and though high cfficiency of design
has been attained abroad, the progress on these lines in this country
has been limited.

F. Form of aeroplane.—Improvements in the form of aeroplane
leading toward natural inherent stability to such a degree as to
relicve largely the attention of the pilot ngle still retaining sufficient
flexibility and control to maintain any desired path, without seri-
ously impairing the efficiency of the design.

G. Radio-telegraphy.—It is exceedingly desirable that the com-
mittee should investigate the question of apparatus to be used in
sending messages from aeroplanes in order that there may be sure
means of communication between the acroplane and fixed base
stations.
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PHYSICAL PROBLEMS.

Beside the more general problems, the following problems of a
physical rather than acronautical nature are of particulor interest:

A. Noncorrosive materials.—The availability of noncorrosive ma-
terials {or construction details and fittings; such materials to have
qualities comparable with those attainable in different grades of
steel, both as to physical properties and as to reliability.

(a~1) Work on this line is already well in hand at the Bureau of
Standards.

B. Flat and cambered surfaces.—A complete investigation of the
eflects of combinations of flat and cambered surfaces joined by hinges,
as is usual in the construction of rudders. _

(b-1) No extended work on these lines has yet been carried out,
though facilities exist at the Washington Navy Yard and at the
Massachusetts Institute of Technology.

C. Terniinal connections.—The development of reliable terminal
connections for truss wires, which will develop, if practicable, the
full strength of the wire without involving too much bulk or weight,
and without involving danger due to unusual care being required in
attaching same; that is, the solution must be a practical and not a
laboratory one.

{c-1) A valuable contribution to this question is submitted in the
ll‘gport volunteered by the John A. Rocbling’s Sons Co. (Report

0. 3.)

D. Characteristics of constructive materials.—An accurate and au-
thentic determination of the physical characteristics of all classes of
woods, metals, and fabrics which enter into the present-day types of
construction.

(d-1) Cousiderable information on these lines is undoubtedly avail-
able in the laboratory records of various technical institutions, but
is not generally accessible. The Bureau of Standards is well equipped
for this line of work.

E. Generation of hydrogen.—The generating of hydrogen economi-
cally at sea on a ship rolling in a seaway is a problem to be solved.

{e~1) There are many systems of generating hydrogen on land, but
many of these would be gcfective iff; installed aboard ship. Any in-
stallation for this purpose aboard ship should combine capacity, com-
guctnesg and economy, and certainty of operation to the highest

egree.

F. Standardization of nomenclature.—The standardization of aero-
nautical nomenclature is most desirable for the whole country.

(f~1) This question has already been attacked by the Army and
Navy, and the reports of these branches of the service should form a
good buasis for the work of the committee.

G. Standardization of specifications.—Standardization of specifica-
tions for acroplane materials for use of the Government and people of
this country.

(9-1) A proposition on these lines from a prominent manufacturer
has already been received, and the committee has taken steps toward
the development of such specifications.

H. Biblioyraphy of arviation.—Revision and continuation of the
bibliography of aviation. )

L. Collection, revision, and issuance of reports and bulletins coverin
the state of the art of aeronauties, the primiary purpose being to avoi
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as far as possible unnecessary duplication of work which has already
been well done.

J. Limitation of size.—Determination of the present upper limits
with regard to size and carrying capacity, with special reference to
the means by which those limits may be extended, it being very im-
portant to know approximately the present limitations in size and
carrying capacity and to what elements these limitations apply, and

why.

Ig. Causes of accidents.—Securing and carefully compiling of re-
ports of causes of accidents in aeronautics.

(k—1) While conditions have changed decidedly from the early days
of aeronautics in this country, there is still evidence of carelessness 1n
the design and operation of aeroplanes. It would appear as coming
within the province of this committee that legislation should be en-
acted toward obtaining control of this feature at an early date.
However, any such legislation should be most carefully considered
and the views of those interested should be obtained. This is par-
ticularly necessary, as already a number of attempts have been made
toward legislation in different States, with the result that in one State,
at least, experimental work is practically prohibited, not because
inventors and constructors can not comply with the law, but because
the operation of the law requires facitities which do not exist in the
State in which the laws have been passed. With a view toward de-
termining the requirements of such legislation, it is proposed that a
beginning be made by requesting that all accidents be reported to
the advisory committee on forms to be published by the committee,
embodying a set of categorical questions, the answers to which may
lead to a determination of the principal causes of accidents. In
cases where such accidents result in the maiming or killing of spec-
tators or flyers, such questions should be answered by the investi-
gating authorities. The word ‘‘request’ is used in view of the pos-
sible conflicts of State and Federal authority and jurisdiction; and
whereas it is very probable that both State and Federal authorities
would be willing and glad to cooperate in this work in response to a
request, it i3 not clear that such cooperation would follow legislation,
mﬁess carefully worked out.

STANDARDS OF WORK.

While the functions of the committee are not considered directly
to be concerned with the question of preparations for defense, in the
opinion of the committee it is of greatest importance that the manu-
facturers of aircraft and the War and Navy Departments, at present
the principal consumers, should come to a definite agreement as to
the standards of work necessary to facilitate production and repairs.
Of the most importance in this line is the preparation of standard
specifications for materials and tests. In this manner the producers
and consumers will have a clear understanding on which to base con-
tracts, and under the stress of war conditions the multiplication of
aircraft would be greatly facilitated.

25302°—S8. Doc. 268, 64-1-——2
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IMPORTANCE OF WORK TO ARMY AND NAVY.

The importance of aircraft to the War and Navy Departments, in
view of the utilization of such eraft in the present war in Europe, is
so evident that no further comment is offered. It is, however,
strongly recommended that every consideration should be given
toward the provision of adequate facilities for initiating and con-
ducting the important experimental work necessary for the efficient
development of both branches of the service on aeronautical lines.

QUARTERS FOR COMMITTEE.

By courtesy of the Sccretary of War, the first meetings of the
advisory committee and the executive committee were held in the
reception room in the office of the Secretary of War, and the annual
meeting was also held in that room. In accordance with the instruc-
tions of the advisory committee, the executive committee attempted
to obtain quarters in the State, War, and Navy Department Buil({)ing,
but found that each of these departments was so crowded for space
that none was available. However, through the courtesy of the Sec-
retary of War, the meetings of the executive committee have been held
in the private office of the officer in charge of the Aviation Section,
War Department, and the office work of the committee has been tem-
porarily conducted and the files have been kept in a portion of a room
adjoining the same oflice. While such improvised quarters for the
committee served their purpose, such temporary quarters are not sat-
isfactory or suited to the needs of the committee. Suitable quarters
can be obtained at moderate cost in one of the several office buildings
centrally located in the city of Washington. It is for this reason the
committee recommends that provision for suitable quarters be made
in the next appropriation act.

EXISTING FACILITIES FOR AERONAUTIC INVESTIGATION IN GOVERN-
MENT DEPARTMENTS.

For the conduct of the work outlined, limited facilities already exist
in different Government departments about as described in general
terms in the following. These facilities can be augmented by the
facilities described as existing in the different technical institutions,
etc., previously referred to:

A. The Bureau of Standards is well equipped for carrying on all
investigations involving the determination of the physical factors
entering into acronautic design, and is prepared to take up such mat-
ters as are of sufficient gencral interest to warrant same.

B. The Navy Department is equipped with a model basin and wind
tunnel at the %Vushingt‘on Navy Yard, with adequate shop facilities
for carrying on the work in a limited way, and is also constructing at
the Washington Navy Yard a plant for the testing of aeronautic
motors and devices involved in t]geir operation, which will be i com-
mission at an early date. Also, under the Navy Department steady
progress is being made in_attacking practical problems involved in
the development of the Navy aeronautic service at its station at
Pensacola, and theoretical and practical designs are in hand in the
Bureaus of Construction and Repair and Steam Engineering.
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C. The War Department has limited facilities at the flying school
at San Diego, for investigations of interest to that branch of the serv-
ice, and is able to carry out in a limited way experiments of interest
to the service on full-sized machines, for which work it has the assist-
ance of technical experts.

D. The Weather Bureau is well equipped for the determination of
the problems of the atmosphere in relation to aeronautics, and Prof.
Marvin, a member of the advisory committee, is the chairman of a
subcommittee engaged on this problem. The work, however, will
necessarily be limited until the necessary funds for more extensive
work become available. There is already available in the records of
the bureau much information of value which requires compilation in .
a form suited to aeronautic requirements, and this work is the
subject of a preliminary report included in the annual report of the
committee.

E. The Smithsonian Institution has been engaged for a number of
years on the compilation of the bibliography of acronautics, and is

repared to continue this work for at least two years more with the
unds at its disposal. The institution has also contributed funds
toward tho development of the work of the subcommittee of the
Weather Bureau in its investigation of the problem of the atmosphere
in relation to acronsutics.

Ttemized statement of expenditures under appropriation ‘‘ Advisory Committee for Aero-
nautics, 1915.”

No. Tayee. Amount.
1150 | J. . VACLOTY .o oo oo oo et e el $26. 67
1155 | Underwood Typewriter Cooooeeee i e 67. 50
1156 | Union Envelope Coo oo m i 4.23
1157 | Andrews Paper Co. ..o e .79
1158 | Municipal Supply Co...... ... ... ...l 7.00
1159 | Roberts Numbering Machine Co. ... .. ... .. .. ... ... ..o.... 2. 40
1160 | Globe-Wernicke Co. ..o v e e 1.75
1161 | E. J. Murphy Co. ..o i 2.03
1162 | Shaw-Walker Co. ..o e 10. 32
1163 .. .. 14 9.16
1229 | Transfer (supplies drawn from navy yard)....................... 51. 26
1420 | A. B. Dick Coo oo i 75. 00
1435 | Postal Telegraph Cable Co........ A 3. 89
1436 | Western Union Telegraph Co.. .. L oo o it 20, 39
1550 | Joseph N. Snellenburg............ . . .ol 67. 00
1615 | Prof. Michael I. Pupin...... ... . . i i, 21. 80
1617 {..... & 1o T 21. 80
1640 | Massachusetts Institute of Technology..................oioiiiis 800. 00
1641 | Columbia University....cceeeeueiii it 1, 500. 00
7669 | Prof, John F. ITayford. ... o 26. 25
7670 | Prof. William F. Durand. ... ... . .. i 213.10
7775 | Prof. Joseph 8. Ames.... ..o Ll 3.70

2, 936. 06
OBLIGATED.
Cornell University.......... oo oiiiiiiiiia... $1, 000. 0
United States Rubber Co.........o..o oot 1. 00
Goodline Manufacturing Co..envenveiin it 1.88
! 1,002, 88
Total expended and obligated. . .. .. .......... .. ........ 3,938. 94
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A statement showing the cxpenditures of the committee is sub-
mitted herewith.

Summary of erpenditures under appropriation **Advisory Commiltee for Aeronautics,
L

Clerical SeIVICeS. - . ot o e e e $26. 67
Office TUrmitUre. ..o 67. 00
Stationery and equipment. ... il 233. 34
Members’ traveling expenses. ......... .. L., 286. 65
Telegrams. . . .. e 24. 28

Technical reports from Massachusetts Institute of Technology, United

States Rubber Co., Columbia and Cornell Universities............ 3.201. 00
Total expended and obligated. . .. ..... ... ... ... 3,938. 94
Unobligated balance turned into Treasury.......o.o.ooieiiiiiiiiiiaian.. 1, 061. (6
Amount of appropriation......... ... L oLl 5, 000. CO

CONCLUSIONS.

From the above, it will be apparent that utilizing all facilities at
present available, the progress that can be made will be fragmentary
and at best lack that coordination which is necessary to accomplis{l
in a direct, continuous, and eflicient manmner, and as rapidly as practi-
cable, the important work now in sight. If the committee is to be
prepared to keep pace with the increasing needs of the very rapid
development already under way, stimulated by the unusual condi-
tions existing in Europe, the facilities and technieal assistance recom-
mended are cssential. While the needs at present are principally
those which have an important bearing on military preparedness, the
committee is of the opinion that aeronautics has made such rapid
strides that when the war is over there will be found available classes
of aircraft and a trained personnel for their operation, which will rap-
idly force aeronautics into commereial fields, involving developments
of which to-day we harely dream.

Respectfully submitted.

Grorge P. Scrivex,
Brigadier General, Chief Signal Ofiicer of the Armuy,
Chairman.
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REPORT No. 1.

PART 1.

EXPERIMENTAL ANALYSIS OF INHERENT LONGITUDINAL
STABILITY FOR A TYPICAL BIPLANE.

By JeroME C. HUNSAEER.

ARTICLE 1.

INTRODUCTION.

A model of span 18 inches, representing a typical military tractor
biplane, was tested in the wind tunnel of the Massachusetts %vnstit‘ute
of Technology. The lift, drift, and pitching moment were measured
for a series of angles of incidence corresponding to the maximum
possible changes of flight attitude. Only the discussion of sym-
metrical or longitudinal changes is given here. A report ou the
lateral stability of the same model is reserved for a later date. From
the observed rate of varidtion of the forces and pitching moment, it
was possible to calculate the ‘‘derivatives’ needed in the complete
theory of longitudinal stability in still air. The damping of the
pitching oscillation was also determined experimentally.

The method followed is that of L. Bairstow in his extension of
Bryan’s theory. Notation also follows Bairstow. The value of
Routh’s discriminant, which Bryan has shown to be a measure of
dynamical longitudinal stability, has been calculated for six speeds,
ranging from the maximum to the minimum possible speeds for the
aeroplane type selected. The principal point of interest brought
out 1n this connection is that stability falls off rapidly as speed
decreases or angle of attack increases, and that while this aeroplane
appears to be very stable at high speeds, it is frankly unstable at
speeds below 47 miles per hour.

This instability at low speeds takes the form of an oscillation in
pitch combined with changing in forward speed and a rising and
sinking of the whole aeroplane, which, therefore, follows an undulatory
flight path. The period of the undulation is about 12 seconds, and
the amplitude doubles itself in less than 20 seconds. Obviously, the
pilot can not safely abandon his controls at slow speed.

The importance of this demonstrated instability at low speeds
should be appreciated in view of recent accidents with military
aeroplanes wﬁen operated at slow speeds.

The entire investigation of inherent longitudinal stability was pre-
liminary to the discussion of the effect of wind gusts. Naturally, it
was first necessary to find a stable aeroplane and to obtain some 1dea

25



26 _ AERONAUTICS.

of the ‘‘range” of stability. It now appears that a typical aeroplane
is inherently stable in the sense defined at high speeds only. The
effect of gusts on the uncontrolled aeroplane will, therefore, be
investigated only for the high-speed condition. At low speeds the
acroplane can not be left to itself in still air. Consequently, a dis-
cussion of its certain destruction if abandoned in gusty air appears
unprofitable.

ArTICLE 2.
MODEL AND PROTOTYPE.

The type of aeroplane selected is a high-speed milita.rfr biplane
tractor known as Curtiss JN2. Shop plans of this aeroplane were
kindly furnished by the Curtiss Aeroplane Co., Buffalo, N. Y., to
whom acknowledgment must be made for much valuable assistance,
including the experimental determination of moments of inertia, etc.,
by Dr. A. F. Zahm of that company.

The principal dimensions of the aeroplane were assumed as follows:

Weight full 1oad..eesiieeiiinaniiniiiiiiiieieiiaians, pounds. . 1,800
Brake horsepower-..o..ouoeiiiiiiiiiiiiiaaa., horsepower.. 110
Maximum speed for calculations.....cc.ocoeo e miles per hour.. 79
Minimum speed for calculations...........ccoooiiiaaeall do.... 43.7
Total wing area (including ailerons).......c.ccce... square feet.. 384.0
Area fixed tail..couaiieeinniiiiiieiii e do.... 23.0
Area horizontal rudder...cveeiiiereneniciniiiniienanans do.... 19.

Area vertical rudder. ... i do.... 7.8
Sﬁan Of WIDEB. .urieiiiiiieeniennencnsnanncoscesanannnas feet.. 36.0
Chord of Wings....ovuiiiiiiiiiiiiieiiiieeeiieieareneees do.... 5.3
Gap between WiDES. . ..oiiieeienetetenacsercsascroconsan do.... 5.3
Length of body..ceeiiiiiiiiiiiiie et do.... 26.0

The model was made geometrically similar to its prototype and
one twenty-fourth scale. The general features are shown in the
drawings of the model. (Figs. 1@, b, ¢.) The model was an exact
copy of the aeroplane excegt for the propeller and wing wiring,
which features were omitted. Also wing struts were made round
instead of ‘‘stream-line” in section. Since it is well known that
the resistance of a series of similar aeroplanes varies somewhat less
rapidlg than the square of the speed and square of a linear dimen-
sion, due to skin friction, it is believed that the prediction of the
resistance of the full size aeroplane from the observed model resistance
will still be a fair estimate in spite of omissions on the model.

For simplicity, the model was made with the trailing ailerons or
wing flaps integral with the wings. This somewhat increases the
effective supporting area. Also the fixed tail and elevator were
made in one, corresponding to the elevator held fast in its neutral
position. These points are made clear on the drawings of the model.

ARTICLE 3.
GENERAL WIND TUNNEL PROCEDURE.

The model was tested in the 4-foot wind tunnel at a velocity of 30
miles per hour. The wind tunnel and aerodynamical balance are
duplicates of the installation of the National Physical Laboratory, Ted-
dington, England, and reference should be made to the Technical
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30 AERONATUTICS.

Report of the Advisory Committee for Acronautics, London, 1912-13,
for detail description and methods of operation.

In general, it may be stated that the wind tunnel provides a wind
constant in velocity within 1 per cent, which velocity is further con-
stant across the working cross section of the tunnel within 1} per
cent.  Velocity is measured by a suction plate calibrated against a
standard Pitot tube with a precision of one-half per cent. The
model is mounted on the balance in various attitudes of pitch or yaw,
and in such positions are measured the three forces and three couples
produced by the wind along and about three mutually perpendicular
axes in space. From a knowledge of the variation of these forces and
couples with change of attitude, the so-called ““resistance derivatives”
of Bryan's?! theory of dynamical stability may be computed.

The theory of stability also requires the determination of the damp-
ing of oscillations about the center of gravity of the acroplane. A
special oscillating apparatus was built for these tests which will be

eseribed below. By oscillating the model in the wind and observing
the decrement of amplitude with time, it was possible to estimate the
‘““rotary derivatives,”

ArTICLE 4.
LONGITUDINAL TESTS.

The model was mounted on the balance with its wings in a vertical
plane by means of a vertical rod driven into the body at the point
shown on figure 1b.. By swinging the model about the verticalpaxis
passing through the spindle, the angle of wind to the wing chord was
varied from+20° to —8°. At each attitude the force across the wind
or ‘‘Lift,” force down wind or “Drif{t,” and the pitching moment
about the spindle were measured. The signs were taken so that
an actual 1ift, actual head resistance, and a stalling moment are posi-
tive. . The wind velocity was 30 mles per hour of standard dry air
at 15° C. and 776 mm. ¥Ig. The experimental points are shown on
ficure 2, where forces are in pounds and moments in inch-pounds.
The precision of measurement is within 1 per cent.

For a given attitude, the resultant force on the model in pounds

at 30 miles per hour 4s R=+/L2+12. This resultant makes an
angle with the wind direction given by a=tan—! ﬁ The force R

is observed to have a pitching moment Jf about the spindle axis.
It may then be assumed to be situated so that the perpendicular

from this axis to K is given by z=—‘}¥- The vector 12 1s thus deter-

mined in magnitude, direction, and line of application. The resultant

- force vectors B are shown on figure 15 to a scale 1 inch equals 0.2
pound. The vector K is purely an algebraic substitution for the
complicated system of forces and coupfes acting on the aeroplane.

The vectors are drawn relative to the aeroplane.

The center of gravity was assumed to lie as shown near the inter-
section of the propeller axis with the resultant force vector for 4°.
At this attitude, then, the pitching moment should he nearly zero.

1 G. H. Bryan, Stability in Aviation.
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The c. g. location determined for the actual acroplane after exten-
sive trial flights is almost identical.
It is seen that for angles smaller than 4°, R passes forward of the

FIGURE 2.
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c. g. and for angles greater than 4°, it passes to the rear. The
aeroplane is longitudinally stable in a static sense. It will be shown
below that it is not always dynamically stable.
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ARTICLE 5.
PERFORMANCE CURVES.

The lift and head resistance or “drift” of the full scale aeroplane
were assumed to be approximately given by the relation:

Force on model ( )
24V

Force on acroplane
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when T is the flying speed of the acroplane in miles per hour. The
above relation holds, of course, only for the same attitude of model
and aeroplane. The weight of the aeroplane, 1,800 pounds, must
equal the lift in flight. Hence:

30 1800
24

Lift on model.



AERONAUTICS. 33

A series of speeds V was computed for a series of attitudes of the
aeroplane, and the aeroplane drift at each attitude was then com-
puted from:

X 2 If 2
D full size=D model x 24 Y(%)

In figure 3 are given curves of drift, effective horsepower required,
angle of wing chord to wind and ratio weight to drift plotted on ¥ as
abscissae. For our calculations a maximum speed of 79 miles and a
minimum of 43.7 miles were selected corresponding to angles of wing
chord to wind of 1° and 15.5°, respectively.

The curve of E.H.P. on figure 3, indicates that 87 propeller horse-
power is necessary for a speed of 79 miles. If the propeller has an
efficiency of 80 per cent, the motor must develop at least 110 brake
horsepower. The original designs contemplated as maximum speed
of about 80 miles per hour for a 120 brake horsepower motor, which
appears very reasonable. As actually built this type was given a
rated 90 horsepower motor. Assuming 70 E.H.P. delivered to the

ropeller a speed of 73 miles per hour is indicated by our curves. It
i1s reported that the speed of this aeroplane was actually 73 miles per
our.
ARTICLE 6.

CHOICE OF AXES--NOTATION—UNITS.

Axes for reference are assumed fixed in the aeroplane and moving
with it in space. The origin is at the center of gravity. For stead
horizontal flight at a given attitude the axis of 5 is vertical, the axis
of X Horizontal and directed to the rear in the plane of symmetry,
and the axis of Y is horizontal and directed toward the left-wing tip.
Forces along these axes are denoted by X, Y, Z and are expressed 1n
¥ounds per unit mass. Moments are L, M, N and are given in pounds-

cet per unit mass.!

Angles of roll, pitch and yaw from the normal flying attitude are
denoted by ¢, 8 and ¥. Angular velocities of roll, pitch and yaw are
P, Iq, 7 in radius per second. e signs of moments, angles and angu.lar
velocity are positive considered in the directions XY, YZ or ZX.

Moments of inertia referred to axes X, Y, Z are denoted by
m K2, mK?s, mK? where m is the mass of the aeroplane and K,,
Kz, Kc corresponding radii of gyration.

ARTICLE 7.
EQUILIBRIUM CONDITIONS.

In normal horizontal flight in still air a state of equilibrium is
assumed such that the power available maintains the aeroplane at
such a speed that the weight is just sustained. Since the lift of an
aeroplane wing is also a function of its attitude or angle of attack,
it is further assumed that the attitude is proper for the speed. In

t Unit mass is the slug equal to 32.17 pounds weight.
25302°—8. Doce. 208, 64-1 3
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normal horizontal flight the axis of X is parallel to the apparent wind
direction and is hence horizontal. Let 6 be the angle OF pitch of the
aeroplane away from its normal attitude. Then normally 6 is zero.
Likewise if the aeroplanc is in equilibrium in its flight, the angular
velocity of pitch is zero and also the pitching moment, Mo.

At high speed, for example 79 miles, the axis of X is horizontal and
makes an angle of 1° with the wing chord. At low speed, new axes
are chosen such that the axis of A’ is still horizontal but makes an
angle of 15.5° with the wing chord. The axes are fixed by the
equilibrium conditions for flight and differ for each normal flying
attitude. Oscillations about the normal flight path when the motion
is disturbed are referred to the above defined axes which are assumed
fixed in the aeroplane and moving with it in space.

The pitching moment curve observed for the model shows zero
moment for an angle of wing chord of 4.5° and a diving moment at
larger angles. For slow flight, it is assumed that the piﬁ)t by proper
setting of his horizontal rudder im]ilrcsses an equal stallingrmoment
on the machine so that the net pitching moment is zcro. The effect
is to move the pitching moment curve parallel to itself by the alge-
braic addition of a stalﬁng moment so that its ordinate has zero value
for the desired flight attitude.

ArTICLE 8.
TRANSFORMATION OF AXES.

It is convenient to measure in the wind tunnel the lift and drift
about axes always vertical and horizontal in space. For the oscilla-
tions of the aeroplane it is convenient to consider the forees referred
to axes fixed in the aeroplanc as described above. The transforma-
tion is effected in the usual way by means of the formule:

m Z'=Lcos 0+ D sin 9,
m X’ =D cos 86— L sin 9,

where 0 is the angle of pitch of the aeroplane away from its normal
attitude, considered positive for stalling angles. ere L and D are
lift and drift on the model in pounds, and m X’ and m Z’ correspond-
in,g forces in pounds along the axes X and Z. The model forces
Z’, X’ are converted to Z, X, full size, by multiplying by the
square of the speed and linear dimension ratios. The following tables
carry out the required transformation.

The pitching moment M is independent of the longitudinal shitt of
axes and varies only as the squareof the speed. Curvesof X,Z and M
for the different flight attitudes are plotted on figures 4, 5, 6, 7, 8,
and 9. The transformation of the moment about the spindle to the
corresponding moment about the c. g. of the full-size aeroplane is
given below.
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1=1°, V=79 miles, m=55.9 slugs.
1 0 L D Z X
4 — ) —0.08 -4-0.115 — 6.4 +7.7
2 -3 4 .14 .104 <+ 10.8 7.8
0 -1 .35 .102 24.9 7.76
+1 0 .45 . 104 2.9 7.4
+ 2 + 1 . H6 .108 40.0 7.1
4+ 4 + 3 . 765 .118 54.9 5.6
+ 8 + 7 1.13 .165 81.0 1.9
+12 +11 1. 39 . 270 100.0 - .7
+16 +15 1.48 .428 109.0 —2.05
+20 <419 1.48 . 081 112.5 ~4.7
i=7°, V=51.8 miles.

0 - 7 +0.35 0. 102 -+10.3 +4. 42

1 -~ 6 .45 . 104 13. 4 4. 64

2 -5 .56 .108 16.9 4.79

4 -3 . 765 . 118 23.3 4.85

7 0 1.05 . 150 32.2 4. 60
12 + 5 1.39 . 270 48.0 4. H4
16 9 1.48 . 428 47.0 5. 90
20 13 1.48 . 581 48.2 7.12

1=10°, V==47 miles.

6 - 4 +0. 96 +0.136 +24.0 +5.14

8 -2 1.13 .165 28.4 5.18
10 0 1. 28 .21 32.4 5.21
12 4+ 2 139 .27 35. 4 5. 56
14 + 4 1. 45 . 348 37.2 6. 24

1==12°, V=45.2 miles.

8 —4 1.13 0.165 26.1 5. 68
10 -2 1.28 .21 29. 6 5. 83
12 0 1.39 27 32.4 6. 29
14 +2 1. 45 348 34.0 6.92
16 +4 1.48 428 35.2 7.56

1==14°, ¥=44.2 miles.
10 —4 1.28 0.21 28.3 6. 67
12 -2 1.39 .27 30. 8 6. 87
14 0 1. 45 . 348 32.4 7.22
16 42 1.48 . 428 33.3 7.43
18 -4 1. 50 . 508 34.2 7.62
|

35
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i=15.5°, V'=43.7 miles.

R ‘
! 3
i ) L D z X
9.5 -6 1. 94 0. 196 96. 4 7.1
13.5 —2 1.40 . 330 30. 6 8.25
15.5 0 1.48 | 408 32,2 8.9
17.5 +2 149 | .48 33.0 9.4
19.5 +4 1. 49 .56L 334 10.0

CONVERSION OF PITCHING MOMENTS.

m My=moment about spindle in inch pounds on model.

mM)g=moment about c. g. in inch pounds on nrodel.

b=3.04 inches, c. g. forward of spindle.

a=0.10 inches, c. g. above spindle.

Axis of X 3.5° to wing chord.

M=pitching moment about c. g. full size, full speed, in pounds fect per unit mass.
mMeg=mM;—mZ’b—-mX’a.

i=angle of wing chord to wind, degrecs.

©=angle of axis of X to wind. degrees.

1 -
: ‘ o - : 7° e 12° 14° | 15°.8
i ] L D mZ' | mX' | mMy {1 Moy | A r ar ‘ )7s 17 \r

| i

— 4} | = 8| 40.130{+0.123/—0. 146/40.104[—0.022| +0.21/4+29.9 | +12.9;....... [ 9,36 9.17

— 2| — 614 .08 .1054 .069 1124 ,400] + .18 . 3 7.85

— 4 — 414+ .300 .102} .203] .121|4+1.05| + .15 6.54

+ W -2 L5100 L1050 506 L1230 L6514 .10 4.37
2y —1 L6150 J110[  .613] .122] 1.93 | + .08, 3.49
3 [ .715 115 .715| .1150 2.21 [ 4 .03 2] + L32
4 + 1 L8100 .122) L8120 107} 2.48 00 0
5 + 2 .81 .130] .915| .098 2.71 | — .08/—11.4 —49‘- 4.0 |- 3.72|— 3.56]— 3.49
7 + 4 1.09 1670 L 10 081 3,17 | — . 18/—25,7 | —11, 1‘— 9.07/— 8,40i— 8.02/— 7.86
11 + 8 1.37 L2520 1.40 (058 3.8l | — 4N—57.0 | —24.5—20.2 |—18.7 |-17.8 |—17.5
154 | +12 1.48 .408) 1.51 L1834 400 [ — ,60—85.5 ! ~36.8—30.3 |—28.0 | —26.8 [—26.2
19} +16 1.49 L5611 1.54 .331 3.95 | — .76:—108.0 —-4!5.6i ....... ; ....... —33.9 [-33.2

ARTICLE 9.
RESISTANCE DERIVATIVES, LONGITUDINAL.

Notation follows Bairstow,! to whose paper reference should be
made for the detailed discussion of ‘“derivatives.” In the theory of
small oscillations, the aerodynamic forces X, Z, and pitching
moment, M,, are climinated by the conditions of equilibrium. In
disturbed motion, disturbances in normal {lying speed and attitude
cause changes in the quantities, .X, Z, and M.

Let U be the normgl flying speed and u, w and ¢ small chances in
horizontal and vertical velocity components and angular veloeity of
pitch. If the disturbance be small, %, w and ¢ are small with respect
to U. For example, the function

X=f(U+u,w, q)
may be expanded into the approximate form
X=Xo+uX,+wX,+qW,

a linear function of the small quantities w, w, ¢. The cocflicients
Xy, Xy, Xgare the so-called resistance derivatives of the theory of

1 Technical Report of the Advisory Committee for Avronuutics, London, 1912-13.
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FIGURE 5.
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FIGURE 8.
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FIGURE 9,
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small oscillations, and physically represent the slope of a curve of X
on a base u, w, or ¢.

Similarly
Z

Z Zo+uZy+wZy+ 92,

Mo+uM,+wM,+qM,

From the conditions of equilibrium, .Y, is balanced by the pro-
peller thrust, Z, by the pull of gravity or Z,=g, and M,=o0.
Also, Bairstow has shown that X, and Z, may be neglected.

X, 13 the rate of change of X with change in forward speed. But
since .Y is a function of forward speed squared we may write:

. AX, 2X,
ST R /4
and
7. 22,

U
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These coefficients may be obtained directly by calculation since
XocD;ft’ and Z,=g. For example, at 79 miles per hour, U=
—115.5 feet, per second and Z,=32.2. Then

—2X32.2
* —~115.5

zZ —.557

Also at 1525, U= —63.8 feet per second and

2X10

=——63.—8= —_ .276

The derivatives X,, Z,, M, represent the effect of a vertical
component of velocity. From the well-known method of velocity
composition, the vertical velocity w acts with the horizontal velocity
U to cause the apparent wind to have an inclination to the horizontal

»f tan™! % This inclination is given to the model in the wind

tunnel, and X, Z, and ¥ measured for various pitch angles.

But Ad=tan! %=57.3 %, when Af is a small angle in degrees.

- x,-AX_573AX

w U A8
AX. .
g 18 the slope of a curve of X on pitch angle as base. For example,
AX —.65
from figure 4, A5 and
57.3 —.65
‘Yw = ?1—15—.5'—‘5—‘= + 0.162

Similar formulas are used to compute Z,, and M,,. It may be noted
that the method assumes that for small oscillations, hence small
changes 6, the tangent may be substituted for the actual curve.
The limit of validity is obviously the range of pitch angle over which
the tangent to the curve is not greatly changed. This range is usually
about 4 to 8 degrees.

The values of the resistance derivatives calculated in this manner
will be found tabulated later.

ARTICLE 10.
DAMPING.
The damping of pitching about the c. g. is represented by the rotary

derivative M,. For an angular velocity Zg=q, a damping moment

q M, is exerted on the aeroplane.

To measure this aerodynamic damping, the special oscillating appa-
ratus was designed which is shown by the photograph of figure 10.
The model is mounted on a massive bracket which pivots about the
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two points shown. Fore-and-aft arms carry counterweights which
are adjusted to give a reasonable natural Eeriod. The spiral springs
bear in notches on the arms by means of knife-edged shackles. The
springs insure that the motion shall be oscillatory. The assumed
c. g. [ocation of the aeroplane model is arranged to be on the axis of
rotation. The actual center of gravity of the apparatus is not
considered. :

Friction is kept small by careful design of the steel pivots, which
are hardened steel points bearing in tool steel cones. The sprin
knife edges are glass hard. It was found that a convenient perio%
is about one-half second. 1In still air the apparatus will rock more
than 300 times before the amptitude is diminished by friction to
oune-ninth of the initial displacement.

The moment of inertia of the entire oscillating mass was ecalcu-
lated and then checked by au iudependent experimental determina-
tion,

Let:

I=moment of inertia of all oscillating parts in slug foot-
units,
m’=mass of all oscillating parts in slugs.
M,=moment of air forces on model at rest.
Ms=moment of springs at rest.
K¢ = additional moment of springs when deflected.
e¢=c. g. of entire apparatus above pivot, feet,
0=angle of pitch from normal attitude in radians,

d . .
/.L,,—ﬂ=d&mpmg moment due to friction.

¢ . .
#w"dz=dump1ng nmoment due to wind on apparatus.

#m g; = damping moment due to wind on model.

cm/f=static moment due to gravity.
The equation of motion then is:

d26 a6
Idt7+ (o + Moo + tm) dt +(K— cm’)0+ .ﬂfo— ﬂ[a= 0
But M,= M,, by the initial condition of equilibrium. Let

2 ]
B=po+ typ+ pm; then I—‘;Tf +u‘ét—+ (K—cmY8=0

The solution of this equation is well known to be:

—ut

27 w1 p
o=CH “‘”{t\/(K‘“m YIARt ]

where C and o are arbitrary constants. If time be counted when
the amplitude of swing is 8 maximum then cos{—}=1, and =8,
the initial displacement. Also if the number of beats be counted by
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ohserving the times for succeeding maxima, a plot of amplitude on
time will have for its equation the simple form:

—ut
6=06,e2r

The coeflicient u is the logarithmic decrement of the oscillation
and must be numerically positive to insure that the oscillation dies
out with time,

The apparatus was fitted with a small reflecting prism by which a
pencil o?lljght was deflected toward a ground glass plate set in the
roof of the tunnel. Nine lines spaced 0.2 inch were ruled on this
plate. With the model at rest the beam of light was brought to a
sharp focus on the line marked zero. By means of a trigger the
ohserver started an oscillation of the modo,{),r and the spot of light was
observed to oscillate across the scale. The time, ¢, was observed in
which an oscillation was damped from an amplitude of 9 to an ampli-
tude of 1, for example.

Then: loge%?=2"1i=log,9, and knowing 7 and ¢, u is calculated,

Preliminary tests showed that the same value of x4 was obtained
whether the timing stopped at 8=5, 4, 3, 2, or 1.

Oscillation tests were made at five wind velocities varying from
5 to 35 miles per hour. The coeflicient 4 appeared to vary approxi-
mately as the first power of the velocity.

Similar tests were made with the model for no wind to determine
o, Which may be said to be due almost wholly to friction and ver
slightly to the damping of apparatus and model moving t-hroug{;
the air,

Likewise u, was obtained by oscillating the apparatus without
modelin winds from 5 to 35 miles per hour.

The coefficient u,;, has the dimensions * pl*V, where p is density of
air, | a linear dimension, and V the velocity of the wind. To convert
#m to M, for the full-size machine at full speed, multiply by the fourth
power of 24, the scale, and by the ratio of full spee(ftro model speed.

The numerical results of tests of the pitching oscillation follow.
Note that the damping of the pitching faﬁs off for low speeds. This
contributes to the difficulty 0? providing sufficient stability at low
speeds.

pIn the tables following, the number of beats, n, is recorded as a
general check and is not used. Recorded values of n and ¢ are the
means of three or five separate observations.

1 Bairstow, loc. cit., p. 176.
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PITCHING OSCILLATION TESTS.

I model and apparatus=0. 04195

I apparatus = . 0368
Apparatus.
Wind velocity, miles.... 0 14.7 21. 4 35
n beats counted... ... .. 350 253 210 186
tseconds............... 168 120 100 90
7 . 00096 . 00135 . 00162 . 00180
fai ral-
s (less zero)........... 0 .00039  .00066 . 00084{“&’eﬂ aired va
Apparatus and model with wing chord 1° to wind.
V miles...... e 0 9.5 14.7 21.3 25 30 37.3
nbeats...._...... ... ... 300 90 56 40 35 32 27
teeconds.. ... . ... 160 45 28.5 20 17.5 16 13.5
F72K cq (01 .00115 +. 00410 .00646 .0092 .0105 .0115 .0137
mo friction. ... oLl . 00096 .00096 .00096 .0010 .0010 .00iI0 .0010
M APPATAtUS. (..o 0 .00035 .00040 .0006 .0007 .0009 .0011
M Det. ..o e .00019 .00284 .0054 .0076 .0088 .0096 .O0117
But um= —m M, when reduced to full size and 79 miles per hour

and mass of 55.9 slugs.

S M= —.0096 X (24)* % (79/30) X 1/55.9= —150.0

or for
= —114 foot-seconds, M;=1.32 U
Apparatus and model with wing chord 15.5° to wind.
Vs 9.1 14.7 21.4 25 30 37.5
The et i 75 50 35 30 25 19
2 38.5 25.0 17.5 15 13 9
METOSS. ..ot . 0048 . 0074 . 0105 . 0123 . 0142 . 0205
upnet. ..ol . 0035 . 0060 . 0089 . 0106 . 0123 . 0184
M= —.0123 X (24)*x (43.7/30) X 1/55.9= —106
or

M,=1.66 U where Uis — 64 foot-seconds, or 43.7 miles.

The computed values of u,, the model damping coefficient, are
lotted on figure 11. It appears that g, is approximately a linear
unction of the velocity, as would be expecteg, and the conversion

to full scale, full speed, is made as indicated above,

The damping coeflicient is not greatly different for different atti-

tudes, and the following values are obtained by interpolation:

Angle of
wing chord

to wind. V. U. M,
+1° 79.0 —-1156.5 1. 36 U=-150
7° 51. 8 — 75.8 1.49 U=-113
10° 47.0 — 68.8 1.55 U=—108
12° 45. 2 — 66.2 1.59 U=-—106
14° 44,2 — 64.8 1.63 U=-—106
15.5° 43.7 — 64.0 1. 66 U=-—106
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ArTIiCLE 11.
RADIUS OF GYRATION.,

For the radii of gyration of the fully loaded aeroplane we are in-
debted to Dr. A. F. Zahm. The actual aeroplane, complete with
gasoline, water, pilot, passenger, and other weights in place, was
suspended from a beam by a chain. The center of gravity was first
located by an inclining method. The machine was then made to
oscillate in pitch about the point of attachment of the upper end of
the chain, Light guys were run to tail and wing tips to insure that
the chain and aeroplane moved as a rigid body.

Let the distance from center of gravity to point of suspension be
denoted by &, p the natural period of oscillation in seconds, Aj the
radius of gyration in feet about the Y axis or axis of pitch, then

K= (-%%) P2 — 2

By observation £=12.2 feet, p=60/14 seconds.
K2=34, Np=>5.8 feet.?
ARTiCLE 12,
ROUTH’S DISCRIMINANT.

Bryan 2 has shown that the character of the longitudinal motion
of an aeroplane may be investigated with reference to the roots of
a biquadratic equation of the form:

AM+BN+ O+ DN+ E=0

The equations of motion may be considered of the form 6= He*
where K is some constant. For stability the quantity A must be
negative if real, or have its real part negative if complex, in order
that the amplitude of the motion will diminish with time.

The condition that the real roots and real parts of imaginary roots
of a biquadratic equation with constant coeflicients shall be negative
is that the coefficients A, B, C, D, E shall each be positive as well
as the quantity BOD — AD*—B*E. The latter is commonly known
as Routh’s ? discriminant.

The constant, coefficients A, B, €, D, E, are functions of the con-
stants of the aeroplane at the normal flying attitude, i. e., the follow-
ing: Xy, Xy, Xq, Zy, Zy, Zg, My, My, M, U, and K. These are
resistance and rotary derivatives, velocity, and radius of gyration,
For a given attitude and for small oscillations about that attitude,
it is considered that these quantities are constant. For simplicity
it is here assumed that normal flight takes place in a horizontal plane
and the inclination of the flight path and consequent components of
gravity in the axes of X and Z are eliminated. Also X, and Z, are

1 1t is of interest to note that the radius of gyration for rolling was estimated to be 6.2 feet.
3 Stability in Aviation.
! Advanced Rigid Dynamics, E. J. Routh.
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neglected as unimportant and 3, is zero by the conditions of equi-
librium. For the computation of Routh’s diseriminant we require to
know, then, only those quantities which have been so far determined,
and which are assembled below for the different cases investigated.

Formule for the coefficients A, B, (', D, E are given by Bairstow
and are used here, but making 0, X, Z,, and JE‘ zero. ‘They are
copied in simplified form for reference.

‘4 == ](BZ
B= — (M, + X, K&+ Z,E»)

Zwy U i ¢ Al 21)(1“ AYw;
0—_‘ J[,,», _J[(/} +‘-“UJ[{I T ]13 ‘Zl“ Zw’
Xy, Xy, 0
D= "‘}Zuy Zu-; ]
|3, M,, M,
E=—gM,Z,

ArTiCcLE 13.
BAIRSTOW’S APPROXIMATE SOLUTION.

From consideration of the usual relative numerical values of the
coeflicients of the biquadratic, Bairstow has shown that the equation
may be factored to a first approximation and put into the following
form:

(x=+B/A>\+ C'/A) (x=+[D/O—%§ >\+%)=o.

in which the first factor represents a very short oscillation, which
in most acroplanecs rapidly dies out and is of no importance. The
second factor represents a relatively long oscillation involving an
undulatory flight path with changes in pitch, forward speed, and
altitude. The long oscillations should diminish in amplitude with
time, in which case the motion is stable and the aeroplane will return
to its original normal flight attitude if temporarily deviated there-
from by accidental cause. The motion is unstable if the long oscilla~
tion increases in amplitude with time. It will be shown that the
aeroplane under investigation is stable at high speeds and unstable
at very low speeds. It 1s believed that this 1s true of all aeroplanes,

Case 1.
i=incidence, wing chord to wind +1°,

Velocity V=79 miles. U=-115.5 foot-seconds.
m==55.9 slugs, Ky*=34.

Xy—.128  Xp+.162 M,+1.74
Zy—551 Zp—3.95 My —150

A=+ 34
B=+4289
C=-+834; BCD — AD?>— B2 E=+18X10® stable.
D=+4115
E=+4 31
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Short oscillation: A?48.50424.5=0
A== —4.254-2.54
. 27
p=penod=m—-2.5 seconds.

t=time to damp 50 per cent=g'—§%=.16 second.

Long oscillation: A?4.12504.0374=0
A=—_0634.183

p==34.3 seconds, ¢{=10.8 seconds.

The short oscillations are unimportant. The long oscillations are
easy and strongly damped. The aeroplane should be very steady
at this speed.

Case II.
1=7°, V=51.8 miles, U'=-—75.9 foot-seconds.

Xy—121  X,+.113  M,+2.45
Zy —849  Z,~2.26 My—113

A=+ 340
B=+194.0
C=4467.0; BCD—AD*— B*E=+"022X10° stable.
D=+ 64.3
E=+4 67.0
Short oscillation: A24-5.72415.9=0
A=—2.85+2.33¢
p=2.7 seconda
t =.24 second to damp 50 per cent.

Long oscillation: A+4.078\4.143=0
A=—.0394.377i
p=16.7 seconds
t =17.7 seconds to damp 50 per cent.

The period is shorter than at high speed and the damping less.
The aeroplane should therefore be less comfortable.

Casg III.
1=10°, V=47 miles, U= —68.8 foot-seconds.

Xy—.151  Zy—.936  My+2.50
Xy—075  Zy—146  M,—108

A=+ 34

B=-+165

C=+355 {BCD—(AD*+B’E)=3.8X10° stable.
D=+ 425

E=+ 753

Short oscillation: A4 4.85A410.44==0
A=—2.424212

p=2.96 seconds.
t = .28 second to damp 50 per cent.

Long oscillation: A?4 .021A4.212=0
A=—.011+.460¢

p=13.71 seconda.
t =62.7 seconds to damp 50 per cent.

This oscillation is rapid and but sligchtly damped, and would
probably be uncomfortable. The stability is slight and wind gusts
or external disturbances, if recurrent, might cause trouble.
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Case IV.
1=12°, V=45.2 miles U=—66.2 foot-seconds.

Xy—.189  Zy-.972  M,+215
Xp—.236  Zy—.736  My—106

A=+ 34

B=+137.5

(C'=4243 BCD—AD*—B*E=—7X10° UNSTABLE.
D=+ 17.4

E=4 67.2

Short oscillation: A2+ 4.04\+4-7.14=0
A=—2.02+1.75¢

p=3.59 seconds.
t = .342 second to damp 50 per cent.

Long oscillation: A2— ,985A=.276=0
A =+4.043 +.5247

12.0 seconds.

p
16.0 seconds to double amplitude.

The machine is frankly unstable and the pilot dare not release his
elevator control.
Case V.
1=14°, V=44.2 miles, U/=—64.8 foot-seconds.

Xy—.223 Z,—.993  M,+1.99
Xy—132  Zy—.553 M, —106

A=+ 34

B=4134

C=+213 }BCD—AD?*~B?E=-3.7X10° TUNSTABLE.
E=+ 63.6

Case VI.
1=15.5° V'=43.7 miles, I'=—63.8 foot-seconds.

Xy=276 Zy—101  M,+2.02
Xy—.202  Zy,—.673  M;—106

A=+ 34

B=+138

C=+4226 BCD~AD*—B?E=-—5X10° UNSTABLE.
D=4 242

E=4 65.7

Short oscillation: A*4 4.06A4-6.65=0
A=-2.03+ 1.59¢

p=3.95 seconds, period.
t = .34 seconds to damp 50 per cent.

Long oscillation: A24 .071x4-.291=0
A =+4-.0358+.5411

25302°—S. Doc. 268, 61-1—4
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Real part of X is here positive, indicating an oscillation increasing
with time.

27
p=:5,ii=11'6 seconds.
.069

t =j)35-8=19.3 seconds to double amplitude.

The motion is both rapid in period and rapidly increasing in am-
plitude. Indeed the amplitude 1s doubled in two swings. T%is aero-
plane, if left to itself, would be highly unstable.

ARTICLE 14.

VARIATION OF LONGITUDINAL STABILITY WITH SPEED.

Preliminary to consideration of the action of gusts on an inherently
stable aeroplane, it was desired to analyze the motion in still air of a
machine which could be called inherently stable longitudinally. It
has been found above that a typical aeroplane becomes less stable
at low speeds until real instability results. This result is somewhat
unexpected in view of the curves of pitching moment M, which in-
dicated static stability at all possible attitudes up to and includin
horizontal flight at +15°.5. In other words, M, is positive for aﬁ
cases, The mstability comes about on account of the rapid rate of
increase of drift at large angles causing X, to change sign, and on
account of the less rapid rate of increase of lift, causing Z, to be-
come small at high angles of pitch. Furthermore, 3, diminishes at
low speed.

From the speed power curves on figure 3, it appears that for angles
greater than 10°, we arc on the part of the power curve which re-
quires more power to go slower, ‘‘region of reversed controls.” This
region is now found to be dynamically unstable so that controlled
flight only is possible here. But with reversed controls this is
doubly dangerous.

The frequency of accidents at low speeds, following the recent
demand for a wide speed range, confirms this impression of the
danger of low speeds when approaching a critical angle and speed,
The critical angle for instability is clearly an angle less than the pos-
sible maximum for flight.

A fair measure of the relative stability at various speeds may be
had by noting the following tabulation of the values of Routh’s
discriminant, denoted by I2:

Velocity ~ Wind chord

in to R.
miles. wind. PR,
79.0 1° +180 Xx10°
51. 8 7° + 32 ><]O5]Stable.
47.0 10° + 3.8x10°
45,2 12° — 7 X110
44, 2 14° — 3.7X10%Unstable.
43.7 15. 5° — 5 X1

The table is reproduced graphically on figure 12.
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A similar investigation for lateral stability fails to show any marked
change with speef as would be expec‘ne(i7 since specd depends on
pitch angle and the factors which make or unmake lateral stability
are but slightly affected by angle of pitch.
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REPORT No. 1.

PART 2.

THEORY OF AN AEROPLANE ENCOUNTERING GUSTS.

«

By Epwin Biowern WiLsox,

ArTICLE 1.
INTRODUCTION.

The notation here used will be in the main that of Bairstow.
(Technical Report of the Committee for Aeronautics for the Year
1912-13, p. 143.) As, however, Bairstow changes his notation in
the first few pages of his report, we shall begin at the start with some
departures from him.

f z, ¥, z are moving axes directed, respectively, backward, to the
left, and upward relative to the driver; if 4/, @', w’ be linear velocities,
and p’, ¢/, ' be angular velocities, resolved along these axes; and if
X', Y, Z’ be forces, and L', M’, N’ be moments of forces (measured
per unit mass of the aeroplane); then the dynamical equations of
motion are

du/fdt+w'q —v'r’ =X, (1a)
dv'[dt+u'r’ —w'p’ =Y, (1)
dw'[dt+v'p —u'q =2, (1¢)
dh fdt—7"h, +q’hy=mIL’, (2a)
dhyfdt —p'hy+rhy=m M, (20)
dhyfdt —q'hy+p'hy=m N, (2¢)

where m is the mass and

h=p'A—q' F—1'E, (3a)
hy=¢'B—1r"D—9p'F, (35)
hy=r"C—p'E—¢'D, (3c)

52
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are the components of angular momentum,—the quantities 4, B, ¢
being the moments and 1), E, I the products of inertia relative to
the moving axes fixed in the body.

The symmetric acroplanc will tlone he considered here;

D= F=0. ()

If the machine is in uniform horizontal flicht, all the forces,
moments, linear velocities and angular velocities except %’ vanish,
and v’ = U, a negative quantity in magnitude equal to the uniform
velocity. (The precise backward direction of the z-axis is that
which 1s horizontal in uniform flight, and hence by this definition the
direction of this axis, and of the z-uxis, varies in the aeroplane with
the speed.)

If the motion is slightly disturbed, the velocities take the values

w=U+u,v'=v,w =w,p'=p, ¢ =q,r' =r, (5)

where %, v, w, p, (f, r are emall. The products of these small quan-
tities are neglected, as in 21l discussions of small oscillations, and the
equutions take the form

du/dt=X", dv/dt+ Ur=Y"', dw/lt— Uy=2", (6)
Adpjdt — Edrjdt=mL’, Bdq/dt=m M, Cdr/dt ~ Edp/dt=mN’'. (7)

In uniform motion the forces and moments all vanish. For the
disturbed motion they are small and may be expressed linearly in
terms of u, v, w, p, ¢, r. The forces are due to three sources: 1° the
propeller thrust, 2° gravity, 3° the air. We shall assume that the
propeller thrust (and moment, if any, arising from it) is constant; i. e.,
the motor is supposed to speed up or slow down under changed condi-
tions so as to deliver a constant thrust. If 8 and ¢ are the small

itch and roll, the components of gravity are ¢8, —go, —¢ (see
%nirstow, 144, 7u —w), and its moments are zero because the C. G. is
taken as origin. The air forces and moments may be written as
X,Y,Z, L, M, N and developed as

X=X+ X u+Xpo+X,w+ X, p+Xg+X,r, )

where X,, X,, . . ... are the ‘‘resistance derivatives”’ taken for
the relative velocity of machine and wind. (X, and the propeller
thrust cancel, so do Z, and ¢; Y,, L,, M,, N, vanish.)

In the symmetric aeroplane half the resistance derivatives vanish
and the six equations of motion separate into two sets of three each,
one set for the longitudinal, the other for the transverse motion.
These equations are (Bairstow, 148, 13 and 14 with ©=0) for longi-
tudinal motion,

dufdt=g0+ X u+ X ,w+ X g, (9a) see (la)
dw/dt=Ugq+Zu+Z,w+2Z g, (9b) see (lc¢)
Bjm. dg/dt= Myu+ M+ Mg, (9¢) seo (2b)
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and, for transverse motion,
dvj/dt=—go— Ur+Y v+ Y,p+ Y, | (10a) see (1b)
A/m. dp/dt— E/m.dr/dt=Lp+ L,p+ L,r, (10b)sce (2a)
Clm. drjdt— Ejm. dp/dt= N+ Nyp+ Nyr. (10c) see (2¢)

The integm.tion of these equations gives the free oscillations of the
aeroplane,.

ARTICLE 2.
LONGITUDINAL MOTION IN SMALL GUSTS.

A gust if not too severe may be treated by the method of forced
oscillations. If the acroplane is traveling on an irregular wind, we
may regard the average wind velocity relative to the machine as that
which should be used in the computation of the resistance deriva-
tives, and we may regard the departures of the actual relative velocity
from the mean as small quantities inducing additional forces into
the equations of motion.

Suppose first a head-on gustiness. This would introduce an extra
term of the form X,u into the first equation, Z,u in the second,
and so on. If, as a result of the gust, the machine tilted appreciably,
the originally head-on gust would no longer be head-on, but would
have components u,, w, and give rise to the term X, u, + X,w, in the
first equation. It 1s clear, however, that under the hypothesis of
small oscillations, w, would remain small of the second orci)er relative
to u,. The term X,w, could then be neglected relative to X,u,,
unless X, much exceeded X,.

We should in general allow a gust to have componentsu,,v,,w;, p,,

o 1, relative to the axes. This would take into account any possi-
%le rotational motion in the gust. The rotational motion of a gust
may be quite small. In the discussion by Glazebrook (Aeronautical
Journal, July, 1914, g'p 272-301) nothing is accomplished relative
to rotational gusts. Yet it maﬁ well be that the rotational element
is of great importance. For the rotary derivatives, in the case of
the machine whose derivatives are tabulated by Bairstow (loc. cit.,
159), are large. Thus a term My, = —210g, would be comparable
with X u, = —0.14u, if ¢, were 1/700 of u,; i. e., if the gust were a uni-
form whirl of radius 700 feet. In the same way L, is large. In the
machine that will be discussed in what follows M, is also large,
viz., — 150.

The equations for the longitudinal motion in a general gust are
(see 9a-—c)

duj/dt— g0 — Xyu— X,w—Xog =Xu,+ X,w,+ Xgq,. (11aq)
dw/dt— Uq—Zyu—Zyw—Zyq =Zyu,+Z,w+ Zy,. (11d)
Bim dq/dt— Ma— Myw— M= Mu, + Mo, + Mg,  (1le)

The solution of these equations consists of two parts: 1° the so-
called complementary function which gives the natural oscillations,
2° the particular integral which gives the forced oscillations due to
the gust. To effect a solution for the particular integral, we must
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make some assumption as to the value of the components u,, w,, ¢,

of the gusts as functions of the time. Before making such an assump-

tion for the particular integral, the solution by the ‘‘operational’

method may be indicated. (See Wilson, Advanced Calculus, p. 223.)
Let D denote differentiation. The equations may be written

(D—X)u—X,w— (X D+g)o =X, + Xw, +Xq,, (12a)
—Zu+(D-Z,)w—(Zq+ U)D0=Zyu, + Z,w,+ Zg4,, (125)
- Mu— M+ (k2sD*— MDY= Mu,+ M, + My, (12¢)

where k%3 =DB/m. These equations are solved algebraically by
multiplying by the proper cofactor determinants and adding. Then

D—'Xu _Xw—(XqD+g) Xu —Xw_(XQD+g)
~ZeD—Zy —(Za+ D |u=|2,D—-2, —(Z,+ DD |y,
-M, -M, WD'—MD| |M, -M, k¥D'-'MD

+Xy Xy —(X,D+g)
Z,D-2, —(Z;+ 1D _|w, (13)
M, — M, kD'~ MD

+1X, — X, —(X,D+g)
Z;D-2, —(Z,+ D g,
M, - M, kD'~ MD

or, if the determinant on the left be denoted by A,

Xy —-X,—(X,D+yg)
Au=|\Z,D—2, —(Z,+U)D |u, (14a)
M, —M, kD'~ M,D
X, —X,—-g¢
Xy, — (X, D+9q) ‘p_7"_

There are similar equations for w and 6, namely,

D-X,X, — (X, D+g)
—Z,Z, — (Z,+ U)D|w, (145)

Au= g
-M, M, k%D‘—-MD

D-X,X,—g¢g

+D| Z, —(Z,+ U)D _ ¢~
‘ M, k’z&)"'—MqD vt _%“qu kgBDDz qu
Pl plz 1
Af= - Ty A (140)
M, -M, M,
D-2,2Z, D-X, X,

The general (literal) integration of these equations would be so
complicated as to be useless. We shall make use of the formulas
only after simplification by the insertion of numerical data.
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Possible methods of treating gusts.—The only treatment of gusts
which I have seen is that described somewhat popularly by Glaze-
brook (loc. cit.). He seems to state, as the main method of attack,
that of small differences whereby it is assumed that the involved
time over which the motion is to be studied is divided into small parts,
and that the atmospheric conditions remain constant during each of
these parts. By then regarding the differential equations of motion
as equations in differences of the following form,

M= (X7 —w'q' +v'r") AL ete.,
Ahy=(mL +r'l,—q'hy)At, ete.,

it is possible to compute, through a series of intervals Af, the ap-
proximatoe positions of the aeroplane. This method is, as Glazebrook
states, exceedingly tedious, for At must be taken very small, indecd
only a small part of a second in the case of a sharp gust, in order that
the solution may be even approximately satisfactory for the differ-
ential equations. Moreover, the whole calculation apparently has
to be done from the beginning for cach new type of gust which one
desires to study. The nmethod, however, is :1pplicabix in all gener-
ality irrespective of the stability of the acroplanc.

The reason that I have chosen to operate on the basis of small
oscillations is that after a certain amount of preliminary calculation
has been accomplished my formulas will enable me to treat very
rapidly a series of very different types of gusts. My method is not
applicable, of course, to machines which arc not stablo, for the oscilla-
tions could not remain small with such machines, but it is probably
doubtful whether the motion of the unstable acroplane in a_gusty
wind is of very great importance, as the instability of the machine 1s
not unlikely to cause indeterminately violent motions on relatively
small gusts, I have tried to devise methods which would enable me
to use graphical apparatus for obtaining the solutions here desired,
but have been un&g e to throw the equations into a form which lends
itself to such methods.

Moreover, the coefficients which enter into the equations and into
the solutions at all stages of the work are of such varying magnitudes
that it is difficult to obtain any reasonably accurate results. It scems
impossible—I have not yet succeeded in avoiding the difficulty—to
eliminate the occasional necessity of subtracting numbers which are
nearly equal in magnitude; thus the accuracy of the figures is, after
subtraction, seriousﬁy impaired. As I was aware that the data fur-
nished me were probably not accurate to three figures, I first made
the calculations with slide-rule accuracy, only to find that the final
results became whelly illusory, owing to the difficulty just mentioned.
I have therefore had to recompute everything with 4-place logarithm
tables. Most of the figures which occur in the work are therefore
4-place numbers. Those which appear to have only three significant
figures generally have the fourth figure zero when occurring in
formulas containing 4-place numbers. In the ealculations toward the
end of the rTesearch the 4-figure accuracy has become reduced to
three or two figure accuracy, but it did not scem best systematically
to reduce the numbers by the omission of two figures, although this
reduction has occasionally been made in final calculations,
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ARTICLE 3.

NUMERICAL EQUATIONS FOR HIGH SPEED.
The data for high speed are (sece Hunsaker, p. 47):

X,=—0.128, X,=+0.162, X,=0

Zy=—0.557, Z,=-—3.95 Zq=0

M, =0, AM,=+174, M,=—-150
Bim=k»=34, U= —115.5, g=232.17

(15)

The cofactors 8 in the determinant A ate—

’D—Z,_,, ~(Z,+ U)D|_|D+395 115.5D
— M, D= AMD|T| —1.74 34D*+150D

=34D°+284.3D°+793.5D =5,

’—M,,, kZBDZ—MqDH—l.M 34D+ 1501

-X, —-(XD+g|Ti-0.162 —~32.17
=5.508D7+ 24.30D + 55.98 = by,

| -X, —(X/D g)' _ —0.162 — 32.17

+
D—Z, —(Z;+U)D D+3.95 115.5D
= 13.46D + 127.1 =5,

V= (Zg+O)D —Z,| _ 115.5D 0.557
b - D M| = 3407+ 150D 0
= —18.94D7 —83.56D =3,,
D-X, —(XD+g) _ D+ 0.128 - 32,17 |
—M, kuD—M;| T | 0 34D2 + 150D
= 34D°+154.3D?+19.20D =5,
(X D+ D-X, _ |- 3217 D+ 0.128
—Z+U)D -2, [ 115.5D 0.557
—~  —115.5D*—14.78D —17.92 =45,
-7, D-27, — 0.557 D+ 3.95
- M, -M, 0 ~ 174
= —0.9692=3,,
-X, D-X, _ —0.162 D+ 0.128'
- M, - M, —~1.74 0
1.74D + .2227 = 5,,
D-X, -X D+0.128 —0.162
~Z, D-Z,| = 0.557 D+3.95

D?+4.078D + 5957 =y,
The value of the determinant A is

34D+ 288.7D°+833.0D?+115.1D+ 31.18 =
34(D* +8.49017 +24 .50 + 3.385D + 0.9170).
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(The valuc of the determinant checks by three calculations.)
The roots of the equation

F(D)y=D*+8.49D° +24.5D°+3.385D +0.917 =0 (16)

determine the decrements and periods of the natural oscillations,
and must be found. (Unfortunately these roots must be found with
considerable accuracy, and the rough first approximations, such as
are indicated by Bairstow, seem insufficient for our use.) Let it be
?ssumed that one root is so large that it may be found approximately
rom

D+8.49D°4-24.5D*=D?*+8.49D+24.5=0.
Then D= —4.245 + 2.5451.

If now r be an agproximate solution of f(D)=0, a new approxi-
mation may be had by assuming r +z, with x small, as a root.
Then
__f(r) _ _7r%4-8.49° 4 24.5r + 3.385r +0.917
=Trm T 45+ 25.47° + 497 + 3.385

approximately. As 7*+8.49r+24.5=0, the fraction simplifies to

_ _3.385r+0.917 _
23.08r4-211.4

.063 4.107¢,

if r= —4.245—2.5451. This root of f(D) =0 is therefore
D= —4.18242.438:.

The factor of f(D) corresponding to this pair of roots is

D*+8.364D + 23.43. (17a)

Let the other factor be D?*+aD+b. Then 23.436=0.917 and
b=.03914. Also, 8.364(.0391)+23.43¢=3.385 or 23.43a=3.058
and a=.1305. Hence the second factor is

D*+.1305D +.03914. (178)

As a check on the work we may multiply the two factors together;
we find

(D?*+8.364D +28.43) (D*+.1305D +.03914) =
D+ +8.494 D5 4-24.56D* 4 3.385D + .9170.

We can find, merely by careful trial, better factors as

(D?+8.359D +23.37) (D*+.1308D +.03924) =
D*+8.490D +24.50D7 +3.385D +.9170. (18)

The definitive roots of f()) =A =0 may therefore be taken as

¢ = —4.180 —2.430i, b= —4.180+2.430i
¢ = —.0654 — .1870i, d =~ .0654 +.1870i (19)
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ARTICLE 4.

INTEGRATION FOR HIGH SPEED.

The numerical equation for u is (see 14a):
34 (F+8.49 D*4-24.5 D*+3.385 D+ 0.917) »
= (X8, + Z8,) u, + Déyw, + Ms,,q,
= —34 (0.128 D°+1.160 D*+3.385 D+0.917) u, (20a)
+34 D (0.162 D*+0.715 D+1.647) w,
—34 (59.37 D +560.6) q,.

The numerical equation for w is (see 14b):
34 (D*+8.49 I3+24.5 D*+3.385 D4-0.917) w
= (X 3+ Zogbpy + Myuss) w, + D u, + My,
= —34 (3.95 D°+23.94 D*+3.385 D+0.917) w, (200)
—34 D* (0.557 D+2.458) u,
+34 (509.5 D*+65.21 D+79.05) q,.
The numerical equation for @ is (see 14¢):
34 (D*+8.49 D3+24.5 D*+3.385 D+0.917) §
= M 8.9, +Déu, + Dégw, (20c)
=34 (4.412 D*+17.99 D+2.628) ¢,
—34 (0.02851) Du,+34 D(.05117 D +.00655) w,.
The solutions are of the type:
w=Ce%+ C,ett + O et + Ce®+ 1,
w= 0, e+ Cpett + Crue? + C,e® + 1, (21)
0= Chen 4 C,eb + Copet + Cp et + Iy,

where @, b, ¢, d are the roots of the biquadratic (see 19), (}; certain
constants of integration, and I, I, I a set of particular solutions
of the equations. We shall determine 7, I, f, in such a manner
that they will not contain the functions e®, etc.; we may therefore
determine in advance the relations between the twelve (’s. (This
will debar us from using as gusts u,, w,, ¢,, those which are of the
form Ce2, etc.; but this restriction is not important—such a damped
gust tuned to the damping and period of the machine is highly
mmprobable in nature.)

f we substitute », w, 8 in the equations (i4), the particular solu-
tions must cancel out among themselves (since they can not cancel
terms of the form ¢#) and leave

(a—X,) Chert— X, 0%~ (X ga+g) Cp e +similar terms=0,

)
—Z,,,OHGM-F (a"‘Zw) 0216"‘— (Zq+ U) a meat_*_ ---------- =Y,
- M, C e — M, Cpet - (B, D* -~ M D) Cyes*+ . ... .. =0.
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These equations hold identically in ¢, and the coeflicient of e®, etc., in
each must vanish. The three homogeneous equations in the three
unknowns O, 0, Gy, (or the similar equations in (', (', Cy; Cl,
Cog, Cigy Oy, Coy, C4,) are consistent because a {or b ¢, d) 1s a root of
the determimant A, and the solutions are:
. . _| —Xu—g 1_9 a—X.|e-X, ~X,

Cut G Cu=ly "7~ Ua"— Ua —Zo | —-Z,a—Zy
with C,: (,,: (;, determined by the same functions of . In words:
To obtain the ratios of the cocfficients of e in u, v, w, substitute
D =a in the determinants &, 8,,, 8;5. Or C,: Cy: Oy as

13.46a+127.1 : —115.5a2—14.78a—17.92 : @*+4.078a+ .5957
or O Oy Oy =13.46a+127.1 : 950.8a+2560 : —4.281¢—22.81.
This gives C,: C,: G, as

70.8--32.7 1:— 1414 —2310 ¢:—4.924+10.40 ¢ or as
1: —4.04--34.527: —.1132+.0946 4.
The values of €;: C,,: C}, are the conjugates
1:—4.04 +34.51:—.1132— .0946 1.

To find C;: Coy: Cfs we must substitute ¢= —.065—.187 ¢ in the same
determinants. Then

Chy: Ot Oy =13.46¢4127.1: .33¢—13.39: 3.947¢ 4+ .5565. This gives

1t Ot G 88

126.2—2.516 i:—13.37 --.0623 ¢: .2983 — 7380 ¢
or 1:—.1058 —.002587 1: .002478 — .005799 <.

The values of the conjugates are:
O Cuy: Cyy=1:—.1058 + 002587 i: .002478 +.005799 i.
The general solutions of the equation of motion are:

w= 0%+ C e+ Cue?+ Cre® + 1, ) (22a)
w=(—4.04—34.51)C,e + (— 4.04 + 34.5 1) (¢
+ (= .1058 — .002587 1) Cyee® + (—.1058 +.002587 4) C, 6% + I,,,

2

(220)
0= (—.1132+.0946 1) C,,e% + (— .1132—.0946 i) (,,c% (22¢)
+ (.002478 — 005799 1) C\ge®t + (.002478 +.005799 7) C, % + I,.

From these equations we see that the heavily damped short period
oscillation (roots @, b) is about 34} times as strong in w as in w;
whereas the mildly damped long period oscillation (roots ¢, d) is
about 91 times as effective in © as in w. Moreover, the short period
motions in « and w are about quartered; but the long period motions
are in opposite phase. The amplitude of the short period motion in
0is about 515 that of w; hence for each foot-second of short oscillation
in w there1s about $° in §. The amplitude of the long period motion
in @ is about .006 of that in «; hence for each foot-second of long
oscillation in w there is about 4° in 8. The damping of the short
oscillation is so strong that the amplitude is reduced to about one-
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ninetieth in one second where in the case of the long oscillation
the reduction is only to about nine-tenths of its original value in one
second; the relative amplitudes in the cases of u, w, § are more
important in the case of the long than in that of the short period
oscillation because the latter is so quickly damped out that the
swing may not get well started. However, the extreme magnitude of
the short period oscillation in w as compared with « indicates the
possibility of relatively violent accelerations in w; indeed, it is the
short period oscillation which may account for initial difficulties
whereas the long period oscillation accounts for the progressive
troubles, due to gusts.

There remain to be determined the values of the constants € of
integration from the initial conditions of uniform flight, i. e., u=w=
§=¢=0. Let the particular solutions have the initial values 7,
I.0, f6o. Then

0= Cu + 012+ 013+ 014+ 1uor
0=(—4.04—34.5¢0)C,, + (—4.04+34.5 7)) C,,

+ (—.1058 —.002587 1) C\y + (— .1058 + .002587 ) O\, + 10,
0=(—.11324.0946 i)C,,+ (—.1132—.0946 7)C,,

+ (.002478 — 005799 7) €', + (.002478 + .005799 ) C,, + I,,,
0=(—.1132+.0946 1)aC,, + ( —.1132—.0946 7)bC,,

+ (.002478 —.005799 2)¢C; + (.002478 4-.005799 )dC\, + Iy,
or 0=(.703—.2051%) C}, + (.703 +.205 2) C;; + ( — .001246 — .000084 ) (',

+ (—.001246 +.000084 1) C,, + 1'y,.

The values of ¢, (', and €, C,, are conjugate imaginaries; hence
1 Gy : jug g

G+ (sz=f‘1y Cs+ Cy=B, i((,— Ou) =0, 1((}y— Cy)=D are real.

The equations may therefore be written

0=A+DB+1,

0= —4.04 A+34.5 C—.1058 B+.002587 D+ 1,
0= —.132 A—.0946 C'+.002478 B+ .005799 D+ I,
0=.703 A+ .205 C—.001246 B+ .000084 D + Is,.

The values for A, B, (', D are (as found by determinants and checked
by substitution):

A= — 0008856 I,,+.008198 I,,+.01621 I,,—1.372 Iy,

C= — 003196 7,,— .02803 I,,+.01476 Is,—.1543 I, (23)
B=—(1—.0008856)I,,— .008198 I,,,— .01621 Iso+ 1.372 14,
D=.35771,,— 2940 I,,— 172.0 I;,—29.89 I’s,.

The solutions (22) of the equations of motion of the aeroplane in-
volve imaginary numbers from which they may be freed by using
A, B, C, Din place of 0,,, C,, C,5, C,,- The equations then become

w=e"*1% (A cos 2.43t+ C sin 2.431]
+e% (B cos .187¢+ D sin .187t) + I,

w=e*1% [(34.5 C—4.04 A) cos 2.43t
—(34.5 A+4.04 O) sin 2.431]
1 054 [(.002587 D — .1058 B) cos .187¢
—(.002587 B+.1058 D) sin .187t] + I,
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f=e*18 [ —(.1132 A+.0946 () cos 2.43t
+(.0946 A —.1132 () sin 2.43¢]
+ ¢4 [(,00278 B +.005799 D) cos .187¢
+(.002478 D —.005799 B) sin .187¢] + L.

These formulas enable us to study any particular gust we desire.
It is merel necessar%vto find the particular solutions, then the
constants A, B, C, D. e shall reduce the coefficients in the paren-

theses, Then

w=e*18 (A cos 2.43i+ C sin 2.43t)
+ %4 (B cos 187+ D sin 1878) + 1,  (24a)

w=e+18 (A’ cos 2.43t+ ('’ sin 2.43t)
%51t (B’ cos 187t + D sin .1878) + 1,,, (24b)

0=e* (A" cos 2,43t + C” sin 2.43t)
+ e (B cos . 18Tt+D” sin 1878 + I, (24c)
where

A= — 1066 I, —1.0001 L, +.4436 I, +.220 I,

"= .04346 I,o—.1696 I,—.6190 I, -+ 47.93 I, (25)
B’ =.1066 I,,+.000107 I, — .4436 I, —.220 Is,
D' = —.03523 Lo+ .08112 L0+ 18.20 L, +3.158 s,

" = +.0004024 I, +.001724 I,o—.003231 Lpg+.1698 Py,
C" = +.0002778 I ,—.003947 I,,—.000136 Ipp—.1123 I's, (26)
B’ = —.0004024 I,,—.001724 I,,,—.99676 Lj,—.1698 I,
D" = 006683 I,,— 000681 Iy, — .4261 I, —.08201 I,

In any particular case the calculation of the coefficients in (24)
from (23), (25), (26) is likely to be relatively simple because there
are so many terms that for that case may be neghgible,

ARTICLE 5.
SOME SPECIAL GUSTS.

If we wish to represent a gust which, starting from the condition
of still air, increases to a certain intensity J wo may use the function

J (1—em). (24)

The value of » determines the sharpness of the gust. If »=1, the
gust, has reached about two-thirds of its value m one second; if r=35,
the gust has reached two-thirds of its value in one-fifth of a second;
if =1, the two-thirds intensity is reached in 5 seconds.  We may per-
haps regard r=1 as giving a moderately sharp gust, r=5 as giving a
very sharp, and r=1% as giving a tolerably mild gust. The function
(24; has the advantage o% being in such form that the determination
of the particular integrals is easy. (See Wilson’s Advanced Caleulus.)
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Case 1. Head-on gust—mild. w,=J (1 —e%).
In equations (20) we let w,=J (1—¢=%), w,=¢,=0. Then

I, =—~J (1—.247 =), I, =—.753J,

I, =.082J 2, Too= —.082J,
Iy = —.00495J ¢, I'4o= —0049J,
I's=.00099J e, T'ey = .00099.J.

(N. B.—The total increase J of the wind occurs everywhere as a
factor and may be omitted—the results then are for an increase of
1 foot-second.)

Uy = Je™%%54( 622 cos . 187t +.630 sin .187t) — J (1 —.247¢~ %),

w=Je 18— .004 cos 2.43t+.003 sin 2.43t) — Je—"**(.078 cos .187¢+
.059 sin .187f) +.082Je~%,

6= Je0%54(,00495 cos .187t—.0031 sin .187¢) —.00495J¢—*,

It appears from these equations that the effect of a mild head-on
gust of magnitude J is as follows: (1) The machine takes up an easy
slowly damped oscillation in u of amplitude about 89 per cent of J;
after the oscillation dies out the machine is making a speed J less rela-
tive to the ground and hence the original speed relative to the wind.
(2) There is a rapidly damped oscillation in w of rather small magni-
tude and a SIOW{) amped one of about 10 per cent of J, the final
condition being that of Eorizontal flight. (3) There is a slow oscilla-
tion in pitch of about .0058 J radians or about .32 J°. If the mag-
nitude o is great, the pitching becomes so marked that the approxi-
mate method of solution can no longer be considered valid—a gust
of 20 foot~seconds causing a pitch of some 6°. As the period is long
(about one-half minute) the pilot should have ample time to correct
the trouble before it produces serious consequences. ’

The result of a tail-on gust is the opposite of that of the head-on
gust and therefore need not be treate({)sepamtely. For the head-on
gust J is negative; for a rear gust, positive.

To calculate the stresses on the machine or operator caused by the
gust we have merely to find the accelerations du/dt and dw/dt of which
the first is (approximately)—

du/dt =Je"%*(.08 cos .187t— .16 sin .187¢) —.05Je—%.

This acceleration reaches a maximum of something of the order of
J/10; and if J should be 20 foot-seconds, the acceleration would be
only about 2, or 6 per cent of g—not a large amount. The accelera-
tion dw/dt is likewise small. (N. B.—The initial accelerations du/dt
and dw/dt should vanish, because the gust starts from zero. That
the initial values are not exactly zero in the above formulas is due to
the roughness of the final calculations for » and w.)

The path of the machine varies from the horizontal by the amount

t
z= f(w—l— 115.56)dt
Jao
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which accounts for the effect of the vertical velocity and of the climb-
ing in the path. The result is (roughly)

t
z=er‘-°"5“(.5 cos .187¢— .4 sin .187t)di — .5e—*dt,

z=J[e="%(cos .187¢+3 sin .187f) +2.5¢—% —3.5].

The motion is oscillatory approaching as a limit z=—3.5 J. The
machine will rise 70 feet when the gust is 20 foot-seconds head-on.

Case 2. Up gust—mild. w,=J(1—e2),

1,=.305 Je2, Io=.305 J,
I,=J(1—1.012¢—), I,=—.012J,
Iy =.000737 Je 2, Lo=.000737 J,

I;= —.000147 Je—2, Lis= —.000147 J.
w=Je—95%( — 305 cos .187¢—.0108 sin .187¢) +.305 Je—%,

w=Je % — 02 cos 2.43t+ .026 sin 2.43?) + Je—%(,032 cos .187¢+
.002 sin .187¢) + J(1— 1.012¢~%),

6 =Je 54,0008 cos 187t .0017 sin .187¢t) 4 .00074e—%).

The effect of the up gust is to set up a small long oscillation in u
of magnitude about 0.3 J, a very small oscillation in w, and a long
oscillation of intensity .0018 J radians or .11 J° in §. The compar-
ative effects on the velocity and angle in the case of head-on an({ up

usts show that the up gust is only about one-third as effective as the
eac%l-on gust. The accelerations in the case of the up gust are all
small.

To find the displacement in a vertical direction we integrate as
before.

2= f “(w+ 115.56)dt.

It is scarcely necessary to trouble with the trigonometric terms
artly because the motion is less pronounced than in Case 1, partly
gecause there is here the secular term J¢, which will carry the machine
up with the gust and will be the chief effect after the lapse of a short
time.
A down gust is in every way the opposite of an up gust and need
not be separately treated.

Cask 3. Rotary gust—mild. q,=J(1—e%).
I,= —J(610.6—475.5¢%),  I,,=—135.1J.
I,=J(86.21 — 74.87¢—%), I,,=11.34 J.
I=J(2.865 + .691¢~%), Loy =3.556 J.
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=~ .138 Je =, Iop=—.138 J.

I,=Je'%( 46 cos 2.43t+.1875 sin 2.43¢)
+ Je0%%(134.7 cos .187t— 659 sin ,187¢)
—J(610.6 —475.5¢ —),

I,=Je (4,61 cos 2.43t— 16.82 sin 2.43¢)
+ Je—954( — 15.95 cos .187¢+ 70.08 sin .187¢)
+J(86.21 — 74.87e~),

Iy=dJe 4% (— 0698 cos 2.43t+.0223 sin 2.43¢)
+ Je—%%4( —3 487 cos .187t—2.414 sin .187%)
+J(2.865+.691 e —%).

The effect of the rotary gust is a long oscillation in % (the short
one is negligible) of magnitude about 670 J, a short oscillation in w
of about 17 J and a long one of about 71 J, a long oscillation in 6 of
about 4.1 J. The comparison with former cases may be made by
supposing first that the oscillation in % may reach some 20 foot-
seconds. Then J=1/33=.03. The amplitude of the oscillation
in # is then some 0.12 radians, which is an amount comparable with '
the 6° of Case 1. To get an idea of what J=.03 means, we may
note that if a gust of 20 foot-seconds is due to a whirl of the air as
a solid body with ¢,=.03, the radius of the whirl is 660 feet. We
may therefore say that the effect of a whirl of radius 660 generating
velocity of 20 foot-seconds is of itself about equal to that of a head-on
velocity of that amount. If, however, a machine ran into such a
whirl, 1t would experience both the effect of the whirl and of the
linear velocity generated by it and would be disturbed considerably
more than it 1t had encountered a pure head-on gust. We may
therefore say that if the head-on gust arises from a whirl of mate-
rially less than 660-foot radius, the effect of the whirl is quite con-
siderably larger than that due to a straight head-on gust of equal
magnitude.

e conditions after enough time has elapsed to allow the expo-
nential term to become smaﬁ is

I,=—610.6J. 1,=86.2J. I,=2.865J.

It is therefore seen that the machine takes up the head-on velocity,
acquires a small upward velocity, and is inclined at an angle 2.865J
radians to the horizontal, these effects being due exclusively to
the rotary motion of the air. The path in space could be obtained
by integration, but (like the effects previously mentioned) would
not be the true path if the rotary motion were accompanied by
horizontal or vertical linear gusts. It seems therefore scarcely
worth while to find the path.

The value that I attach to this theory of rotary gusts does not
arise so much from the fact that such gusts seem nowhere to have
been treated as from the revelation of the powerful effects of such
gusts. When a machine is flying low it must expect to meet air
which has been set in rotation by the friction of the wind against
the ground, against buildings, or against trees. It seems certain
that very material angular velocities might be set up and that these
might (owing to their short radius) induce only moderate linear
gusts. In such cases, if they can arise as assumed, the machine

25302°—S. Doc. 268, 64-1

S



66 AERONAUTICS,

miﬁht behave very much worse than could be foreseen when nothing
is known of rotary gusts. It is not unlikely, however, that rotary
gusts would be very irregular thomseclves and that, before the
machine could feel the full effects of one, the gust might have dis-
appeared. In the samc way rotation could %e generated at the
interface between dark and {ight regions of air—indeed any sharp
relative motion of the air is likely to contain rotation.

Case 4. Head-on gust—moderate. wu,=J(1—e¢™).
I,= — J(1+.09876¢~1), Tuo= — 1.00876 J,

1,=.1307 Je—t, Ipo=.1307 J,
Iy= —.00196 Jet, L,= — .00196 J,
I's= +.00196 Jet, I'so= +.00196 J.

u=dJe 4% —.000676 cos 2.43t— .000486 sin 2.43¢
+ Je—0%4(1.09944 cos .187¢—.1528 sin .1871)
—J (1+.09876¢1),

w=Je ¥ — 01405 cos 2.43t+.02528 sin 2.43t)
+ Je%4( — 1159 cos 1871+ .01493 sin .187¢)
+.1307Je,

6= Je*1%(.0001207 cos 2.43f— .00000895 sin 2.43¢)
+ Je"% (001838 cos .187¢— .006755 sin .187¢)
—.00196 Je .

The short oscillation in u is negligible not only in regard to its
magnitude but even as far as accelerations are concerned. Then

dufdt=Je "% (— 1 cos .187¢+ .21 sin .187f) + .1Jet.

This is at most about .25 J, or 5 foot-seconds 2 if J =20. The short
oscillation in w is considerably smaller than the long, but when the
coefficients —4.18 and 2.43 are brought in by differentiating to find
dw/dt, whereas —.0654 and .187 are brought in by the long oscilla-
tion, it appears that the short oscillation is effective in determining
the acceleration. Thus

dw/dt=Je +1%(.12 cos 2.43t— .07 sin 2.43t)
+Je"%4( 01 cos .187)—.13 Je .

The amount of this acceleration is at most about J/12, one-third that
in u; the effect, however, is produced very quickly, in the first half
second.

In integrating to find the path in a vertical plane we may neglect
the short oscillation, because in this case we divide by —4.18 and
2.43, whereas for the long oscillation we divide by —.0654 and .187.
Then

H
z=f (w+115.50)dt

¢
=J f [e=0%54(.106 cos .187¢—.765 sin .187¢) — .095¢—]d¢

=Je—"54(2.3 sin .187¢+ 3.5 cos 1.87¢) +.095 Je* 3.6 J.
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The final condition is a rise of — 3.6 JJ, an amount which agrees with
that in the case of the mild gust (Case 1) in as far as the rough calcu-
lation of that case permits us to judge.

CasE 5. Up gust—moderate. w,=J(1—e%).

1,=.0773 Jet, I,=.0773 J,
Io=—~J (1-1.205 ¢t),  l,,=.205J,

L= —.003069 Je, L= —.003069 J,
Vs=.003069 Jet, I's,=.003069 J.

u=Je %~ .002641 cos 2.43t— .00651 sin 2.43¢)
+ Je~ 954 (= 07466 cos .187¢+ .4034 sin .1872) +.0773 Jet,

w=dJe 1% (— 2139 cos 2.43t+.1174 sin 2.43¢)
+ J 95 008943 cos .187¢ — 02337 sin .187¢) — J (1~ 1.205¢~),

6={Je1%(.0009148 cos 2.43%+ .000487 sin 2.43¢)
+ Je= 05+ 002154 cos .187¢—.001432 sin .187¢) —.003069 Je*.

The short oscillation is negligible in u as far as concerns u itself.
In calculating the acceleration du/d¢ the short oscillation is not
negligible relative to the long; but the acceleration is small any way.
The effect of an up gust J on u is about one-third the effect of an
equal head-on gust (sec Case 2).

The short oscillation is the main thing in w—its amplitude is about
J/4, whereas the amplitude of the long oscillation is about .J/40, or
one-tenth as much. The acceleration dw/df may therefore be cal-
culated exclusively from the short oscillation; it 1s

dw/di=dJe (1.2 cos 2.43t) ~J (1—e7¥).
This means values approximately as follows:

t=0) %; 1/4; %r 3/4;
acc.=0,—.35J,—.6 J,—.7J,—.6J.

If J should be 20 foot-seconds, the maximum acceleration would
be about f57/2, even a gust of 10 foot-seconds would produce an accel-
eration of g/4. Such accelerations coming upon the pilot in one-half
a second might considerably surprise and disturb him. An addiiion
of 25 to 50 per cent in the apparent weight of the machine could
hardly strain it to an apprecia%ﬁ)e extent in view of the large factor
of safyet used in the design. (N. B.—For an up gust J is negative.
For a down gust the operator would lose 25 to 50 per oent of his

weﬁht.)

e path of the machine in space is not of great importance in
this case. The chief feature is the general drift of the machine with
the current.

Case 6. Rotary —moderate. ¢,=J (1—¢).

As we know so little of the rotation in the atmosphere and as
nothing particular of interest seems to be indicated for this case
over and above what was found in Case 3, we shall not carry out the
calculations.
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Case 7. Ilead-on gust—sharp. w,=J (1 —=5).

I=—J(1+.01872 ¢=), [, = —1.01572 J,
I,= —.05102 Jo—, Lo=— 05102 J,
To= — 000839 Je—, Lop= — 0UDNSOG
I'y =004448 Je—2t, 1, = 0044453 J.

w=Je B — 005632 cos 2.43t+.0059=4 sin 2.43E),
FoJe™054(1.02435 cos 18Tt — 3204 sin [187¢),
J(L4 01872 ),

w=Je— (1603 cos 2,438+ 1782 o0 2.431),
FJe= 0 — 1093 cos JINTE+.0322 sin (18TE),
—~ 05102 Je*,

f=dJe 13 (.00026 cos 2.43f— .000984 sin 2.43%),
+ Je (000628 cos 187t — 006755 sin .187Tt).
— 0008894 Je5,

Here again the short oscillation in % 13 insignificant, The long
oscillation as in Cage 4 has an amplitude a little 11 excess of J. The
acceleration du/dt is small of the order J/5.  The reason that a sharp
head gust does not give a large value to du/dt is probably because
the gust can blow through the machine; the acceleration is therefore
not large except at the loops of the slow oscillation.

The short-period oscillation in w has now become stronger than
the long oscillation and the acceleration dw/dt is mostly due to it
and may be written

dw/dt=Je ¥ (— .25 cos 2.43t — 1.13 sin 2.43¢) +.25 Je 5,

The value of the acceleration never gets large because it is damped
out before the sine term gets effective—perhaps —0.4 J would be
about its maximum value. A sharp head-on gust is therefore about
half as effective as a moderate up %'usb of the same intensity. Since
up gusts are perhaps not likely to be as intense as head-on gusts, we
might hazard a guess that sharp head-on gusts would inconvenience
the pilot about as much as m(:gerate up gusts.
e most important terms in the path in space are

z2=Je0%4(1,2 sin .187t + 3.5 cos .187t) — 3.5 J.

The total rise is again —3.5 J.

Case 8. Up gust—sharp. w,=J(1—e™).

I,=.06621 Je*, I, =.06621 J,

I,=—J(1—.5605 %),  I,=—.4395 J,

L= — 00778 Je—¥, L= —.00778 J,
Iy =.0389 Je—o, Tio= 0389 J.

w=Je 18 — 05714 cos 2.43t+ .000 sin 2,431)
 Je—se( — 00907 cos 18Tt + 3285 sin .187¢)
+.06621 Je ¥,

w=Je1%( 4378 cos 2.43t+ 1.947 sin 2.43¢)
T+ e (0181 cos .187¢— 03474 sin .187t)
— J(1—.5605 e=%),
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f=Je 5 (,0059 cos 2.43t— .0122 sin 2.43¢)
+ Je U 001883 cos L 187E+ 0008667 sin L 187¢)
—.00778 Je .

The oscillation in « is of long period, and the acceleration in u is
small. The oscillation in @ hus w short-period term of great impor-
tance at the start, but except for this there is very little oscillation
in w. The acceleration is

dw/dt = Je+1¥(2.9 cos 2.43t— 9.2 sin 2.43t) — 2.8 Je =%,

(N. B.—The value of dw/dt when £=0 should be 0 instead of J/10.
The failure to cheek seems due 1o multiplication of errors, which is
unavoidable. The accuracy of the work in Case 8 and Case 5 appears
reduced to two figures.)  The aceeleration is now very serious indeed;
it is about —9.2 Je ¥ gin 2.43f, as the other two terms come
near canceling. The maximum value occurs when ¢=.217, a little
over one-fifth of a second, as is then about —1.85 J. If J should
be as large as —18 foot-seconds, the acceleration would equal g=32.
Clearly such a sharp gust if it existed would he very dangerous from
the sudden forces it would bring into play. As the machine, liow-
ever, would travel only about 24 feet durine one-fifth second, it is
reasonable to doubt whether in so short o distance so large a change
in vertical air velocity could oceur.
The path In space 13 found to be approximately

=—1.2 Je*"% cos 2.43t+1.1 Je "% cos 187t —.1 Jet 4.2 J—JL.
The final effect is the general drift with the gust, less a lag of J/5.
ARTICLE 6.

THE CONSTRAINED AEROPLANE.

If an acroplane is constrained to remain always horizontal by
mechanism which does not otherwise alter the machime or its dynam-
ical properties, the equations of motion in a gust may be found from
our previous cquations by sctting 6 =¢=0. Thn

(D—=X) u— X=X u+ X0, + ‘Yq(In
—Zyu+(D—-Z)w=2u + 2,0+ 2Ly,
- Mau— Mw = M, + My + Mg, + I,

where Fis the effective force due to the constraint and is assumed to
affect moments only, not components of horizontal or vertical force.
The last equation merely determines .

With the numerical data we find for high speed

(D. =128 — 1629 = — 128y, + 162w,
B3Tu+ (D +38.95)m= — .55Tu, — 3.95w,,
Ir= — 174w +w,) + 150¢,.
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The natural motion of the machine when slightly disturbed in
steady adr is found from

. [ D4.128 —.162| 1. - _
A= ‘557 D+3.95,_D +4.078D +.598 =0.

The roots are
D= —-2.030+1.887= —3.026 or —0.152.

We thus find the first result: The machine, when disturbed, does
not execute a double damped oscillation, but has an aperiodic motion

of the form
O €—3A93L+ 02 e-—-'O.l.')t.

The two damping factors —3.93 and —0.15 lic between the values
—4.18 and —.0654 previously found.

The unconstmineg mechine was stable for the speeds 79, 51, and 47
mile-hours; unstable for 45.2 mile-hours and lower speeds. If wo
take the data for 47 mile-hours and use them for the constrained
motion, we find

| 151 075 L s 3
A" =D+ 936 D+ 1.ag = D161 D+.150=0,
of which the roots are —1.51 and +.10. The natural motion of
the machine is therefore of the form

Cz e *1.51t+ ('2 e 10,

The second factor indicates instability; the motion due to it increases
instead of subsides and reaches 2.78 times its original value in 10
seconds,  We thus find the second result: The machine, when con-
strained, becomes unstable at a higher speed than when free—it is
to this extent a more dangerous machine,

We shall now return to the case of high speed and compute the
effect of certain gusts on the constrained machine for comparison
with the effect of the same gusts on the free machine. The general
solutions are

=—.0426 C, e 4 0, e—t 4 I,
w=C, e — 147 (, e=%+ [,.
C = — 148 I,,— 1.006 I,
C,= —1.006 1,—.0429 I, .
Alu= — (128 D+ .598) u, +.162 Dw,,
A'w= —(3.95 D +.598) w, — .557 Du,.

Case 1. Head-on gust—mild. u,=dJ (1—ec¢™%),

I,= —J (1+3.20 e—), Tuo= —4.20 J,
I,=.622 Je—x, o =622 J.
u=4.10 Je—% — J (14+3.19 e—¥),
w=—.62 Je—1¥ 4+ (2 Je—%,
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The machine takes up the gust as hefore, of course. There is no
oscillation. There is practically no acceleration in either u or w.
The path in space is

z=J (4.1 e~ -31e—2)—J.

The total rise 15 only —J. In every way the motion in this case is
easier in the constrained than in the free acroplane.
Case 2. Up gust—mild, w,=J(1—e—%).

I,= —.186 Je—2

L= —J(1-1.079 ¢ —2), fo= =186 J,
u=.186 Je —1% — 186 Je 2, wo = (Y e

w= —.052 Je—39 — 027 Je—15%_ J(1—1.079 e—-%).

The motion is again exceedingly moderate in all respects.

Case 3. Rotary gusts. These can have no effect except upon
the constraining moment F.

Case 4. Head-on gust—moderate. u,=J(1—e~?).

= —J(1+.1895 e=t).  I,,= —.1895 J,
I,=.2246 Je—t, Too=.2246 J.
w=.002 Je—99t + 1,187 Je~1% — J(1+.189 e—1),
w= — .05 Je=3% 174 Je— 134 224 Je—t
dufdt = —.008 Je—39 — 180 Je— 1% +1.89 Je—t,
dw/dt=.197 Je—3% 4 027 Je—-15t — 224 Je—t
2=1.16 Je—-15%t — 22 Je—t— 94 J.

The motion is again decidedly moderate.
Case 5.  Up gust—moderate. w,=J(1—e™?),

I,= —.0653 Jet, Io= —.0653 J,
I,=—J(1-1.350 e=t),  I,=.350J.
u=.0144 Je—3%% 4 0507 e—-15t— 0653 Je~¢,

w= —.343 Je—3%t— 007 =% — J(1— 1.350 ¢—*).
dw/dt= +1.35 Je=393—-1.35 Je—.

The motion is easy except for the acceleration in w, which has a
maximum when ¢=.46 and is then equal to about —.62 J. If the
gust should have an intensity of 10 foot-seconds the maximum
acceleration would be about ¢/5.

Case 6. Head-on gust—sharp. u,=J(1—e—%).
I,=—J(1+ .00795¢=%), I,=—1.008J,
I,= —.5275 Je—%, L= —.5275J.
= —.,029Je—3% 4 1.037 Je ™ —J (1 +.008 e—"5),
w=.680 Je3%% — 152 Je— 1% — 528 Je— %,
dw/dt= —2.67 Je— 3%t 4 02 Je— 1%+ 2.64 Je— %,
2= —.173 Je=3¥% 4 Je— 1% 4 103 Je—% —.93 J.
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The motion, including acceleration, is moderate.

Case 7. Up gust—sharp. w,=J(1 —e~%),
1,=.153 Je—¥, I,=.153J,
To= —J(1+3.628¢=%),  I,= —4.628 J,
w= —.197 Je= 3% + 044 Je— ¥ +.153 Je— %,
w=4.634 Je= 3% — 006 Je— 1% —J (1 +3.628 ¢~ %),
dw/dt= —18.2 Je~ 3%t 1 18.2 Je— %,
2= —1.18 Je 3%t 4+ 04 Je— 1% + 73 Je—%* 4+ 41 J—Jt.

The acceleration dw/dt has a maximum when ¢=5/11 when it is
1.44 J. This is somewhat serious if J is 10 foot-seconds.

We may now calculate roughly the moment /7 necessary to pro-
duce the constraint.

F= —174(w+w,) + 150¢,.

_ The last term is effective only when the machine encounters rotat-
ing air and will be neglected here.

Case 1. F=.11J(e "™ —e— %),
Case 2. F=J(009 ¢~3% 4 005 ¢~ — 014 ¢—2),
Case 4. F=J(.009 ¢=3% 4 030 e~ 1% — 039 ¢—1).
CaSE 5. F=J(.06 ¢=*% +.0012 e~ 1% — 0612 e},
CASE 6. F'=J(—.119 ¢—3%% 4 0266 ¢~ 15+ ,0924 ¢—5),
Casg 7. F=.811 J(—e 3%t 4 ¢—3),

SUMMARY.

I have indicated the general method, based on the theory of small
oscillations, whereby the equations of motion of a stable aeroplane,
whether free or constrained to fly without pitch, whether in steady
or gusty air, may be completely integrated in such form that, after
a certain amount of preliminary calculation, the effects upon the
motion of a large number of different gusts may be determined with
relative ease. So far as I am aware, no actual method of integration
nor any quantitative results of such an integration has previously been
publis e(li with the exception of the descriptive popular lecture of
Glazebrook cited above. 1 have carried through the actual deter-
mination of the effects of gusts in the following cases:

Head-on gusts rising from 0 to J feet per second with various de-
grees of sharpness.

Up gust of the same type.

Rotary gusts of the same type.

Rear gusts and down gusts are included by merely changing the
sign of J. For convenience, it has been assumed that the machine
is in still air except for the gustiness; as a matter of fact gusts are
usually superposed upon & general steady wind of other than zero
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average velocity; but the conditions of flight in still air and in steady
air are nearly 1dentical, the only differcnce being that in the cqua-
tions of motion the resistance derivatives are calculated from the
relative wind, whereas U is the actual velocity over the ground.

It has been found that a stable machine, with controls untouched,
running into a head gust of various sharpness and of total intensity
J foot-second will swoop up, with some oscillation of no serious char-
acter, to a new lovel about 3.5 J feet higher than its previous level.
Tho constrained machine will rise without oscillation to a now level
only J feet, or a triflo less, higher than before. The path in a ver-
tical plane is indicated in the diagrams drawn for me by Mr. T. H.
Huff. The accellerations arising in the motion are not serious for
either the machine or the pilot. It has been found further that a
rotary gust may have considerable effcct—though in the absence of
data as to the intensity and regularity of rotation in the air no definite
results can be formulated. Furthermore we find that up gusts
operate chiefly in lifting the machine, whether free or constrained,
with the gust.  The path in space is given in the diagram. There is
here in the case of sharp gusts a consiﬁerable momentary acccleration
in the vertical which may reach a magnitude of about 1.5 J foot-
scconds.?  This would not seriously stress the machine, which is
designed to stand accelerations of 6 ¢ to 8 ¢ in maneuvering, but
owing to its sudden and unexpected appearance this acceleration
might incommode the pilot—it is indeed the familiar phenomenon of a
“hump.”’

It follows, therefore, that the introduction of the constraint,
whether by gyroscopic or other means, serves only to climinate the
natural oscilfution in pitch and to diminish, in the casc of the head
or rear gusts only, the final change of level. As a rear gust of 20
foot-seconds is found to drop the uneontrolled machine by more than
80 feet in 15 seconds, flight at low altitudes is more dangerous in the
unconstrained than in the constrained machine. owever, the
elapsed timo is sufficiently great to cnable the pilot to check the dip
by a suitable movement of his elevator.

To offset any advantages derived from the constraint, we find that
this particular machine, when constrained, becomes unstable at a
speedpbetwecn 47 and 51 mile-hours, whereas the free machine remains
stable down to a speed between 45 and 47 mile-hours.

Massacnuserts INSTITUTE oF TECHNOLOGY,
Boston, Mass., October 7, 1915.
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REPORT NO. 2.

PART 1.

THE PITOT TUBE AND OTHER ANEMOMETERS FOR
AEROPLANES.

By W. . HErSCHEL.

1. INTRODUCTION.

The air pressures on the wings of an aeroplane, and thercfore the
sustaining power of the wings and the stresses to which the whole
structure is subject, depend on the speed of the machine relative to
the air through which it is moving. The measurement of this speed—
particularly near the lower limit where the sustaining power becomes
deficient and there is danger of stalling, or at very high speeds where
any movement of the controls may give rise to dangerously large
stresses—is evidently a matter of importance, and the use of a relia-
ble anemometer or speedometer is highly desirable. The aim of the
following paper is to describe the principles of operation of some of
the instruments which have been devised or used for this purpose
and to discuss their characteristics, so far as it can be done from a
general point of view or on the basis of available information, without
undertaking new experimental investigations,

Since the Pitot tube is the instrument which has been most com-
monly used in the United States and Great Britain as a speedometer
for aeroplanes, it will be treated first and somewhat more fully than
the others.

2. GENERAL REMARKS ON THE PITOT TUBE.

The speed-measuring device known, after its inventor,! as the .
Pitot tube contains two essential elements. The first is the dynamic
opening, or mouth of the imtpact tube, which points directly against
the current of liquid or gas of which the speed is to be measured, and
receives the impact of the current. The second is the static opening
for obtaining tﬁe so-called static pressure of the moving fluid, i. e.,
the pressure which would be indicated by a pressure gauge moving
with the current and not subject to impact. To a.voidg the influence
of impact, the static opening points at right angles to the dynamic
opening. If the two openings are connected to the two sides of a
differential pressure gauge, the gauge shows a head which depends on

1 Orfgin and Theory of the Pitot Tube, H. E. Guy Engineering News, June 5, 1913, p. 1172.
79
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the speed and density of the current in which the tube is placed, and
\Vhi(‘{l) may be used as a measure of the speed of the fluid past the
Pitot tube,

If the fuid i1s a liquid and the two openings are connected to a U
gauge containing the same liquid, the gauge shows a hiead 2 and the
usual formula for computing the speed S is

S = (y2gh 1)

in which ¢ is the acceleration of gravity and 'is the “‘coefficient” or
“constant” of the given instrument. If the head A is read on a
ratge containing a liquid of density d while the density of the fluid
%01&101‘ gas or liquid) in which the Pitot tube is immersed 18 p, equation
(1) takes the modified form:

S= 0\/ 29%h @
P

According to the elementary theory as usually given, € should be
exactly 1, and in practice it 1s in fact’ in the neighborhood of unity,
when the instrument is properly designed and used with suitable
precautions.

As regards design, it may be said that numerous recent investi-
gations have shown that almost any sort of dynamic opening is
satisfactory, but that the static opening must be designed with great
care in order that the coeflicient ¢’ may be set equal to unity without
involving any scnsible error in the result of using equation (2).
Rowse,! for example, has made an extensive comparison of various
forms of Pitot tube, which confirms previous results obtained by White,?
Taylor,® Treat,* and others. With the most satisfactory tube tested,
the experimental error in § was found to be not over 0.2 per cent.
whether the static pressure was taken from a piezometer ring,® or
from the static opening of the tube as supplicd Ey the maker. The
standard of comparison was a Thomas electric meter, which was
assumed to give correct readings.®

It may therefore be concluded that by proper construction the
Pitot tube can be made to have a coefficient so near unity that for
all ordinary purposes the equation

—
—J20% 3
v 395 (3)
may be regarded as sensibly accurate.

3. ERRORS WHICH MAY OCCUR IN THE INTERPRETATION OF PITOT-
TUBE READINGS.

The simple theory which leads to equation (3) assumes that the
tube is always pointed exactly against the current and that the ob-
served head, 2, is due to the instantaneous value of the speed S.

LW, (. Rowse, Trans. A. S. M. F., 1913, p. 633.

2 W. M. White, journal Association of Engineering Societies, August, 1901,

3D, W. Taylor, Society of Naval Archileets and Marine Engincers, November, 1905.

4 Chas. 11, Treat, Trans. A, 8. M. E., 1912, p. 1019.

5 The piczometer was simply an air-tight annular space about the pipe, connected with the interior of
the pipa by six small holes.

¢ {*0r aecuracy of Thomas meter see C. C. Thomas, Journal Franklin Institute, vol. 172, p. 411, and Pro-
cecdings Am, Gas Inst,, vol. 7, 1912, {‘) 339. For more recent experimental verifications of equation (2)
withiont use of the Thomas meter, see ¥. H. Bramwell, Report of British Committee on Aeronautics, 1912
1913, p. 35, and Wm. Cramp, Manchester Memoirs, vol. 58, part 2, see. 7.
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These assumptions are never exactly fulfilled in ordinary practice
and accordingly exact results may not be obtained, even when no
fault is to be found with the instrument itself.

In the first place, it is impossible to read the gauge instantancously;
furthermore, there is always a time lag between the openings and
the gauge. Accordingly, even when the current does not change in
direction, if its speed varies rapidly all that can be observed is the
mean value of % over a certain time interval, and this value does not
correspond to the arithmetical mean value of S over the same inter-
val, even if the interval is long compared with the time lag, as has
been shown experimentally bbeateau.1

Disregarding the time lag, the value of § computed by equation (3)
will be the root-mean-square speed, which is aﬁvays larger than the
arithmetical mean speed. Hence if, for example, the Pitot tube is
being used to determine the discharge through a steam main feeding
a reciprocating engine, the computed discharge will be greater than
the true discharge. This error is not likely to be very large.  If, for
‘nstance, the speed varies sinusoidally with time from 0.5 to 1.5 times
‘ts arithmetical mean value, the linear speed computed by equation
(3) will be 1.0607 times the arithmetical mean speed” which deter-
mines the total {low, or a trifle over 6 per cent. too large.

A serond canse of error is rapid variability in direction of the cur-
rent, which makes it impossibfé to keep the tube pointed correctly
even when mounted on a vane. If, as is usually the case, it i1s de-
sired to measure merely the component velocity in a fixed direction,
the eddies which alimost alwayvs exist may introduce a considerable
error when this component velocity is computed by equation (3).
If the variations of direction are small, the error is duc almost en-
tirely to the effect on the static opening and not to change of the
direction of impact on the dynamic opening.?

This source of error is much reduced in the Dines tube, a form of
Pitot tube in which the static opening consists of a number of round
holes or longitudinal slits in a hollow cylinder placed with its axis

erpendicular to the direction of the impact tube and to the plane
i which the variations of direction are expected to occur. en
this instrument is employed as an anemometer, its principal use, the
cylinder is of course vertical.

The heads given by the Dines tube are sensibly independent of
errors in direction up to about 20° on each side of the mean. To
offset this advantage, the instrument is somewhat less sensitive
than the ordinary Pitot tube, the cocfficient (” being greater than 1.
Furthermore, each tube must be calibrated separately, and it is not
even certain that the coefficient is strictly constant for each tube.
Data by Dines? show a constant coeflicient ("=1.53. Jones and
BBooth* find values from 1.20 to 1.70 for different tubes. Zahm?®
{inds values from 1.42 to 1.50, depending on the speed.

It has sometimes been doubted whether the coefficient €' of a given
Pitot tube was dependent solely on the relative speed of the fluid
and the tube, the suggestion being that a tube standardized by mov-

1 Annales des Mincs, 1508, p. 341.
$ L. F. Moody, P’roceedings Englneers’ Socicty of Western Pennsylvania, May, 1914,
# Quarterly Journal, Royal Meteorological Society, vol. 18, 1892,

4 Aeronatitical Journal, July, 1913, p. 195.

8 Physical Review, 1903, p. 410.

25302°—S8. Doc. 268, 64-1—6
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ing through a quiescent medium, as with a whirling arm in air, may
not give correct results when used to determine the velocity of a
fluid past a fixed point. It is difficult to see how the Pitot tube can
respond to anything but velocity relative to itself. At all events,
experiments by ¥ry and Tyndall ! have shown that while there was
some apparent disagrcement at speeds below 11 miles per hour
(17.7 kilometers) where the experimental errors were large, for
higher speeds, up to 36 miles per hour (58 kilometers) both methods
of standardization gave the same result.

Which method of standardization should be adopted—motion of
the tube or motion of the fluid—may, nevertheless, depend on the
purpose for which the instrument is intended. It is impossible in
practice to set up an artificial current of fluid which shall have a high
speed and not be turbulent and full of eddies; and the only conditions
to which equations (1) and (2) refer are, in strictness, those of stead
stream-line flow or steady motion of the tube in a quiescent fluid. If

Dines anemometer.

the tube is to be used in a very turbulent medium, as, for example, in
measuring the discharge from a fan, it should be standardized in a
stream of fluid in which the turbulence is about the same as it will
be under the working conditions. It might very well happen that a
given tube when tested on the whirling arm or by moving through
still water gave a coeflicient '=1, while if the tube were tested in a
turbulent current some other value of € was obtained. If the tube
were to be used to measure the average speed of a similarly turbulent
current, this second coefficient shouldgbe used and not the value =1,

Apparent errors and inconsistencies in the results obtained by
equations (1) and (2) have probably been due in part to disregarding
the foregoing obvious considerations.

4. WORKING FORMULAS FOR PERFECT PITOT TUBES.

It will be convenient to collect here, for reference, certain practical
working forms of equation (3) for the perfect or ideal Pitot tube, that
is, for a tube having the coefficient € equal to unity. If the tube does
not satisfy this condition, whether on account of its design or from

1J. D. Fry and A. M. Tyndall, Philosophical Magazine (8), vol. 21, p. 348 1911,
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the necessary circumstances of practical use, the value of (" must be

determined by experiment, and the values of § given by the following

equations are then to be multiplied by the observed values of C.
We start by inserting the value ¢=32.17 ft./sec.? or 9.81 m./sec.? in

the general equation (3), viz:
§=4/2 gh% 3)

in which §=the speed of the current,
h=the head on the differential gauge,
d =the density of the liquid in the gauge,
p~=the density of the current.
From this we obtain special equations for practical use,
(A) Any two fluids.—d and p may have any values but are to be
measured 1n the same units. The value of S is given by the equation

S=X\/77‘_ﬁ )

with the values of X shown in Table 1 for various methods of express-
ing § and &.
TABLE 1.— Values of X for equation (4).

h measured in— S measured in— X.
Ft.sec. . ool 2.316
Inches of liquid of density d. ........... Ft/min._. ... .o.llL 138.9
Mile/hour............o...... 1.579
M./B8C. et 1411
Mm. of liquid of density d.............. M/min............o.o.... 8.404
Km./hour.. ... ..ol 5043

(B) Any moving fluid, gauge liguid water.—The value of § is given
by the equation
S— Y\/% ()

with the values of Y shown in Table 2.

TaBLE 2.— Values of Y for equation (5).

h measured in— p measured in— S measured in— Y.
Ft./sec............ 18.28

Inchesof waterat68° F.=20°C| Lbs./ft3. ... ...... Ft./min............ 1097
Mile/hour.......... 12. 46

Mm. of waterat 68° F.=20°C.| Kgm./m.3 .. ......

Km./hour. .. ......| 15.93
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When the Pitot tube is to be uscd in air, the air density p for
use in equations (4) and (5) may be found as follows:

Let B =the barometric pressure.

Let ¢ =the temperature of the air,

Let P=the pressure of saturated steamt at ¢°, from the steam
tables.

Let I =the relative humidity.

Then in English units, if 22 and P are in inches of mercury and ¢
in degrees I,
B-03761P11

p=1.327

or in metric units, if B and P are in millimeters of mercury and ¢
in degrees €.,
> I ]
p==0.464 ]l—jgl:i%)g{[ kem./m.3 (Ha)
All the numerical data given in this seetion nre accurate enough
to permit of computing the speed to within 0.1 per cent. Actual
values computed from equation (5) may be found from Table 7,
section 13. The ecalculations requircd by equation (6) may be
avoided by the use of diagrams given by Rowse! and Taylor.? Hinz?
gives o dingram showing the gas coustant of moist air, which may
Be used in place of equation ().

5. ERRORS OF THE PITOT TUBE AT VERY HIGH SPEEDS.

The theory of the action of the Pitot tube, as given in Part 2 of
this paper, shows that the equations given in the preceding sec-
tions must be expected to require a correction if the observed pressure
difference is enongh to compress the fluid sensibly.  This will never
oceur when liquids are in question, thouch when the instrument is
used for measuring the speed of a gus the correction required to
allow for compressibility might hecome sensible at high speeds.  But
for the highest speeds attained by aeroplanes, say 130 miles per hour,
the correction computed from the theory is less than 0.5 per cent.,
an anount which is altogether negligible in comparison either with
the errors of observation or with the uncertainties of the theory
itself, which 1s far from convineingly rigorous.

6. GENERAL REMARKS ON RESISTANCE ANEMOMETERS.

When a fixed obstruction is placed in a current of fluid, it experi-
ences a force in the direction of {low which depends upon and may be
used as a measure of the speed of the current.  The force depends on
the relative motion and is the same, at the same relative speed, when
the fluid is ot rest and the body moves through it, the force then
appearing as a resistance to the motion. It is the resultant of forees
exerted on the clements of the surface of the body (@) normally by
the pressure, which varies from point to point; and (b) tangentially

! Loc. cit., p. 600.
2 Loe. eit., p. 3%, and plates 33 and 34,
3 Adolf Hing, Thermodynamische Grundlagen der Kolben und Turbokompressoren, p. 42,
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by skin friction of the fluid moving along the surface. Since we are
now interested only in devices which may be used as anemometers,
we may as well, for the future, say ‘“air” instead of fluid, and ‘“wind”
instead of current.

As regards the pressure, there is always, on the windward or
upstream side, a region of increased pressure, 1. e., of excess above the
general static pressure of the air; while on the leeward or downstream
side there is a deficiency. In the Pitot tube, the obstruction consists
of the impact tube witﬁ its open mouth at the upstream end. This
receives the excess pressure and transmits it to the gauge. The
instrument deals solely with the excess pressure on the upstream
side, of an obstruction of particularly simple form, the drag due to
skin friction and the suction on the downstream side having no
effect on the reading of what we have called a perfect Pitot tube.

The next simplest case is that of a thin flat plate of regular outline
set normal to the wind. The skin friction forces balance one another
and the whole normal force on the plate is the surface integral of the
excess of pressure on the front, over that on the back. If the plate
is mounted so that the force of the wind on it can be measured, it
constitutes a *‘pressure-plate ancmometer.”

Various devices which are in practical use may be regarded as
intermediate between the Pitot tu{:e and the pressure plate anemome-
ter. Among these are the Dines tube (see p. 82), the ' Stauscheibe,”
and the Pneumometer. The Stauscheibe is a metal disk about 1
cm, in diameter with holes in the centers of its two faces from which
the pressures are led to the two arms of the U gauge, through the disk
and through the support by which the disk is held prependicular to
the current. The F’neumometer differs from the Stauscheibe only
in details of construction. For both these instruments the coefli-
cient of equation (1) has the value 0.854, the observed pressure
difference being influenced by the suction at the downstream face as
well as by the impact pressure on the upstream face.!

In the case of pressure plate anemometers, it is usually the total
force acting on the obstruction in the wind that is measured, rather
than a manometric pressure, although Stanton ? used a diaphragm
and air pressure to transmit the force acting on a plate to a manometer
50 feet away.

If the solid obstruction is anything else than a thin flat plate normal
to the wind, skin frietion as well as pressure contributes to the result-
ant force; and if the body is not symmetrical about an axis parallel to
the wind, the resultant force will not in general be paralEl)el to the
wind, but the body will receive a side thrust in addition to the resist-
ance in the direction of the wind, as, for example, when the wing of an
acroplane has both lift and drift. Any body mounted so that the
force on it can be measured, provides a means of measuring the speed
of the wind and may be used as an anemometer; but if the body is
to be held in a fixed orientation with respect to the wind, it is evi-
dently simplest, mechanically, to avoid side thrust by making the
body symmetrical about the wind direction, referabf, a figure of
revolution about that axis. The resistance offered to the wind by a
symmetrical body of given maximum section normal to the wind

. 1 Rowse, loc, ¢it,, p.677and 634. A. Gramberg, Technische Messungen, third edition, 1914, p. 9. Cramp,
oc. cil., p. 14,
a7, E. Stanton, Collerted Researches, Nutional Physical Laboratory, Vol. V, 1809, p. 160.
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depends greatly on its shape, being less for a sphere than for a {lat
plate normal to the wind, and still less for a somewhat elongated
spindle-shaped body.

Whatever the shape of the body may be, unless it is a sphere its
resistance to a given wiud depends on its presentation, and by a
suitable choice of shape this variation of the force with the orienta~
tion may be made quite large. The operation of the Robinson, or
cuL) anemometer, depends on the fuct that the resistance of a hemi-
spherical cup is greatest when the concave side is pointed to wind-
ward, so that a wind blowing in the plane of rotation of the cups
always produces a torque. In the so-called “‘bridled”” form of this
ancmometer, the torque is measured statically and the instrument is
then merely a rather complicated form of pressure-plate anemometer,
In the ordinary form of the instrument, in which the cups arc allowed
to revolve freely, the speed of the wind is measured indirectly by
observing the speed of rotation, the action of the wind on the cups
being then still more complicated.

From the fact that the pressure recorded by the Pitot tube is
proportional to the square of the speed, it might be surmised that
the total force observed with a pressure-plate or other static resistance
anemometer would probably also be nearly proportional to the square
of the speed; and this is confirmed by experiment. The analogy
between these anemometers and the Pitot tube is a very close one,
the Pitot tube being in principle only a particularly simple kind of
resistance anemometer.

We have next to speak somewhat more in detail of some special
types of resistance anemometer.

7. THE WIND RESISTANCE OF FLAT PLATES.

The resistance of a flat plate normal to a wind of velocity § is
nearly proportional to §? and this relation is sometimes represented
by writing

P=KS§* (M

in which P is the force per unit area of the plate., The coeflicient K -
is approximately proportional to the density of the air, but it varies
with the size and shape of the plate. The independence of Pitot tube
readings of the size and nature of the dynamic opening would lead
us to expect that the pressure at the center of the front of the plate
would be independent of the size and shape of the plate, and Stanton’s
experiments confirm this expectation. But the suction on the back
depends on size as well as speed, thus accounting for the variability
of K and showing that P is only a fictitious pressure with no physical
significance.

We shall confine our attention to square and round plates, for
which the laws of the distribution of pressure are more simple than
for very oblong rectangles.? When giving numerical values in
“English units” pressure will be in pounds per square foot and speeds

! Loe. cit., p. 192,
1 . Finziand N. Soldati, Engincering, Mar. 31, 1905, p. 397.
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in miles per hour, while in ‘‘Metric units” pressure will be in kilo-
grams per square meter and speeds in meters per second.

A. Square plates—According to Eiffel ! the value of the coeflicient
K of equation (7) in English units varies from 0.00266 for plates 4
inches squure to f{=0.00326 for plates 40 inches square or larger.
The temperature and pressure of the air during the tests are not
given. The corresponding metric values are 0.065 and 0.08. Bair-
stow and Booth ? after analyzing the available data give the equation

F=0.00126 (S )24 0.0000007 (S I)®

in which #'is the total force in pounds, S is the speed in feet per
second, and [ is the length of side in feet. The equation refers to air
at 760 mm. and 15° C. or 59° F, If S is measured in miles per hour
the equation becomes

F=0.00271(S0)?+0.0000022 (S1)*

and if put into the form (7), for the sake of comparison with Eiffel’s
results, it may be written

P=0.00271(1 +0.0008 87)S?

the coefficient K depending on both § and 7.

B. Circular disks.—For a circular disk 30 centimeters, or 11.8
inches, in diameter, Eiffel gives the value K=0.00276 English, or
0.0675 metric. Stanton 3 found the values K= 0.0027 English (0.066
metric) by using a 2-inch disk. On the whole, Eiffel’s results seem

referable, because the size of disk used by him is more nearly the
esirable size for an anemometer.

As regards the relative importance of the front and back of the
plate, it may be noted that in a wind of 10 meters per second or 22.4
miles per hour, Eiffel found that the front of his 12-inch disk accounted
for 72 per cent of the whole resistance. Zahm * has pointed out that
if a plate be surrounded by a sufficiently broad guard ring there will
be no suction on the back, while the pressure on the front will be
uniform and the same as indicated by a Pitot tube at the same speed.

Table 3 shows the force on a 12-inch disk for different wind veloci-
ties, the total resultant force being calculated from Eiffel’s value of
K=0.00276 English (0.0675 metric), and from Bairstow and Booth’s
formula for square plates, assuming, as some but not all experimenters
have found, that the average pressure would be the same for a circular
plate with a diameter equal to [, as for a square of side I.

1 @, Eiffel, The Resistance of the Air, p. 35.

2 Report, British Advisory Committee for Aeronautics, 1910-11, p. 21.

3T, E. Stanton, Proceedings Inst. C. E., Vol. CLVT, 18034, part 2, p. 78.

4 A, F, Zahm, Journal Franklin Institute, vol. 173, J’anuary une, 1912, p. 258,
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TABLE 3.— Wind forces in pounds on a 12-inch disk.

n . Forcein pounds
. d J

Wind speed S K (ggfolrgigglltfé 8 afqordmg to
miles per hour. Eiffel Bairstow and

: Booth.

30 1.94 1.97

40 3.47 3. 50

50 5. 40 5.53

60 7.80 8. 00

70 10. 60 11.01

80 13. 88 14. 48

90 17. 55 18. 48

TABLE 3a.—Wind forces in kilograms on a $0-centimetcr disk.

Wind speed S | Force in kilo- | Force in kilo.
kilometers per |grams according graé o %{;(i;'sotov:_ g
hour. to Eiifel. and Booth.
48.3 0. 86 0. 87
64. 4 1.53 1. 55
R0. 4 2.3 2.44
96. 5 3. 44 3.53
112. 8 4. 68 4. 87
128.8 6.13 6. 39
145.0 7.75 815

8. RESISTANCE OF SPHERES AND HEMISPHERES.

Next to thin plates and hemispherical cups the sphere has been
most frequently employed in static resistance anemometers as the
obstruction opposed to the wind. In addition to the fact that a
S}f)here is symmetrical about all diameters, so that the indications
of a sphere anemometer may be made independent of changes in
wind direction, the sphere has the further advantage of simplicity
of form so that it may readily be duplicated. A disadvantage of the
sphere, as compared with thin plates, is the lower value of the coeffi-
cient K of equation (7).

According to W. H. Dines, as quoted by Lanchester,! K has a
value of 0.00154 English for a sphere 6 inches in diameter, or 0.0378
metric for one 153 millimeters in diameter. Dines's tests were
made with a velocity of 21 miles an hour (34 kilometers). Eiffel
Eives I 88 0.00045 (0.011 metric) and explains the difference between

is value and that of 0.00112 (0.0275 metric) found at Gottingen,
as follows: K decreases with an increase of velocity until a certain
critical velocity is reached, after which K remains nearly constant
at 0.00045 for the three spheres experimented upon. This critical
velocity was found to be a{;out 27 miles an hour for a 6-inch sphere,
16 miles for a 10-inch sphere, and 9 miles for a 13-inch sphere (12,

i F. W. Lanchester, Aerodynamics, p. 25.
¥ La Technique Aeranautique, 1913, p. 146.
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7, and 4 meters per second, respectively, for the 16, 24, and 33 centi-
meter spheres). The high value of the Gottingen coefficient is,
according to Eiffel, due to the fact that velocities of over 23 miles
an hour (36 kilometers) can not be obtained at that laboratory.
It will be noted that even for a 6-inch sphere the critical velocity is
well below the lowest flying speeds used in practice.

D.Tuble 4 shows values of K for hemispherical cups, according to

ines.

TaBLe 4.—Values of K in equation (7) for hemispherical cups.

English., | Metric. | English, | Metric. | English. i.\fetric.

Diameter of cup.

2} in. 64mm. 5in. 127Tmm, 8in, 229mm,
Cup facing wind.............. 0.00597 | 0.146 | 0.00386 | 0.095 | 0.00402 | 0.099
Cup with back to wind........ .00239 | .059 | .00168 | .041 | .060138 . 034

Since Dines used only the one speed of 21 miles an hour, there
is a doubt whether his values would hold for higher speeds. It ap-
pears that with a cup there would be little if any reduction in diame-
ter as compared with a plate giving an equal force, though the cup
would have the advantage of greater strength for a given force and
weight. The difference in the force acting on the cup in its two

ositions, which is the driving force of the Robinson anemometer,
1s clearly indicated by the table.

9. PRACTICAL FORMS OF RESISTANCE ANEMOMETER.

Maxim! used a pressure }f)late anemometer consisting of a disk
with a spring resistance. is arrangement had the advantage of
fairly uniform graduations of the scale, the spring acting indirectly,
with variable leverage on the pressure plate.

In the pressure-plate anemometer of Dines 2 the variable resistance
is furnished by a float partly immersed in water, the pressure on the
plate being equal to the weight of a volume of water equal to that
of the part of the float raised above the water level.

The 1914 catalogue of Aera, Paris, shows a pressure plate
anemometer which is merely a speed indicator. It is supplied with
three disks, so that it may be set for any speed between 50 and 75
miles an hour (80 and 120 kilometers). The pointer will then show
whether the actual speed is above or below the normal. Aera also
make an anemometer using a sphere, in the form of a pendulum.
This instrument reads only to 45 miles an hour (72 kilometers) and
has graduations coming closer together at higher speeds. It would
be very inaccurate without some means for holding it vertical.

The Davis Lyall air speed indicator, made by John Davis & Son,
of Derby, England, is a bridled anemometer of the screw type which
should be held with its back to the wind, though the manufacturers

1 H. Maxim, Natural and Artificial Flight, p. 70.
1Quarterly joumal, Royal Meteorological Society, vol, 18, 1892, p. 167,
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do not provide it with an air vane to do this automatically. This
defeet is remedied in the Aera bridled anemometer. Concerning the
Davis Lyall instrument, it is stated:

To avoid undue oscillation of the pointer a damper is provided—either magnetic
or air. Such a damper is rendered necessary in measuring velocities in a natural
wind which varies within wide limits.

When it is desired to investigate the gusty character of natural
winds, the sensitiveness of a hridled anemometer becomes an advan-
tage. Concerning a bridled anemometer consisting of five hemi-
spﬁerical cups attached to a vertical spindle by short arms, Stanton!
says that this instrument is more sensitive to monientary gusts than
any of the other recording instruments in common use.

10. THE ANEMO-TACHOMETER.

When anemometers of the screw type are used for high velocities,
there is danger that the vanes will be deformed and the velocity
indications become unr-liable, and for this reason cup anemometers
are more suitable for out-door work. Wilhelm Morell, of Leipzig,
has placed on the market an anemo-tachometer illustrated in the
Deutsche Luftfahrer.? This is a Robinson anemometer with tachom-
eter attached for aeronautical purposes, the tachometer being an
instrument, usually actuated by centrifugal force like a steam en-
¥ine flyball governor, so that velocities may be read at a glance
rom the position of a pointer. It will be noted that with a tachom-
eter, in contrast to a revolution counter, no measurement of a time
interval is required. The anemo-tachometer also has the advantage
of zill Robinson anemometers that the wind vane may be dispensed
with.

According to a communication from Morell, his anemometers are
calibrated In a wind tuunel, built in accordance with designs of
Prof. Prandt] of the University of Gottingen, in which air currents
up to 78 miles per hour (125 kilometers), can be obtained. It is
stated that some of these instruments have been in constant use for
two years without needing recalibration.

The anemo-tachometer, as well as other anemometers, should be
attached to the aeroplane in such a manner that its indications are
not influenced by the irregular and indeterminate wash of the
machine and propeller. It has been proposed to lengthen the dis-
tance between the cups and the casing, so as to bring the cups above
the upper supporting plane, while keeping the dial on a level with
the pilot’s line of vision. The objection to this lengthening is that
it might change the friction and hence the indications of the instru-
ment, and necessitate a special calibration.

What appears at first sight to be a solution of the difficulty, would
be to provide the anemometer axis with a small electric generator,
and use the electric voltage, thus generated to indicate speed of
rotation by means of a voltmeter. We should anticipate, however,
that electric indicating instruments, as at present constructed,
would not long retain their accuracy when exposed to the vibrations
on an aeroplane.

1 Collected Researches, National I’hysical Laboratory, Vol. V, p. 174.
9 Apr. 2, 1913, p. 163,
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11. THE BOURDON-VENTURI ANEMOMETER.

The Venturi tube consists of a short converging inlet followed by
a long diverging cone, the entrance and exit diameters heing usually
equal so that the tube may be inserted as a section of a pipe line.
T}llere is generally a short cylindrical throat. The converging part
has somewhat the shape of a vena contracta, but its exact form 1s of
littie importance. The exit cone has a total angle of about 5°, this
being found to give the minimum frictional loss for a given increase
of diameter.

Venturi tube.

When a current of fluid passes through the tube, the pressure in
the throat is less than at entrance to the converging inlet, by an
amount which depends on the ratio of entrance to throat area, the
density of the fluid, and the speed of flow. If the tube is provided
with side holes and connections to a differential gauge by which this

ressure difference may be observed, it constitutes a Venturi meter.
II)‘he area ratio is a known constant for a given tube, so that when the
density of the fluid is known the observed pressure difference may be
used as a measure of the speed of flow. en the pressure difference
is expressed as the height of a water column, it is known technically
as the ‘‘head on Venturi.”

Such an instrument may be used as an anemometer by pointin
it so that the wind blows directli through it, and the observed he
may then serve as a measure of the wind speed. Bourdon® employed
the Venturi tube for this purpose in 1881, and it has been used recently
as an aeroplane anemometer.

At a given speed, the observed head increases with the ratio « of
entrance to throat area and the instrument may be made to give a
much larger head than a Pitot tube. This is illustrated by the figures

iven in Table 5 for a tube in which « =4, the throat having half the

iameter of the entrance. The data are for air at atmospheric pres-
sure and 70° F. Column (2) gives the head which would be observed
with a Pitot tube; column (3) that observed by Bourdon; and column
(4) the ratio of (3) to (2).

1 Annales des Mines, September and October, 1881; Comptes Rendus, 1882, p. 229.
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TaBLE 5.—Comparison of Pitot and Venturi heads for a=4.

1 @) (8) 4) )
- . ; iae- | Col.3. heoretical h
Winidspeed. | Pitovbenead. | HoadonVenturlao | €85 | Theorgical heod on
Miles Meters Tns. Mm. Ins. Mm. Ins. Mm.
hour, sec.
10 4. 47 0. 05 1.3 0.17 4 34 0.7 18
20 8. 04 .19 4.8 .80 20 4.2 2.9 74
30 13. 41 .43 10. 9 2. 30 58 3.3 6.8 173
40 17. 88 .77 19.6 4, 0* 102* 5.2 12. 3 312
50 22. 35 1. 20 30.5 6. 6* 168* 5.5 20.0 508
60 26. 82 1.73 43.9 10. 0* 254* 3.8 30.0 762
70 31.29 2.3 59.7 15. 0* 381* 6. 4 45.0 1,143
80 35. 76 3.07 78.0 20. 0* 508* 6.5 63.0 1, 600
90 40. 23 3.89 98. 8 25. 0% 635* 6. 4 90, 0 228G

In figure 1 the line /7 (7 represents Bourdon’s observations und the
starred values in column (3) of Table 5 were read from the dotted
extension of this curve. While this extrapolation can make no claim
to accuracy, it appears from column (4) of Table 5 that a Venturi
tube with a 2 to 1 diameter ratio would probably give at least’five
times as much head as a Pitot tube at orginary acroplane speeds.

The curve F' E of figure 1 and the numbers in column (5) of Table
5 were found from equation (27) of Part 2, which is known exper-
imentally to agree closely with the facts when the Venturi meter
is inserted in a pipe line instead of being used as an anemometer with
both ends free. Upon introducing the known values of £ and p for
air at one atmosphere and 70° F., equation (27) reduces to

-

r7i(l—r7)

T T
a?—r7

8=1720 miles per hour.

If the 1720 is replaced by 769, the result will be in meters per second,

What part of the great discrepancy between columns (3) and (5)
of Table 5, or between E F and ¢ H of figure 1, is to be ascribed to
friction or other circumstances which make the Venturi tube act dif-
ferently as an anemomcter and as a flow meter, and what part to
Bourdon’s experimental arrangements and possible errors of ogserva-
tion, can not be decided without further investigation; but in an
event, it is obvious that with the Venturi tube a much larger head 13
available than with a Pitot tube.

Since Bourdon wanted an anemometer for very low speeds, he
increased the available head still farther by using two concentric
tubes, the exit end of the inner one being at the throat of the outer,
so that the suction there increased the speed through the inner tube
and the fall of pressure at its throat. The proportions of the tubes
\thli)(l:h were adopted as giving the best results were as shown in

able 6.
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TaBLE 6.—Proportions of Bourdon's double Venturi tube anemometer,

| Inner tube. | Outer tube.

Ratio of minimum to maximum diameter: ’

(a) Of converging cone. ... ...ooiiiiiiiiiiiiian.. 0.31

(b) Of diverging coBe....ouueniinnaiiniiaaaennn 0. 45
Double angle:

(a) Of converging cone. .................o..oi.... 34° 15

(b) Of diverging cone..coeeovoii e iiiiiaaaaaen.s 3° 45

Relative throat diameters. ... . ... ... 1.0

0. 56
0. 60

21° 38
4° 50
6.2
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No cylindrical throat piece was used with either tube, the converg-

ing and diverging cones being connected directly.

ourdon also used a similar arrangement of three concentric tubes,
The heads obtained with this, at various wind speeds, are shown on
figure 1 by the curve 2 ¢ and by the isolated point A.  The point B
is from tests of a 3-tube instrument by Brown Boveri & Co.!

The proportions of single-tube anemometers as used i modern
French practice scem to be somewhat like those of Bourdon's inner
tube. (See Table 6.) The length of tube in the anemometer made
by Aera, of Paris, is 6.3 inches (160 mm.) or nearly the same as the
length of the diverging cone of Bourdon’s inner tube.  Dorand? gives,
without dimensions, a section of a Venturi-tube anemometer which
indicates a ratio of throat to entrance diameter of about 0.2. The
proportions proposed by Toussaint and Lepére ® as a result of recent
experiments are very similar to those of Bourdon’s outer tube.  (See
Table 6.)

12. REMARKS ON THE SPECIAL CONDITIONS TO WHICH AEROPLANE
ANEMOMETERS ARE SUBJECT.

A. Weight and head resistance.—These must hoth be small—the
smaller the better. Accordingly we need not consider any essentially
heavy instruments, such as those which require the use of electric
batteries, nor instruments like large pressure plates which offer a
head resistance of several pounds.

B. Robustness.—The very severe conditions of vibration preclude
the possibility of using instruments which are not mechanically
strong or which can not be made so without too great weight. Bot
the anemometer head proper, and the transmitting and indicating
parts must be simple, light, strong, and free from the need of delicate
adjustment or frequent testing.

C. Position.—The head must, so far as practicable, be out of reach
of irregular currents and eddies and therefore at some distance from
the indicator or dial in front of the pilot. The available positions
are (a) in front of the center of the machine, (b) well above the upper
planes over the pilot’s head, (¢) near one wing tip. Position (a)
might be practicable and satisfactory in some cases but there is a
possibility, unless the head were very far in front, that the readings
might not be the same, at a given speed, during normal flight as when
planing with the motor stopped. We have no information on this

oint. The influence of the body extends some distance ahead, 2
act which should not be overlooked.* Position (b) would often
require the construction of a special support, increasing the weight
and head resistance.  Position (¢) seemns the natural one to adopt if
a transmission of the requisite length can hbe made satisfactory; but
here again it should be noted that the disturbance due to a strut or
wing begins some distance ahead of the Ieading edge.’

D. Orentation.—While most anemometers have to bhe pointed
directly into the wind if they are to mmdicate its resultant velocity,

1 Zeitsehr. d. Ver. Deutscher Ingenicure, 1907, p. 1848,

2 k. Dorand, La Technique Aecronautique, Nov. 1, 1011, p. 252,

¢ Rep. Brit. Adv. Com. for Aeronautics, 1912-13, p. 39s.

4 See, for example, the results of experiments on the Marienfelde-Zossen high-speed electric railway, The
Electrician, June 17, 1904,

s See . I, Relf, ftep. Brit. Adv. Com. lor Aeronautics, 1912-13, p. 133.
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what is needed in aviation is primarily the relative wind speed along a
direction fixed with regard to the axis of the machine. The unde-
sirable complication of mounting the anemometer head on a wind
vane is therefore unnecessary and the head may be fixed. If informa-
tion 1s required about motion perpendicular to this direction, it may
be got from a wind vane.

]5 Independence of gravity.—On account of the very considerable
angles of heeling an yitching, it seems uscless to consider any instru-
ment which depends for its action on weights or liquid manometers.
Any required forces must be applied by springs; or if pressures are to
be registered, it must be by spring gauges. Furthermore, all parts of
the instrument must be so balanced that the readings are not affected
at all by gravity. This remark applies to the transmission and the
indicator as well as to the head.

F. Vertical acceleration and centrifugal force.—Vertical acceleration
acts merely as a change of the intensity of gravity. It will, therefore,
have no effect on an instrument which 1s properly constructed in
accordance with E, above.

Centrifugal force must be allowed for in a similar way by careful
balancing of all movable parts so that the lateral acceleration of the
whole machine during curved flight shall not influence the readings.
This balancing in the transmission is equally necessary, whether
forces are transmitted by rods or wires or pressures by fluids in tubes.!

13. DENSITY CORRECTIONS.

Before considering the effects of changes of air density on the
indications of particular types of anemometer it will be well to see
how great these variations are likely to be under working conditions.
For this purpose we consult equation (6) of section 4, viz,

B-0.376 PH

460+t )

p=1.327
in which

p=the density of the air in pounds per cubic foot.
B =the barometric pressure in inches of mercury.

t=the temperature of the air in degrees Fahrenheit.
P =the pressure of saturated steam at ¢° in inches of mereury.
H =the relative humidity (H =1.0 for saturated air).

The ranges we shall assume are: B =30 to 20 inches, correspondin%
to a rise from sea level to about 10,000 feet altitude; ¢=0° to 90
F.; H=0.0 to 1.0, i. e., from complete dryness to saturation.

We may first consider the term 0.376 PH. Taking P from the
steam tables we have

at {=>50° 70° 90°
0.376 P=0.136 0.278 0.533
0.376 P x 0.5=0.068 0.139 0.267

1 For a discussion of the effect of vertical acceleration and centrifugal force on liquid manometers the
reader may be referred to an article by H. Darwin, Acronautical Journal, July, 1913, p. 170.
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If we assume a constant relative humidity 7 =0.5, while in fact
the humidity varies all the way from 0.0 to 1.0, the maximum error
we can make in the value of 0.376 PH is 0.376 P < 0.5, of which the
vahies at 50°, 70°, and 90° are shown above. To find the percentage
error which this assumption can introduce into the computed value
of p, we must compare these errors with the value of £, The follow-
ing table shows the maximum per cent. errors in p at 50°, 70°, and
90° I'. and at 20 and 30 inches pressure which can be caused by
assuming /{=0.5,

(=50 1=70°
B =20 inches 0.3497, 0.707%
B =30 inches 0.23¢7, 0.4677

Since a temperature of 90° I, will seldom or never prevail at an
altitude where the pressure is as low as 20 inches, we may regard 1
per cent. as about the maximum possible error, and in the vast
majority of cases the actual error will be less than 0.5 per cent.
Now with the anemometers we need to consider, a given percentage
error in the density causes only about half as much error in the
speed S; and furthermore, an accuracy of 1 per cent. in measuring
tEe speed of an aeroplane may be regarded as satisfactory. Hence
the assumption of a constant relative humidity of 50 per cent.
(/I=0.5 is quite approximate enough for our purpose, and we
adopt this assumption and thereby sitplify equation (6) to the form

”_ )
p= 1.3271%681%] pounds per cubic foot. (8)

From equation (8) we may now compute a table of approximate
values of t‘he air density at various values of the barometric pressure
B and the temperature £. It will be convenient to have the values
expressed, not in pounds per cubic foot, but in terms of a standard air
density, and for this the value =0.07455 has been chosen.  This is
the density at B=29.92 inches, t=70° F., and /1=0.5, conditions
which are a fair average representation of those which are likely to
prevail during anemometer tests. The valucs are shown in Table 7.

TaBLE 7.—Relntive density D of air at B inches pressure, t° F., and 50 per. cent relative
humidity, referred to air at 29.92 inches pressure, 70° F. and 50 per cent. relative
humnidity.

B= 20/ 227 247 287 | 307
t=0° F....| 0.773 0. 851 0.928 ‘ 1,006 1.083 1.160
100, .. .. .757 .833 J908 U4 1. 060 1. 135
200, ... .4 K15 .889 063 1.037 1112
300 ... 725 L798 .871 L 943 1.016 1.088
40°. . ... .710 .78L . 853 .924 . 995 1. 066
50°. ... . 696 .766 .835 . 905 .975 1.045
600 . L681 750 .818 |- 887 L9553 1.023
70°. ... . 667 734 . 801 L858 .935 1.003
80°...... . 653 . 719 .785 [ .850 .916 .982
90°. . ... L6390 . 703 .768 .833 .897 . 962
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We have next to consider how these variations of density may
affect the readings of an anemometer which has been tested under
standard conditions.

A. The Pitot tube.—The Pitot tube formula may be written

S =const X \/ p‘—;&
or for a standprd density p,
So=A4Vp,— P,

At any other density, p=2Dp,, we have

Ay o= _ 8o

If the tube has been standardized at the density p, and the constant

A, determined, or if the gage has been provided with a speed scale

or a table for converting its readinﬁs at the standard density p, into

speeds, the true speed at any other density p is found by muﬂiplying
. 0. 1 1

the indicated speed by D Values of D computed from Table

7 are given in Table 8.

TaBLE 8.—Values o —1_—.-for use in equation (9).
VD e

Barometric height B in inches of mercury.
t°F.

207 2277 247 2677 28”7 3077
1.137 1. 084 1. 038 0.979 0.961 0. 928
1. 149 1. 096 1.049 1. 008 .971 .938
1,162 1.108 1. 061 1.019 . 982 . 948
1.174 1.119 1.072 1. 030 . 992 . 958
1.187 1.131 1.083 1. 040 1.003 . 968
1.199 1.143 1.094 1.051 1.013 .978
1.212 1.155 1.106 1.062 1.023 . 989
1. 225 1.167 1.117 1.073 1.034 . 999
1,238 1,180 1.129 1. 084 1. 045 1. 009
1. 251 1.193 1.141 1. 096 1. 056 1.020

If the purpose of reading the anemometer is not, primarily, to
ascertain the speed, but to judge of the wind pressures on the machine
which determine the lift and the stresses, then the density correction
should not be applied. For at any given angle of attack, the wind
forces are very nearly proportional to the Pitot pressure; when the
gauge shows a given reading, the wind forces are always the same;
and from the standpoint of sustaining power and strength it is
immaterial how the forces arise. Hence E‘om the point of view of
the aviator who is concerned with the safety of his machine, the

25302°—8. Doc, 268, 64-1———T
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speed readings of the Pitot-tube anemometer correct themselves
automatically—if the machine flies safely at a given speed and in
air of a given density, it will be equally safe in air of any other den-
sitgv, regardless of ﬁressure, temperature, and humidity if the Pitot-
tube gauge gives the same reading.

. B. Pressure-plate anemometers.—It would naturally be supposed
that the readintgs of pressure plate anemometers would be affected
by variations of air density in the same way as those of Pitot tubes.
The theory of the subject, however, is nof entirely clear, and it is
difficult to interpret some of the experimental results which have
been obtained.! In the absence of further investigation it would
seem safest to make the density correction, when necessary, exactly
as is done for the Pitot tube. If the readings are taken only for the
sake of estimating the wind forces on the machine, the density cor-
rection is to be omitted, just as with the Pitot tube.

C. The Bourdon-Ventur: anemometer.—I1f the results of Bourdon’s
experiments agreed closely with computations from the theorctical
equation of the Venturi meter, we should fcel justified in using that
equation to compute density corrections to be applied to the read-
ings of an instrument which had been tested at a standard air density.
But the discrepancies shown by curves GH and EF of figure 1 are
so large that we can not trust the theoretical equation at all for a
Venturi tube used as an anemometer. It appears that further
experimental investigations of this instrument are needed.

. Rotary anemometers.—Regarding rotary anemometers, Jones
and Booth ? say:

The principal advantage possessed by instruments of this type is that they read the
actual travel through the air independently of variations in density.

It seems likely, however, that this independence is only approxi-
mate and not complete. The ratio of cup or vane speed to wind
speed depends on the value of the least wind speed which will just
keep the anemometer turnin% against friction. And since each vane
or cup when moving very s owqy acts as a pressure plate, it seems
that the wind speed required in order to furnish the torque for very
low speeds of rotation must depend on the air density. Hence it
seems probable that at higher speeds the action of instruments of the
Robinson or of the screw type is somewhat influenced by air density.
Exact information on this is lacking.

14. COMPARISON OF TYPES OF ANEMOMETER.

Anemometers in general might be compared from various points
of view; but since our purpose is strictly practical, we shall at once
exclude from the discussion any instrument which can not be made
satisfactory on the score of (a) robustness combined with lightness,
(b) independence of gravity, and (c) flexibility of transmission, per-
mitting the head togbe placed at a distance from the indicator in
front of the pilot’s seat. There seem then to remain for discussion
the Pitot tube, the pressure plate, the Venturi tube, and the Robinson
anemometer.

A. The Pitot tube.—This has been the most studied, and we can
speak of it with more certainty than of the others. The head is

1 See Rayleigh, Rep. Brit. Adv. Com. for Aeronautics, 1010-11, p. 26.
* Aeronautical Journal, July, 1913, p. 192,
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simple and mngl be {)llnced in any position; and the transmission of
the pressure through tubes presents no obvious difficulties. The
prime defect of the instrument is the smallness of the pressure avail-
able for actuating the indicator. While sensitive liquid gauges may
be used under some circumstances, anything but a spring gauge seems
out of the question for all-round use. The problem with the Pitot
tube is to make a satisfactory spring gauge which shall at the same
time be sufliciently sensitive and so robust as to be reliable. The
problem looks diflicult, but may not be insoluble. _

B. The pressure plate.—DBy an increase of size, the pressure plate
may he made to give as large a force as is desired, the Iimit being set
by the amount of head resistance which it is considered permissible
to devote to an anemometer. Transmission by wires under tension
might be practicable but would be liable to get out of order and to be
seriously disturbed by vibration. Transmission by means of liquid
pressure might be managed but would introduce complications, and
the development of the instrament in this form would demand a
great deal of experimentation. In spite of its attractiveness and
a}})lparent simplicity at first sight, the pressure plate does not, on the
whole, scem very promising as a practical acroplane instrument.

C. The Bourdon-Venturi anemometer.—The Venturi tube furnishes
a pressure difference and the transmission problem is simple, as it is
with the Pitot tube. DBut the pressure difference may be made so
large that the problem of making a satisfactory spring gauge is vastly
simpler than with the Pitot tube, and should not present any insu-
perable difficulties. A more important doubt arises in connection
with the density correction. Since it is impracticable to test an
anemometer at low-air densities by the ordinary methods, and since
Bourdon’s results differed greatly from what might have been ex-
pected on theoretical grounds, the instrument should be used with
caution, if high altitude flights are in question, until we know more
about its practical behavior. On the other hand, it appears to be
satisfactory at ordinary air densities,! and it seems to be an instru-
ment of great promise and one of which the practical development
should be pushed along.

D. The Robinson anemometer.—The weak point of the Robinson
anemometer is lack of flexibility in the transmission. In the form
of Morell’s anemo-tachometer it indicates speed through the air nearly
independently of the air density. But since the main purpose of
knowing this speed is for finding the total distance traveled, it would
scem as if the ordinary method of registering the total number of
turns would, in practice, be more uscful than the attachment of a
tachometer to give instantaneous speeds.

Having now discussed some of the mechanical characteristics of
the four ’oyﬁ)es of instrument we may take another standpoint and,
assuming that & mechanically satisfactory instrument of each type
can be constructed, ask whether one presents any advantages over
another. The answer to this question depends on why we want to
know the speed.

If what is wanted is to estimate the distance traveled through the
air, some form of Robinson anemometer seems to be the thing to use,
because it is independent of air density, to a first approximation, at

1 See Eiffel, The Resistance of the Air, p. 234.
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‘all events, The other three types of instrument will all require to
have a density correction apvlied to their readings, if the air density
is far different from that during standardization, and they are thus
atl a disadvantage.

But it appears that the speed through the air is, in gencral, not
itsclf the important quantity sought; for at best it does not tell us
the speed over the ground until it is compounded with the speed of
the wind which may happen to be blowing. A more important use
of the anemometer 1s not properly as a speedometer but as a dyna-
mometer, i. e., a3 an instrument %or indicating the air forces on the
machine. For this purpose, any instrument such as the anemo-
tachometer which gives the speed without reference to the density
will require a density correction to its readings, whereas the Pitot
tube gives just what is wanted, the allowance for density being
already present in its uncorrected readings, so that cqual readings
mean equal pressures, whatever the density may be. The pressure

late folls in the same class as the Pitot tube. Of the Bourdon-

‘enturi anemometer we can say very little until the instrument has
been further studied, but it seems likely that it also will act rather
as a dynamometer than as a speedometer, if its readings are not cor-
rected for variations of air density.

Still another question which may be asked is, What sort of mean
speed does a given anemometer indicate when exposed to a gusty
wind? In regard to this question, the four types under considera-
tion fall into the same grouping as before. With the Pitot tube, the

ressure plate, or the Venturl tube, the pressure difference or the
orce depends on the square of the wind speed, and the mean reading
of any of these instruments in a wind of varying speed will therefore
give not the arithmetical mean speed but the root-mean-square speed,
which is what determines the mean wind forces on the aeroplane.
The anemo-tachometer, on the other hand, will probably ingicate
something between the arithmetical mean and the root-mean-square
speed. If it had no inertia it might be made to indicate the arith-
metical mean, but the effects of inertia in causing lag or lead will
probably make the mean reading of the instrument In a wind of
variable strength somewhat higher than it would be in the absence
of inertia. The fact that this might result in a slight overestimate
of the total travel will hardly be of any moment, in view of the impos-
sibility, for the aviator, of measuring and allowing for the true veloc-
ity of the wind with respect to the earth’s surface.
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PART 2.

THE THEORY OF THE PITOT AND VENTURI TUBES.

By E. BuckiNcHAM.

1. THE ENERGY EQUATION FOR STEADY ADIABATIC FLOW OF A FLUID.

Let a fluid be flowing steadily along a channel with impervious and
nonconducting walls, from a section A to a section A,, the areas of the
scetions perpendicular to the direction of flow being also denoted by
A and A,. By saying that the flow is “‘steady” we do not mean that
it occurs in stream lines and without turbulence. We mean merel
that it i1s ‘““sensibly” steady; i. e., that such variations of speed,
direction of motion, pressure, etc., as may occur at any point in the
stream as a result of turbulence are so rapid that our measuring instru-
ments do not respond to them, but indicate only time averages; and
that these time averages are constant at any fixed point within the
channel.  Values of a property of the fluid, or of any other quantity
such as speed, “at a point,” are therefore to he understood as time
averages over a time which is long compared with the speed of varia~
tion of the quantity to be measured, tﬁough it may appear short in
the ordinary sense,

Let 6, p, v, ¢, T, respectively, be the absolute temperature,
static pressure, specific volume, internal energy per unit
mass, and kinctic energy per unit mass, at the entrance scc-
tion A. By the *‘static pressure” is meant the pressure which would
be indicated by a gauge moving with the current. Let 6,, p,, v, ¢,
T, be the corresponding quantitics at the exit section 4,. Both sets
of values are to be understood as averages over the whole section, as
well as time averages in the sense exﬁi&ined above. The two sec-
tions shall be at the same level, so that the passage of fluid from A
to A, does not involve any gravitational work.

As a unit mass of fluid crosses A, the work pov is done on it by the
fluid following; and as it crosses 4, it does the work p,v, on the fluid
ahead. Since the walls of the channel are nonconducting, no heat
enters or leaves the fluid between A and A,; hence the total energy,
internal plus kinetie, increases {or decreases) by an amount equal to
the work done on (or by) the fluid, and we have

pv—pl/ul=(fx+T1)_ (f"‘ T)
or (1)
T—T,=(e-+pv)— (e+pv)
101
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So far no assumptions have been made and equation (1) is rigorousl
correet for adiabatic flow between two sections at the same leve{
Internal heating by skin friction or the dissipation of eddies is merel
a conversion of energy from one form into another and not an addi-
tion of energy; hence it does not affect the validity of equation (1)
and need not appear in it.

2. INTRODUCTION OF THE MEAN SPEED INTO THE ENERGY EQUATION.

Let @ be the volume of fluid which crosses the section A per unit
time, and let S=Q + A; then S is the arithmetical mear, over the sec-
tion, of the component velocity normal to 4 and along the channel.
Let Q, and S, be the corresponding values at 4,. Mecasuring kinetic
energy, as well as work and internal energy, in normal mass-length-
time units, we then set

1
T-T, =5 ($*~57) @)

and proceed to substitute this expression for (77— T) in equation (1).

This substitution is indispensable to further progress, but it involves
an assumption which destroys the rigor of all further deductions,
The deductions are, nevertheless, very approximately confirmed by
experiment, and it is therefore worth while to examine the assump-
tion,

If there were no turbulence and if the speed were uniform over
each section, we should have the two separate equations

1
T=gs
(3)
T lga
1=TH5S1

and equation (2) would be exact. If there is no turbulence but the
speed of flow is nonuniform, approaching zero at the walls, as it must
where the channel has material walls, equations (3) will not be satis-
fied, but we shall have 7'>4S* and %,>5Sf, because the mean
square speed, which determines the kinetic energy, is always greater
than the arithmetical mean speed S when the distribution over the
section is not uniform., With a round pipe and nonturbulent flow
T =3%8* instead of 482

In nearly sall practical cases the flow of fluids is turbulent and the
relation of the whole kinetic energy, ineluding that of the turbulence,
to the arithmetical mean normal component of the speed at the given
section will depend on the amount of turbulence. It is impossible
to say what the relation will be further than that the kinetic energy
of eddies and cross currents tends to increase the error which would
be involved in assuming equations (3), while, on the other hand, the
fact that with increasing turbulence the speed becomes more nearly
uniform over a cross section tends to decrease the difference between
the mean square and the arithmetical mean of the component normal
to any sectiol.
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_The assumption involved in using equation (2) is not, however, so
violent as that which would be involved in using equations (3)
separately. For equations (3) are equivalent to

T-4§'=T,~457=0
whereas equation (2) is satisfied if
T-38*=T,—38.? 4)

no matter what the value is. Equation (4) and its equivalent (2)
are satisfied if the error in assuming equations (3) to hold is the
same at both sections without vanishing or even being small. This
will occur if the kinetic energy of turbulence is the same at both
sections and if also the speed distributions over the two sections are
such that the arithmetical mean normal speed is the same fraction
of the mean-square normal speed at both. While therefore it is
evident that the use of equations (3) separately might lead to con-
clusions at variance with facts, equation (2) may nevertheless be
nearly fulfilled in practice. The agreement Wit{; observation of
deductions from equations (2) and (1) shows that in many ordinary
cases the error committed by treating equation (2) as exact is in
reality quite insignificant.

For geometrically similar channels, the percentage error of equation

(2) depends only on —D;§, in which » is the kinematic viscosity of the

fluid and D a linear dimension of the channel. With a given fluid in

a given channel increasing S increases the turbulence, but it is
— Q2

not evident how this will affect the percentage error, iszi, if

at all. Hence, it seems possible that although turbulence increases
.., DS . . ]

with 0 the percenfage error in assuming equation (2) may

not increase but remain constant or even decrease. On the other

hand, at a given speed S, if Q;g is increased by increasing D or dimin-

- N2
ishing », the turbulence and the value of 2%—3— will be increased

and there will be a greater chance that equation (2) may be sensibly
in error. At a given moan axial speed g'l we must, therefore be pre-
pared to find greater discrepancies between experiment and results
deduced from equation (2) for large channels and fluids of low
kinematic viscosity than for the opposite conditions.

We shall now proceed as if equation (2) were rigorously exact, and
by combining it with equation (1) we obtain

382 —8,7) = (¢ +pwy) — (e +pv) (5)

an equation which serves as the point of departure for the theory of
the Pitot tube, the Venturi meter, the steam-turbine nozzle, and
various other devices in which a stream of fluid is retarded or accele-
rated adiabatically.
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3. ISENTROPIC FLOW OF AN IDEAL GAS.

If the physical properties of the {luid have been sufficiently inves-
tifgatcd and if a sufficient number of quantities are measured at each
of the two sections, the value of (e+ pv) may be computed for each
section and the value of (8?—8;?) found from equation (5), to the
degree of approximation permitted by the assumptions which have
been discussed above. A process somewhat of this nature is pur-
sued in the design of steam-turbine nozzles, (e+ pv) being then the
quantity known as the total heat of steam.

But when the fluid is a gas, it is usual to proceed with deductions
from equation (5) by the aid of two further assumptions which
enable us to compute variations of ¢ and » from observations of p
alone. The first of these assumptions is that the fluid behaves sen-
sibly as an ideal gas defined by the equations

pv—=R8 (6)
€=50+0|7 (6—16,) (M

in which C, is the specific heat at constant volume, and ¢, is the
internal energy at the standard temperature 6,. The properties of
ordinary gases, such as air, carbon dioxide, or coal gas, when far
from condensation, are nearly in conformity with equations (6) and
(7), and for such fluids no serious error is involved in making the
assumption mentioned, unless very great variations of pressure and
temperature are under consideration. Equations (6) and (7) imply
also the relation

Cp=C+ R (8)

in which C, is the specific heat at constant pressure.

The second assumption is that during the simultancous changes of
pressure and temperature in passing from A to A, the familiar isen-
tropic relation for an ideal gas, viz,

6 k—1
i=(3) ©

remains satisfied, & representing (/.. This assumption is, of
course, not exact, for while we have stipulated that the flow shall be
adiabatic, the internal heating, due to viscosity causes an increase
of entropy. The assumption amounts, therefore, to assuming that
this irreversible internal heating is not enough to cause any sensible
increase of the temperature at A, over what it would be if there
were no internal heating at all.

The foregoing assumptions enable us to put equation (5) into a
more available form. }i%y substituting from (6) and (7) into (5),
and using (8), we have

Lis—sn=c, 0,-0) (10)

By means of (9) and (6), this may bo written

i

k—
5 (§*—-8= %’—’pv [(%)‘k‘l-— 1]
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and by (8) we get C,,/R:I%i so that we have

| k A
§(o —S1)=k_1pv[(%> k —1] (11)

which is the usual form of equation (5) for isentropic flow of an
ideal gas. If the speed is known at either scction, equation (10)
cnables us to find the speed at the other from a knowledge of C,
and an observation of the difference of temperature; while equation
(11) gives us similar information in terms of the pressures at A and
A, if the density and the ratio &k are known. e shall apply this
equation to both the Pitot tube and the Venturi meter.

4. THE THEORY OF THE PITOT TUBE.

To treat the Pitot tube, we consider the fluid which is approaching
the dynamic opening. Starting at a point so far upstream that the
presence of the Pitot tube produces no sensible disturbance there, a
particle of fluid approaches the dynamic opening, slows down, and
mixes with the permanent high-pressure cap of nearly stationar
fluid, which covers the dynamic opening and communicates wit
the differential gauge through the impact tube. The same particle,
or another indistinguishable from it, emerges from the cap and,
being accelerated by the now positive pressure gradient, flows on
along the impact tube, finally acquiring a sensib%y constant speed
when it has reached a region of sensi%ly constant pressure. We
wish to apply equation (5) to this motion if we can find a plausible
way of doing so.

gtarting with the contour of a small plane area, in the undisturbed
current and perpendicular to its general direction, we construct, in
imagination, a tubular surface of which the sides are at every point
parallel to the mean direction of motion of the fluid past that point,
as found by averaging with regard to time. If the motion 1s not
turbulent, this tube is a tube of flow and no fluid passes in or out
through its sides. If the motion is turbulent, as it nearly always is
in practice, the same fluid does not flow continuously along the tube
as 1t would if the walls were impervious. On the contrary, particles
of fluid are continually leaving the tube in consequence of the tur-
bulent time-changes of the direction of motion at any fixed point;
and these particles are continually replaced by others, of the same
total mass, which enter from without the tube. But on the whole,
the particles which enter have the same average component velocity
along the tube as those which leave; for unless this were true we
could, merely by imagining the tubular surface, generate within the
fluid a particular filament which was moving, on the whole, faster
or slower than the surrounding fluid. We conclude that the net
effect of turbulence is the same as if the imaginary tube walls were
made rigid and perfectly reflecting for mechanical impact without
exerting any skin friction on the fluid flowing along them.

If the whole current of fluid is at a sensibly uniform temperature
across its general direction, no heat passes in or out through the
tubular surface, and equation (5) may be applied as though we had
an impervious noncon((llucting channel to deal with. Furthermore,
if the tube is of small section, the axial speed, averaged with regard
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to time, will be the same at all points of any one cross section. Hence
the application of equation (5), involving the assumption of equation
(2) or (4), is better justified than for a material tube in which skin
friction would cause the axial speed to be nonuniform over any
section.

We now consider such an imaginary tube, starting in the undis-
turbed fluid some distance upstream from the dynamic opening of
the Pitot tube, passing into the high-pressure cap over the opening
and emerging again at the edge of the 0£ening, to continue its course
along the side of the impact tube. The portion of the imaginary
tube which passes through the high-pressure cap may be regarded
as an enlargement of cross section at which the mean axial speed is
so reduced that its square is negligible in comparison with the square
of the speed at distant points. If we let A be a section at some
distance upstream and A, be the section of the tube where it passes
through the high-pressure cap, S,* is negligible in comparison with S2
and equation (5) gives us

S = 2[(e, + p,) — (e+ pv)] (12)

in which § is the speed of the undisturbed current; ¢, p, and v refer
to conditions in the undisturbed current; and e, p,, v, refer to con-
ditions in the dynamic opening. The static pressure, which the
static opening is designed to receive and transmit to the gauge, is p;
while the pressure received by the dynamic opening is that in the
permanent high-pressure cap, or p,.

Equation (12) is the general form of the Pitot tube equation for any
fluid, whether compressible or not. In the case ot('1 a liquid, the
internal energy and specific volume are not appreciably affected by
the very smxﬁf pressure variations involved, so that we have ¢ =e
and »,=v and equation (12) reduces to

S=V2v (p—p) =\/2 Z)%Z_) (13)

p being the density of the liquid. If the pressure difference is ex-
presse§ as a head £ of li(}uid of density d, we have p, — p=ghd and
equation (13) takes the form

S=\/2_q Eip—h (14)

the usual form of the Pitot tube equation for a perfect or ideal tube.
Even when the fluid is a gas, if § is small and (p, — p) therefore also
small, ¢, and v, are nearly thesame as ¢ and v so that equations (13)
and (14) remain approximately correct--admitting all the assump-
tions made—though it is not evident how close the approximation
will be. But if the speed and the pressure difference are great
enough to cause sensible compression, we must return to equation (5)
and introduce the conditions for adiabatic flow of a gas, as was done
in section 3 in arriving at equation (11). The fact that equation (14)
does agree well with observations on gas currents at moderate speeds,
shows that no great error is involved in neglecting compressibility
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and justifies us in going on to find a closer approximation by treating
the gas as ideal and thereby using an approximation to the com-
pressibility.

Assuming, then, that equation (11) is applicable to the imaginary
current tube now under :}iscussion, we have, by setting S,>=0, the
equation

=T (O ®

If we now set %= 1+A andk—%—l-=n weo have

Py { n—1,. (n=1)(n—2) }
(p) E—1=naf1+"57 A+ 9.3 A?+ ete.

Setting the {- ...} = X? substituting in equation (15), and noticing

that » A k-1 P,_Z—)I_? wo have

8= X\/ 2 PP (16)
p
which differs from equation (13), obtained by disregarding com-

pressibility, only in the correction factor

— — — — — — ]
x=fi+t5 s (Ao B e, 2D 0= 00 Jan)

The quantity A=P1"P i the fractional rise of pressure at the

mouth of the impact tube: hence it is, in practice, always a small
‘quantity. The value of & for gases is always between § and 1, so

that n=k T Lis always between $ and 0. Accordingly the terms of

X containing A are alternately negative and positive and when A is
small the series converges rapidly, the sum of all the terms in A being
nearly equal to the first term alone, so that if the first is negligible the
sum is negligible and X may be set equal to unity.

The ratio of the specific heats of air is 1.40. Hence n=% and we

have

1B ay10,._ 95 &
X—{1—14A+49A —gagl’ Tete. (18)

If an error of ¥ per cent. in S is permissible, an error of 4 per cent. may
also be allowed in the correction factor X and the value of A may be,
at most, such as to make 555 A=i%) or A=0.056y. For any assigned
values of the error ¥ per cent. in the speed, the value of § can be
found from equation (13).
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Let us suppose, for example, that the Pitot tube is to be used for
measuring the speed of an aeroplane and that an accuracy of 0.5 per
cent. is sufficient. Then we have A=0.028 and p,—p=0.028 p. To
find what speed would give this head on the differential gauge, we
set p=1 atmosphere=1.013Xx10° dynes/em.? and p=0.0013 gram/
em.,? and substitute in (13), the result being §=66.1 m./sec. =212
ft./sec. = 148 miles/hour. Since an accuracy of better than 1.0 per
cent. can hardly be demanded of an acroplane speedometer, it is evi-
dent that for all ordinary speeds of flicht, no correction for com-
pressibility is needed and equations (13) and (14) may be used.

It is of course a simple matter to compute values of the correction
factor X for various speeds; hut in view of the uncertaintics and
assumptions involved in the theory, the results would have a mis-
leading appearance of accuracy and would not in fact be worth the
labor of computation. What has been shown is sufficient, nancely,
that if a Pitot tube does not measure the speed of an aeroplane cor-
rectly the error is not due to neglecting the compressibility of the air.

5. THE THEORY OF THE VENTURI METER.

The Venturi meter is a channel of varving cross section, and we
may apply to it the general equations of flow which have already
been developed.  In doing so, we shall let A be the entrance section
of the meter where p is measured, and 4, be the throat section at
which the diminished pressure p, is observed. We have to use
equation (5).

If the meter is used for measuring the flow of a liquid of density p
we may set g, =e and v, =v as we did in treating the Pitot tube. and
equation (3) then gives us

§2—82=2 P—P (19)

o
Neither § nor 8, vanishes; but in addition to (19) we have the equa-
tion of continuity which for a fluid of constant density may be
written

8,4,=84 (20)

and (19) and (20) together enable us to find cither S or §,. If we
represent the area ratio by a single symbol

N 1)
we have ' o
S= Jf\fr’ 2 JLP& (22)
where -
; :
= 9
B V/ LU (23)

and B is a constant characteristic of the given meter.
~ Comparing (22) with (13), the equation for the Pitot tube in a
liquid, we see that they differ only by the factor B which depends on
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the arearatioa. If@=+/2, B=1 and the observed Venturi pressure
difference (p _(f)l) will be the same as would be shown by a Pitot
tube with its dynamic opening in the entrance of the meter. For

. . D . .
various values of the ratio yix of entrance diameter to throat diameter

. 1
we have the following values of B:

Ilj—= 1.5 2.0 2.5 3.0 4.0
a=  2.25 4.00 6.25 9.00 16. 00
—  1.569 3.874  6.170  8.944  15.77

Evidently, the Venturi pressure difference may easily be made much
larger than the Pitot pressure difference at tge entrance speed and
the gauge reading be made much more sensitive.

If the fluid is a gas instead of a liquid, compressibility will still be
negligible at sufficiently low speeds, as for the Pitot tube, and equa-
tion (22) may be used; but in general the compressibility must be
allowed for. To treat the flow of a gas, we have to make the same
assumptions as in section 3, namely, that the gas is sensibly ideal
and that the flow from the entrance section A to the throat A, is
sensibly isentropic, the combined effect of heat conduction to or
from the walls of the meter, and of internal heating in the gas itself,
being insignificant. We then have to apply equation (11) to the
case in hand, and if for simplicity we represent the pressure ratio
by a single symbol and write

y2
==r<l 24
P (24)
we have by equation (11)
2k k1

p being the density of the gas at the pressure p as it crosses the
entrance section.
To combine with (25) we have the equation of continuity

S, A, p,=SAp

and if we remember that during isentropic compression or expansion
of an ideal gas pv* remains constant, the equation of continuity
may be written

8, =-%8 (26)

By using (26) to eliminate S, from (25) we now obtain the equation

9 2/k k—1\) Y
s={ 2 Al (1= (27)

k—lat—7r

b}y: means of which the entrance speed § may be computed from the
observed pressure ratio r=p,/p when the area ratio @ and the
properties of the gas are known. Since we are treating the gas as
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ideal, p/p is, for any given gas, proportional to the absolute tempera-

ture 6 at the entrance section, and we may write P_Po g] p, bein,
P P00, g

the density of the gas at the standard pressure p, and temperature g,.
For air, g9= :=1.40 and if we insert the known value of p, at
1 atmosphere and 0° C. and set

7
S= Y\/Eo (28)

[ 2k r2k E=1\ p 14
Y—{kﬁ o 1—’"‘);0]

we have the values of Y shown in the following table for various
pressure ratios r and for meters in which the throat diameter is
1, 4, or } of the entrance diameter, i. e., a=4, 9, or 16. If ¢ is the

()
temperature at entrance, on the centigrade scale g =“7237;t while if
o

where

{ is measured on the Fahrenheit scale,
6 460+t

6, 492
Tre VENTURI METER FOR AIR.
Values of Yin S= Y\/Z—
0

A _ entrance area
S=8peed at entrance to meter ®=4.= Throat area

r=throat pressure+entrance pressure=p,/p f=absolute temperature of air at
entrance.

6,=absolute temperature of ice point.

Values of Y.
a=1 a=9 a=16
7
M./sec. | Ft.jsec. |Mile/hour.| M.fsec. | Ft./sec. |Mile/hour.{ M./sec. Ft.jsec. | Mile/hr,
09998 | 1.44 4.74 3.23( 0.626| 2.05| 1.400 | 0.350 | 1.150 { 0.784
. 999 3.231 10.60 7.23 | 1.40 4.59 | 3.13 0.784 | 2.57 1.753
. 995 7.211 23.656( 16.13 | 3.12 |10.24 | 6.98 1.756 5.74 3.91
.99 10.16 | 33.34 | 22.7 4.40 | 14.11 | 9.85 2.47 8.09 5. 52
.98 14.3 46.48 | 32.0 6.19 |20.3 |13.85 3.47 | 11.38 7.76
.95 22.2 72.8 49.6 9.62 [31.6 {215 5.39 | 17.7 12. 08
.90 30.4 99.8 68.0 | 13.2 43.4 1 29.6 7.41 | 24.3 16. 87
. 80 40.2 | 131.7 89.8 | 17.5 57.5 | 39.2 9.82 (322 22.0
. 60 48.1 |[157.9 |107.6 |[21.1 69.3 | 47.2 11.86 | 38.9 26.5

Computed on the assumptions pv=R, C,=constant, (_éP =1.400.
1

Po=1.01323 X 10 dyne/cm?.
p0=0.0012928 gm cm? at 760 mm. and 0° C
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REPORT No. 3.

REPORT COVERING INVESTIGATIONS OF AVIATION WIRES
%INDTCABLES, THEIR FASTENINGS AND TERMINAL CON-
ECTIONS.

By Jorx A. Roesuing’s Sons Co.

In reference to our investigations of aviation wires and cables,
their fastenings and terminal connections for stays, we have failed to
find from past practice anything that would allow us to determine
the best lines on which to proceed; therefore our study is not limited
to any onestay design.

In making our investigation we have aimed to eliminate the use of
acid and solder, imperfect bends, flattening of cable on bends, injury
to wire, strand, and cord due to unskillful handling of material in the
field; and based on our study of present methods of manufacture of
acroplanes we believe it is possible to manufacture the completo stay
here 2t the factory, proof test same to 50 per cent of its ultimate
strength, measure same under stress, and thercfore eliminate any
uncort:tintfr’ as to strength of terminal connection, length of stay, and
workmanship.

On this basis our research covered not only the terminal connection
for shop attachment, but also a connection that would allow repairs
to be made in the field without requiring the use of blow torch and
solder, and from the following tests it will be readily scen that the
development eliminates any doubt on this point.

We find present practice considers ““ the solid wire stay,”’ consist-
ing of one wire of suitable diameter and known to the trade as “avia-
tion wire’’; “the strand stay,” consisting of either 7 or 19 wires
stranded together and known to the trade as ‘“aviator strand’’; also
“the cord or rope stay,” consisting of 7 strands twisted together
forming a rope, the strands being cither 7 wires or 19 wires; and the
rope known to the trado as ‘“aviator cord.”

THE SOLID WIRE STAY.
PLATE NO. 1.
Figure 1.

Figure 1 shows the type most Eenerall in use. An eye or loop is
formed in tinned aviator wire and a ferrule made by wrapping a tIl,iin
flat strip around both wires. The free end of the wire is then bent
back over the flat ferrule, holding it in place, and the whole terminal
dipped insolder. This type of terminalis far from being satisfactory.
Its mechanical strength is low and variable. The Frocess of solderin
involves the possibility of establishing a source of corrosion, as we
ag injuring the quality of the wire. The making of such a terminal is
almost necessarily a factory proposition and provides no means for
quick and efficient field replacements.

25302°—S8. Doc. 268, 64-1—8 113

’



114 AERONAUTICS,

Figure 2.

The standard terminal in Europe is shown in figure 2. This con-
sists of an oval sfprirliﬁ wire ferrule applied in almost the same manner
as the flat wire ferrule in figure 1. Particular emphdsis is placed on
the method of forming the eye in the stay before applying the ferrule.
Radius of curve at ““ A’ and ““B,’’ figure 2, must be exactly the same
as radius at “C.” This is called a perfect eye. No solder is used.
The ferrule is made of wire of the same size as wire in stay and is
“slf)ring” quality. Nine convolutions constitute the standard length
of ferrule. The hole in the ferrule is oval and a snug fit for the two
wires forming the eye of stay. Both wire and ferrule are tin
coated. The free end of the wire is bent back over the ferrule and is
not fastened in any way. This holds the ferrule firmly against the
shoulder at “A "’ and “{3.”

Tests made on stays having this type of terminal did not show
very satisfactory results. Eighty per cent of the tests showed an
efficiency of less than 65 per cent, the free end of the wire slipping
through the ferrule at failure of the stay. In the remaining 20 per
cent of the tests the wire broke at ‘“A,”” the stays having an average
efficiency of 68 per cent of the total strength of the wire.

Figure 3.

Figure 3 shows eye having radii ““A” and “B” different from
“C,” which is not allowed 1n foreign specifications and practice.
Tests made on terminals having an eye formed as in figure 3 always
resulted in pulling through the free end of the wire at low efficiency.

Figure 4.

In order to determine whether the direction of pitch of the spiral
spring ferrule had any influence in determining the efficiency of the
st,a,ﬁ’, samé)le terminals having left-hand ferrules as in figure 2 and
right-hand ferrules as in figure 4 were made with a perfect eye in both
cases, tested, and compared. The left-hand ferrule clearly showed
an efficiency of about 5 per cent more than the right-hand ferrule.
In testing the latter the free end of the wire slipped in every case.

Figure 5.

In figure 5 an effort was made so secure the free end of the wire
against slipping when strain was applied to the stay by wrapping
this end around the main stay wire. Tests on this construction
showed an average efliciency of 72 per cent, fracture taking place
at ((B.)’

Figure 6.

Another method of securing the loose end consisted of tying
the end down on the ferrule with fine annealed wire as shown in
figure 6. Tests made on this construction showed an average effi-
ciency of 70 per cent, fracture taking place at “A.”

CONCLUSIONS BASED ON ABOVE TESTS.

Observations made during tests of terminals 5 and 6 showed clearly
that the weak points of this construction existed at “B’’ and “A”
respectively, and that it was necessary to increase the friction between
the walls of ferrule and the wire of the stay under strain to increase
efficiency. Reliable information at hand showed that the same con-
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clusions had been aimed at by foreign engincers stationed in America
and that they had solved the problem by soldering the spring ferrule
terminal in the same manner that Americans had adopted with the
flat wire terminal.

HORN’S IMPROVED TERMINAL CONNECTION.

In an effort to avoid the use of solder with its many objectionable
features types of construction as shown in figures 7 to 15, inclusive,
were originated and tested. In every case the spring ferrule with
left-hand pitch was adopted. The loose end of wire was secured
with a tie or simple wire loop or clip as shown. Numerous tests made
at intervals throughout the entire series of tests with wires having
strengths of 1,600, 1,800, and 2,300 pounds showed conclusively that
there is no difference in efliciency of stays using wire of any of the
above strengths.

Figure 7.

Figure 7 shows a wedge between the ferrule and free end of wire
so placed that as strain 1s applied to the stay and the bend in the
free end of wire drawn toward the ferrule the wedge is forced in and
thus increases the friction between the wall of the ferrule and the
main stay wire. Average efficiency secured, 82 per cent; range of
efficiency, 80 to 84 per cent. Fracture at “A” in ferrule.

Figure 8.

Figure 8 shows two wedges with a connecting yoke. The wedges
enter on each side between the two wires and force them apart and
against the wall of the ferrule as strain is applied. The wedges are
forced in by pressure on the connecting yoke which passes under the
bend of the iree end of the wire as this free end is drawn into the
ferrule under strain. Average eflicicncy of terminal in test equals
80 per cent. Range of efficiency in tests made, 79 to 83 per cent.
Fracture at “A.”

Figure 9.

In construction of figure 9 two wedges were used as in figure 8, but
the yoke was replaced by a washer with two holes in it encircling
both wires of the stay. %ressure on the wedges was supposed to be
secured under strain by the drawing in of the%oose end under strain.
This result was not reﬁized as the washer became locked on the main
wire and broke the loose end at “D.” Efficiency secured was only
70 per cent; range, 60 to 75 per cent.

Figure 10.

In figure 10 two wedges were used as in figure 8 and figure 9. The
free end of the wire was wrapped around the main stay wire and
pushed in the wedge as initial shppage occurred. Average efficiency,
84 per cent; range, 75 to 87 per cent. Fracture at ‘“A” 1n ferrule,

Figure 11.

Figure 11 shows a double eye with no wedge. Standard straight
ferrule with free end tied. This type of eye could only be used on
stays when turnbuckles or hooks to be attached had open eye.
Average efficiency in test, 80 per cent; range, 74 to 82 per cent.
Fracture at “A.”



116 AERONAUTICS.

[gure 1.2,

Tigure 12 again shows a double eye in stav with a single wedge
between wires on the eye end of the ferrule,  As ferrule is drawn
down agrainst shoulders A and “B7 the wedge 1s forced in. This
increases friction of wires against ferrule at “A™ and “B,” but not
at D" and “E.7 Average efliciency, 85 per cent; range, 80 to 87
per cent.  Iracture at “A.”

Figure 13.

Figure 13 shows a construction consisting of a double eye in stay,
a single wedge under the eye, and an oval spring wire ferrule tapered
at the same angle as the wedge. In this case the pressure of the
wedge foreces both wires throughout the entire longt]? of the ferrule
against the walls of the ferrule and this incereases friction on the ferrule
uniformly as the strain increases on the stay and reduces the strain
at the weak points ““A” and ‘B’ proportionately.  Fracture always
took place at ““E.””  Average efficiencey, 94 per cent; range, 92 to 95
per cent,

In ficure 13 we have the most efficient terminal tested. It has
none of the objections of & soldered terminal. It is simple, parts are
inexpensive, strong, and few in number. It is an ideal terminal for
CTNCTEENeyY Use in the field.

Figures 1 and 13.

Figures 14 and 15 show modifications of this type to overcome any
objertions which might be raiscd to the double eye.  The wedge and
a substantial thimble are combined in one piece,  To secure more
points of contact, and consequently greater friction, and also for
greater flexibility, the taper ferrule 1s made of finer wires and with
more convolutions. The wedge thimble may be open or closed, as
desired.  Fracture took place at ““E.””  Average efliciency, 94 per
cent; range, 92 to 96 per cent.

Semncary of tests for efliciency.

Terminal. e&‘cg';?? I\axgi&:]rc);f:ﬂx- }r‘;xcrﬁ;rgr { Romarks.
Percent. Per ernt.
) 80 60-90 { “A” or ““B’"| American, soldered.
b 65 60-75 ¢ “A” or | Foreign, proper eye.
lslipg)(fd.
U 62 60-65 | Slipped....| Foreign, improper eye.
S 60 59-61 |.. ,(E) ....... Righg?landrf)er;)ule. d
B 7 65-75 | “B”.......| Endwrappedaroundstay.
A 70 68-78 | “AV.......| End tied toferrule.
T e 82 80-84 | “AV._.. ... Wedge under hook.
B 80 79-83 1 “AV. ... Two wedges with yoke,
9. 70 60-75 | “D"”. .. _. Two wedgeswith washer.
100 84 7587 | AV Two wedges end
wrapped.
B I 80 7482 ) “AVLLLL L. Double cye, no wedge.
120 85 SO-87 | “AV ... Double eye, 1 wedge.
13 94 92-95 | “EV. . ... Tapered ferrule, double
i eve, wedge.
415, 94 92-96 | “EV....... Thimble wedge T. F.
single eye.

Nore.—These tests were made with wire having a diameter of 0.102 inch and a
strength of 1,600, 1,800, and 2300 pounds.  No diflerence in efticiency of stay was
found by using wire of any of these strengths.
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STANDARD WIRE FOR STAYS FOR AEROPLANES.

The original object in the manufacture of this material was the
securing of the wire as stroug as possible in order to reduce the weight
as much as possible. This resulted eventually in the manufacture of
a wire so hard and strong that difficulty was experienced in forming
the eye and bend over the ferrule without brea ing the wire. The
result of this was a lack of confidence in high-strength wire, and in
some cases the reaction extended to the use of a wire which could
properly be classed as a soft wire. The process of soldering terminals
on wire stays undoubtedly helped to a great extent in building up
this prejudice.  Nevertheless it is still true, as at first, that a strong
wire which is serviceable permits the possibility of reducing weight
and is therefore desirable. The great number of tests on wire and
stays, which were necessary to determine the properties of different
types of terminals as described above, afforded a very excellent
opportunity to note conclusively the effect of using various grades
and strengths of wire.  We determined that it was all important that
the wire should be tough and duetile as well as strong. All bends
should be made without danger of fracture. In addition to require-
ment {or tensile strength, we found it necessary to recommend
requirements for torsion and bend.  As the per cent efficiency of the
stay due to loss of strength at terminal is as great with a strong wire
as with a weaker wire, as was clearly demonstrated in our tests, it
followed conclusively that as high a strength as can be secured com-
mercially under the conditions of torsion and bend test required
was desirable.  The following specification is therefore recommended
as representing suitable high-grade material for the purpose.

Standard aviator wire (tinned).

\ . Minilr:)l;un:lf

. Alerican Neares Minimum infm numoer o Yeight i

?ﬁﬂfﬁgi;“r (B%'?)L\xvgr? & { r:g{i?)rs I‘Jreak_ing %(‘)ljsionuirr? b%gztggog‘gh p‘g:rl)gd}: plgr

. Sharpe). of inch. strain. 6 inches. inch rading 100 feet.
of jaws.
0. 204 4 31 6, 700 9 4 11.15

.182 ) & 5, 500 10 4 R.84
162 0 oy 4, 500 11 5 7.01
. 144 7 &= 3, 700 12 6 5. 56
L128 8 14 3, 000 14 8 4. 40
114 9 & 2, 500 16 9 3. 50
.102 107.......... 2, 0600 18 11 2.77
. 092 11 o 1, 620 21 14 2.20
.081 12 & 1, 300 24 17 1.744
.072 2 PO 1, 040 27 21 1. 383
. 064 14 & 830 31 25 1.097
. 057 | 2 660 34 29 . 870
.051 16 ... ... 540 39 34 . 690
.045 7 & 425 44 42 . 547
.040 18 ..o .. 340 49 52 .434
.036 19 oo oo, 280 55 70 .344
.032 20 5 225 61 85 .273
. 028 20 175 70 105 .216
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PLATE NO. 2.

Breaking strain.—Test sample should be at least 15 inches long,
free from nicks or bends. It should measure 10 inches in the clear
between the jaws of a standard testing machine. TLoad should be
ap;lied uniformly at a speed not exceeding 1 inch per minute.

orsion.—Test sample should be gripped by two vises 6 inches apart.
One vise is turned uniformly at a speed not exceeding 60 revolutions
per minute. On the large size of wire this speed should be reduced
sufficiently to avoid undue heating of the wire. The vise which is
not turned should have free lateral movement in either direction.

Bend test.—Wire for bending test should be a straight piece. One
end is clamped between jaws having their upper edges rounded to
3/16-inch radius. The free end of the wire is held loosely between
two guides and bent 90° over one jaw. This is counted oue bend.
On raising to vertical position the count is two bends. Wire is bent
to the other side and so forth, alternating to fracture, each 90° bend
counting one.

Diameter of strand, | Vreaking stronglh APP;;;-}T;;';;{“EM
&% 12, 500 20. 65
Y 8, 000 13.50
& 6,100 10.00
. 4, 600 7.70
1 3,200 5. 50
14 2,100 3.50
& 1, 600 2.60
o 1,100 1.75
e 780 1.21
5 500 .78

. ‘f,firo} 185 .30
PLATE NO. 3.

ROEBLING 19-WIRE GALVANIZED AVIATOR STRAND.

Roebling galvanized aviator strand consists of 19 fine wires of
great strength stranded together. On account of its small size the
«z-inch diameter strand is made of seven wires. This strand is not
very flexible and is used for stays. This strand is approximatel
one and one-third times as elastic as a solid wire of the same material,

Thimble spliced in each end.

ameter of Breaking Breaking Eficienc Approximata

P, | sinelbor | sirenethor | (pafend. | welehtpor
1 8, 000 7,200 90.0 13. 50
5 6,100 5, 500 90.0 10. 00
& 4, 600 4,180 91.0 7.70
& 3,200 3,000 93.7 5. 50
3 2,100 2,060 98. 2 3.50
o 1, 600 1,570 98.1 2. 60
& 1,100 1,100 100 1.75
= 780 780 100 121
5 500 500 100 0.7
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PLATE NO. 4.
ROEBLING 19-WIRE GALVANIZED AVIATOR STRAND.

Fzydure No. I shows thimble spliced in 19-wire galvanized aviator
strand.

Figure No. 2 shows the splice after the serving is applied.

Figure No. 3 shows the broken wires after the stay ﬁad been tested
to destruction in the testing machine. It will be noted there are four
broken wires. This break always occurs at the last tuck in the
splice and never around the thimble,

Breaking strength |Approxima i
Diameter of cord. cord ([fo?l;?is?. ppper lmtrz:;?lght
3 2,000 2.88
77 2, 800 4.44
s 4, 200 6. 47
Tz 5, 600 9.50
1 7,000 12,00
43 8,000 14. 56
s 9,800 17.71
+ 12, 500 22. 53
3 14, 400 26. 45

PLATE NO. 6.
ROEBLING 7 BY 19, TINNED AVIATOR CORD.

Roebling tinned aviator cord is composed of 7 strands of 19 wires
each. This wire is made from the highest grade of steel and given a
heavy plating of tin. It is used principally for stays on foreign
machines. his cord is approximately one and three-quarter
times as elastic as a solid wire of the same material.

Thimble spliced in each end.

aki k. Appro:
Diag;?&e:,r of streggﬁ]g(n cgord. stregéfl:]:)l?sgtay. Efficiency. weIgEF l;xsxrhlnogt?eet:.

2,000 1, 600 2.88
]tg 2,800 2, 300 4.44
5 4,200 3, 500 6.47
w1 5, 600 4,700 Average of 54 9.50
+ 7,000 6, 000 tests 83.6 per 12. 00
o 8, 000 6, 800 cent. 14. 56
v 9, 800 8, 200 17.71
H 12, 500 10, 400 22. 53
# 14, 400 12, 000 26. 45

PLATE NO. 6.

ROEBLING 7 BY 19, TINNED AVIATOR CORD.

Figure No. I shows thimble spliced in 7 by 19 tinned aviator cord.

Figure No. 2 shows the splice after the serving is applied.

Figure No. 3 shows the result of a test to destruction in the testing
machine. Five strands have been broken at the last tuck in the
splice. In all the 54 tests the stay failed at this point and never
around the thimble,
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PLATE NO. 7.

THIMBLES.

The eye splice in strand and cord should be protected by means of
either steel or brass thimble.

The brass thimble can be used for 19-wire strand for diameters of
1/8 inch and smaller. For larger diameters use stecl thimbles.

For the 7 by 19 cord use brass thimble for 3/16 inch diameters and
smaller, aud steel thimbles for larger diameters,

PLATE NO. 8.

SHOP CONNECTIONS,

Figure No. 1.—Based upon tests, believe the eye splice for the
7 by 19 cord is the most satisfactory for all sizes, including § inch
diameter, unless higher eflicieney is required, in which case a socket
attachment can be used for the larger diameters.

Iigure No. 2.—The cye splice 18 very satisfactory for 19-wire
strand for diameters not exceeding % inch. For larger diameters
a socket attachment is necessary to get high efficiency.

Figures Nos. 8, 4, and 5.—The tapered ferrule and wedge attach-
ment gives maximum efficiency, and we believe can be used to great
advantage for single-wire stays.

PLATE NO. 9.
FIELD CONNECTIONS.

The repairing of stays in the field has been given careful consid-
eration, and Itgure No. 1 on plate No. 9 shows a very simple and
efficient device for attachment of either 19-wire strand or 7 by 19
cord. The efficiency is 90 per cent.

The wedge “A” and ferruple “B” are the two important members
of the connections. After the strand or cord is placed on wedge and
through ferrule, the end of same is bent backward on ferrule and then
served with wire.

Figures Nos, 2 and 3 show the same type of connection for wire
attachment. The efficiency is 94 per cent.

PLATE NO. 10 AND PLATE NO. 10A.

SOCKET ATTACHMENT,

We believe the socket attachment can be used to advantage in
connection with 19-wire strand, especially on the larger diameters.

The efficiency is nearly 100 per cent and the connection is positive
and safe.

We find it necessary to use pure zinc for attachment of galvanized
strand.

Plate No. 10 shows two types of sockets—

Figure No. I not furnished with adjustment and Figure No. 2
having adjustment.

Plate No. 104 shows the sockets used by the Glenn 1., Martin Co.,
and it is stated their efficiency is 100 per cent.
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. PLATE NO. 11
ROEBLING 13-WIRE GALVANIZED AVIATOR STRAND.

Figure No. 1 shows a 19-wire galvanized aviator strand with end
looped and soldered.

Figure No. 2 shows the result of test to destruction in the testing
machine. It will be noted that the break of the seven wires occurs
at the center of the stay and ncver at the ends. In the series of
tests made this connection showed an efficiency of 100 per cent.

Special attention is called to the protective serving of the loop. In
case this 1s not donc a thimble must be used. The principal objections
to this connection are the use of acid and solder.

Ends looped and soldered.

|
Diameter of| _Dreaking | Dreaking | ppoioney  Tengthof | Servin Approximate
Sirand. © | stremeth of | stensthof | (poroqnY i . Taps ©F | weight per
—_ P T — -
! |
3 8, 000 8,000 100 5 o 13.50
o 6,100 G, 100 100 ° } > 10. 00
s 4,600 4, 600 100 85 15§ 7.70
5 3,200 3, 200 100 23 3 5.50
3 2,100 2100 100 g oy 3.50
o 1, 600 1,600 100 2% 8T8 2.60
= 1,100 1,100 100 8% $e8% L7
o 780 780 100 - aEs 1.21
o 500 500 100 = A .78

PLATE NO. 12.
EXAMPLES OF PRESENT PRACTICE.

No. 1 shows the solid wire, using a copper tube as a ferrule, and if
attached properly will give efficiency of 75 to 80 per cent.

No. 2 shows a 19-wire strand attachment, using a copper tube as
a ferrule and bending the strand back and soldering bot% inside and
outside of ferrule. Note that the strand is not protected where it
bears on turnbuckle and the strand fails here. The efficiency is low.

No. 3 shows a 19-wire strand attachment where the strand is
looped, served, and then soldered. Note the wire displacement in

loop.

1{)70. 4 was taken from a wrecked aeroplane and shows point of
failure in loop, due to want of protection at this point.

No. 5 shows form of eye for solid wire, which makes it necessary
to use medium steel to allow manipulation.

Diameter of cord. Breaking strength | Approximate weight

of cord., per 100 feet.

& 7,900 15. 00
1 5, 000 9. 50
A 4,000 7.43
& 2, 750 5.30
+5 2,200 4. 20
3 1,150 2,20
& 830 1. 50
w5 780 1.30
o5 480 .83
1

400 L7

=
o
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PLATE NO. 13.
ROEBLING EXTRA FLEXIBLE AVIATOR CORD 6 BY 7 COTTON CENTER.

Roebling extra flexible aviator cord is composed of six strands of
seven galvanized wires each and a cotton center. On account of its
flexibility this cord is used for steering gear and controls. This cord
is approximately two and one-quarter times as elastic as a solid wire.

Breaking strength | Approximate weight,
Diameter of cord, PPt ppper 100 (oot 8
£ 9,200 16.70
Y 5, 800 10. 50
oy 4, 600 8. 30
25 3,200 5. 80
w5 2, 600 4.67
3 1, 350 2.45
= 970 1.75
- 920 1.45
& 550 .93
e 1 485 .81
PLATE NO. 14.

ROEBLING FLEXIBLE AVIATOR CORD 6 BY 7 WIRE CENTER.

Roebling flexible aviator cord is made with seven strands of seven
galvanized wire each. This cord is not as flexible as the cotton
center cord and is approximately one and three-quarters times as
elastic as a solid wire.

PROTECTIVE COATINGS ON STEEL WIRES.
NONFERROUS METALS—ALLOY STEELS.

We manufacture wire and cable in nonferrous metals such as monel
metal, german silver, phosphor bronze, aluminum bronze, silicon
bronze, brass, copper, etc., but we do not believe that any of these
metals will ever prove commercially practicable for the purpose of
aeroplane stays or cables. ‘“Maximum strength with minimum
weight”” appears to be too all-important. In none of these can
extreme reliability with high elasticity be so well secured as with steel
when it is well protected from mechanical injury and corrosion. For
exceptional purposes, the nonmagnetic properties of these metals
may outweigh their lack of strength and durability in fatigue, makin
their use imperative, but in the final design the amount thus use
will undoubtedly be the least possible amount permissible under the
circumstances. For construction of this kind we would not recom-
mend, without many qualifications, a natural alloy such as monel
metal. This material appears to possess excellent noncorrosion
properties when used in a relatively large mass, as in a propeller, but
there appears to be considerable doubt as to its absolute reliability
in uniformly resisting corrosion when rolled into very thin sheets or
drawn into wire. To a lesser degree, a lack of confidence must exist
in such manufactured alloys as brass, german silver, or bronzes con-
taining relatively large proportions of two or more elementary metals.
“Phosphor bronze,” “silicon bronze,” *“ aluminum bronze,” or similar
alloys containing a rclatively high per cent of one element (copper)
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only, are more ‘“fool-proof” and consequently more reliable and
desirable.

An attempt to give the elastic limit and tensile strength of each
size of wire, strand, and cable used in aeroplane construction, if same
were made of all the nonferrous metals mentioned above, would
involve the publication of quite an extensive report. Confining our-
selves 1o the most suitable of these metals or alloys, phosphor bronze,
aluminum bronze, ete., it is a safe and reliable rule to assume that
the ultimate strength of such wire or cable or stay will be 50 per cent
of the ultimate strength of the extra high-strength steel listed by us
for standard aeroplane use. The elastic limit for nonferrous metals
could not safely be assumed at more than 50 per cent of the ultimate
breaking strain. ,

The use of vanadium, titanium, ana other special deoxidizers or
cleansers in the manufacture of steel has undoubtedly resulted in
very much improving homogeneity and density of structure in cast,
forged, and other hot-worked masses of the metal especially in the
harder alloyed varieties. It is not so certain, however, that the use
of these metals has proven necessary or even desirable in making
steels of the higher grade for wire manufacture where the enormous
amount of cold working and exact heat treatment absolutely inherent
to the process of wire manufacture produces eventually a structure
finer and more homogeneous than has ever been possible by any
other method. The Increased resistance to corrosion which the
special stecls, referred to above, afford, because of their density and
uniformity, is more than duplicated by any drawn high-grade wire
of the or(;inary carbon steels of sufficient degree of manufacture.

Vanadium steels and other steels of their kind have not as yet
become established as desirable wire steels. Although strongly urged
upon the industry and tried time and again, they have not demon-
strated their superiority.

Carefully made high-grade carbon steel affords to-day the most
reliable and flexible material for wire, cable, and stays, possessing
the ‘“greatest strength for the least weight”” known in the wire indus-
try. We know its advantages and we know its disadvantages. The
fact that the mechanical properties of steel wire and cable are seriously
affected by corrosion is so well known that it must be guarded against.
As the damage done is a function of time as well as intensity of chemi-
cal or electro-chemical action on the unprotected steel, we have
investigated the question of retarding corrosion in the steel itself to
as great a degree as possible. We have found that pure iron retards
corrosion to a greater degree than the more impure steel—but we have
also found that in highly extenuated filaments of these two metals,
as in wire, the difference in rate of corrosion is practically negligible,
especially when the total life of the wire protected by an external
coating such as galvanizing is taken into consideration. We have
found the use of special deoxidizers and cleansers questionable and
have not adopted them.

The use of protective coatings on steel wire or cable is a very broad
subject. Hot galvanized unwiped wire is undoubtedly the best pro-
tected wire for the purpose. Very hard wires and very fine sizes of
hard wire are likely to become grittle at the temperature of hot
galvanizing, and the next best coating available is, therefore, a tin
coating. Both of these metal coatings should be further protected
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by frequent applications of paint. As a protection to the ealvaniz-
ing, a coat of red-lead paint should be a‘pp{;e(l after the stay is assem-
bled and the red lead protected by a coat of graphite paint.

The care with whicﬁ inspections are made from time to time and
the eflicient maintenance of the paint on the wires really determines
the life of the combination. This has becn proven absolutely by the
very extensive use and treatment of galvanized steel on board ship
for many years.

Nickel plating is out of the question for wires to be bent or twisted
into cable. TFurthermore, nickel is absolutely injurious where the
initial purely chemical action on the intact nickel surface ceases and
electro-chemical action between stecl, and nickel begins at such spots
when steel 1s exposed.

We believe, therefore, that tinning and galvanizing are to-day the
most satisfactory coatings for steel wire that can be emploved. They
do not actually represent the final and efficient protection which is
necessary in aeroplane construction, as this is secured by the repeated
application of pamnt. These coatings are, however, an eflicient guard
against corrosion preliminary to service conditions in the plane and
also serve to prevent corrosion and consequent damage to the steel
cables and stays in service when the paint may Lave Teen accident-
ally rubbed off}.r

RECAPITULATION.
WIRE STAYS.

As shown by tests, the terminal fastening, figures 13 and 14, on
plate No. 1, are efficient, simple, and readily attached, and we believe
solve the question.

For shop attachment figure 13 or 14 would be used in connection
with shackles and clevises, and for attaching to turnbuckle eye or
other closed eyes use figure 15.

For field attachment use either figure 14 or 15.

Plates No. 8 and No. 9 also show these terminal connections.

WIRE SPECIFICATIONS FOR STAY WIRES.

Plate No. 2 and pages 10 and 11 of this report give specifications
for wire having the highest possible strength, together with the nec-
essary ductility for manipulation, and is the Tesult of many years of
experimenting in cooperation with engineers and manufacturers of
aeroplanes.

19-wire strand stays.

Plates No. 3 and No. 4 give the strength of this strand, also the
strength of same as stays using the thimble eye splice for terminal
connection, and judging from tests as given, this connection is efli-
cient, neat in appearance, and reliable.

Plate No. 11 gives table of stay strength when the ends of the
strand are looped and soldered. The cfheiency of this connection
is a maximum, but the use of acid and solder are objectionable, and
we believe the thimble eye splice with slightly lower efliciency is
preferable.
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We understand 14-inch diameter strand is the largest diameter
used, but judging from present development larger diameter will
be rcquire(i and 1t will be found that the thimble cye splice, also
the ends looped and soldered, will not give the same efficiency as
the diameter increases and we believe the use of sockets for 34-inch
diameter and larger may be desirable.

Plate No. 10 shows two types of sockets.

For making terminal connection of strand in the field, we believe
the arrangement shown on plate No. 9 is best, as it gives 90 per cent
efficiency and is readily attached by the average man and does not
require the use of acid, solder, or blow torch.

7 by 19 cord stays.

Plates No. 5 and No. 6 show the 7 by 19 rope which is flexible,
elastie, and lends itself readily to thimble splice, giving very uniform
efliciency and has the advantage of higher efficiency for diameters
between 34 and 14 inch.

We have determined by tests that the socket connection alone
gives higher efliciency than the thimble eye splice on 7 by 19 cord,
but as a egeneral proposition believe the thimble eye splice 1s entirely
suitable for stay construction.

I"or a ficld connection plate No. 9 shows the most suitable type.

CONCLUSIONS.

The tests as given show that it is possible to furnish efficient
terminal connections for wire, strand, and 7 by 19 cord, and eliminate
the use of acid, solder, and blow torch, and this report as a basis will
allow & more thorough investigation on similar lines.

We are unable to determine from aeroplane manufacturers why it
is necessary to use the solid wire, 19-wire strand, and the 7 by 19 cord
for stuys. It is self-evident that thie wire stay is less elastic than the
19-wire strand, also that the strand is less elastic than the 7 bv 19 cord,
also the strength varies considerably, as can be determined by com-
parison of tables as given hefore, and to allow a quick comparison we
give below:

Comparison of stay strength.

“‘ Material. i Diameter. Sg;?ﬂgl'_’r s"g{f;!l of
1 . Inch. Pounds. Pounds.
boWire. ..o 5 5, 500 5,100
l Strand._.......... 5 4, 600 4,100
7 by 19 cord...... [ 5 4, 200 3, 500

American practice covers both the wire and 19-wire strand stay and
foreign practice requires the use of 7 by 19 cord for stay.

The table above shows how much more eflicient the wire and strand
stays are for the same diameter and therefore we are led to believe
there are other considerations just as important as strength, such as
the elastic stretch of stays, flexibility and fatigue values of material
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which may be governed by the construction of stay, and we believe
these points should be investigated under field conditions as well as
laboratory tests.

We hoped to give this report stress-strain diagram for the solid wire,
19-wire strand, also 7 by 19 cord, so that the modulus of elasticity
could be determined for any desired load and elastic stretch of stay
calculated for comparison. We were unable to complete our tests in
time, and therefore if you decide this is of value we will be pleased to
submit these diagrams and any other data developed. If vibration of
stays is a factor, the relative fatigue value of the three constructions
would give interesting data.

Respect{ully submitted.

Joux A. Roesring’s Soxs Co.,
By C. C. SUNDERLAND, Engineer.

(Investigations under direction of C. C. Sunderland, H. J. Horn,
and D. Green.)
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REPORT No. 4.

PRELIMINARY REPORT ON THE PROBLEM OF THE ATMOS-
PHERE IN RELATION TO AERONAUTICS.

Unritep StaTES WEATHER BUREAU,
Washkington, D. C., November 9, 1915.

GENTLEMEN: The particular work comprising the subject of this
report has been undertaken pursuant to an allotment by Dr. Charles
D. Walcott, Secretary of the IS)mithsonian Institution, of $2,500, made
available through the Secretary of Agriculture to the Chief of the
Weather Bureau. At the meeting of the executive committee held
June 11,1915, the chairman, Dr. Charles D. Walcott, was authorized to
designate Charles F. Marvin, Chief of the Weather Bureau, as chairman
of a subcommittee to investigate and report upon the problem of the
atmosphere in relation to aeronautics. He was requested to select
other members of the subcommittee, not to exceed four, and Profs.
William J. Humphreys and William R. Blair, of the United States
Weather Bureau, subsequently consented to act as members of the
subcommittee.

At the meeting of the executive committee held August 5, 1915, a
proposal of work to be undertaken was outlined by the chairman of
the subcommittee on the atmosphere in relation to aeronautics, the
substance of which is briefly quoted as follows:

The Weather Bureau isalready in possession of an immense amount of data concern-
ing atmoepheric conditions, including wind movements at the earth’s surface. This
information is no doubt of distinct value to aeronautical operations, but it needs to
be collated and put in form to meet the requirements of aviation. The bureau also
has a considerable amount of determinations of atmospheric conditionsin the free air.
Most of these observations were made at Mount Weather, but others have been made at
a few points in the West, such as Huron, S. Dak.; Fort Omaha, Nebr.; Avalon, Cal.;
and a few aboard the Coast Guard cutter Seneca, during the past summer while this
vessel was engaged on ice patrol off the Newfoundland coast. Portions of these
data also are undoubtedly valuable to aviation, but it is quite apparent that but a
small fraction of the material needed to meet the requirements of aeronautical work
throughout the United States is available, and that therefore much additional obser-
vation work is necessary.

In considering the work that should be done along these lines, further cooperation
is needed by the Weather Bureau with those actually engaged in aeronautical opera-
tions, and with this need in view Prof. Blair, a member of the subcommittee, has
already been in conference with Mr. F. R. McCrary, acting director of naval aero-
nautics. Itisproposed to utilize the fund madeavailable by the Smithsonian Institu-
tion to undertake a careful compilation of the data already available in the Weather

Jureau records, this compilation to be along lines that will make the data available
to aviation; also that additional observations be undertaken to gain information con-
cerning atmospheric conditions by means of pilot balloons, the position and motions
of which are recorded by theodolites and such other apparatusasthe work may require.
It may be proper to state at this point that the Wea.tﬁer Bureau is already conducting
acrial investigations of direct interest to meteorology, and that the new work herein
proposed will be supplementary and in addition to the work the Weather Bureau i3

23302°—S. Doc. 208, 64-1—-9 129
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already performing. Embarrassment has been experienced in the progress of this work
since the European war on account of the inability to procure serviceable rubber
balloons. A manufacturer in Ohio has undertaken to supply these, and hassubmitted
a congiderable number of samples and full-sized balloons. - So far, however, the results
have been almost a complete failure, on account of the seeming inability to secure
the necessary strength and gas tightness at the seams.  Work is still in progress, how-
ever, on the manufacture of the balloons, and we are hopeful of more favorable
results in the future.

The following outline indicates approximately the subject matter
of a meteorological character it is expected to include in the proposed
publications:

ATMOSPHERIC CONDITIONS IN RELATION TO AERONAUTICS.

1. InTrRODUCTION.—Brief presentation of a few fundamental
principles and data relating to general atmospheric conditions and
motions and forming a basis for the subsequent discussion of relations
of temperature pressure and motions of the atmosphere.

CHAPTER I.—General meteorological and climatological data
selected and classified with respect to its bearing on aeronautics.
The data should show general surface conditions of weather, tem-
perature, sunshine, rain, thunderstorms, humidity, and wind velocity
and directions; also comprise as full information concerning average
free-air conditions as the scanty data available permit.

Cuarrer II.—A discussion of particular and local atmospheric
conditions as affecting aviation.

Caaprer ITI.—General presentation of frec-air conditions ar-
ranged with relation to surface conditions.

HAPTER IV.—Instruments with special reference to aviation.

CuaPTER V.—Miscellaneous useful material not otherwise 'in-
cluded.

ArreNDIX.—Formule and practical tables.

The practical closing of European markets for certain instrumental
supplies has prevented procuring recording theodolites of special
construction needed in studying atmospheric motions by means of
gilot and sounding baloons. A type oip instrument of this kind has

een designed and efforts are being made to secure the manufacture
in the United States of a small supply for the Weather Bureau work.

Difficulties are still encountered 1n procurinﬁ in the United States
a good quality of rubber balloons for atmospheric explorations.

ention is made at this point of a special form of camera adapted
to make a photograph on a single plate of the entire sky from horizon
to zenith. This has been developed and tried out by Mr. Fred W.
Mueller, with the advice and assistance of Dr. O. L. Fassig, both of
Baltimore, Md. The instrument is fully described and illustrated in
the Monthly Weather Review.

Since the publication of that paper I am informed by Dr. Fassig
that Mr. Mueller has greatly improved the mechanical arrangements
of the camera, so that the same results can be obtained in a simpler
manner. It is believed the device may have some special use in
aeronautics as well as meteorology.

C. F. Marviy,

Chairman, Subcommittee on the Atmosphere in
Relation to Aeronautics.

NarioNaL Apvisory COMMITTEE FOR AERONAUTICS,
Washington, D. C.
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RELATIVE WORTH OF IMPROVEMENTS ON FABRICS.

By TeeE GoopYEARr Tire AND Russer Co.

If one seeks to determine the qualities which offer the best chance
for improvement, without knowing as yet the exact means for effecting
such improvement, the procedure is as follows:

Assume that in a theoretically perfect fabric each of the following
qualities would be reduced to zero:

Weight (per unit strength).

Diffusion.

Rate of depreciation (dollars per year).
Heating coefficient.

Interest and insurance.

Moisture absorption.

It may be admitted that, in practice, certain of the above qualities
can not }iossibly be reduced below the well-recognized minimum of
terrestrial materials, but this minimum is in every case so near zero,
compared to the figures for ordinary balloon fabric, that the point is
of no practical importance.

Applying the results to a dirigible and taking the items one at a
time: If the weight of fabric is reduced to the assumed minimum it

will save —%] of the total running expense of the dirigible; where W is

the total weight of fabric saved and U is the useful load carried.

If diffusion is entirely eliminated it will save the entire cost of gas
(including labor and overhead) except that which escapes through
the valves, the interest on the original inflation, and liability to acci-
dental deflation.

If the fabric is made infinitely durable it will save all the deprecia-
tion of the gas bag except that due to accidental injury.

If the heating coefficient is reduced to zero it will save the running
expense of that part of th’e control system which serves to correct the

effects of heating, plus y)u_ of the total running expense of the diri-

gible; where w’ is the weight of apparatus saved.
If cost is entirely eliminated it will save the ipterest and insurance
on the fabric (exclusive of building up).

If the moisture absorption is reduced to zero, it will save the cost
124

of apparatus to correct it, plus % of the total running expense of the

dirigible, where w'/ is the weight of apparftus saved.
133
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Assume now a modern nonrigid dirigible of 500,000 cubic feet
capacity and speed of 40 miles per hour. Other data could be reason-
abe expected as follows:

W=weight of fabric=>5,000 pounds.

U= average useful load =6,000 pounds.

10,000 miles per year.

Gross running expense, $100,000 per year.

Gas leakage, 0.5 per cent per day.

Reinflation every three months.

Gas and inflation cost at $0.01 per cubic foot (plus allowance
of $10,000 for idle time), $40,000 per year.

Depreciation of gas bag (from weathering and ordinary wear),
320,000 per year. :

w’ =weight of heat-control apparatus (plancs, fuel, and bal-
last), 1,200 pounds.

Interest and insurance (military) on fabric, $15,000 per year.

w'’ =weight of apparatus to counteract moisture absorption
( %anes and ballast), 500 pounds,

The above data works into the following figures which.show the
gross expense chargeable to each of the items named:

Per year,
A 70 Y $82, 000
038R T:1 o) ¢ R 40, 000
Depreciation. ... ... o i 20, 000
Heating. . ... 20, 000
Interest and insurance. ... ..... ... .iiiiiiiiiiiiiiaia.. 15, 000
Moisture absorbtion. .. .. ... ... ... ... ... 8, 000

(These figures are of course largely overlapping and can not be
summed up into a total.)

Expressed on a percentage basis for the various qualities sought for,
weo get roughly the following:

Quality: Relative importance.
Lightmess. ..o 44

Gas tightness. ............... .. 22
Durability (dollars per year)... 11
Low heating.............. ... - 11
CheaPIess. (. it 8
Low moisture absorbtion................o.. il 4

100

For proportional improvement it will be seen that lightness is by
far the most desirable quality, while mere cheapness of fabric 18
almost the last thing to be sought.

The table also furnishes means of determining whether a proposed
change in the design of a fabric is worth while.

In effecting a certain*improvement other qualities are generally
affected at the same time, sometimes adversely. To determine the
degree of net improvement multiply the per cent improvement in each
?ality by its quality gauge mumber, and add ug the products. If
the result is positive a net improvement has been effected proportional
to the magnitude of the figure. For instance a 5 per cent saving in
weight would he worth while even if accompanied by a 20 per cent
increase in cost, other things remaining the same.

It should be carefully noted that tlus particular scale of improve-
ments is strictly applicale only to a ship of approximately the char-
acteristics above named, and to that only under certain fixed condi-
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tions of operation. It is only taken as a rough guide to present day
dirigibles in general. Whenever the fabric, the dirigible or its con-
ditions of use are much changed, the fabric improvement scale must
be changed accordingly.

It has been argue gy some that the economic basis of design can
not be applied at all to military work. With this I decidedly do not
agree. 1t is true only to the extent that certain items of cost such
as initial investment are often of small, sometimes negligible, im-
portance compared with other items. But if the analysis is complete,
1t may be put squarcly on an economic basis, it being only necessary
to estimate the true saving for each of the possible improvements
above named, applied to the particular requirements and conditions
governing the case in hand.

It is evident from what has been said that for a dirigible of certain
required si)eciﬁcations a definite equation exists connecting all the
major qualities of the fabric, from which the fabric may be rigidly de-
Sigi‘lﬁd with respect to maximum ultimate economy.

e same fp1'1n01 les a i))ly to balloons and aeroplancs. For an
oot sp

80,000 cubic erical balloon (the Goodyear), the following order
prevails if used for passenger flights (1 day trips).

774 00 LTt N 32

Durability ... ..ol . 22

Low heating. ..o oo i it 20

[0 1 TCT: o) T TR 16

Low moisture absorbtion... ... ... i il 8

Gas tightness . ..ottt it ee e 2

For a 100 horsepower tractor biplane the same six qualities run
approximately:

Lightness. . .oviieiii i it e e riaracec e 60
Durability. oo e it tie et ieanana 20
Cheapness. ... ittt ettt car i, 15
Low moisture absorbtion.......o...oo ittt 5
Alr tightness. . ... i it iiiiieiena. trifling.
Low heating. ..cveeiiiiiiiiiiieieiiiaieecrcaccennanssanns - 1)

AvagusTt 17, 19165.
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PART 1.

BALLOON AND AEROPLANE FABRICS.

By WiLLis A. Gispons and Omar H. Surra.

Note.—Although usually associated, for obvious reasons, balloon and aeroplane fab-
rics have actually become so dissimilar in many respects, such as materials of con-
struction and requirements for satisfactory results, that for the most part the two
will be discussed separately. The tearing and surface friction tests, being common
to both, are exceptions to this rule. The plan followed as far as possible in this
report has been to give first the results of the various parts of the investigation,
with such descriptive matter, data, and plates as are necessary to make the results
clear. The data and other details are given in the appendix. For convenience
the data is grou}oed somewhat differently in the appendix, without, it is thought,
causing any confusion.

SUMMARY.

The following conclusions are drawn from the results of our tests
hereinafter described. It must, however, be remembered that they
are based almost entircly on experiment, so care must be used in
applying them extensively until they have been tried in actual
practice.

COATING MATERIALS.

(1) By proper treatment fabrics can be made noninflammable
even ttllnough coated with cellulose nitrate varnish followed by spar
varnish. :

(2) The ordinary cellulose acetate dopes do not make fabric fire-
roof, although themselves noninflammable. This applies particu-
arly in the case of fabrics doped, then coated with spar varnish.

(3) Fabrics coated on one side with rubber, with the other side
doped, would probably give a satisfactory tigixtening effect and at
the same time resist damp weather better.

(4) Maximum efficiency can apparently be best obtained by not
stretching the cloth too tightly on the wings before coating.

(5) Stretching and tearing tests give vaﬁable information regard-
ing the suitability of fabrics and should be considered in addition
to the tensile strength. The area inclosed by the stretch-load,
curve, representing the work done to break the strip, gives an idea
as to its resistance to shocks, etc.
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BALLOON FABRICS.

(1) Permeability increases greatly with temperature—about 4
per cent per degree C. for sampﬂs tested.

(2) Tests made on fabrics with varying weights of rubber indicate
that permeability is not directly proportional to the thickness of the
layer.

y(3) Tearing tests show a great superiority of bias over parallel
doubled fabrics.
SURFACE FRICTION TESTS.

(1) For very smooth surfaces the surface friction varies with the
1.8-1.85 power of the velocity; the exponent increases with the
roughness, approaching 2 for fabrics with nap on the surface.

(2) Varnished fabrics have nearly as low & resistance as plate
glass. The resistance increases greatly as the surface becomes
rougher from the presence of loose fibers.

Part . —AEROPLANE FABRIC.
I. MATERIALS USED.

By far the greater part of the aeroplanes in use to-day have wings
made of a textile fabric, usually linen, coated with a more or less
waterproof, practically nonelastic varnish. This is ordinarily some
form of cellulose acetate, or less frequently ccllulose nitrate, with
more or less softening material added, and some suitable solvent.

It is ordinarily the practice to apply three or more coats of this
varnish, rubbing down with sandpaper after the coating is dry,
after which one or two coats of high-grade linseed oil varnis%, prefer-
bly a spar varnish, are applied.

1. COATINGS.

The cellulose acetate or nitrate lacquer is chiefly useful because it
acts as a sort of waterproof sizing, which shrinks the cloth more or
less, and prevents it from changing in tension with the hygroscopic
conditions of the atmosphere. The spar varnish protects this layer,
which often shows a tendency to pcel, and makes the wing more
waterproof.

This form of treatment is convenient, and the materials fairly
easy to obtain. On the other hand it could hardly be called perma-
nent; the varnish or dope, as it is commonly called, must be applied
to the wings of a machine every few weeks, 1f the machine sces much
service. )

Another defect noted probably more by the United States military
branches than abroad, is that due to deterioration of the underside of
the fabric from moisture and bacteria. The dopes owe their shrinkin
action to the fact that they are colloids, and as such, when applieﬁ
to the cloth, do not penetrate but remain on one side. As the solvent
evaporates, the gel decreases in volume. The most cvident decrease
is of course in the thickness of the layer, but there is naturally a ten-
dency for the other two dimensions of the layer of drying varnish
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to decrease, causing the well known shrinking effect. Other colloids
produce the same effect; for example, glue. Another example is
the common gummed label, which being unable to shrink, curls up.
At Vera Cruz it was found that there was considerable tendency for
the uncoated side of the wings to rot, owing to this lack of penetra-
tion. On the other hand, those varnishes which penetrate do not
produce the shrinking effect.

2. FABRICS.

Of the fabrics linen is the most satisfactory. Ramie and cotton
have been used to some extent, but the former is difficult to obtain
and the latter does not take the varnish so well as the linen and
tears much easier.

Practically all of the linen suited for this purpose comes from
abroad, chiefly from Ireland. An investigation of the relative
weights and strengths obtainable is, particularly at the present time,
rather difficult to make complete. Added to this there is the diffi-
culty of obtaining material of exactly the same grade from time to
time. The fabrics in general use weigh 3% to 4} ounces per square
yard, and have a tensile strenﬁth, tested at about 65 per cent hu-
midity, of from 60 to 70 pounds per inch for the lighter weight to
100 pounds per inch for the heavier weight.

In the following experiments we have used two grades of linen,
No. 1, called high grade, being about the best material immediately
obtainable in sufficient quantities for our work, and No. 2, medium
grade. The No. 1 weighs 4.6 ounces per square yard and has a
tensile strength of about 90-95 pounds per inch warp and 60 pounds
filling. The No. 2 medium grade weighs about 3.8 ounces per
square yard and has a strength of about 65 pounds warp, 50 pounds
filler.

DOPES,

The varnishes or dopes used were three representative products
obtained in this country. The cellulose acetate varnishes are prob-
ably far from perfect, owing to the difficulty of obtaining a sat-
isfactory product in this country. We understand that the latest
European material of this sort is a vast improvement on anything
heretofore produced.

The solvents for cellulose acetate commonly used are acetone or
tetrachlorethane. The latter is said to be rather dangerous on
account of its poisonous properties, and care should be used to
allow the vapors, which are heavier than air, to pass through ven-
tilating openings in the floor.

Mention must also be made of a material, the use of which in
Europe has been mentioned in news reports.  This is a transparent
celluloid made of cellulose acetate compounded with a camphor
substitute and used in the form of a thin, transparent, noninflamma-
ble sheet. These are used for wings instead of cloth, and are said
to be very difficult to see at a height of a few thousand feet. Whether
this is so or not there is of course this advantage, that the pilot
can have a much wider field of view than with ordinary wings.
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We were fortunate in obtaining sheets of this material. They
are of practically the same strength in both directions.

Weight (ounces Tensile

Thickness. per square (psgir];r:j ;ét;"
yard). inch), about—

10/1000 9.33 55

64/1000 59 205

Complete data are given elsewhere.
While the thickest sheets are of course too hemf*ly for wings, they
* might be used for other purposes as, for example, flooring.

II. STRENGTH, STRETCHING, AND AGING TESTS.
1. STRENGTH,

The samples on which these tests are based were made in two ways:
(1) The method used in most cases, except when otherwise specified:
The linen was stretched moderately on a frame about 3 by 4 feet, and
fastened by tacking. The dopes, etc., were applied to this. (2) The
second way (used only in sfpeclal cases): The linen was doped without
first being stretched on a frame.

(1) In general there is a gain in tensile strength due to the dope.
No added effect was observed from the varnish.

(2) With a high-grade linen No. 1, the increase in strength amounted
to about 10 to 15 per cent. With a medium grade, the Increase, par-
ticularly in the filler, was much higher, about 40 to 60 per cent.

(3) Tests made on high-grade linen No. 1, coated without being
stretched on a frame, showed a much higher tensile increase—in the
neighborhood of 40 per cent in some cases. In the first samples,
stretched fairly tight before coating, there was evidently not much
shrinkage, in the latter samples the cloth shrunk at will, in some
cases 3 or 4 per cent. In specifying the increase in strength due to
dopes, the method of coating is therefore of importance. The first
tests 1probably approach more nearly the conditions of use on the
aeroplane.

(4) Linen coated with rubber, with or without dopes, is stronger
than uncoated linen.

(5) Medium-grade linen shows a greater increase in tensile than
high-grade linen, in some cases about twice as great an increase being
observed.

2. STRETCH.

The stretch at different loads was measured for several different
samples and curves plotted. The following points were noted:

(1) The stretch is less up to a certain load with coated fabrics than
with the same fabric uncoated.

(2) There is no decided difference between cellulose acetate and
cellulose nitrate dopes. The latter is usually supposed to give less
shrinking than the acetate. It is possible that tﬁis view arises to
some extent at least from the fact that fabrics coated with the
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nitrate varnish are often more flexible than the others, and therefore
appear, on a frame, less taut.

(3) Spar varnish slightly decreases the stretch.

(4) Linen coated with rubber has a greater stretch than the linen
without rubber, the latter being, for example, 13 per cent at 96 pounds
break, the former 163 per cent at 100 pounds.

(5) Medium-grade linen, while it acquires a relatively greater
strength increase due to coating, has both coated and uncoated a
lower ultimate stretch.

Dreak. Stretch.

Pounds. Per cent.
High-grade linen No. 1. ........__..... 90-95 134
High-grade linen No. 1 coated with var-

Rish 1877, . . o 100 143
Medium-grade linen No. 2. ............ 65 11
Medium-grade linen No. 2 coated with

varnish 1877. . ... .. e 78 110.7

! By extrapolation,
3. EFFICIENCY.

While it is desirable to have a wing material which will not easily
sag, at the same time it is also important to have a fabric yield
rather than break under load. A material which has this abilit,
will often by yielding reduce the stress, and so stand usage whic
would otherwise be disastrous.

A convenient index of this, which for want of a better term we
call the efficiency of the fabric, is the work required to break a piece
say 1 inch wide and 12 inches long. This is represented by the area
included by the stress-stretch eurve. We have calculated this value
for the various materials examined. The details and data are given
elsewhere, but the following points may be mentioned here, observa-
tions being based on breaking in the direction of the warp, since the
fillers do not show such marked differences.

(1) When the linen is fastened to a frame under fairly strong ten-
sion, as would ordinarily be done in covering a wing surface, and then
coated, the work required to break a piecc of given dimensions is
not sensibly greater than that to break the uncoated material, in
spite of the fact that the actual tensile strength of the linen seems
to be higher after coating. This holds for high and medium grade
linens.

(2) Linen coated under no tension required about two and one-
half times as much work to break as uncoated linen. The greater
stretch and increased tensile strength are both responsible for this.

In view of this the suggestion is made that there is probably some
advantage in not using any more tension than is necessary in fasten-
ing the fabric to the frames before coating. The dopes have con-
siderable shrinking power, measured linearly, and by allowing the
cloth to shrink a certain amount the slack will be taken up and at
the same time a greater efficiency obtained. A stress from collision,
etc., will then have a chance to exhaust itself without breaking the
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cloth, since the cloth can “give” and thus adjust itself to decrease
the amount of the stress.

We understand that one manufacturer of the varnish at least
recommends this. We have also been told that in some cases, as
when a wing collides with an obstruction in landing, a dent may be
formed in the fabric without breaking, this dent later disappearing.
Since the varnish coating is noncrystalline, and can really {))e con-
sidered in a sensec a supercooled liquid, it seems quite likely that there
may be some flowing action permitting a slow readjustment of this
sort.

(3) The use of spar varnish seems to have no decided effect on the
efficiency.

(4) Rubber on one side of the linen with various coatings showed
an efficiency about 75 per cent higher than that of linen without
rubber, coated on frames. This is of course partly due to the greater
stretch of such a fabric, as already noted. It would be interesting
to find by practical experiment whether a fabric with rubber on one
side can {)e made to shrink sufficiently for use on a wing. From our
small experiments it seems likely that it would be satisfactory. If
80, it would have the advantage of being protected on the under
side, a matter of consequence in certain localities, as already shown.

4. AGEING.

Samples subjected to continuous exposure for three weeks in a
location such that the material felt the full effect of sun and weather
throughout the day gave the following results on tests:

(1) The tensile strength was 66 to 75 per cent of the original.

(2) In all cases samples had been greatly affected by the weather,
in appearance and feeling. Spar varnish coatings cracked and pealed;
samples doped but not coated with spar were more or less scrubbed
off by the weather and had evidently deteriorated.

(3) In several cases samples doped and varnished with spar var-
nish showed a smaller decrease in tensile than those unvarnished,
but the effect was not so pronounced as would be expected.

(4) Cellulose acetate coatings seemed more affected by the ageing
than cellulose nitrate. This is probably due to the hygroscopic
character of the former material, and to the ease with which oils
are blended with the latter, making it more waterproof.

1. ABSORPTION OF WATER.

Samples were first weighed, then dried at 95-100° C., and reweighed,
after which they were tested. One piece of each was soaked in water
at an average temperature of 25° C., another was hung in a saturated
atmosphere at the same temperature—for two weeks in both cases.
The samples were removed, surface water wiped off the ones that
had soaked, after which they were weighed in a weighing bottle,
They were then dried at 95-100° C., and reweighed. These data
gave the amount of moisture normally present, the amount of water
taken both by soaking, and by standing in moist air, and the amount
of material washed out by soaking in water. The following results
were obtained:



AERONAUTICS. 145

(1) Loss from soaking amounts to 3 to 74 ounces of the weight of
the sample.

(2) Compared with dried samples, fabrics exposed to saturated
atmosphere showed 6 to 13 per cent moisture.

(3) Soaking caused the samples to take up 30 to 60 per cent of
water.

(4) Cellulose acetate coatings suffer more from soaking than cel-
lulose nitrate,

(%) Febries coated with rubber on one side, and doped on the other
side, show a smaller absorption of water on soaking, and a smaller
inerease in weigh due to moisture taken up on standing in a saturated
atmosphere than unrubberized fabries. The effect of spar varnish,
in preventing the absorption of water was here very apparent.

IV. FIREPROOFING.

Tests on fire resisting properties of various fabrics were made, to
find the cffect of the different coatings, and to investigate the possi-
bility of impregnation of fabric with fireproofing materials.

Method of test.—A strip of the fabric 4 inch wide, was held hori-
zontally, coated side up, and the end touched to a Bunsen flame for
a distance just sufficient to ignite. The time required to burn back
for a distance of 3% inches was observed; in cases where the flame
was extinguished before this point was reached, the actual distance
was noted. Care was taken to avoid drafts.

(1) All coated fabrics not otherwise treated were inflammable;
that is, the picce continued to burn after the source of heat was
removed,

(2) Spar varnish seemed to retard the burning of fabric coated
with cellulose nitrate, and to accelerate it in the case of fabric coated
with cellulose acetate.

(4) Fabrics impregnated with ammonium chloride and ammo-
nium phosphate were more fireproof than those impregnated with
boric acid. In every case the first two prevented the flame from
being self-propagating even when the fabric was doped with cellulose
nitrate.

(5) It is interesting to note (see appendix) that fabric impregnated
with ammonium chForide has an increased initial tensile strength,
but deteriorates more rapidly on exposure. This is probably on
account of hydrolysis of the cellulose (fabric). These experiments
lead one to believe that by further investigation a thoroughly statis-
factory material may be found, which will make fabric fireproof and
at the same time not injure it.

Part I.—BALLOON FABRIC.
I. MATERIALS.

Cotton is the most widely used fabric for balloons, in spite of the
fact that it is one of the weakest textile fabrics, Silk, the strongest
textile fabric, is used to some extent in France and Italy, when
lightness is the most important feature. In Germany, it is usually
considered dangerous, owing to its electrostatic properties. Its

25302°—S. Doc. 268, 6+-1——10
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high cost is another objection, when large amounts are needed, as in
a Zeppelin type dirigibtle.

Ramie has been used, but is reported to he unsatisfactory, owing
to the difliculty in rubberizing.

Linen has been used, with success, and on account of its greater
strength possesses considerable advantage over cotton.  The greater
tearing resistance of this material as compared with cotton 1s par-
ticulm%v important. On the other hand, as already stated, it is
more difficult to obtain, made according to specifications, than
cotton.

Inlarge balloons, rubber is used almost without exeeption. Other
materials are less permeable to hydrogen, but none possess the same

roperties of adhesion, ease of working, and {lexibilitv. Several
rayers of fabric can be used, thus increasing the strength and gas-
tight propertics of the material, whercas oiled fubrics are ordinavily
used in a single layer, and to keep this tight a thin closely woven
fabric must be used. Furthermore, oiled fabries are subject to
change from heat and cold and must be handled with ecare. They
are, however, cheaper than rubberized fabries.

We have ohtained various cotton fahries suitable for use in halloon
cloth, and from the tests on these, and also from published data of
tests made in Kurope, have endeavored to estabhsh some relation
between the weight and maximum strength obtainable at that
weight. Differences in testing conditions, such as humidity and
method of testing, not usually speeified, cause a certain variation,
so the probable Iimits of strength of cach weight are given,

Unti{) recently it was very difficult to obtain a satisfactory fabric
made in this country. Labor and other conditions in Europe have
permitted a greater concentration upon the spinning and weaving
of such fabries. The results have been that until recently no cotton
fabrics comparable to those made in Europe could be obtained.

Reeently there have been produced in this country fabrics which
from the standpoint of weight and strength are probably as good
as those made in Europe. It is to be hoped that the same perfection
in spinning and weaving may also he ohtained.

In the former operation cotton manufacturers usually admit the
superiority of European material, hut probably in time this can be
met. This point is important, in order to get a fabric as free from
flaws as possible.

The mean results of our tests and those from abroad would indicate
the following:

i 4——*——-|
. ; h w3 d
Weight of fabric. Strangiﬁlng;'lrp an

Ouncc.;’m.sqmre Pounds per inch.

2 30
2% 42
3 53
33 65

33 74
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II. STRENGTH AND AGEING TESTS.

(1) FEffect of structure.—Ordinarily balloon fabrics are made of two
or more cloth layers, one of these usually on the bias. A layer of
rubber is between cach ply of fabric and a layer on the face of the
fabric which comes in contact with the gas.” The outside surface
may or may not be coated with rubber and is sometimes treated after
the balloon is made with cellulose acetate varnish,  Parallel fabries—
that is, two or more layers of fabric with the warp threads all run-
ning in the same direetion—have heen used to some extent in France.
They are supposed to be stronger, but tear more easily.  Sinee cotton
tears quite casily under ordinary conditions, it seems highly desir-
able to adopt some such method as biasing to prevent tearing.
While the biased fabric does not show so high a tensile strength test,
it must be renienibered that the stresses on a dirigible balloon which
cause trouble are not the simple ones due to internal pressure,
weight of load, ete., but those localized In one arca due to sudden
pulls on ropes, ete. It is important to have a fabric that will not
continue to fear after a tear is once started.

Tensile strength tests made on 1-inch strips showed that the
strength of a 2-ply parallel fabric was not necessarily twice that of
the single ply of uncoated fabrie. On the other hand, double bias
fabrics show a greater strength than that of the single ply of fabrie
when the stress is parallel, for example, to the warp of the unbiased
picce.

Balloon cloth made from—

Fabric No.1. | Fabric No. 2.

Strength of fabric, uncoated warp......... .. ... ... ... 70 50
Strength of 2-ply parallel fabric warp....... ... .. .. ..., 125.5 92.6
Strength of fabric 2-ply hiaswarp of unbiased ply. ... ... 85 66
Tensile strength by bursting test, 2-ply bias. ... . ..o ... 100 85

Ageing for 13 wecks, the samples being continuously exposed to
the weather, caused a decrease in tensile strength of about 5 per
cent. The samples were exposed during the winter months, from
January 1 to about April 1.

Other samples exposed for one month, from August 20,to September
20, showed a decrease of about 8 to 10 per cent m tensile strength in
the warp and from 0 to 6 per cent in the filling. The rubber was
apparently unaffected. ‘

II1. PERMEABILITY OF BALLOON FABRICS.

The permeability was measured by the chemical method similar to
that used at the Nyational Physical Laboratory of Great Britain. In
this method the fabric is held in a cell, which 18 divided by the fabric
into two compartments. Dry purified hydrogen at a pressure of 70
millimeters of water is passed through one side, while air is drawn
through the other, dried and passe throufgh an electric furnace,
which burns the hydrogen present in the air from diffusion to water,
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which is absorbed and weighed. The cell is kept at constant tem-
perature by immersion in a thermostatic bath. The permeability is
expressed 1n liters of hydrogen, measured at 0° C.; 760 millimeters
per square meter of fabric per 24 liours.

In France the Renard-Sourcouf balance is ordinarily used. This
measures the net volume of gas lost by diffusion through the fabrie.
It doces not in reality measure the loss of hydrogen, since air passes
in while hydrogen passes out. According to T. Graham,! the re]i)ative
rates of diffusion of nitrogen, air, and hydrogen are as follows:

Diffusion through rudber.

A U T o P 1
7 1.149
Hydrogen. ... e 55

With the Renard balance, while 5.5 volumes of hydrogen pass out,
according to the above figures, 1.149 volumes of air pass in, giving
a net change of 4.351 volumes. In other words, for an apparent
loss of 10 liters per 24 hours per square meter, we should have an
actual loss of 12.6 liters, as meusure(} by the chemical method. (We
have not had an opportunity to test fabrics mecasured by the gas
balance method.) lf' e volume loss is of course important, and if on
further investigation it is found that there is much variation in the
ratios given by the Graham experiments for different kinds of rubber
it would be well to make both tests standard. In fact, the intro-
duction of auxiliary coatings of cellulose esters, ete., makes this of
immediate interest.

(1) EFFECT OF VARYING AMOUNTS OF RUBBER.

The permeability decreases with increasing weight of rubber as a
general rule, but does not seem to be proportional to it.

Weirht of rubber N s o
between plies (ounces {l?ril\e;%paméiva?ito;’)
per square yard). ¥ extrap :

1. 63 50

311 9

5.11 9

This is in accord with the observation of Austerweil,? who found
that the permeability of two rubber membranes, 918 and 1,675 grams
per square meter respectively, was practically the same for the first
100 hours. The rates diverged up to 400 hours, after which they
were again constant. This, according to Austerweil, marked the

oint when both membranes were saturated. DBetween 100 and 400
Eours the thinner membrane became saturated more rapidly than
the other, and so showed a greater rate of diffusion.

1 Phil. Trans., 1866, p. 399, 2 Die Angewandte Chemlein der Luftiahrt, p. 67.



AERONAUTICS, 149
(2) EFFECT OF TEMPERATURE.
Experiments conducted in England at the National Physical Labo-

ratory ! show that the permecability rises ranidly with the tempera-
ture. For two samples they found the following results:

. 15.5° C.— 6.7

Diagonally doubled, 3 layers rubber................. {.33 El)o E‘.——lﬂ.éi i

Parallel doubled, 2 layers rubber {15'50 C—123 1
¢ » 4 aye Teorrmenrmmneee o221 0,215 1

These figures show more than 9 per cent increase in permeability
per degree.

We have made tests at approximately 20, 30, and 40° C., and found
in everg case a marked temperuture cocfficient. If the values of
permeability and temperature are plotted, it will be noted (fig. 9,
appendix) that the curve rises more rapidly with increasing tempera-
ture. Our results show a temperature coeiYﬁcient about one-half that
given in the data just cited. 1t may be that the nature of the rubber
compound has considerable bearing.

This high temperature coefficient is of peculiar importance in this
country, where the acronautic activities of both Army and Navy are
centered in the South. It seems advisable that this be considered in
specifying the minimum gas leakage allowable when contracting for
dirigible balloons, and that some temperature be stated, since a
balloon tested gt Pensacola would, without extra precautions, show a
higher loss than one in the vicinity of New York. A correction to a
standard temperature could probably be made.

This also shows the advisability of providing adequate arrange-
ments to prevent too high a temperature in hangars. I understand
that in Europe double roofs, with fans and other suitable cooling
devices are used.

(3) EFFECT OF COATING CLOTH WITH CELLULOSE ESTER LACQUERS.

It has been the practico in Europe for some time, apparently, to
coat the outside of balloons with some sort of varnish. These are
sold under various names, but in general are cellulose acetate lac-

uers. They are used to cut down wind resistance, to protect
the fabric, and to render it gas tight in cases where the rubber has
deteriorated.

Samples were given four coats of cellulose nitrate and celiulose
acetate lacquers 1876 and 1877, respectively, the lacquer being
applied to the cloth. In both cases the improvement in permea-
bility was definite, though small, amounting to from 1 to 1} liters per
square meter per 24 hours.

(4) EFFECT OF COATING RUBBER WITH CELLULOSE ESTER LACQUERS.

It seemed likely that the small improvement noted above was due
to the fact that cloth offers a poor surface for obtaining a tigi:t coat,
at least for a thin film. To verify this tests were made with the same

1 Tech. Report Adv. Commiltee for Agronautics, 1910-11, p. 60.
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materials in the same amounts on the rubber side. The improve-
ment was very marked here, amounting to 50 per cent or more of the
value found for the same fabric uncoated. In one case there was a
reduction from 11 liters at 20° C. to 4 liters at the same temperature.
Unfortunately these lacquers are not suited for use on rubhber surfaces
since they peel off. It is to be hoped that a marked improvement
may be made in them, since their use for this purpose scems very
promising. The inflammability of cellulose nitrate is of course a
drawback, but obviously a balloon filted with hydrogen must be care-
fully protected from fire, however noninflammable the material used
in its construction. It is, moreover, a simple matter to obtain cellu-
lose nitrate blended with oil to give a flexible coating.

(5) EFFECT OF COATING RUBBER WITII GELATIN COMPOUNDS.

A flexible gelatin compound on the rubber surface in about the same
amounts as the coatings used in (4) and (5) was tested and found to
give a very low permeability:

Original permeability at 202 € 11 liters per square meter per 24 hours.
Permeability after coating with gelatin compound at 20° C., .8 liter approxi-
mately per square meter per 21 hours.

Part III.—TESTS ON BALLOON AND AEROPLANE FABRICS.
I. TEARING TESTS.

To obtain some knowledge of the behavior of acronautic fabrics
under stresses somewhat sinilar to those existing in aeroplanes and
balloons, the test used by the National Physical Laboratory ! was
employed.

Method.—A piece of fubric is clamped in the jaws, and in the center
of this a slit of definite length is cut perpendieular to the line of pull,
When stress is applied, the cut opens, and if the load is increase(f)the
tear widens in a direction perpendicnlar to the stress and the sample
finally breaks, The threads parallel to the line of stress bend inward
on cither side of the slit; those perpendicular to the strain bend away
from the cut. The localization of strain ou the thread at the ends of
the slit is evidently caused by the pull being transmitted from the
longitudinal thremf; to the transverse threads, due to the take-up in
weaving.  The general effect of stretching coated and uncoated fab-
ries 1s shown in the photographs taken of tests.  (Appendix, Plates
I-VI1.) The wrinkling of the coated fabric around the cut, producing
a poor impression, is particularly of interest, showing how the dis-
turbance is more localized than in the case of uncoated fabric.

A fair iudex of the ability of fabries to resist tearing may be obtained
by plotting the results for the point at which the tear starts to widen
and where rupture occurs against the size of cut.  The factor found by
dividing the breaking load by the width of slit gives a means of com-
parison which seems to have some value.  (See appendix for data and
curves.)

(1) The load to break falls off more rapidly with increasing size of
slit in the case of a doped fabric than with an undoped fabric.

(2) Cotton is much inferior to linen.

! Tech. Report of Adv. Com. for Aeronautics, 1910-11, p. 72.
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(3) Parallel double balloon fabric tears more ecasily than bias
doubled fabric, particularly for small cuts. Furthermore, a parallel
fabric tears evenly in a straight line, while in the case of the bias a
genceral rending of one layer occurs, while the other is distorted rather
than torn. It can be readily seen that the effect of tearing on the
paralle] fabric in a balloon would be much more disastrous.

II. SURFACE FRICTION TESTS.

Tests on the resistance of various fabrics were made in the wind
tunnel at the Washington Navy Yard.

The method used was to suspend vertically a glass plate about 34
inches widg and 9 feet long so that its long edge 1s in the direction of
the air flow. The following edge of the plate is connected with the
balance, allowing the horizontal moment about one knife edge to be
measured.

Corrections were found and used for the wires suspending the plate.
The ends of the plate fitted into slots in struts of stream line form.
The wind passing the slot into which the leading edge fitted caused a
diminution in gressure, giving the effect of a thrust on the plate
against the wind. The wind caused a compression in the slot in which
the following edge fitted, likewise giving the effect of a thrust against
the wind. The amount of pressure developed in each slot was observed
with a hook gauge manometer, and from this and the area of the edges
could be calculated the correction to be added for each speed.

The resistance of the plate glass was taken as standard and found at
30, 40, 50, 60, and 70 miles per hour. Various samples of fabric were
then attached, covering botl sides of the glass completely in cach case,
and the resistance measured at different speeds.

Complete data will be found elsewhere, but the following general
points may be mentioned here. Taking, for example, the resistance
of plate glass as 1, at 70 miles per hour, we have the following com-
parative resistances at this velocity:

Experi- At 70 miles per hour.
ment No.

1 Plate glass. o e 1. 000
5 Linen No. 1 (highgrade). ... .. ... ... .. .. ... ... 1.362
2 Linen No. 1 (high grade), 1 coat varnish No. 1876..................... 1.162
3 Linen No. 1 (high grade), 3 ccats varnish No. 1876. ......_......_..... 1.108
4 Linen No. 1 (high grade), 3 coats varnish No. 1876, 1 coat spar varnish.. 1. 061
6 Linen No. 1 high grade), 3 coats varnish No. 1877. ... ... ... ... .... 1. 085
7 Linen No. 1 (high grade), 3 coats varnish No. 1877, 1 coat spar varnish.. 1, 081
8 Tinen No. 1 (high grade), 3 coats varnish No. 1877, 2 coats spar varnish. 1. 078
9 DBalloon fabric No. 3, cloth outside, double parallel.. ... ... ........... 1. 965
10 Balloon fabric No. 3, cloth outside, double parallel, freshly singed...... 1.654

11 Balleon fabric No. 3, cloth outside, double parallel, singed and coated
once, No. 1876 i 1.345

12 Balloon fabric No. 3, cloth outside, double parallel, singed and coated
three times, No. 1876 .. cuunoimaen it 1.107
13 Balloon fabric No. 3, cloth outside, double bias........................ 1. 902
14 Balloon fabric No. 3, cloth outside, double bias, freshly singed......... 1.762

15 Balloon fabric No. 6, cloth outside (specially woven fabric), double
T T 1.528

16 Balloon fabric No. 8, cloth outside (specially woven fabric), double
bias, freshly singed....... ... . i i 1.372
21 Aeroplane fabric, rubberized, No. 23. ... oo i, 1.079
22 Aeroplane fabric, aluminum coated, No. 24...................cooioa.e. 1.101
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I. From these figures it will be seen that we may roughly divide
surfaces into groups as to wind resistance.

(1) Those which are what might be called continuous; in this case
the resistance probably increases simply as the surfaces deviate from
a true plane due to lumps and other unevennesses. Plate glass,
doped, varnished, and rubberized fabrics come in this class. ~The
resistance does not exceed 1.20, glass being 1.

(2) Those which have a discontinuous surface, i. e., such as would
be presented by a perfectly smooth woven material, as a wire gauze;
linen and singed cotton approach this. Here the resistance is
between 1.35 and 1.7.

(3) Those which have a discontinuous surface to which is added
other roughnesses, such as arise from nap. Unsigned cetton is in
this class, and the resistance is 1.5 or more.

II. It 1s interesting to note the great improvement produced on
balloon fabric by the use of one or more coats of some sort of varnish.

III. The diﬁg’rence in resistance between an uncoated fabric of
class (3) and plate glass is very appreciable at high speeds, bein
about 0.013 1pound per square foot at 70 miles per hour. This woul
mean a total head resistance in a large machine of about 18 pounds,
or a decrease in lifting power of 150-180 pounds. However, as can
be seen from the list, it is fairly simple to cut down the resistance
until it approximates that of glass.



APPENDIX

TO

REPORT No. 6, PART 1.
[Containing details, data, and plates.]

LINEN FABRICS.

Linen is the most widely used material for aeroplane wings, on
account of its great strength and toughness. The grades now on. the
market have weights and strengths as shown:

Weight Strength.
(ounces per

square yard). | qpap, Filler.
I 3. 67 65.0 54. 4
11 3.78 69.5 49.2
I1I 3.87 80. 7 79.0
v 4.04 86.9 74.0
v 4.09 90. 2 82.7
VI 4.48 82.9 100. 1
VII 4. 60 95.0 60.0
VIII 4. 86 90. 4 102.5

In Great Britain there has recently been adopted the method of
testing the sample wet, after soaking some time. This is to avoid
error due to humidity changes. While this method may seem some-
what arbitrary, it is convenient and nearer the conditions of use
than a test on absolutely dry material. They figure that this test
corresponds to what couf:i be expected at a theoretical humidity of
111 per cent.

Tests on transparent cellulose acetate sheets.

) @) @ 4)

No. ‘Weight Maximum difference in
Thickness. s(ounces per (pq;gé?;g‘}g%%. tests (in per cent of
quare yard). average value).

1 10/1000 9.33 55.3 57 10.8 10.5
2 16/1000 15. 49 106. 3 85.8 14.1 8.1
3 24/1000 22. 96 127.1 130 30. 6 25. 2
4 32/1000 30. 35 178. 8 187.7 21.2 2.6
5 64/1000 59. 02 326 345.8 10.7 .8

Tests made on Riehle machine, 1-inch strips, 1-inch jaw, 3 inches between jaws;
speed, 18 inches per minute. 153
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The strength was measured both ways on each sheet, since it was
thought that the material might show a grain, such as often occurs
in materials in sheet form which have been made by a calendering
process. Except in the case of No. 2, there is no perceptible differ-
ence in strength. The material runs fairly uniform in strength
except for the one sheet No. 3. Column 4 shows the difference
between the highest and lowest tests, compared to the average.

The material is quite flexible, in thin sheets, and can be bent double
several times in one place without cracking. On the other hand, it
tears very easily when once cut. It is noninflammable.

STRETCHING TESTS.

Figures 1-4 show the relation between load and per cent stretch.
The numerical values for the tests are given on page 155 and need
little comment.

The tests were made on a Riehle fabric-testing machine, and meas-
urements were made on an initial distance of 20 inches, so the
results are probably quite accurate. The jaws moved apart at a
rate of 6 inches per minute.

It is interesting to note that the rate of stretch is usually low in
doped fabries up to 10 to 20 pounds load, after which it rises more
rapidly. On the other hand, the uncoated fabrics tend to be just
the opposite of this—that is, there is a considerable stretch at first
under light load, up to say 20 pounds, then the “slack’ having been
removed from the fibers, the stretch is much slower. It will be
noticed that this holds true even for samples when the total stretch
of the coated fabric greatly exceeds that of the uncoated, as in figure
2, Curves VIII, IX, X, XI, when the fabric was not stretched on a
frame without coating. The stretch of the coated fabric only be-
comes equal to that of the uncoated at loads of 12 to 20 pounds.

The application of this seems to lie in the fact that ordinarily even
at high speeds the loading due to wind pressure is very light. Ac-
cording to Austerweil ! even at highest speeds the load would not
amount to more than 145.5 kilograms per meter, or about 8 pounds

er inch. Ordinarily it would be much less. It would seem there-
ore that from the standpoint of keeping the fabric taut against
stretching just as good results could be obtained by putting it on
loosely enough to allow shrinkage, and get the benefit of increased
tensile strength and ecfficiency shown by the fabrics in Curves
VIII-X, inclusive.

1 Die Angewandte Chemie in der Luftfahrt, 179.
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Stretch of aeroplane fabric.

Stretch under load of (pounds per inch)— EM-
; I ciency—
in(1-inch
Fabric. Curve. by 12-Inch
| atrip)
10 ] 2010 30| 40 | 50 60 70 80 90 100 110 foog-
: pounds.
| —— _,‘,_,‘.
LinerTl No. 1 { : (96)
‘3;;;““"] . {3.65 7.10 8.30 9.35(10. 10| 10.65] 11.15| 11.55] 12.05| 12.35)......... 8.67
Untreated |
Filler....... ; 1.620 2,371 2.90; 3.37: 3.75] 4.16 .. .. 0. ..ot
! 11 {1.25 3.75| 6.66] 9.25(10. 58| 11, 83| 12.92 13.75] 14.75(......[......... 7.17
.80 1,68 1.86) 2.12 2,66] 3.19| 3.73] 4.36[......|..... .1 ...l
111 1.17} 3.58| 7.50] 9.92t11. 501 12. 58| 13. 50| 14.12[ 14.50f 15.00[......... 9.62
.75 1.58) 2,581 3.42] 4.11) 4.42] 5.25| 5.62| 6.00f...... . .......4..........
v {1.75 4.7 | 7.42 9.35(11. 25| 12,00 12. 83} 13. 33| %4.12 14.50 14.78 10.93
86)
) .75 1,75 3.00{ 3.50{ 4.007 4.75| 5.25[ 6.00] 6.75/...... 4. .ooeiii|iiiiianaa.
Varnish 1875 .
and Spar— (95)
W.o.o. v {1.17 3.42) 5.92 8.00; 9.33| 10.82} 11. 50; 12.08] }3.00 14.000......... 7.54
v 86)
PO 1.060| 1.75] 2.75; 3.33| 4.25 4.62f 5.33} 6.00| 6.50' ... .j.........f.....o....
Varnish 1876
and 8par—
W i j 1.10; 3.5 | 6,42 8.80[10.30} 11.25{ 12.16; 13.00] 13.53, 14.00......... 8.75
T (96)
) P | .83 1.75] 2.75) 3.75| 4.33] 4.92 6.88) 5.92] 6.37] T.00.......f.ciiioa...
Varnich 1877
and Spar— (96)
e, {1.75) 4.000 6.50! B.756/10.501 11.75| 12.12| 12.50{ 13.00] 14.2 {......... 7.33
F...... 1.04; 1.99| 2.85( 3.55] 3.81) 4.08] 4.60| 4.86......0. . ...l
Linen XNo. 1,
coated, without
prestretching,
coated with—
Varnish 1875— 120-23. 87|
Wooo VIII 5.00| 6.89]11.44115.33;17. 55{ 18, 89| 20.00] 21.17, %1.75 22.67 23.33 19.41
; 88)
Foooervnnl 2,20 3.33] 4.33] 5.07) 5.76] 6.33| 7.00] 7.37 8.13{......]iecieiercliennacnnnn
Varnish 1876— ' 120-23.83
Voo X {'3 16' 7. 83112, 00|15. 0917, 08| 18.08( 19.66 20.42 21.17] 22.00 22.50 19.11
Fooooo.... i 2.000 3,800 4,771 5.25 6.00] .6.37[ 6.50] T.001...... . ... ]eeeieeind]iiiieian.s
Varnish 1477 —, |
W . 00(17. 5M18. 75| 19. 75| 20.43| 21.06] 21.56; 22.12] 22.83 18.19
F .16 4,58 5.16] 5.66] 6.16] 6.37...... ... . it
. 44
F. .00
Rubberized—
Varnish 1875—| -
W. -1 1,92 5.58) 8,58:10.92|11,66] 13.08] 13.92) 14.42] 14.92| 15.33 18,25 1.77
1.92, 2,81} 4.00| 5.12] 5.62| 6.37] 6.50] 7.00(...... ..o ]eciiiiinliiiinias
120-17. 25
2,56 7.25{10.37[12.12113.19; 14.00| 14.6 | 15.19] 15.6 | 16.19 16. 75, 15.18
F 1.37} 3.00; 4.00| 5.12{ 5.5 | 6.00] 6.57] 6.81[......]ccccii]eceiaccasfeneinannns
Varnish 1877—
Wt 2.75, 7.08[10.5 [12.25/13.33( 14.17] 14.92] 15.5 | 15.92| 16.37 16.70; 13.46
) PO PR 1.62) 3.19} 4.19] 5.08] 5.66; 6.17] 6.50{ 6.921 7.25......].........0..cconns ..
V%mish 1875—
1.75) 6.75 9. 25{11. 50{12.68] 13. 21} 14.06] 14.69] 15.44| 15.5 |......... 12.25
1.33| 2.42| 3.50| 4.50{ 5.16{ 5.58] 6.00] 6.16{...... ] cccefoecemmecifeiianniass
. 2.50) 7.94[11.08[12. 81:13. 77| 14.69] 15.37| 16.00| 16.37} 16.62 17. 00} 13.64
) P P 1.37| 3.06| 4.44] 4.62| 5.19] 5.56f 6.19] 6.31]......0Lcc..eeeiiaii]enniiaaas
VYarnish 1877—
Spar—
W 2.66] 6.66( 9.83(11.5 (12,92 13. 83! 14,58} 15.08 15.58] 16,06 16.5 12.68
J IO P 1.331 2.42] 3.58] 4.42 4,920 5,331 5.501 5.87......0 ... deeiiiinidiennaltl, .
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Stretch of aeroplane fabric—Continued.

Stretch under load (pounds per inch). Effi-
. I . L . _|ciencyin
. \ | | (glece
Fabric. Curve. i i 11n 12
. [ ches
10 | 20 |30 | 40 | s | 60| 7o | 80| 9 | 100 | ches)
‘ pounds.
M;{dlu;n-gmde linen I
0.2:
w. {5.0& 7.42] 8.42
T 3.750 5.00( 5.75 - ;
ng\"1 " h 1875— ‘ ‘
arnis | !
Woereeanenns }nM {1.58 4.16] 6.42) 8.67] 9.92, 10.62, 11.50....... hen. . } 4.77
Y eeeeanan .67) 1.42{ 2.33 3.16/ 3.83) 4.42 5.00] 5.120 5.50...... (U
Varnish 1876— i | 1
v............}mM {1.33 3.08) 508 6.58 7.50/ 833 8.75 9.50............ 1 4.56
............ 1.17| 2.50) 3.83] 4.92' 583 6.50, 7.12......0.. ... ... e,
Varnish 1877— | | |
Woiiiiannnns }rvM {1.66 3.92{ 5.92] 7.58: 8.50 9.42 10.12.................. 4.18
Foreroeannns 1.42] 3.00] 4.25 5.67, 6.25) 6.87' T.50..co.iiiiiii it e
Varnish 1875 end ‘ ! ‘
{117 2.75| 4.83 6.33 7.33| 875 883 9.58 10.00 5.50
1.19] 2.50! 3.58! 5.000 575 6.42 6.83 7.17. 7.
spar— l ‘
Weeeeeannnns 1.50; 3.50, 5.50 6.92 7.75 858 0.25 10.00...... L 4.82
VIM | | (75) \
Foveeoannnns L00, 216 3.17, 4.08, 4.75 5.25 5.8 6.00...... e e
Varnish 1877 and 3 ‘ | ‘ i
spar— | i
W.... .. 1.33 3.3 5.00 6.58 7.75| 8.50 9.16 9.75 10.25...... 5.68
VIIM \ )
Fuoeaennnns {158 266 3.5 4.83“ 5.42 o.osal 6.58l 6.75...... e s
¢ H

TEARING TESTS.

In these tests wooden jaws were used, fitted to a Riehle fabric test-
ing machine. The jaws moved apart at a speed of approximately
6 inches per minute.

The Plates I-VI were made by setting up the machine in a dark
room, putting the sample under tension, and holding a dry plate
against the sample. An electric bulb on the other side of the sample
furnishes light for the exposure. In the case of cotton fabrics the
small size of the yarn and its transparency gave poor definition; this
difficulty was removed by first coloring the sample with a vellow
naphtha soluble dye. The photographs are therefore actual size,
and show up the conditions of the threads quite clearly.

The factor obtained by dividing the breaking load for a 1-inch cut
by that for the uncut fabric gives some idea as to the relative tearin
resistance of various materials. This, with the actual tensile, shoul
furnish a good basis for comparing fabrics as to suitability.
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Tensile strength
(poeuxfd: ;er inch), | Learing factor.
Warp. Filler. Warp. Filler.
Linen No. 1, high grade:
Uneoated.ee e eeeeeeneneneeinnaiaieeaenaeaaann 100 59 0. 50 0. 52
Doped.ceeeneiiiiiieieiiia it 106 86 .29 .44
Linen No. 2, medium grade:
Uncoated . oooiei e e 65 45 .67 .57
Doped. e 85 75 .58 .58
Cotton, light weight:
Uncoated...oooon i 37 493 .48 .36
Doped . e 45 45 .38 .37
Balloon fabric:
Doubleparallel...... ... ... oL 85 70 .36 .33
Doublebias.. . ... ... 65 |....... .66

From the above figures it will be seen that the lower grade of linen
is relatively more difficult to tcar than the high grade. This is
probably because the higher grade fabrics, both linen and cotton, owe
their greater strength for a given weight to the greater number of
yarns per inch. These are of necessity smaller, and since tearin
depends to a considerable extent on the strength of the individua
threads, we find that strong, closely woven fabrics tear more easily
in proportion than weaker ones. A good example of this is the filler
of the cotton fabric, compared with filler of No. 2 linen. The actual
tensile strength of the cotton is higher, but the effect of a cut much
gronltor, giving the factors as shown: 0.36 for the cotton and 0.57 for
the linen,

Teariny tests on aeroplane and balloon fabrics—Load required to start tear, and to break,
Sfor slits of various sizes.

Size slit.
Oinch. | i-inch. l }-inch. l-inch. 1}-inch.
Fabrie. Load per inch.
|
Tear.| Break. , Tear.| Break. | Tear.| Break. | Tear.| Break. | Tear.| Break.
Linen, No. 1, high grade,
uncoated:
Warp..oooveiiieiiiiieaan 100 100 664 i 48} 86 36 50 27 49
Filler..oooceeeiioiian.n. 59 59 40 44 34 42 234 31 18 29
Linen, No. 1, high grade,
coated, 1475 var.:
106 74 20 49 70 31 45 26 43
. 86 51 6831 373 454 | 30 38 27 31
Linen, No. 2,
uncoated:
Warp....coceiiiiiinann.n. 65 85 49% 51 32 50 28 44 21 42
Filler......ooo.oooiiii 45 45 29} 35 26 30 20 26 17 25
Linen, No. 2, medium grade,
coated, 1875 var.:
41 3 4N 85 85 57 74 41 64 23 50 21 49
Filler..................... 75 75 55 62 38 46 29 341 25 36
Cotton, light weight, uncoated:
orp 37 37 18 18 104 18 10 18 ] 18
Filler. .. 493 493 | 18 2 14 18 10 18 8) (1%)
Cotton, light
1875 va:
Warp... 45 45 23 28 184 22 15 174§ 14 18
Titler 45 45 203 22 15 183 11 anin 143
Balloon fabric, double, parallel:
[:14 + S 85 85 41 16 30 37 23 31 20 25
Ner................ 70 70 34 36 23 20% [ 174 23| 14 20
Balloon fabric,double bias....[ 63 65 53 57 47 52 30 43 20 3

25302°—S. Doc. 268. 64-1——11
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COTTON FABRICS.

Sea island or Egyptian cotton, preferably the former, should be
used for fabrics intended for use in making balloon fabric. In gen-
cral the fabrics should be as nearly as possible of the same strength
in both directions. Ordinary fabrics intended for clothing are, of
course, usually much stronger in the direction of the warp than in the
direction of the filling, because the strain comes mostly on the warp,
and such fabrics are softer.  Another item is, of course, the expense,
since the fillers represent a greater manufacturing outlay.

It is difficult to establish any very definite relation between weight,
and maximum strength attainable, since the methods of manufac-
ture play a very important role. A heavy tightly woven fabric may
actually test much lower than one apparently not so strong, probably
on account of g shearing or grinding action,

The fabries examined are in general of single-ply yarns, the number
of threads varying between 120 and 144 per inch, depending on the
weight and strength.  Thoe data given represent samples made and
tested in this country, and also test published abroad.

Weight Strength (pounds per inch).

(ounces per
square yard). Warp. Filler.
I 1. 60 27.0 26.0
IT 1.85 24.3 24.5
IIT 1.98 31.0 31.0
1V 2. 44 41.5 49.0
v 2. 67 40.9 49,2
VI 3.51 70.0 67.0
VII 3. 86 72.0 75.0
VIII 4. 05 84.0 78.0

The curve shows that considerable variation is to be expected,
probably to a large extent owing to the great variation in methods of
testing.  Accordingly, two curves are drawn as limits, with a mean
or average value. Any fabric whose tests would place it within the
arca included by these curves would probably be about as good as
could be expected in that grade. Tﬁis does not mean, of course,
that fabrics If’alling helow this area would be unsatisfactory. It sim-
ply gives a rough idea of the possibilities under best conditions.
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Summary of various tests on acroplane fabrics.

-] : P
] Tensile  strength Water | B
i P
= (pounds per inch). lig%?{l;’é Flre test. absorption.’ &
7 = ° |
5 (per cent S
. 3 % = Doy = .
oy After 3 slreélrg,th £ T = ] @
Fabric. &P | Original.} weeks’ . 9 2 < g
2g exposure, original.) o E E 5 =4
: SE1 2 |E5| L 145
e o = . =
b 2ol g 381 E T
P IEE|SlE g EIETEIEE 2,
2212|312 1254g |22 |2 ¢
= = = = f= = = [S P

2. 1575, and spar varnish.........
2
4. 1876, and spar varnish.
ISTT e eiiiennns
. 1877 and spar varn ..
7. Cotton (light weight) varnish,1875. .
Cotton varnish:
8. 1875, and spar varnish.........
9 1876, ..o

f- X3
womE oo
— n
X - C

<

3]

@

)

11 1877 ot iivieieeaen
12. 1877, and spar varnish.. ..

Linen No. I, Am., chloride varnish:
13. 1475, and spar..........
14, 187, and spar..
15. 1577, and spar._. ..

Linen No. 2 {1uedium grade) ve
1

e GO B3 e
<
o s 1
o
o
=3
@

=12 -
=
o
a
g
~1
<
o]
=1
~

21. 1877, and spar
Linen No. 1 (rubberized) varnish:
22, 1875, ceiiiiiie i

27. 1877, and Spar....ccoiienan..
Linen No. 1 varnish:
28, 1875 it

NoTE.—Samples Nos, 22 and 29 were exposed 2 weeks to weather; all others, 3 weeks. Varnjsh, 1876—
celiulose nitrate; varnishes, 1875 and 1877—cellulose acetate.

PERMEABILITY TESTS.

As already stated in the main body of the report, the method used
was similar to that of the National Physical Laboratory of Great
Britain, in which the hydrogen diffusing through the fabric is burned
to water and weighed.

Owing to the hmited time at our disposal, the tests were each two
hours in length. Several tests were made on each sample at each
temperature, and ordinarily agreed within a few per cent, when the
slight temperature differences were aliowed for. (To save time the
thermostat was not run always at the same temperature, but simply
kept constant at one temperature for each run. As the room
temperature varied greatly from day to day during the period in
which the tests were made, this made the operation of the thermo-
stat more simple, and in addition gave in many cases a further check
on the temperature effect.)

The diameter of the cell was 220 millimeters.
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The hydrogen was run through one side of the cell at a rapid rate
for several hours at the start of an experiment, to insure the expul-
sion of air. The proper rate for the passage of the air was found b
experiment; it was noted that above a ccrtain point, even witﬁ
increased absorption apparatus, the total weight of water absorbed
did not increase, indicating that the hydrogen was swept out prac-
tically as soon as it entered the cell. In the interval between tests
on the same fabric, the air side was continually swept out, to prevent
the accumulation of hydrogen on the air side. For this purpose a
three-way stop-cock was mtroduced, and connections with trap-
bottles made so that the furnace and cell could be swept out sepa-
rately with air. It was found that in some cases the furnace contained
sma]f amounts of moisture that had not been all removed during the
experiment, so at the expiration of the time by turning the cock the
cell was swept out in preparation for the next run, while dry air was
drawn from without through the furnace and absorption tubes for
10 to 15 minutes.

Specimen tests are shown.

Permeability tests on various fabrics.

Termeabil-
T ity (liters
s 'empera- | per square
Fabric. ture (° C'.).| meter per
¢ 24 hours,
{ at 760/0°).
No. 1 balloon fabric, 2-ply parallel (9.25 ounces per square yard):
1.65 ounces per squares‘ard rubber between plies ...t 21.2 54.99
1 ounce per square yard rubber on insideface. ... ........oiiiiiialL 22.07 56.37
20.68 63.4
30.01 65.3
40.08 79.1
40.09 79.4
No. 2 balloon fahric, 2-ply parallel (10.81 ounces per square yard):
3.11 ounces per square yard rubber between plies ........... ... . ...l 20. 45 11.64
1 ounce per square yard rubber on inside fAce.......eviieiiiiniiiiininian., 21.65 11.29
29.87 16.8
30.71 17.32
32.27 18.79
38.58 24.35
39.19 25.4
No. 3 balloon fabric, 2-ply parallel q9]3.2 ounces per square yard):
5.51 ounces per square yard rubher between plies....._ ...................... 20.04 11.2
1 ounce per square yard rubber on inside face........coociiniiiiiiii it 20.23 11.7
39.48 25.25
39.63 25. 55
40.14 26,37
Balloon cloth No. 3, 4 coats varnish Xo. 1876 on cloth (about 2 ounces per square
yard)... 21.42 10.86
21.91 11.8
22,00 11.34
29.99 15.44
31.68 17.11
40.51 24.73
40.75 25,25
Balloon cloth Ko. 3, 4 coats varnish No, 1877 on cloth (about 2 ounces per square
£ 5 2R 20.81 11.18
20.85 11.34
21.28 1.5
30. 51 16. 90
30.57 17.15
39.09 24.13
39.74 24,22
Balloon cloth No. 3, gelatin compound on rubber (2 ounces per square ysrd).... 2. 21 l.g
20.0 .
21.29 1.4
38.91 5.6
38.95 6.6
Balloon fabric No. 3, varnish No. 1876 (2 ounoss per square yard), on rubber.... %(0)(2)3 ;.8
20.46 5.6
38.96 10.2
39.24 11.2
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Permeability tests on various fabrics—Continued.

Permeabil- |
T ity (liters |
v empera- | per square
Fabric. ture (° C.).| meter per
24 hourss,
at 760,0°).
Balloon cloth No. 3, varnish No. 1877 (2 ounces per square yard), on rubber... .. 19.01 4.55
20.25 4.15
37.45 10.85
38.90 11.35
38,06 12.7
Balloon cloth No. 19 (12 outces per S(uare yard) . -« ..eeeoieeniaeeaaeennaanna... 20.3 11.2
21.1 11.37

(1) It will be noted that gelatin compound gives very low per-
meability. The use of gelatin on fabric for balloons was suggested
by Julhe.! Austerweil tried this and found ? that at first there was
practically no loss in volume, even a slight gain due to gases dissolved
in the water. After 35 hours the membrane was apparently satu-
rated and lost gas at practically the same rate as the comparison
rubber membrane. On the other hand, although each of our tests
was only two hours long, the total time in which the cell was filled
with hydrogen, and the gelatin-rubber fabric in place, was 48 hours,
yet at the end of that time, when the tests were made at 40°C., the

ermeability was only one-fourth that of the rubberized fabric alone.
t is possible that in contact with dry rubber and dry gases, as in our
apparatus, the membrane might act differently.

(2) Another point of interest is the test on fabrics 2 and 3 compared
with fabric 19. The {irst two were experimental samples, and for
convenience made parallel. The fabric 19 was bias, yet showed prac-
tically no difference in permeability. There has been some indication
in tests made at the National Physical Laboratory that parallel fab-
rics were much more permeable. They state that probably the
method of manufacture has a considerable effect. This has not been
noticed in our tests, and the reason for any such difference is not
apparent.

(3) Temperature coefficient.—This varies with the temperature and
degree of permeability of the material. From our experiments we
found the following values:

Rate of increase at—

10-20° C. i 20-30° C, 1 30-40° €,

1

Lercent. | Percent. Per cent,
Rubber fabrje, permeability at 15° C........ ... ..o il 4.4 4.6 4
Rubber fabric coated with 2-ounce gelatinonrubber. ... ... . .. foeieeeoao... 1.3 3.4

(}) Effect of Weathering.—On account of the limited time at our
disposal for making this investigation, long weathering tests on these
samples were not made. Aging by continuous exposure for one
month caused no increase in permeability ; in fact, one of our samples
seemed improved. The rubber layers were apparently unaffected,
so this improvement was not due to resinification which has been
noted in England, but was more likely due to a slight variation in
samples.

1C. R. Acad. Se., 1912, Feb, 12, 3 Die Angewandte Chemie in der Luftfahrt, p. 90.
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Surface friction of aeronautic fabrics at diffcrent wind velocities.

Condition and arca
(square foet).

Experiment No. 1.

Experiment No, 2.

Plate glass.

Linen No. 1, 1 coat varnish, 1878

(area, 50.35).
Net . Net . . Net ‘
Mi']les per O?,-",ﬁc- E)lr.gzs, fgrﬁg, rf.gll;cncd, e\‘.\;ggg Racxiiét- ;(‘-Jl;o;s' [grgg. p[gll:lcxfd, );gfs 'R:;?izt-
our. 3111'1 pounds.|pounds.. square 55| factor. pounds.)pounds.| square | °¥°®*% | factor.
Dol foot. | foot. |
30 0.02 0.3584 0.404 0.428 ! 0. 0085 ‘ 0. 0006 i 1.0R1
40 .031 637 668 L710 L0141 L0010 | 1.050
50 046 969 1.015 1.002 L0218 : .09 1.098
60 .071 1.342 1.413 1.571 .309 L0023 1.118
70 094 1.768 1.862 2.134 L0421 L0050 1.163

Condition and area

Experiment No. 3.

Experiment No. 4.

(square feet). Linen No. 1, 3 coats varnish, 1876 Linen >7o. 1, 3 coats varnish, 1876; 1 coat
(area, 50.35). spar varnish (area, 50.35).
Net | g Net | foree Resist-] G X fores
R y oSS ot orce. v esjst-1 Gross Net urce - Resist~
M;]]"““I’er cgir)rlt;c- force, | force, {pound, e\‘.\oggs ance | force, | force, |round, ‘;\LEEQ ance
our e, pounds./pounds.| square | ©X¢®- ¢ factor. ipounds. pounds. square eX7CIR 1 factor.,
Do . foot. foot.
| |
30 0.020 | 0.394 0.414 ]0.00822 | 0.0003 1.042 ] 0.3%9 0.409 | 0.0081 | 0.2 1.031
40 .031 665 .696 | .0138 . 0007 1.0G0 .619 L6850 L0135 00 1.034
50 046 .908 1.044 | .0208 . 0009 1.048 .981 1.027 . 0204 LOIRS 1.028
60 .071 1.410 | 1.481 [ .0295 L0019 1 1.0G67 | 1.376 | 1.447 ] 0287 | .00i1 1.038
70 094 1.919 2.013 | .0403 . 0039 1.108 1.854 1.948 L0387 L0023 1 1.061
\

Condition and area,

Experiment No, 5.

Iixperiment No. 6.

(square feet). Linen Xo. 1, 3 coats varnish, 1877
Linen No. 1, uncoated (area, 50.18). (:freu, 50.15), 4
o la Net | fores Resist-| G Net | fores | Restst-
. - TOSS e orce esis ross | Ne orce - i Resis
M#OS Per o?irr:;o- force, | force, |pound, ;;I-ggs ance | force, | force, | pound, \‘.\;225 | ance
our. ey pounds. [pounds.| square | © * | tactor. |pounds.peunds.| square | €¥®%- | tactor.
pound. oot. oot. |
30 0.020 | 0.457 | 0.477 | 0.0095 | 0.0018 | 1.205  0.390 | 0.41C | 0.0082 | 0.0003 1.034
40 .031 .778 .810] .0161 | .0030{ 1.234 . 652 L 683 L0126 . 0005 1.040
50 .46 1.204 1.250 L0249 . 0050 1.25¢4 .988 1.034 L0206 L0007 1.039
60 .071 1.738 1.809 . 0361 . 1.305 1.392 1.463 L0292 L0016 1.056
70 . 2.395 | 2.489 0496 .0132 1.362 1.880 1.984 L0395 . 0031 1.085

Condition and area

Experiment No. 7.

Experiment No, 8.

(square feet). Linen No. 1, 3 conts varnish, 1877; 1 coat | Linen No. 1, 3 coats varnish, 1877; 2 coats
spar varnish (area, 50.18). spar varnish (area, 50.18).
Net | g Net | fores Resist-| G Net | fore
- xross | Net orce T esis TOSS et orce N Resist-
ML]:ZIP“ 02’1.";;“ force, | force, | pound, 8&2_25 ance | force, | force, |pound, ei\cggs ance
. und pounds. pounds.| square | - * | factor. |pounds.'pounds. s?uare - - | factor.
pound. foot. I oot.
: i
30 0.020 [ 0.303 | 0.413 | 0.0082 [ 0.0003 | 1.044 | 0.393 ! 0.413 | 0.0082 | 0.0003 1.044
40 . 031 . 635 . 686 . 0137 . 0006 1.049 644 .675 L0134 . 0003 1. (026
50 . 046 .977 1.023 | .0204 | 0005 1.028 LATR 1,024 L0204 | 005 1.028
60 L071 1.384 1. 455 L D288 . 0012 1.041 1.3267 1. 438 (286 .0010 1.033
70 . 094 1.884 1.978 | .0394 | .0030 | 1.081 1L.a74 1 1,968 | .0392 [ ,0028 1.078
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Surface friction of aeronaulic fabrics at different wind velocities—Continued.

Condition and area

F.xperiment No. 9.

Experiment No. 10.

(square feet). Balloon fabric No. 3, double par. cloth | Balloon fabric No. 3 (same as 9), freshly
outside (area, 49.6). singed (area, 49.6).
Net | g Net | fores Resist-| G Net | torcs Reslst-
3ross | Ne orce - esist- | Gross o orce esis
M}]l:ls]tper c&l;)r:c— force, | force, | pound, e)ﬁ:g;s ance | force, | force, |pound, e‘ycg;s ance
. » pounds.pounds.] square * | Iactor. [pounds.'pounds.| square | ©- - | factor.
pound. |
oot. | oot.
|
30 0.020 | 0.872 | 0.692 [ 0.0139 { 0.0060 | 1.766 | 0.493 | 0.513 | 0.0103 | 0.0024 1.311
40 .31 1. 149 1. 180 L0238 L0107 1,822 . 883 L9014 L0184 . 0053 1. 408
50 . (46 1. 764 1. 810 . 0365 L0168 1.X%38 1. 403 1. 449 L0292 L0093 1.470
60 07t 2. 501 2.573 L0518 L0242 1. 873 2,041 2.112 L0426 L0150 1. 539
70 L 004 3. 452 3.516 .0715 . 0351 1. 2. 898 2,992 L0603 L0239 1.654

Experiment No. 11.

Experiment No. 12.

Condition and area
(square feet).

Balloon fabric No. 3 (same as 10); 1 coat
varnish, 1876 (area, 49.6).

Balloon fabric No. 3 (same as 10); 3 coats
varnish, 1876 (area, 49.6).

Net | g N | fores Resist-| G Net | foree Resist
- ross et orce ) esis| ross [ orce es.
Mll]leirper c;)iror:c- force, | force, | pound, eg::s ance | force, | force, |pound, e)?rc:gs ance
our. und, |pounds.pounds.| square * | factor. |pounds. pounds. square * | lactor.
pound. foot. oot.
30 0.020 | 0.448 | 0.468 | 0.0094 | 0.0015 ) 1.180 | 0.384 [ 0.414 { 0.0083 | 0. 0004 1.056
41 .031 L 783 814 . 0164 L0033 | 1.253 . 661 692 ( .0139 [ .0008 1.063
50 .048 1.199 { 1,245 0251 L0052 | 1.264 1.009 1. 055 .0213 . 0014 1.072
)] L0971 |- 1,722 1.7 0362 . 0088 1.309 1.419 1.490 [ L0300 | L0024 1.082
70 L094 | 2,332 2.426 0490 | L0126 1.345 1.604 1.998 | L0403 | .0039 1.107

Condition and area
(square feet ).

Experiment No. 13.

Experiment No. 14.

Balloon fabric No. 3, bias (area, 48.88).

Balloon fabric No. 3, bias, freshly singed

(area, 48.88)
Net g Net | fores Resist-| G Net | fores Resist-
hy T0SS Ne orce - esls T0sS Ne orcs, esis
M{‘lefupel c:’i‘gsc' force, | force, | pound/ ez\c:;s ance | force, | force, | pound/ e'(lgg:s ance
our. und pounds.|/pounds.| square | - * | factor. |pounds. pound’s. squars | 7 | factor.
po * oot. oot.

30 0.020; 0.631| 0.6510.0133 | 0.0054 | 1.691 | 0.483 | 0.503 | 0.0103 | 0.0024 1.308
40 . 031 1.078 | L1091} .0227 | .0098; 1.739 . 864 .895 ) .0183 | .0052 1. 402
50 L0461 1,632 [ 1678 L0343 | .Ul44 1,728 | 1.461 1.507 | .0309 | .0110 1. 555
60 071 2.343 | 2,414 0494} L0218 | 1,782 | 2.157( 2.228} .0457 | .0181 1.651
70 L0944 ) 3,204 3.388 ) .0694 | .0330 | 1.902 | 3.043 | 3.137| .0642 ] .0278 1.762

Experiment No. 15.

Experiment No. 16.

Condition and area
(square feet).

Balloon fabric No. 8, double blas, special
fabric (area, 49.34).

Balloon fabric No. 6, double bias, special
fabric, freshly singed (area, 49.34).

Net lg Not | fores Restst-| G Not | foree Resist-
ross o orce esist-| Gross ® orce os
Mggarpe' Rirec- | force, | force pound/ escggs ance | force, | force, | pound/ efiﬁ.f,s ence
: und pound's. pouncfs. square * | factor. [pounds. pounds.| square - | factor.
po " loot. oot.
30 0.020 | 0.468 | 0.488 | 0.0099 | 0.0020 | 1.252 | 0.423 | 0.443 | 0.0099 | 0.0020 1.139
40 .031 . 858 .8%9 ) .0180 )} .0049 ( 1.378 744 JT75 | L0157 | 0026 1.202
50 .046 1.343 1,339 . 0281 L0082 1,414 1.170 1.216 | .0247 . 0048 1,243
60 .071 1. 959 2,030 | L0412 | .0138 1. 490 1744 1.815| .0388 | 0092 1. 331
70 L0904 | 2,648 [ 2,742 L0556 .0292 | 1.528 ) 2.378 | 2.472 | .0500 | .0136 1.372
! -
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Surface friction of aeronautic fabrics at different wind veloeities—Continued.

Experiment No. 21. ; Experiment No. 22,
Condition and area !
(square feet). Aeroplane fabric, rubiberized, No. 23 Aeroplane fabric, aluminum coated,
(area, 48.8). No. 24 {area, 4561
! i |
Net N Net : et r,\'et ‘ l .
N (iross Net force - Resist-| Gross . Ne oree, - | Resist-
Mllllss IP“ cl"’;"le(" force, | force, |pound/ e‘;\cggs ance | force, | force, |pound! e{\,_gf_ | ence
our. ion, unds.'pounds.| square | #¥€5- | facior. pounds.pounds.| square | 8X¢85- | facior,
und. P? I
po : ; foot. ; | {ool. |
| ) ! o \
30 0.020 | 0.352 | 0.412 ] 0,008 1 0. 05 1.0%0 ‘ 0, 0. 0085 | 0,006 1.078
40 L0031 853 LGY0 ) L0142 L0011 1,082 | NEFIDY 1.083
50 L 046 1. 004 1. 05 3 L0016 1. 083 | L LUt 1.073
60 LOS1 1.379 | 1.460 | . 9 L0023 1,081 1. LIHI3 1.081
70 L0 124 1918 .0uu3 029 1.079 1. Ry 1.101

SURFACE FRICTION TESTS.

In the next to the last column of each cxperiment, pages 43—4, are
iven under the heading “Net excess” the numerical difference
etween the resistance in pounds per square foot of the material,
and the resistance of plate glass. In the last column are given
factors obtained by dividing the resistance of the material by that of
glass at the same velocity.
In general the resistance of an object to the wind increases with
the square of the velocity. Tle general form is, for unit area:

P=N1"
When P = pressure.
V=velocity.
H=a constant.

It has been found by Froude and others that surface friction varies
with about the 1.87 power of the velocity.

Plotting the logarithms of the wvelocity against the pressure, we
obtained from our results, in practically all cases, a straight line.
The values at 70 miles per hour were a little off in most cases, indi-
cating the pressure of another factor, possibly due to temperuture.

The logarithms were plotted and from the values of the faired
curves, the approximate exponents and coefficients were obtained
algebraically i]or some of the most interesting cases.

General equation P= I ¥,
When P = pressure in pounds per square foot.

V'=velocity in miles per Liour.
nand K=constants,

K N
Experiment 1. Plateglass... ... ... . .. . ... ... . ... 0. 0000178 1. 84
Experiment 2. Linen No. 1, varnish No. 1876 ................... . 0000156 1.85
Experiment 5. Linen No. 1, uncoated .. ....................... . 0000137 1. 92
Experiment 9. Balloon fabric No. 3 .. .. ... ... . ... ... ... . 0000192 1.93

It will be noted that in gencral the rougher materials have higher
exponents, approaching 2 in the case of balloon fabric.



Absorption tests, balloon and aeroplane fabrics.

Moisture after

Weight of

Normal suspension in Normal W at?;hhie(}d n material
moisture. saturated Dry moisture. i removed by
Atmos- atmosphere. weight after soaking. soaking.
Fabric. pheric after
weight. soak-
Per Per ing. Ter .| Per Per
Ounces.| cony Ounces. cent. Ounces. cent. |unces. .o 1Ounces.| . ent.
High-grade linen No. 1, untreated,
weirght 4.6 ounces:
Varnish 1875 (cell. acetate) . ... 5.52 5. 0.34 6. 56 0.67 | 12.94 5. 5.09 0.35 6. 61 2.25 14.2 0.21 3.98
Varnish 1875 and spar varnish..|  6.26 6. .38 6. 46 60 | 12.90 5. 5.52 .38 6.65 2.41 43.6 .19 3.33
Varnish 1876 (cell. nitrate)..... 5.71 6. .22 4.02 .55 10.01 5. 5.19 .22 4.02 2.26 43.6 .30 5.47
Varnish 1878 and spar varnish . 6.54 6. .36 5.8 71 11. 49 6. 5.91 .33 5. 44 2.26 38.2 .20 3.7
Varnish 1877 (cell. acetate) . ... 5.61 5. .37 7.07 721 13.7 5.4 5.13 .38 7.13 2.66 51.9 .21 3.4
Vamish 1877and spar varnish. | 6,87 7. .45 7.01 JIRYO12.14 6.20 5.95 .44 7.10 3.62 60.9 2 4,03
Rubberized (one side)......... 6. 49 7. 22 3.51 .59 9. 11 6. 41 6.16 .22 3.43 3.72 60. 4 25 3.90
Rubberized, varnish 1875...... 7.63 8. .26 3.5 57 7.3 7.36 7.4 .26 3.53 4.47 63.5 .32 4.34
Rubberized, varnish 1875 and
sparvarnish. ... ............ &, 80 9. .36 4.27 .69 818 R.56 8.28 2B 3.03 3.26 39.4 .28 3.27
Rubberized, varnish 1876_..... .85 8 22 2.89 . 853 7.69 7.43 <20 2.61 3.29 4.3 2 3.38
Rubberized, varnish 1876 and
sparvarnish................. 9.13 .24 2.70 .95 10.69 8.51 8.27 .31 3.64 3.22 3’9 .24 2.82
Rubberized, varnish 1877...... 7.8 .26 3.43 . 8.32 7.60 7.15 .21 2.76 3.95 55.3 .45 5.92
Rubberized, varnish 1877 and
Spar v 1 U 9.23 201 3.2 .54 6.04 8.85 8.14 3 3.84 3.28| 39.0 .44 5.23
Cotton (light weight);
Varnish 1875, .. ...._........ 3.74 29 840 .30 870 3.58 3.55 .31 8.67 115 32.4 -3 .
Varnish 1875 and spar varnish.| 4.8 2 5.19 .29 6.27 3.9 3.96 .21 5.27 1.78 45.0 .03 .75
Varnish 1876................... 3.60 17 4.96 .22 6.42 3.20 3.19 .16 5.00 1.21 37.9 .01 .31
Varnish 1876 and spar varnish.| 4.28 .21 5.16 . 5,66 3.79 3.76 .19 5.02 1.29 34.3 .03 .79
Varnish 1877... ... .......... 3.46 22 6. 80 . 8.03 3.13 3.10 .2 7.03 1.24 40.0 .03 .
Varnish 1877 and spar varnish.| 4.47 N 6.94 .31 7.41 4.29 4.23 .30 7.00 1.78 42,1 .03 .71
Balloon fabric, cloth outside (13-
ounce double bias), No.3.._.. .. 11.35 W37 337 .64 5.8 10,68 { 1452 (........ L3710 3.37¢ 3.54) 323 |l
Balloon fabric No. 3 and balloon
fabric No. 3 spot proof........... 11.60 .30 2.68 46 4.07 11,05 | 13.92|........ .33 3.00 2.87 24,8 [l
Balloon fabric No. 3, proof No. 123..| 12.37 .42 3.52 1.2} 10.50 11.89 | 15.20 |........ .39 3.28 3.31 2.8 L,
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REPORT No. 6.

PART 2.

SKIN FRICTION OF VARIOUS SURFACES IN AIR.

By WiLuts A. GisBoxs.

INTRODUCTION.

The relation of skin friction or surface friction, to the relative
velocity of a surface and the surrounding medium, and the variation
of this relation with the nature of the surface is of growing importance
to the science of aeronautics. Owing to the greater speeds now
developed in air craft of all kinds, it was decided to investigate these
relations with particular reference to the sort of surfaces which would
be used in aeronautic work.

W. Froude! measured the resistance for various surfaces of various
lengths in a water channel, and the results of his experiments lead
to the following conclusions:

1. The force tangential to the plane due to skin friction, ordinarily
varies according to the 1.85-2 power of the velocity for SITI()Otl?I
surfaces. For rougher surfaces, it varies practically as the square
of the velocity.

2. The length of the plane has a decided effect on the average
resistance per unit area, the resistance decreasing as the length
increases.

3. Smooth surfaces do not necessarily increase according to a
lower power of the velocity than rougher surfaces, although the
numerical value of the resistance per unit area is less.

4, The index decreases as the length increases for smooth surfaces.

Zahm? measured the resistance due to surface friction of planes in
a current of air, and found that all smooth surfaces showed an increase
in resistance according to the 1.85 power of the velocity. Buckram
with 16 threads per inch gave a high resistance and an index of 2.05,
practically 2.

He measured the resistance of planes of various lengths and
obtained the following cquation connecting the length of a plane
with its velocity and surface friction:

P«L—-.O’T V1.35 (1)
When V=Velocity in feet per second.

L =Length of planes.
p =Tangential force per square foot.

1 British Assoe. Report, 1872, 118; 1874, 249. 1 Phil. Mag., VIII, 58-66 (1904).
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. Lanchester! shows that to express the resistance of a plane bring-
ing into account the linear size and kinematic viscosity, we have the
relation—

Raco?Li V7 (2)

When ¢+r=2
v=Kinematic viscosity.
L = Linear size.
V= Velocity.

The kinematic viscosity? v =

- IR

When = Coeflicient of viscosity.
p = Density.

The kinematic resistance, R=£’ i. e., it is the resistance per unit
density. P

Lanchester points out that in terms of R, Zahm’s equation (1)
becomes

Roc 193V 185 (3)

whereas according to (2) L and V should have the same index. He
adopts the following for a smooth surface.

R«D.ILI.D '[71.9 (4)

Assuming, what we have found to be the case, that the exponent
varies with the nature of the surface, we may put this in the form

Rocp?—n[n}’n (%)
whence
F=gpp?nIn s (6)

For any one surface it is convenient to neglect the len,gﬁh, and
embody this and the p and » values in one constant, so we have.

F=EKVn )

The value of K depends of course on the units.—throughout this
paper F will be in lbs. per square feet, and V in miles per hour. The
value of .1 for air is 1.3 times that for water, so this and the relative
densities give a means of calculating from one medium to the other.

The values of n and X vary Wiﬁl the surface even for so-called
smooth surfaces, and as will be shown, seem in such cases to bear
a more or less definite relation to each other.

1 Tech. Rept. Adv. Com. for Aeronautics, 1908-10, p. 34. 3 Lanchester’s Aerodynamics, p. 38.
25302°—S§. Doc. 268, 64-1 12 .
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EXPERIMENTAL.

Through the kindness of the Bureau of Construction and Repair
of the Navy Department the excellent facilities afforded by the
wind-tunnel of the Washington Navy Yard became available for
experiments on the frictional resistance of various sufaces. These
experiments were made for the purpose of looking into the matter
of surface friction with particular reference to surfaces of the sort
which would be of most interest from the standpoint of aeronauties.

A glass plate about 9} feet long and 34 inches wide was suspended
vertically, with its surface tangent to the direction of the wind, by
two wires fastened to the upper edge of the plate. The ends of
the plate were enclosed in slots in faired struts, which were fixed
rigid to the floor and ceiling of the tunnel, and stayed to prevent
vibration. Smooth steel rollers attached to each side of the slots,
at the upper and lower ends, prevented side movement of the plate.
They di(i) not ordinarily touch the latter, being set to allow a clear-
ance of 0.01 inch. Thus the plate was free to move within limits
only in the line of the air current.

Tyhe trailing edge of the plate was connected by a steel rod to the
balance, allowing the horizontal force to be measured.

CORRECTIONS.

It was found by experiment that the ends of the plate, although
protected by the struts, were affected by the air current. Tubes
were set in the slots and connected with a hook gauge manometer.
From the pressure at cach end, the force on the plate was measured
for different velocities, and by & faired curve, a set of corrections at
different velocities was obtained. Both of these corrections are to
be added since the air rushing past the slot in which the leading edge
fits causes a diminution in pressure, and in the other slot, an increased
pressure. Both of these changes in pressure would give a thrust
against the wind. '

The correction for the wires was found by adding 4 more sup-
porting wires, making 6 in all and measuring the force on the plate
with these mlditiomﬁ supports, then removing the original wires
and measuring the resistance of the plate at different velocities with
four wires. Subtraction gave the effect of the two wires, which were
used as supports in all regular tests. This correction is of course
to be deducted from the observed force. To avoid masking, small
wedges were used to hold the added wires away from the glass, the
added wire passing around under the lower edge of the plate in each

case,
SURFACES.

Plate glass was used as a standard, or ideal surface, since it is
%Il':)bably as smooth as any surface, and can be easily duplicated.

e various fabrics were attached to this by a nitrocellulose varnish,
by which, with a little practice, we were able to obhtain a surface
practically smooth, so far as unevennesses from wrinkles, etc., were
concerne£ The amount of varnish needed was so small and its
colloidal nature such that it was possible to attach an uncoated
linen to the glass without affecting the outer surface of the fabric
appreciably. The linen surface could then be tested, and treated
further as desired.
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When more than two coats of varnish were applied, the surface
was sand-papercd hetween each coat.

Where fabrics were singed between tests, the singeing was done
with a blow-torch.

The surfaces tested may be grouped as follows:

1. Plate glass.

2. Fabric surfaces with nap.

3. Fabrio surfaces without nap (linen and cotton).

4. Varnished fabries (cotton and linen).

5. Rubber coated linen (plain and aluminum surface).

The experiments were made at velocities of 30, 40, 50, 60, and 70
noiles per hour. Owing to the large size of the plate (area about 50
square feet) the forces were large enough to enable considerable
accuracy to be obtained. For example in the case of plate glass,
the gross uncorrected force is about 0.27 pound at 30 miles per hour.
On this account and also on account of the greater range of veloci-
ties we were able to detect variations in apparently smooth surfaces
which were not noticeable in earlier experiments at low velocities.

The values of F (pound per square feet) the relative value of F
compared with that for glass called for want of a better term, the
res{itance factor (B. F.) and the values of » and X are given in
Table I.

TAaBLE T.—Results of erperiments on surface friction, in mr, of various surfaces.
[Tests were made in wind-tunnel, Washington,”D. C.}
NoOTE.—n, k, and F are values in equation F= KV», F=Ib./sq. ft.

V=miles per hour,
R. F.=Resistance factor= F observed/ F glass.

30 miles/hr, | 40 miles/hr. | 50 miles/hr. | 60 miles/hr. | 70 miles/hr.
No. |Natureofsurfaceexposed.] n. | K107, ‘ -
F. iR.F. F. |R.F.| F. !R. F| F. |[R.F] F. |(R.F.
1| Plateglass.............. 1.81| 166 |.0079 | 1.0000.0133| 1.0000.0199| 1.000,0.0276; 1.0000.0364] 1. 000
2 ! Fine linen:
1 coat aero varnish,
1876. .. covenenn.. 1.84! 163 1.0085 | 1.081| .0141] 1.080, .0218; 1.098 .0308] 1.11KX .0424] 1.163
3 3 coats aero varnish, ‘
1876....ccnnnnnn. 1.89( 129 1.00822] 1.042; .0138 1.060 .0208 1.048; .0295: 1.067; .0403 1.108
4 3 coats aero varnish,
1876, 1 coat spar
varnish. .......... 1.84; 153 |.0081 | 1.031; .0135| 1.034] .0204( 1.028] .0287| 1.03%} . 0387 1.061
5 Uncosated. . ......... 1.94] 128 |.0095 | 1.205 .0161| 1.234] .0249; 1.254] . G361/ 1.305] . 0496/ 1.362
6 1 coat varnish, 1877.(1.85 149 |.0082 [ 1,034] .0136 1,040} .0206; 1.039| .0292| 1.036/ .0395( 1.085
7 3coats varnish, 1877.i1,85| 148 |.0082 | 1.044| .0137 1.040; .0204| 1.02%| . 0288 1.041) .0394| 1.081
8 3 coats varnish, 1877,
2 coats spar var-
mish_............. 1.84) 157 |.0082 | 1.044] .0134] 1.026) .0204, 1,028 .0286; 1.033; .0392! 1.078
9 | Balloon fabric:
No. 3, double paral- :
lel, cotton surface.{1.90: 219 1.0139 | 1,766/ 0238 1.822) .0365 1.838' .0518 1.873] .0715 1.965
10 No. 3, double paral-
lel,singed ........[2.05! 96.5.0103 | 1,311] .0184] 1.408 .0292| 1.470; .0426; 1.539; .0603] 1.654
11 No. 3, double paral-
lel, 1 coat varnish,
(S 2, 1.95) 123 [.0094 | 1.190} .0164] 1.253} .0251] 1.264] .0362 1.300| .0490| 1.345
12 No. 3, double paral-
lel, 3 coats var-
nish, 1876 ........ 1.85 153 |.0083 | 1.056 .0139) 1.063 .0213] 1.072| ,0300° 1.082] .0403; 1.107
13 No. 3, bias, cutton
surface........... 1.95( 207 |.0133 | 1.601) .0227; 1.739 .0343] 1.728) . 0494 1.782 0694 1.902
15 No. 6, bias, special, i
cotfon surface. ... 2.03] ©9.7.0099 - 1.252 .0180 1.378] .0281] 1.414] .0412] 1.499; .0556] 1.528
168 No. 6 bias, special,
cotton, singed ....|2.05] 82.5.0088 | 1.127 .0157) 1.202] .0247| 1.243 .0368| 1.331{ .0500| 1.372
21 | Aeroplane fabric:
Rubber surface. .. .. 1.83{ 165 [.0084 | 1.070) .0142] 1.082) .0215] 1,083 .0299] 1.0x1; .0393] 1.079
22 Rubber aluminum | i
surface........... 1.83{ 166 |.0085 ' 1.078) .0142 1.083| .0213) 1.073 .0299‘ 1.081 <0011 101
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RESULTS.

QUALITATIVE.

The great resistance offered by fabrics with nap on the surface will
be noted. The effect of the weave is shown by comparison of experi-

ments 9 and 15. Both fabrics are high-grade cotton, but probably that
used in experiment 15 is closer woven and inade of longer staple.
Biasing secems to increase the index, but the effect would probably
not be noted cxcept at very high speeds.
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Cotton shows a higher resistance than linen, although the cotton
surfaces were finer weave than the linen. The linen yarn, while of
more varying thickness, is smoother than cotton yarn, due to the
nature of the ultimate fiber and its greater length. The linen yarn
is more like a wire.

The effect of varnishing is very apparent, although no conclusion
can be drawn as to the relative merits of various aeronautic varnishes.
Probably it is more a matter of workmanship in applying and finish-
ing the coat than any particular merit in the varmsﬁ itself. The use
of a finishing coat of spar varnish gives some improvement.

The use of a varnish seems particularly advantageous in the case
of cotton fabrics. This explains the good results obtained in Europe
by varnishing the gas bags of dirigibles with cellulose acetate var-
msh, which both improves the gas-holding properties of the bag and
decreases the frictional resistance. In a well-designed balloon most
of the resistance offered by the air to the motion of the balloon is due
to friction.

QUANTITATIVE,

If we plot the logarithms of the velocity (V) and frictional resist-
ance in pounds per square foot (/) we obtain practically straight lines.
From their slope we gnd the index n. FigureIiI shows the logarithmic
plots for the most interesting cases. It will be noted that in many
cases the value for 70 miles per hour seems to lie above the line, pos-
sibly indicating an increase 1n the index as velocity increases, due to
greater turbulence. This has been predicted.

Using the slope obtained by logarithmic plots and F'=pounds per
square foot, ¥V =miles per hour, we may obtain the constant K, as
given in Table I.

From these results it will be noted that the smooth surfaces do not
necessarily have lower indices. When this was first noted it seemed
so anomalous that it was thought at first that there might be some
experimental error. However, we note that Froude found a similar
result (Table ITI) in the case of tin foil, varnish, and paraffin.

Th}(la high resistance of fabrics having nap on the surface is note-
worthy.

Froude’s results obtained with an 8-foot plane in a water channel
were reduced to the same units, and to air conditions. The values are
given in Table II. Considering the differences in conditions the
agreement for smooth surfaces is close. The resistance of calico
was somewhat higher than the cloth resistance found in our tests.
from the photograph accompanying Froude's paper! the fabric used
by him probably had about 80 threads per inch. Those used by us
had about 120 threads per inch, and on this account presumably a
smoother surface.

VALUES OF K AND N.

As already noted, smooth surfaces may show a higher index than
rougher ones, while the coefficients K vary in the opposite direction.
To obtain an idea as to the relative values of these two quantities, we
plotted the values of K and N as shown in Figure Iil[. It will be

1 Brit. Assoc. Report, 1874, p. 246.
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noted that the results of our experiments seem to show two distinct
types of surface:

1. Those having nap on the surface have high indices and high
exponents. They act somewhat similarly to ealico and sand-coated
surfaces investigated by Froude, and may be classed as rough,

toa V{Velocity - Miles per Hr.)

relatively, The index is 1.9 to 2, usually nearer 2, and the cocflicient
K, 0.00002 or more. (1 in miles per hour.)

2. Surfaces which are free from nap, and more or less continuous
and even. Fabric surfaces of fine t}u'eads closely woven and free
from nap (due to singeing or natural great length of fiber, as linen)
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are the roughest of this class. At the other extreme we have coated
and varnished fabrics, which may approach glass in smoothness under
good conditions.

Considering the nature of the quantities n and K, the points for
smooth surfaces e remarkably close to a straight line, the deviation

—_——— 7

amounting to not moro than 6 to 8 per cent, except in two cases, and
these fall on opposite sides of the line (Fig. I1I).

The values E;und by Froudo for varnisﬁes, tin foil and paraffin for
an 8foot plane in water are also shown (Table I1), and fall close to the
line. On the other hand, “rough” surfaces, calico and roughened
sand, do not come near the line.
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TaBLE 11.—Results of Froude's experiments, calculated to atr.
[8-foot plane (600 feet per minute) X in terms of miles per hour.

Surface. n. K.10°.

Varnish............... 1.85 156

araffin............... 1.94 126
Tinfoil............... 1.99 101
Calico........ 1.92 261
Finesand............. 2.00 209
Medium sand.......... 2.00 223
Coarsesand........... 2.00 255

From these figures we may express the relation of n and X for
‘““smooth” surfaces by the empirical equation—

™
I

.0000746 — .000032n (8)
whence

F=(.0000746 — .000032n) V" (9)

F being in pounds per square foot and V in miles per hour. While
this expression is purely empirical, in view of our results it would
seem as if it might be possible, within limits, to evaluate the complete
equation for a smooth plane of fixed size, from the results of one ex-
periment. To apply this rigidly would of course mean that the
curves for smooth surfaces must not cross, i. e., that one given value
of F and V applies to one curve only. While our results do not
adhere strictly to this the deviations occur generally in the case of
curves which are so close together as to almost overlap, and are
robably due to experimental error. The value of K depends on L,
gut this can be figured as already shbwn.
On the other hand, Froude’s results indicate that in the case of
water, there is a fall in the index as the length of the plane increases.
This chan%e seems to be in the opposite sense to what would be ex-

pected. The equation
Roa® LTVr 2

shows that L and V vary according to the same power in every case.
We should expect from this the same change in r, whether due to
change in L or V. It is known, and our own experiments indicate
that mcrease in 1 tends to increase »; in other words, at high speeds,
the resistance would vary according to a higher power of length and
velocity. It seems logical to assume that this interchangeability of
V and L would give a similar result as L increases, namely, that r
would also increase, for both L and V. These changes in index would
proba.blk7 be so small for ordinary experimental differences as to be
e.

negligib
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PREFACE.

In the preparation of this report, for which the time available was
limited to a little less than three months, all the literature on aero
engines that could be obtained in the libraries of New York City,
or that could be secured by loan or purchase, has been consulted.
Where valuable material was found in foreign languages, translations
from the original have been made and in many cases whole papers or
illustrations that seemed worthy of reproduction have been photo-
graphed for insertion. The report is divided into three parts, as indi-
cated in the contents, and at the end of the second part tﬁe conclusions
and recommendations will be found. The third part includes four
apfpendixos consisting of reproductions of various valuable material
referred to in the text, but separately presented so as not to break the
continuity of thought and argument. In the very considerable labor
involved 1n collection, translation, and digestion of the material, my
colleague, Prof. F. Q. Willhofft, has rendered most valuable service,
which is gratefully acknowledged.

CrarLes E. Lucke.

Nore.—The third part referred to herein contains so much matter that has
appeared in published form and so much is in such form as to practically prohibit
satisfactory reproduction of essential illustrative matter that the committee has
determined to present only parta one and two. Part three is in possession of the
committee and may be inspected.

: H. C. Ricuarpson, U, 8. N., Secretary,
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PART 1.

REVIEW OF THE DEVELOPMENT OF ENGINES SUITABLE
FOR UI?ERONAUTIC SERVICE—ORIGIN, MEANS USED, AND
RESULTS.

By CHarrEs E. LUCKE.

Part 1 (a).—SERVICE REQUIREMENTS FOR AERONAUTIC ENGINES—
POWSER VERSUS WEIGHT, RELIABILITY, AND ADAPTABILITY FAC-
TORS.

Transportation over land and water has been revolutionized by the
addition of engine motive power to vehicles and boats to a degree
that requires no study to appreciate but the contribution of the port-
able power plant to aerial navigation is even greater. It is funda-
mentally creative, for without the aeronautic engine air flight would
be quite impossibfe. Not only does an engine constitute the essential
element of the air craft, but the engine must be suitable for the
purpose; it must have certain characteristics never before required
or produced by engine designers. Success in flight and improvements
in flying machines rests absolutely upon the success with which the
engine and its accessories that make up the portable power plant
can be made to fulfill the new requirements peculiar to the flying
machine. Before someone flew, no one could specify just what the
acronautic motor should be able to do, except that, of courso, it should
be as light as possible and not stop in the air. Nor was there any
demand for such an engine that would serve as an inducement to
engincers familiar with engine production to build one. In short,
while those few experimenters who were engaged in trials of balloons
and gliding plancs felt they might be helped if they could secure a
proper light motor, no one telt sure it would be of service if produced,
and of course no one could say how light it should be, or what other
characteristics should be incorporated, except that of reliable con-
tinuous running during a flight. Formulation of some of these speci-
fications may be said to date from about the years 1901-2, when the
Wrights, on the one hand, and Langley, on the other, found that
existing engines developed for other classes of service were unsuitable,
the nearest approach being the automobile engine, then pretty uncer-
tain in operation and weighing about 15 pounds per horsepower in the
lightest forms—a weight that would not serve even if the operator
were willing to risk his life on the possibility of engine stoppage in
flight. It was apparent at once that redesign for reduced weight per
horsepower was necessary, and the Wrights proceeded to rebuild the
automobile engine, while Manly boldly departed from any existing
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practico and built his five fixed radial cylinder engine, both Manly
and Wrights retaining the water cooling of the most successful
automobﬁe engines. DBoth succeeded in reducing weight enough to
malke flight possible, the Wright engine producing a horsepower with
about 7 pounds and the Manly with about 2.4 pounds of engine weight,
the former with a 12-horcepower, and the latter with a 50-horscpower
engine.

Thus was flight initinted with engine redesign for weight reduc-
tion, and so has flight improved in range, speed, and safety, with
further redesign of engine in the 13 or 14 years that have elapsed
since that time, but the end is not yet in sight. The progress that
has been made in engine construction, principally in Iurope, is
truly amazing, in view of the unique character of the problem and
tlic short time that has elapsed; but all this has only served to increase
the demand of the aeronautic engineer on the engine designer and
manufacturer, so clearly and firmly is the principle established, that

rogress in flying rests fundamentally on engine improvement.
These vears of experience, however, have resulted in some data,
derived largely from laboratory tests on the characteristics of the
engines that are most successful in flight, and in some more or less
accepted formulations of the sort of service required of aero engines
and their essential parts in addition to weight, speeds, power, and
general reliability, tﬁat might be classified as adaptability factors.

Any engine, for whatever service, must be suitable, and its design
must be based as much on the specifications for suitability involvin
these adaptability factors, as on the fundamental principles o
thermodynamics, stress resistance and the properties of the materials
available, and these adaptability factors must be derived from the
users or operators of the machines before tho engine designer can
interpret them, preparatory to the incorporation into the engine
proper of those structural elements that will make it suitable. At
the present time there are available some conclusions along this line
of experience, & few of which will be quoted and summarized before
undertaking to analyze the engine structure proper.

After nine years’ usc of cngine-driven acroplanes the engine
structure was summed up in 1912 by Capt. II.I])}. Wild, Paris, as
from his own experience as follows:

The comparatively crude and unreliable motor that we have at our disposul at the
present time is no doubt the cause of many of the fatalities and accidents befalling
the aeroplane. Ii one will look over the accessories attached to the aero engine of
to-day, it will be noted that it is stripped clean of evervthing possible which would
add head resistance or weight. The designer of the aero engiue is (oo anxious to
eliminate what he deems unnecessary parts in order to reduce the weight of the
engine, and in doing so he often takes away the parts which help to strengthen the
durability and reliability of the motor.

Few engine designers seem to appreciate the importance of eliminating the least
tendency toward variation of angluar velocity orin the torque, if the engine is required
to drive a propeller. The effect of continually accelerating and retarding a propeller
is most detrimental to its efliciency. * * * [In front elevation an arco engine

ghould be as compact as possible, 80 as to reduce head resistance.
Additional specific requirements named include—

(a) oil tank of six hours’ capacity with reliable pump for forced feed lubrication,
internal oil pipes, (b) standardized propeller hub and crank shaft end, (r) heater for
carburetors and gravity feed of gasoline, (d) dual ignition and no loose wires, (¢)
exhaust silencer, (f) exhaust valve lifters for stopping and compression release for
starting, (¢) engine speed indicator, (k) cool valve seats, * * Engine builders
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generally would also do_ well to visit aviation grounds more frequently and to take
more interest in the engines which have left their hands, * * * though in many
cases the aviator does not leave the engine alone when it is working right, but tinkers
with the different adjustments until they are all out of harmony with one another
and places the blame where it does not belong. * * * The demand for a reliable
motor is still prominent.

Writing in 1912, Awsbert Vorreiter, Berlin, gives the principal re-
quirements which aviation engines have to meet, as—

First. Small weight referred to horsepower.

Second. Small consumption of fuel, water, and oil, 80 as to obtain the maximum
possible radius of action with a given quantity.

Third. Absolute reliability since in the case of the dirigible engine hardly any—in
the aeroplane engine absolutely no—repairs can be made during a flight.

In the demand for low weight per horsepower the requirement of the low fuel and
oil consumption per horsepower-hour are included, since to-day it is no longer a ques-
tion of getting a machine to fly for a short time only, but to construct flying machines
for practical purposes, we have to figure on a runnin% time of several hours. It may
easily be shown by calculation that an engine very light compared with output, but
requiring an excessive amount of fuel and oil, may weigh more per horsepower when
the weight of fuel and oil are included than a heavy engine with low fuel and oil
consumption. It is true that the oil consumption cuts less of a figure because the
quantity of oil as compared with the fuel is small and in a good engine amounts to not
more than one-tenth. As a most favorable value for fuel consumption of an aviation
motor we may assume 0.536 pound per horsepower-hour, which value has been repeat-
edly reached in aeroplane engines, In dirigible engines figures as low as 0.514 pound
have been obtained.

Hand inhand with the reliability goes the demand for durability and continuous main-
tenance of hifgh capacity. It is here that older constructions of aviation engines
sometimes fall down very badly. Only the continuous output which the engine is
able to give is to be seriouslﬁ considered in an aviation engine as distinct from the
automobile engine. While the latter is only very seldom required to give its maxi-
mum out{)ut—a.nd then only for a short time—the aviation engine almost always runs
under full load.

Additional specific requirements mentioned include—

(a) carburetor action and engine performance must be independent of barometer
of temperature, of dust, and of tilting of engine, () uniform turning movement, (cé
balance of engine parts, (d) high enough energy in rotating parts to produce fly-whee
effect to resist variable propeller resistances and maintain engine speed, (¢) propellers
give best efficiency at speeds lower than are feasible in engines—in some cases as low
as half, (f) proper cooling of engine to insure lubrication, minimum distortion of metal
Fm’ temﬁorary or permanent, (g) locate exhaust discharge away from operator, (h)
east weight of engine by designing for maximum feasible speed, maximum work
per cubic foot of displacement, and least weight of metal of selected kind and cross
section.

In a paper read before the institution of automobile engineers
(London) in 1912, Mr. A. Graham Clark summarizes the qualities
regarded as essential or desirable in an aeronautical engine, as

follows:

(1) Reliability: Failure of the engine necessitates the immediate descent of the
machine, if of the heavier-than-air type, which, should it occur at an inopportune
moment, may be attended with disastrous consequences,

2) High power weight ratio:
3) Economy in fuel and oil:
Are desirable because of the increased radius of action.

(4) Low air resistance: The importance of air resistance becomes more marked
with increasc in the speed, as the power absorbed in this direction varies as the cube
of the velocity. It may be remarked in this connection that the horsepower required
to propel a flat plate 3 feet in diameter through the air is increased from about 6 to
ovexi1 16 by increasing the relative velocity of the plate to the air from 50 to 70 miles

r hour.

(5) Controllability or flexibility, although there is not the same need for it as with
engines employed on automobiles, is none the less a desirable quality since at low
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speeds of rotation the propulsive or tractive effort of the propeller is insufficient to
move the machine along the ground, and hence the pilot will be able to start up with-
out assistance should circumstances necessitate his so doing. Further, as the engine
is not required to develop its full power in horizontal flight and when alighting, the
ability to vary the speed during descent is certainly preferable to the crude method
of switching the ignition off and on.

(6) Freedom from vibration: The necessity for elimination of vibration as far as
possible will be obvious when the slender nature of the supports upon which the engine
18 carried is realized, especially as vibration of a dangerous character may be set up
in the various parts of the macﬂjne.

(7) Accessibility: The question of convenience of access is frequently overlooked
or, at any rate, disregarded on account of the care and attention which is now given
to the class of engine before any extended flight is made, But it must be realized that
from commercial considerations alone, apart from the addition to the time during which
the machine can be used and which may, under some circumstances, be of value, it
would be an advantage to be able to readily examine or dismantle any part, especially
when the applications of the aeroplanes are more widely extended.

(8) Silence is desirable in any machine used for pleasure or sporting purposes, but
when it is intended for employment on military reconnoissance duties 1t becomes of
increasing importance to be able to maneuver without giving audible warning of
approach, especially at night.

(9) Cleanliness is in the nature of a refinement, but it is none the less necessary
since a dirty appearance is generally caused either by the oil splashed about during
hand oiling or by the exhaust, both of which are objectionable—the former because
the part requiring such attention is apt at times to run dry owing to the irregularity of
the supply of lubricant, and the latter because it indicates an open exhaust.

Another ¢ontribution along similar lines worthy of reproduction
is that of Granville E. Bradshaw before the Scottish Aeronautical
Society (Glasgow), December, 1913:

There is probably no form of prime mover in existence that is more highly stressed
or that has a more strenuous life than the aeroplane and there is undoubtedly no
engine that has greater claims on reliability. The aeroplane, manufacturers’ cry for
the extremely light engine is probably greater to-day than it ever has been in the
history of aviation. The demands of the authorities who purchase aeroplanes are
such that probably as much as 90 per cent of the factors which determine the most suc-
cessful machine are governed directly or indirectly by the weight efficiency and fuel
efficiency of the engine. By the former is meant, of course, the number of pounds of
weight for every horsepower developed. That the engine shall be extremely reliable
is n?course taken for granted.

Among the essential features of all successful aeroplanes are the following:

(1) It shall climb very quickly. This depends almost entirely on the weight effi-
ciency of the engine. The rate of climb varies dirc(-tlfr as the {)ower developed and
indirectly as the weight to be lifted. That the acroplane shall be very efficient in
this particular can easily be understood when one remembers that its capabilities of
evading destruction from projectiles depend to a great extent on how quickly it can
get out of range of such projectiles. It must also be efficient in climbing in order to
successfully rise from a small ficld surrounded by tall trees which may be necessitated
by a forcedy landing during a cross-country flight over a populous district.

(2) Itshall have a good gliding angle; or, in other words, that from any given height
it shall be able to glide for a great distance, is also governed indirectly by the weight
of the machine, and consequently by the weight of the power plant, because a ma-
chine with a heavy power plant must be designed with a larger lifting surface and must
be stronger in proportion. With the same lifting surface and head resistance the
angle of descent of the heavy-engined machine will be steeper ! than that of thelight
machine, as higher speed is necessary tosupport increased weight.

(3) Ttshall have a combination of fast ang slow flying speeds. This is of paramount
importance and one that aeroplane constructors are paying probably the greatest
amount of attention to. The capabilities of a machine to fly slowly as well as fast
depend almost entirely on the adoption of an extremely light and powerful engine.
ITf the machine is designed for very high speed, a slow speed is only possible by the
machine, and consequently the power plant, being very light. Klote.—The wing
characteristics of lift and drift are also very important.

(4) It shall be safe to handle in all winds both with and without the engine in
operation. Aeroplanes have been built that will carry as much as 15 to 20 pounds

{ The heavier machine glides faster, not steeper.
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er square foot of supporting surface, but constructors nowadays agree that the lightly
oaded machine is the safer to handle and the average loading on the planes is to-day
generally in the neighborhood of 4 or 5 pounds per square foot. A heavily loaded
machine depends to a great extent on high speed of flight in order to maintain it in
the air. Should the speed fall, unconsciously to the pilot, through loss of engine
power or from any other cause, the control becomes sluggish and will not answer
quickly, the aeroglane unless the nose is put down very quickly to increase the
speed, flounders about like a log in the sca and generally ends in & side slip and one
of these terrible nose dives that have deprived us of so many of our best pilots. The
life of the pilot of the heavily-loaded machine is more dependent upon the good
behavior of the engine than is the life of the pilot of the lightly-loaded machine, and
the latter could probably go on flying in search of a good aliggting ground with two
or three cylinders not firing at all.

(5) 1t shall be able to remain in the air for long periods. This depends chiefly
on the oil and gasoline consumption of the engine and without efficiency in this
respect, the extremely light power plane is practically useless, as flights of only a
few minutes duration are not likely to be of much use in serious warfare.

All the essentials just enumerated and particularly the last depend of course on
the engine being ahsollutely free from any breakdown, which point has not been dealt
with as it is not a debatable one. We are all without doubt of one mind on this matter.

Finally there are reproduced below some extracts from the Notice
to Competitors issued by the British Government for 1914 com-
petition for naval and military aeroplane engines, all bearing on the
question engine-service requirements:

1. REQUIREMENTS TO BE FULFILLED.

(a) Horsepower, 90-200. (b) Number of cylinders to be more than 4. (c¢) Gross
weight per horsepower, calculated for six hours’ run not to exceed 11 pounds. The
gross weight includes engine complete with carburetor devices connected up (exclu-
sive of the gasoline tank and pipes), all ignition and oiling a.[()ipliances, starting handle
all cooling appliances— e. g., fan guarging, air guides, and any water radiator an
water connections and any oil left in the engine. It will also include all fuel and oil
supplied for six hours’ run and all oil containers and pipes therefrom.

e gross weight per horsepower is the total weight of the engine divided by the
figure for horsepower, below which the output has not been allowed to fall throughout
the gix hours’ run, with a tolerance of 3 per cent for small variations and inaccuracy
of measurements,

(d) Shape of engine to be suitable for fitting 1n an aeroplane.

2. DESIRABLE ATTRIBUTES OF AN AEROPLANE ENGINE.

(ag Light total weight. (b) Economy of consumption. (c) Absence of vibration.
(d) Smooth running whether in normal or inclined position and whether at full power
or throttled down. (¢) Slow running under light load. (f) Workmanship. (g)
Silence. (k) Simplicity of construction. (i) Absence of deterioration after test.
(7) Suitable shape to minimize head resistance. (k) Precautions against accidental
stoppage—e. g., dual ignition. (i) Adaptable for starting otherwise than by pro-
peller swinging. (m) Eccessibility of parta. (n) Freedom from risk of fire. (o)
Absence of smoke or ejections of o1l or gasoline. (p) Convenience of fitting in aero-

lane. (q) Relative invulnerability to small-arm projectiles. (r) Economy (in

ulk, weight, and number) of minimum spare part equipment. (8) Excellence of
material. () Reasonable price. (u) Satisfactory running under climate varia-
tions of temperature.

In the recently issued specifications issued by the United States
Navy Department a numger of items appear bearing on engine-
service requirements which are abstracted and reproduced below
for comparison.

“They shall be well balanced and produce no excessive vibration
at any power. To be capable of being throttled down to 20 per
cent of the revolutions per minute for full power. The weight of
the engine complete, with ignition system, magnetos, carburetors,
pumps, radiator, cooling water, and propeller not to exceed 5 pounds

23302°—S. Doc, 268, 64-1——13
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per brake horsepower. Engine to be fitted with some type of com-
pression rclease as a means of stopping it. To be fitfed with a
practical means of starting from pilot’s seat when installed in an
aeroplane. All moving parts not Yubricatod by a splash or forced
lubrication system to be readily accessible for inspection, adjust-
ment, and oiling. Ready means shall be provided for checking
and making adjustment to the timing of the engine. To have an
accurate and positive lubricating system which will insure a uniform
consumption of lubricating oil proportional to the speed of the engine,
All parts subject to corrosion to be protected from the effects of
salt water. To be fitted with an approved attachment for obtain-
ing the revolutions per minute. To be provided with means for
preventing fire in case the engine is turned upside down. A hand-
throttle lever and connections to carburetor to be provided that
can be applied for convenient operation by the pilot. This lever
to be designed with a positive means of retaining it at the throttle
adjustment desired by the pilot. All bolts and screws without
any exception to be provided with an approved positive means
for preventing backing out due to vibration. No soft solder to be
usec{) in any part of the power plant.”

Among the conditions for acceptance tests the following stipulation
will be noted: ‘‘Motor to be run at full power for one-half hour under
conditions approximating operations in the aeroplane in a heavy
rainstorm.”’

At the present time many of the important conditions that an
aeronautic engine must fulfill are pretty well settled, at least in kind,
if not degree, but every day sees some new attribute announced as
desirable, so that while 1t can hardly be said that aero service require-
ments for engines are now reducible to rigid specifications, they can be
formulated with enough precision to enable an engine designer and
manufacturer to undertake production with some prospects of success
or acceptance. In so proceeding, however, no designer or manufac-
turer can afford to ignore gast experience in engine construction nor,
on the other hand, may old constructions be slavishly reproduced, for
what was acceptable yesterday may not be to-day, and certainly will
not be to-morrow.

All these service requirements can be classified under three head-
ings for future more or less minute analysis.

POWER-WEIGHT RATIO, RELIABILITY, AND ADAPTABILITY.

If the engine complete with full tank is light enough it can be
used—and is most useful when most light, and this weight involves
many factors, each of which must be considered—some independent
of others but many interrelated. The longer the contemplated
flight, the more change there must be in the relation between specific
fuel and oil consumption of the engine and the weight of the engine
proper; so in any consideration of this item ]ength of flight must be
mcluded. Not yet, however, has the engine or flight art reached the
point where it is prepared to fix a minimum weight, though each year
sees a definite maximum. In fact, one of the problems of the day for
the aero engine designer is to discover means for lowering more and
more both this maximum permissible weight that many can attain,
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and the minimum possible attainable by only a few of the best—and
with increasing flig{:t lengths this is becoming more and more a matter
of raising thermal efficiency, engine speed, and cylinder mean effective
pressure, with corresponding reduction of lubricating oil. On the
weight question, therefore, it is not the service conditions that
specify what is wanted other than that it shall be as low as possible,
but rather the engine designer is put on his mettle to say how far it is
possible to go with due consideration to the other two clements—
reliability and adaptability.

Reliability is demanded always, but how much? Some writers
call for absolute reliability and others try to specify in numerical
terms a value for one or another of its elements. Ior example,
in the 1913 German tests, any engine that dropped to 85 per cent
of its normal speed was rejected, and this stipulation was retained
for the 1914 competition. Again, in the British conditions, the
only power rating allowed was the least attained at any time in six
hours. Now absolute reliability is impossible, for this would mean
continuous, uninterrupted operation without variation in any respect,
except at the operator’s will. No such engine has ever been built
nor will it ever be built. Obviously what 1s wanted is as great a
reliability factor as the engine designer and builder can secure con-
sistent with other factors, so here again, as with the unit weight
factors, the problem is one for the producer to say how far the relia-
bility can be assured, rather than for the user to specifly and reject,
especially on laboratory tests. ITowever, rejection on such grounds
is far more justifiable than acceptance, for the en%ine so accepted
may fail on its first flight, due to some accident or to faulty operator’s
adjustment. What is needed here is, first, analysis of the reliability
factor into its elements and by cooperation between engine designer
and user, an agreement on reasonable values for each, so one will not
promise, nor the other expect the impossible, but each understand
clearly the limits—and more important, the reason for the limit—
that means may be sought to eliminate the disturbing cause.

About the same situation is true with the third factor, adapta-
bility, and its elements—such as shape, vibration, silence, accessi-
bility, uniformity of torque. They may be specified to-day only in
the qualitative or comparative way, though some of them are capable
of formulation, quantitatively, such for example as torque variations.
So far it has not seemed feasible to impose any such limits but to
leave the field wide open to the designer with an expression of desire
for as high a degree of success as is possible with each.

The reason for this state of affairs in the art is clearly due to its
youth and the necessity at present, and for some time to come, for
the maximum possible encouragement of invention, design, research,
and manufacture, until it becomes clear to all just how %-:r it is pos-
sible to go in any direction after engaging all available resources of
talent, material, money, and plant. V%'hen, after such a period, one
or more standard types of engine or engine parts—or even of air craft
itsef—have been established, then will it be feasible to specify more
particularly and numerically all the elements of each of the factors
of unit weight, reliability, and adaptability.

In the meantime, the problem is one of review of engines produced
and an analysis of their construction and performance as a whole
and with it a similar analysis of fundamental possibilities. This must
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include a more or less standard examination of each of the essential
parts of the engines and the relation of form and arrangement to
the perfection or imperfection with which the part performs its par-
tial duty or function. Even now, as Soreau, reporting the French
tests, points out, the relative importance of low engine weight proper,
reliability and life, and consumption of fuel and oil, originally con-
sidered 1n this order, has been reversed, experience indicating that
the last 1s now first and the first last.

Part 1 (b).—MEANS EMPLOYED UP TO THE PRESENT TO PROMOTE
%EII}O-CI)E{QEG];NE DEVELOPMENT, INCLUDING POSSIBLE MEANS NOT
L .

Any new art develops as fast as encouragement 1s offered or as
fast as the necessary means are made available and intelligently
used, and, of course, inversely as the difficulties involved. It would
be hard to find any class of machine among those developed in mod-
ern times that had to face the same inherent difficulties incident to
the nature of the problem, or one that received, at least for the first
few years, so little real encouragement and assistance as this one,
the aero engine. The initial step is one of conception, which must
be subsequently checked by construction and trial. This must be
followed commercial perfection, which requires endless research
by test an(g7 computation—not only on the machines as a whole but
to a larger degree on each element of the problem that analysis indi-
cates to have separate entity, and on groups of elements that have
coordinate functioning. Construction 1s here again necessary, not
only of the complete machine, but also of variants on each part, and
of instruments, appliances, models, and apparatus that do not them-
selves enter into tge result but are essential to its attainment. Fi-
nally, with commercial perfection, further construction work is neces-
sary to create the means of rapid large scale reproduction within the
limits of dimensions needed for interchangeability of parts, i. e.,
establishment of the manufacturing plant. It must be understood,
however, that these three steps that must be undertaken in this
order on general principles may not be repeated many times over
even when concerned with the same product, such as the acro engine,
or that the earlier step ceases when the latter is inaugurated, for this
is not true. These three stages or periods of development may, for
the want of better terms, be designated as, first, the period of inven-
tion; second, the period of design; and, third, the period of manufac-
ture. Design can not be undertaken before invention, whether that
invention be of the patentable sort or not. Yet invention undoubt-
edly proceeds long after design has been firmly established and, of
course, while manufacturing may not be undertaken until both in-
vention and design have accomplished a reasonably commercial
perfect product, it goes without saying that both invention and design
will continue during the whole of the manufacturing period.

With the exception of invention, which needs little encouragement
beyond & stimulation of the imagination, the primary factor in suc-
cessful development is money, for, with sufficient funds, the necessary

rofessional skill, labor, materials, and plant may be secured for carry-
ing out the steps of design and manufacture. Of course, money may
be, and usually is, misspent in these developments, especially when
the control is in the hands of persons lacking engineering skill and
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experience, so there should be added the requirement that organiza-
tion be associated with money.

No better illustration of this situation can be given than that of the
steam turbine, whose period of development practically coincides with
that of the aero engine, but which has been brought to a state of com-
mercial perfection that the aero engine has not even approached,
partly by reason of the better understanding of the service require-
ments that are not yet fully formulated for the flying machine, but
almost entirely because of the differences in the means employed for
the development. The steam turbine had its invention stage, and
while invention still proceeds it is largely superseded by rational de-
sign for manufacture, under skillful guidance, under proper organiza-
tion, suitably financed and satisfying an ample, well-understood mar-
ket demand. The aero engine is stﬁl largely undeveloped, invention
is still more active than design, and the almost microscopic, painstak-
ing research required to establish the data necessary for design is
almost wholly lacking, so naturally manufacturing in the true sense
of the term is correspondingly nonexistant, though a few individual
models of engines are being reproduced in fair numbers.

The millions of dollars needed for rational perfection for manufac-
ture become available to the suitable organization ordinarily only
when & permanent market is clearly in sight and when the service
requirements of the product are reasonably definite. In the case of
the acro engine, this market has been absent or at least very uncer-
tain and the service requirements very hazy—both so much so that
under ordinary conditions the aero engine could not have reached
even the degree of perfection so far attained, unsatisfactory as it may
be, without other incentives or different sorts of encouragement than
the ordinary article of commerce receives as, for example, agein the
steam turbine. This special element in perfecting the aero engine is
that of governmental aid based on military necessity, a comparatively
recent force in the situation but now a very strong one in Europe, but
almost wholly lacking in America. The military establishment can
purchase what it needs in the market only when thero is a reasonably
strong civilian demand for the same article, strong enough to warrant
the financial investment necessary for its perfection—and such is the
case with the automobile and traction engine. On the other hand,
when there is no such demand, however active invention may be
rational design and manufacturce will be absent and must be supplie(i
by the Army and Navy through their own organization and plants,
or, as an alternative, reasonably steady annual governmental appro-
priations for purchasing sufficient quantities by the military depart-
ments may be made the basis of support for civilian production. Such
is the case, for example, with ordnance and to some extent with ships.

For several years after the demonstration that engine-driven air
oraft could make successful flights the only encouragement offered to
development was that of adventurous sport. Men whose incomes
were sufficient became purchasers of machines for their own amuse-
ment and others bought machines for making exhibition flights before
paying audiences for the profit to be derived.  Both sorts of operators
took chances with the imperfections of the machine in a spirit of ad-
venture or speculation, but practically all made short flights that
made no such demand on the engines as is now standard. en such
as Eiffel, and Deutsch de la Meurthe, should be mentioned for their con-
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tributions of large sums of money for scientific investigations, not of
engines, however, and the national subseription funds of France and
Germany, all of which assisted in development. In many cases, even
with these short flights, the engine was taken apart, cleaned, re-

aired, and readjusted before cach ascent. Even as late as Septem-
Eer, 1912, Mr. Earle L. Ovington, writing in the Scientific American
reports:

Usually every 15 hours of running, and at most every 20, my mechanics (skilled
men; went through the interesting process of separating every single component part
of my motor, one from the other. The valves were reground and retimed, because
of valve-gear wear, new valve springs were inserted, the tappet rods were adjusted,
and the whole motor was given a rigia inspection. The Gnome, in common with most
rotary motors, uses castor oil as a lubricant, hence at each cleaning great quantities
of carbon were removed. T claim that any engine requiring such attention may rightly
be termed *‘delicate.”” How far would you get in an automobile if you had to take
the entire engine to pieces and readjust practically every working part of the whole
motor every 15 or 20 hours of service?

In an article in the Auto Car of March 28, 1914, we {ind the follow-
ing statement:

The Gnome engine requires cleaning out after about 24 hours’ continous running
if it is to be kept in tune, The French military regulations demand that the Renault
be cleaned out after 200 hours’ running.  Users of other acroplane engines have told
the writer that cleaning carbon out is hardly cver necessary.

With such an uncertain and capricious market perfection of the
acro engine could hardly be expected in a whole lifetime, especially
as the amount of business in any one country would scarcely sullice
to support one producing establishment, and that one unable to bear
the expense of the high-sularied engimeers competent to supervise
the woerle and when, at the same tinme, the stimulus to the imagina-
tion created by the idea of the mechaniceal flight produced thousands
of inventions and igventors, cach sceking and many finding financial
support, undee the influenee of the excitement of the time rather than
from any sound business basis.  IFailures necessarily must be numer-
ous under such conditions, and every failure, whether of mechanism
or finances, set back the art and discouraged the rest.

During this period the military organizations of all the nations
watched results and purchased a few machines for experimental
purposes, out of which grew the conviction now so firmly established
and so thoroughly demonstrated in the present European war that,
however imperfect the aeroplane, it is a military necessity and must
be perfected.  Perfection Eciug impossible or too slow without
governmental aid, plans were formulated by the European nations,
one after the other, and, in addition to ereating a corps of flying men
with suitable cooperation with the military establishment, competi-
tive tests for aero cngiues were organized by Germany 1912-14;
France 1009, 1911, and 1913 in cooperation with the Ligue
Nationale Aérienne and the Automobile Club de France; Italy 1913;
and England 1914, in which substantial money prizes were offered
for successful machines and In some cases buying orders given to
winners in the contest. It was the intention to make cach of these
contests an annual event so as to not only continue the development
of cugines under this incentive, but to show clearly the annual
progress by comparison of the entries in successive years on the basis
of their performance, in relation to their form, materials, and propor-
tions. The contests so far held are summarized in Appendix 1,
which also reproduces the conditions and such of best results with
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some discussions and interpretations as are obtainable from pub-
lished reports. Unfortunately the European war has interrupted
reports of such tests as were completed in 1914 and prevented the
carrying out of others, so that the latest information of this class is
not now obtainable. '

Besides these governmental contests with cash prizes and pur-
chasing orders, which are undoubtedly the biggest single influence
so far brought to bear on the rational development of the acro
engine, there arc some other coordinate factors to be noted, and these
are civilian contests conducted by organizations interested pro-
fessionally in promoting the art or by individuals, reports of which are
also given in Appendix 1, with the Government contest reports.
Among these private contests are to be noted in France Competition
of La iigue ationale Aérienne, 1911; Automobile Club of France,
1913; England, Alexander contest, first for British-built engines,
1909, and second for any engine, 1912,

Finally, there must be noted among these influences for good in the
rational development of the acro engine the establishment of labora-
tories for testing engines alone or flying-machine supporting and
control elements alone, or both engine and air craft, and reference
is made to the paper by Dr. A. F. %ahm, May, 1915, reproduced in
Appendix 2, with other laboratory references in addition to those
contained in the contest reports of Appendix 1. Some of the results
obtained in these laboratories are not published and apparently
but little work has been done on engines. It is assumed that most
of the laboratory work on engines so far done is such as to be of value
only to individuals secking to perfect their own engine, or, believing
it perfected, sceking an independent test report to enlist capital for
manufacture or to serve as an advertising inducement to purchasers.

As a consequence, the conclusion must be that the largest single
factor in the recent rapid development of the aero engine is govern-
mental, involving the establishment of official organizations to study
the problems, the operation of laboratories to determine by test the
results attained by designers and producers, especially when large
and regular purchasing orders are involved to support civilian
development and manufacturing establishments, or in the absence
of sufficient orders, and perhaps in addition to them, the distribution
of sufficient cash prizes, whether originating in governmental appro-
priations or private and institutional donations.

Great as has been their influence for good in aero engine develop-
ment, these contests have not yet been under way long enough to
have accomplished more than a small fraction of what may be so
attained, nor can this contest means be regarded as either sufficient
or without faults. There is an inherent danger that the results of
such tests be misinterpreted, and in fact there is even a bare possi-
bility that they may exert a retarding influence on the art. Natur-
ally competitors design engines and enter them to win a prize and
the conditions of the contest become the controlling factor in the
preparation of an engine for entry. If these conditions place undue
weight on factors that are not of primary importance to the engine
as 1t works in place in actual flight, it is easily possible that not
only may the best engine from the actual service standpoint be
rejected but, worse than that, the bulk of these workers who are
engaged in development will be led away from lines that are truly
legitimate in order that by following the lines prescribed by the rules
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they may secure the necessary cash to continue. In view of this
possibility too much care can not be exercised in the preparation and
regular revision of these contest rules and conditions in order that
the result may be what is wanted and what is needed by the whole
art, instead of a perfect attainment of a merely hypothetical standard.

Attention is called to these rules in the appendix and especially
to the alterations in later German rules as compared with the earlier,
all directed toward greater latitude and greater reliance on the
judgment of competent engineers and proportionately less on the
numerical values of those quantities that are subject to measure-
ment and which require experienced cultivated judgment to inter-
pret into terms of enﬁine goodness which often depends as much on
mtangible things such as workmanship, ruggedness, simplieity, and
the other factors of general adaptability. In this connection there
is a most significant, though guarded, statement at the end of the
second report of the Deutsche Versuchsanstalt fir Luftfahrt by Dr. F.,
Bendeman, January, 1913, the best document on the subject in
existence herewith quoted:

The further development of the aeroplane and engine construction makes it secm
desirable that in a future competition the engine be judged more in its relation to
the operating conditions of the machine.

Even at best, better than yet arranged, the contest exerts but an
indirect effect on engine development, 1t results in a public statement
of a judgment of the machines relatively considered with reference
to the rules and to each other. The winner is stated to be that en-
gine that has best fulfilled the prescribed conditions; it is announced
as better than others in this respect and that is all. Any test that
measures only over-all results, whether of fuel and oil consumption,
weight, horsepower, speed, unbalanced forces, torque variation, or
similarly measurable quantitics is faulty as a factor in direct devel-
opment of engines to perfection, The only sort of dircet contribu-
tion that can lead to true scientifically sound advance is that
generally termed research which involves the patient analysis of
not only over-all performance but more particularly of the perform-
ance of each part intended for the execution of every separate func-
tion, the accumulation and interpretation of data for the diagnosis
not of the faults found but the determination of their causes and
discovery of remedies, all of which are to be followed by the applica-
tion of the promising prospective cures with test checks on their
success. 'This sort of work requires the highest class of training and
skill and is to be carried out as much in the computing and drafting
room gs in the laboratory, but to do most good to a young art strug-
gling blindfolded to advance, every resuFt must be not only con-
vineingly and accurately arrived at but must be given wide pub-
licity. This is the kind of development work that must be done
and has not yet been attempted anywherc outside of a few estab-
lishments producing engines and in them is only carried on to a
small degree because of the heavy expense, and naturally this same
expense 18 sufficient reason for nonpublicity.

esearch and publicity of the data of rescarch are far more
needed than public contests and their reports. While the latter are
in a way an expression of the conclusions of the former, they give no
clue to the means found necessary to bring them about no more
than the sight of a man cured of an illness by a physician gives the
observer any idea of the physician’s diagnosis and methods of cure.
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The advance of the profession or art is more important than an iso-
lated case of perfection.

However sadly lacking are the data of research on aero engines
what literature there is descriptive of engines, of conditions o
flight, of experiences, successes, and failures, of contests and over-all
performances should be most thoroughly collected and recirculated
in the form of collected papers.!

Part 1 (c).—GENERAL CHARACTERISTICS OF PRESENT AERO ENGINES:
POWER, SPEED—ENGINE, RADIATOR, WATER, GASOLINE AND OIL
TANK, WEIGHTS—FUEL AND OIL CONSUMPTION, AGGREGATE
POWER-PLANT WEIGHTS WITH FULL TANKS FOR GIVEN LENGTH
OF RUN—ENGINE TYPES.

Since the period 1901-1903, with the two engines, Wright of 12
horsepower, a converted four-cylinder, vertical automobilo engine
weighing for engine alone about 7 pounds per horsepower and the
then novel Manly design of radial star fixed cylinder engine of 50
horsepower, weighing for engine alone 2.4 pounds per horsepower,
there has been produced in the interval more than a hundred differont
designs that have survived the stage of first trial. There are now
on the market perhaps half this number of different engines being
regularly reproduced, each to some extent and several quite oxten-
sively (f>(7)r this art), and of several of these designs engines are availa-
ble in more than one size.

While most of these engines have capacities of 50 horsepower,
more or less, the number that reach or exceed 100 horsepower is
steadily increasing, following the demand of tho aeroplane and made
Yossible by greater experience in construction of the smaller sizes.

t is worthy of noto that the 1913 winner of the Gordon-Bennet cup
race carried 200 horsepower and the Russian Sikorsky used in his
17-passenger machine 400 horsepower in two engines. The latest
Curtiss aeroplanes carry 320 horsepower in two engines, and the
English Sunbeam catalogues a single engine of 225 horsepower.
While some typos of engine construction give trouble in large sizes,
there is no reason to believe that the limit of engine capacity has
been anywhero nearly reached, for even if a high limit of cylinder
diameter be found, which is not the case yet, multiplicity of cylin-
ders can carry up total capacity. Natura.lfy there is no limit to the
number of separate smaller capacity engines that may be placed in
one air craft except that as the weight per total horsepower of two
or more ongincs is always greater than of one engine of equal aggre-
ﬁate capacity. On the question of total power there is no high
imit in sight, though tho normal is somewhat about 100 horsepower.
Germany in 1914 required for her latest army planes 80 to 120 horse-
power and more for hydroaeroplanes, while the United States Navy
specifications of 1915 call for 100 to 160 horsepower. It may easil
happen that this trend toward larger engine capacities will result
in the elimination of some styles of engines which only operate well
in smaller units, or what is more likely as the number of different
types of air craft increases in the limitation of engine type to flying
machine type.

I A more or less complete bibliography of aero engines is offered In Appendix 3 as a nucleus, as full as
the limited time available will permit, and to show the character of some of these papers, a selected few
are reproduced. Tocomplete thisbibliography and republish these papers will be of very great service
to the in)rt, eS{)ecial]y if there be added a corresponding collection of patents in all countries eitherin full
or in abstract.
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Speeds of engines are all in excess of 1,000 revolutions per minute,
most engines operating normally between 1,200 and 1,500 revolu-
tions per minute, with a few exceeding 2,000 revolutions per minute,
the highest being the Sunbeam engine, rated at 2,500 revolutions per
minute, These, of course, are the speeds when ecarrying normal
full load and therefore a reduction of load, such as would follow a
chango of propeller to one of lesser torque or such as results from a
gust of air in the direction of propeller air discharge, will accelerate
the speed. This is because the full throttle, mean torque, of these
engines is about constant up to speeds considerably in excess of their
normal, probably approaching 2,000 revolutions per minute for
most of them, thougE in all mean torque will decrease beyond some
critical speed, due to valve and port resistance on the one hand and
insufficient speed of combustion on the other. Below this critical
speed, which is partly a matter of design of valves and ports, the
horsepower is directly proportional to speed, and so speed increase
is a natural means of reaching the light weight per horsepower of
engine. It does not necessarily follow, howover, that, because in a
given engine the high speed does not reduce the mean driving torque,
the engine will not suffer from the speed. In fact, it is just here tllmt
so many of the failures are found, t}lle engines literally shaking them-
selves apart and pounding or grinding themselves to pieces. With
due attention to the forces developed %y high speed, and to boaring
friction effects of rapid motion over loaded sliding surfaces, and to
the suitable arrangement as well as proportions and materials for it,
there 1s no reason why, from the engine operation standpoint, tho
present normal range of 1,200 to 1,500 revolutions per minute should
not be exceoded if the service demands it, though the engine designer’s
problems are oasier, the lower the speoed. It must he noted that
there seems to be no essential relation between propeller speed and
engine speed if the operator has no objection to gearing, which in
these days of autowmobile alloy steel gears can bo made probably the
most rehable eloment of the machine. Testing of engines at excess
speeds to limits of unbalanced forces, bearing friction wear, and
mean torque would seem to be a rational means of assuring that the
operating speed itself will not cause trouble however much other
causes might enter. Such a practice would be somewhat in accord
with the hydrostatic test of 50 per cent excess of working pressure
now standard with steam boilers and somewhat similar because
each may in emergency reach that excess, in the one case of speed
and in the other of pressure which may cause failure.

Engine weights now attained, per horsepower developed, exclusive
of tanks, radiators, and supplies of gasoline, oil, or water, by the sev-
eral classes or types of machines, at their own normal speeds, have not
been materially lowered for some time, attention having been rather
concentrated on the reliability and adaptability factors with existinﬁ
weights, instead of on further weight reduction, though this wi
undgoubtedly come in time. There is, however, a rather marked
division of unit englne weights according to system of cooling of
engine, whether by air or by water, involving besides water weight,
that of radiator. For example, the most popular French rotating
star cylinder air-cooled Gnome engine weighs just about 3 pounds
ﬁer horsepower, ranging from 2} for 100 orsepower to 3} for 50

orsepower, while the vertical water-cooled automobile style and
winner of the last German competition weighs 4.2 pounds per horse-
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power. (A number of tables and some charts of engine weights are
given in the papers in the appendix which are not repeated here, as it
would serve no good purpose.) Attention is however called to the
fact that the highest weight reported in the German competition
(second) is about 6 pounds. This is about the present high limit,
while 2.2, the value for the Gnome 100 horsepower, is the low limit,
the water-cooled ﬁroup occupying the upper portion of this range,
the air-cooled, its lower portion. 1t is most interesting to note that
the middle range in the neighborhood of 4 pounds is occupied by both
types, providing that water-cooled engines can be built as light as
some kinds of air-cooled engines, or that air cooling does not necessarily
result in the lightest engine.

Whatever influence in this unit weight of engine alone the general
arrangement may have is shown by a comparison of figures for some
typical differences of arrangement or type. It ordinarily is of the
order of a fraction of a pound and may be entirely offset by some
other structural feature, not a factor in general arrangement, such as
the use of a stecl cylinder in one arrangement against a cast-iron
cylinder in the other, or a high mean effective pressure in one against
a low value in the other due to different weights of active mixture
taken in per stroke. It would scem that cylinders set radially about
a short single throw crank should yield an engine weight per horse-
power less than the same number of cylinders set in line along a long
multi crank shaft. Also that a V arrangement of two lines of cylin-
ders should weigh less than a single line because of shaft and frame
differences, but 1t is 1ot clear whether a given output in four cylin-
ders will yield a greater or less weight than in six or eight simif;rly
arranged, nor is 1t clear just what difference in horsepower, if any,
should be expected per unit of displacement per minute in-water-
cooled as compared with air-cooled cylinders. As pointed out,
according to the general figures given, the aggregate of all such differ-
ences lie between the limiting weights of about 24 pounds and 6
pounds per horsepower and therefore cover a range of about 3%
pounds per horsepower for such engines as are now in use and for
which test data are available. Just how much of this difference is
chargeable to one or another of the factors of arrangement, detail
form, proportions, or material, it is not possible at the present time
to accurately fix, but as a first attempt the following figures, Table I,
are given as derived from available data:

TaBLE 1.—Weights of engines in pounds per horsepower versus type construction.

Cylinders and cooling. Class construction. Engine name. Authority.

4 eylindersinline.
6 cylindersinline.
‘Water-cooled fixed cylinder{8 cylindersinline.
12 eylinders U.....

Radialstar........
Alir cooled:
8cylinders U......
12 cylinders U.....
Fixed cylinder......... Radlalstar British Anzani....
Speclal............ Ashmussen.......
1radlalstar....... B.M.and F. W...

Rotating cylinder. ..._{ 2radialstar....... German Gnome. ..
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TABLE 1.— Weights of engines in pounds per horsepower versus type construction—Contd.

Cylinders and cooling.

Class construction.

Engine name.

Authority.

Weight.

Alone.

Plant.

‘Water-cooled fixed cylinder|;

Alr eooled:

¥ixed cylinder

Rotating cylinder. . ...

4 cylindersin line.
6 cylinders in line.

8 cylindersinline.

12 ¢vlinders U.

.| Rausenberger.

Radialstur........ Salmson...........
8cylinders U...... Renault...........
Radialstar........ British Anzani....| Maker.............
1radialstar....... GFr0..ocvinenanan Bendemann.......
2radialstar....... Le Rhone......... Maker.............

‘Water-cooled fixed cylinder

4 ¢ylindersin line. Daimler

Radial star........ Salmson

6 cylinders inline. Argus...
8 eylinders in line. Sunbeam

Air cooled: . . |
. . 8 ¢ylinders U. Wolseley.. L “Eng'y”. ..., P47
Fixed eylinder. ....... Radialstar .......' Edelweiss......... “«Flight”...... { ‘% gg
Rotating eylinder...... 1radialstar....... ' Goome............ Bendermann 3.26 3.26
Lumet.
‘ 4 eylinders in line.’ Daimler...._......] 1. 89 5.52
‘Water-cooled fixed cylinder {6 cylindersin line.; Mulag... ! 5.1 5.77
& cylinders in line., Clerget 3.2 jo..... .
Air cooled:
Fixed cylinder... ..... Radialstar ........ 2-Cycle Laviator. .|..... 00 e 3.05
Rotating cylinder......| Iradialstar....... Gnome............ Bendemann 2,93 2.93
l Lumnet.
4 cylinders inline.| Daimler..........[ Bendemann._.....| 509 5.72
Water-coolod fixed eylinder 6 cylfndors in l{ne .| Schroter...........j..... doooeiiiial ; :»3 5.28
8 cylinders in line.} Laviator.......... “Flight” . ..., { 3 4'5 """"

Air-cooled:

Rotating eylinder. . ...

1 radial star

Water-cooled fixed eylinder

Air-cooled rotating cylin-
der.

14 cylinders in line.
6 eylinders inline.
[8 cylinders in line.

1 radial star

Bendemann.......
Maker.............
“Flight”.
Maker...

4 cvlinders inline | N. A G...__...... Bendemann
Water-cooled fixed cylinder|{ 6 cylinders in line.] Austro-Daimler...} Maker...
|8 cvlinders in line.] Wolseley.. . “Eng'y R
Alir-cooled rotating cylin- | lradialstar....... Le Rhone......... Maker.............
der.
\ 4cy}inders inline.| Argus. ...! Bendemann.......] 3.77
. i 16 cylinders in line.] Benz.. J Maker......o...... 4.1
Water-cooled fixed eylinderg cviinders in line.| E. N. V Alexander Trize |........
i Report.
Air-cooled rotating cylin- ! lradialstar.._.... L €5 L T, Maker............j-oo.....

der.

Water-cooled fixed cylinder; {

Air-cooled rotating oylin-
er.

4 cylinders in line.
6 cylinders in line.
1 radial star

1 Without flyw]

heel.
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TasLe I.—Wetght of engines in pounds per horsepower versus type construction—Contd.

Weight.
Cylinders and cooling. Class construction. Engine name. Authority. _—
Alone. | Plant.
!
[4evlind 1 Sturt Mak il By
o AP evlinders inline .| Sturtevant........ akel............. 4.0 ...
Water-covled fixed cy lmr]cr!\ﬁ cylindersinline.| Green............. MacCoult......... R I T R
| _—
! 3.91 f........
‘Water-cooled fixed cylinder 4 c¢ylinders inline.| Cheno............. “Flight”......... gg; """"
2.8 |10
Water-cooled fixed cylinder| 4 cylinders in line.| Clerget............ “Flight”. . ....... { 3B
‘Water-cooled fixed cylinder| 4 cylinders in line.} Green............. Alﬁxander Prize 5.48 6.8
eport.

These figures show a consistent weight excess for cylinders in line
over radial, but no conclusions can be grawn on the relations between
water vs. air cooling for either fixed or rotating cylinders. More
data and data in greater detail than are now available are necessary
before such conclusions are possible. In later tables the figures are
analyzed with reference to other units and some desirable con-
clusions are derived, but always there must be noted the data which
one would expect at this date to be quite full and reliable are found
to be both meager and uncertain.

To the weight of the engine proper with all the parts that are
permanent features built on or into it, such as the magnetos, oil
pumps, air fans, and water-circulating pumps, there must be added
the weights of other parts to get the weight of the power plant with
empty tanks. These additional parts may be called the engine
accessories. All such supplies, as fuel, lubricating oil, and water
needed for a given length of run, will add more weight, the amount
of which depends partly on rate of consumption, partly on the

eneral arrangement, but principally on the length of the run.
%‘he fuel Weingt to be carried per horsepower varies directly with
the length of run and inversely as the thermal efficiency of the engine.
The oi% weight, while varying somewhat with the Xenvth of run,
probably is not directly in proportion to it and certainly has nothing
to do with the thermal efliciency of the engine, but rather depends
on such factors as quality of the oil, mode of its application, style
of engine, bearing temperature and surface pressure and speed.
Water in any properly proportioned jacket and radiator system
should not be lost, ung its weight may therefore be regarded as a
fixed quantity entirely independent of the length of run and additive
as is a piece of accessory equipment such as the radiator itself,
though its weight value 1s, of course, a function of the aggregate
internal volume of jackets, piping, pump and radiator.

It needs only a superficial examination of these weights of acces-
sories and supplies compared to engine weights to see that for short
runs, engine and accessory weights are moro important than sugply
weights, but that for long runs the supply weights, especially those
of 1guel and lubricating oil, will become the controlling factors in
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plant weight, and the longer the run, the greater the difference, and
the more dependent does plant weight become on thcrmal efficiency
and on_efficiency of lubrication. For example, the data of the
second German competition showed that the winning 100-horsepower
Benz water-cooled engine, weighing 4.2 pounds per horsepower,
consumed 0.472 pounds gasoline (thermal cfficiency, 29 per cent),
and 0.042 pounds oil, or a total of 0.514 pounds of both per horse-
power hour. The 70-horsepower Gnome air-cooled engine men-
tioned in Bendemann's report, and weighing 2.9 pounds per horse-
power, consumed 0.805 pounds gasoline and 0.253 pounds oil, or a
total of 1.058 pounds of both per horsepower-hour.  This being the
case, the aggregate weight of the engine and supplies for different
lengths of run up to 20 hours compare as follows, neglecting varia-
tions in tank weights that should add a little more to the engine of
high consumption than to the more economical one, The radistor
weight of the Benz engine is included:

Weights of engine, gasoline, and oil.

Tor—

0 hours. 5 hours. ‘ 10 hours. | 15 hours. | 20 hours.
Benz. ... pounds.. 1.2 6.77 Q.34 11.91 14.48
L65570) ¢ 11 YA do.... 2.9 8.19 13.48 18.77 24.086

Such relations as these—(Bendemann report shows the weights
equalize in 1} hours’ operation)—Ilead to that most important con-
clusion derivable from all the competition test data in existence, viz,
engines intended for short runs must be themselves light and need not
be especially economical if, by sacrificing economy lightness is pro-
motec?. Conversely, engines intended for long runs must be economi-
cal at all costs, almost regardless of weight. It may alsobe added and
this seems most significant that reliability is of importance about in
direct proportion to thelength of run, assuming good condition to be
a,ssureg before starting in each instance, so that, again on the grounds
of reliability, short run engines must be light even if less reliable,
measured by period of uninterrupted operation, while to long-run
engines considgrable weight may be added to gain reliability.

rom the design stan§ oint, a broad principle of practice can he
directly derived, to the cffect that aeroplane engines being intended
for more and more widely varying types of service as to frequency
of flights, length of run, and load-carrying capacity, need not be of
one design, style, or tyge, but that different ones are justified and
good engineering procedure demands the devclopment and perfec-
tion to equal degrees, of as many different types and characteristics
as will best serve the varying requirements of flight. From amon,
these, a sclection may intclligently be made for general service o
undefined nature but with full forehand knowledge of its capabilities
and limitations. All this agrees with engineering practice in other
fields for there are to-day not only more different steam engines
than ever before, but in any one group, such as locomotives, there is
greater variety than there ever was; why, therefore, should anyone
expect to find a single aeroplane engine or plan the development of
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one type to the exclusion of others? To do so, is to assume that all
flights in all flying machines are the same as far as engines are con-
cerned, which is just about as true as the assumption that a good
pleasure motor-boat engine is the right thing for a trans-Atlantic
ship, or that tho best power plant for a tramp freighter will properly
serve a battle cruiser. To pbe sure there are certain elements of
service peculiar to flight, to which all acro engines must be adapted,
but this can not be interpreted to mean that all acroplane engines
must conform to one another in arrangement, performance, or even
in materials throughout.

Returning to the factors of plant weight, study of which leads
to such important conclusions as the preceding, it 18 worth while to
examine more closely the separate influences of the several com-
ponent factors of accessory and supply weights.

Radiator weights must vary with the amount of sheet metal,
cooling surface of given material in kind and thickness. The purpose
of this surface is heat dissipation to the air, so the number of square
feet and its weight will vary directly as the jacket heat loss of the
engine, and direetly as the mean temperature difference between
water and air, but inversely as the coefficient of heat transmission.
The most reliable data on this amount of heat to be dissipated,
in fact, the only data are given by Bendemann, who finds that
contrary to most internal-combustion engines, including the auto-
mobile class, which give up between 30 and 40 per cent of their fuel
heat to jacket water, acro engines conform pretty closely to 15 per
cent of the heat of combustion given to and carried by the water to
the radiator. The difference, 15 to 25 per cent, is either not taken up
by the water from the combustion cﬁamber at all, passing out in
exhaust gases instead, or, being taken in part by the water, is dis-
sipated directly from jacket and water pipes to the air. In formulat-
ing the rules of the German competition, the radiator weights were
assumed to conform to automobil% practice and taken at 0.13 pound
per 1,000 British thermal units per hour, but the experiments indi-
cate that this should have been about 0.4 pound per 1,000 British
thermal units per hour. Taking the calorific value of gasoline at the
round number of 20,400 British thermal units per pound and the con-
sumption of the more eflicient water jacketed engines as one-half
pound per hour per horsepower, the heat suEplied per hour per horse-

ower 1s 10,200 British t ermal units, of which 15 per cent, or 1,530

ritish thermal units per hour must be dissipated by the jackets.
This quantity with the constant of 0.4 pound per 1,000 British thermal
unit hours would make the radiator weight 0.61 pound, per horse-
power of engine. Comparing this with the radiator weight of the
61.6 horsepower Green (British) engine, winner of the Alexander
prize competition, which had a total weight of 46.9 pounds, the
actual unit weight of radiator and connections becomes 0.76 pound
per horsepower of engine, a fairly good check, considering the wide
differences of design and circumstances. Winkler puts radiator
weight between 0.40 and 0.55 pound per horsepower.

1t is perfectly well known how fundamentally dependent on the
flow conditions of the air, on the air side, and on the presence of air or
steam bubbles, on the water side, is the coefficient of heat transmis-
sion for such apparatus as radiators, and yet this subject has scarcely
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been touched as a research problem, especially when it is considered
that the mean temperature difference, another prime variable, is
itself subject to considerable control. This will account for such
differences in radiator weights as exist and is responsible for the
belief that very material reductions may be expected in radiator
weights following proper research or arrangements for securing rates
of heat transmission and on thin noncorrosive metal inclosures.

Water weights are, of course, directly under control of the designer
within certain limits, as the jacket spaces may be long or short, wide
or narrow, pipes short and small or long and wide, and the water space
in the radiator itself, almost anything. In the same 61.6 horsepower
Green engine, winner of the Alexander prize, the whole water weight
was 34.1 pounds, or 0.56 pound per engine horsepower less than the
radiator weights, Winkler places this between 0.2 and 0.3 pound

er horsepower. Other values for different engines are given in
able IT to show the order of the magnitude of thisfactor.

Tanks for gasoline and oil will weigh more for large than for small
supplies, but not in proportion to their volumes, as shape, thickness,
and kind of material will determine the square feet of metal and weight
of the tank per cubic foot of capacity as much as the volume. Other
things being equal, that shape of tank will weigh least that has least
weig%t per cubic foot of volume, and cylin(i;rical tanks are most
economical of metal weight, needing no stays, so the ratio of length
to diameter is an important factor, which, however, also affects wind
resistance, but these variations are not of such an order of magnitude
to warrant detailed study here. The above-noted Green engine, 61.6
horsepower, and a gasoline tank of 70 gallons weighing 39.7 pounds,
and a lubricating-oil tank of 6 gallons weighing 9.2 pounds, so that
the net weights are, gasoline tank 0.65 pound and oil tank 0.015
pound per engine horsepower, or 0.57 pound per gallon for 70 gallons
and 1.54 pounds per gallon for 6 gallons. Bendemann gives the
round number of 0.2 pound tank weight per pound of gasoline or oil,
which does not checE the above figures. ’Fanks used in tests, he
writes, are frequently too light for actual service, which indicates a
necessity for standardizing tank-metal thickness, shape, and to some
extent size, as large capacity may be just as well carried in several
small tanks as in one large one and with better weight distribution
on the frame, as well as affording a measure of safety.

Gasoline consumption for the better water-jacketed engines aver-
ages very closely 0.5 pound per hour per brake horsepower (B. H. P.),
and for the rotating-cylinder air-cooled engines about 0.8 pound for
full load, though, as might be expected, there are quite wide variations
with type of engine and its condition as to cleanliness, adjustment,
load, and specd. There is practically no data available on the rise
of consumption with poor adjustment of carburetor, ignition, leaky
valves or pistons, gumming bearings, carbonized combustion cham-
ber, or even at speeds other than normal, or throttle positions other
than wide open. It is not possible from test data to even approxi-
mate the gasoline consumption of an acro engine in actual flight serv-
ice, though, judging from data on other classes of gasoline engines, it
may 9zlsﬁy be double this best value obtained by perfectly tuned new
engines in competitive tests. We have many figures on total con-
sumption of gasoline and oil durin§ competition flights, but horse-
power of course was not determined, and such figures must be com-
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pared with each other to give a true picture of ranﬁe of possible
variation. Even here, however, the operators are skilled and on
their mettle, so they may be expected to better ordinary everyday
flight consumption. These engine-test figures may be translated
into thermal efficiency approximately by taking the average calorific
value of American gasoline at 20,400 British thermal units per pound,
making the engine heat consumption for the two typical classes
10,200 British thermal units and 16,320 British thermal units per
hour per brake horsepower, equivalent to 110?0%=25 per cent and
%;7535,% =15.6 per cent thermal efficiency referred to brake horsepower.

ith the actual consumption of the Benz engine of 0.472 pound,
Bendemann reports a thermal efficiency of 29 per cent, which requires
that the gasoline used have a calorific value of 18,900 British thermal
units per 1b., which is the value used by Gildner for European gaso-
lines. Other figures indicate about an equivalent difference between
the American and European fuels which could be accounted for by
the prevalence of paraffins and olefins, respectively, in each, even 1if
of equal density.

Such a thermal efficiency as this high value is truly remarkable,
and under the condition of operation and size of aero engines can
hardly be bettered, judging from other experiences and from funda-
mental conditions to be examined later, but the low value is too low
to be tolerated without adequate compensatin% advantages in engine
weights for short flights and in the reliability and adaptability
factors. Actual test values for specific engines and tests are reported
in the appendix and need not be detailed here, but attention is again
called to the practical importance of consumption data on other than
these best conditions to show not only how high it may be in service,
but also how sensitive it is to each individual adjustment and operat-
ing condition that may exert an influence.

Oil consumption is a thing that seems to follow no particular law,
however much may be known about contributory circumstances,
such as chemical character, viscosity, mode of application, surface
speed, %ressure and temperature, air evaﬁ?ration, combustion cham-
ber carbonization and cracking, and exhaust discharges. Beyond
the more or less general adoption of castor oil to avoid gasoline
absorption in the crank cases of rotating-cylinder aero engines,
and the use of most widely different systems of feed and bearin
conditions, this is a practically wide-open field of research. In a
the competition tests the oil consumption has been made a subject
of measurement, but no analysis of causes of consumption has been
made, nor are there any data on the relative consumption of different
oils or of different oiling systems for a given engine. The figures
must be taken for no more than they really represent, viz, what was
used, but it can be assumed that they are no guide whatever to the
oil that will be consumed in actual service, except when consumption
is fixed by a pump Ylunger disglacement. Nor do these figures aid
in fixing the least value attainable after proper thorough research on
the lubrication of a given engine, which is rather more a matter of
reliability and engine life than of oil Weith to be carried. In the
German tests values were found ranging from 0.009 pound to 0.089

25302°—S8. Doc. 268, 64-1——14
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pound per hour per brake horsepower for the water-cooled engines
and from 0.145 to 0.253 pound per hour per brake horsepower for the
rotating air-cooled cylinder engines. The only conclusions derivable
from these figures are that there is a very wide variation—about 25
to 1—proving the need of study, and that on the whole the rotatin
air-cooled ¢ %nders are much greater oil consumers than the fixe
water cooled.

The aggregate weight of all the units of the power plant, en%ine,
engine accessories, and supplies can be represented algebraically or
graphically with every element involved in correct relative magni-
tude. All of these weights are constants for each engine, except the

asoline and oil weights, which are products of consumption per
Eour and the length o% the run. Accorgingly, the graphic representa-
tion will be a series of straight lines or of the ag%regate a single
straight line. Alﬁfbraicall the equation of that lhne will contain
two constants, each of which is the sum of similar constants, one rep-
resenting intercepts on the axis of zero time and the other slopes.
In order to keep the various elements of the aggregate weight distinct
and to bring out clearly the big factors of weight of engine proper and
of gasoline weights, it is desirable that the excellent arrangement of
a singleline for eachengine used by Bendemannin thesecond German
report be supplemented by a general equation involving all the con-
stants and a table of valucs for each as derived from the tests. Such
an equation will have the following form:

Weight of engine alone per horsepower.

. . +Weight of gasoline tank per horsepower.
Wf;%}ig flefmplfzr;t ﬁog(})ulfsge v:lu:]h}__ +Weight of oil tank per horsepower.

pounds per horsepower — | +Weight of radiator per horsepower.

+ Weight of water per horsepower.

+Weight of muffler.

Pounds gasoline per hour per horsepower
+\Pounds oil per hour per horsepower }H .

Symbolically this takes the following form with corresponding
meanings from the former equation:

W= W+ Wy + Wor + Wot+ Wootr W (G+O)H

In the following Table II are given some typical values for these
seven constants, derived from the tests and for the total Wior 0 and
10 hours. The gasoline and oil weights are added for 15 and 20
hours, but the plant weight can not be so given because of the uncer-
tainty of the tank weights, which naturaﬁy are not directly propor-
tional to content weights. It is interesting to note, however, that
in 10 hours the plant weight is doubled—that is, the supplies for that
time equal the weight of the plant empty for water cooled fixed cyl-
inder engines. The air cooleg rotating cylinder engines in the same
time of 10 hours more than quadruples the weight.
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TaBLe I1.—Weights of engine accessories and complete plant weights per horsepower versus
type construction.

< d = 8 | B 18 S, a2
A e AL RENE-FE.
=) =3 H o © =
Name and authority. o | & 3% g |88 | B8 s (22|28 [ g
E 2|3 |22| 5| & |ge|52| B |55 |52 285
=] a = =8 < E o &R 5 =] 3| 3 H8a
& | S| O |@c B | & ® & | S |s [ [F
Average values, Bende-
42 1 U O ) (O] (1797 JN PR PP PR PN MR (R PO
4-cylinder 100-horsepower
enz, Bendemann. ...... 3.57| 0.944] 0.084 J626 1..... 5.224{ 0.472 0.042] 2.57] 5.14 [10.364
6-cylinder 90-horsepower
aimler, Bandemann....| 3.75! 1.02 [ .076 6260 Lol 5.472| .510| .038 2.74] 5.48 [10.952
4-cylinder _70-horsepower |
aimler, Bendemann....| 4.29 1.01 | .094 626 ... 6.020( .505 .047 2.76 5.52 [11.540
d-cylinder 100-horsepower
aimler, Bendemann....| 4.2 .988| .080| 626 ... 5.084( .494] .040] 267 5.34 (11.324
d-cylinder 70-horsepower
aimler, Bendemann....| 4.74j 1.006/ .062 626 (... 6.434) .508] .031] 2.67} 5.34 [11.744
6-¢cylinder 100-horsepower
aimler, Bendemann....| 4.60{ 1,056/ .062 .62 ... 6.344| .528/ .031| 2.99 5.99 |12.33
4cylinder _60-horsepower
aimler, Bendemann....| 4.89 1.002 .058] 626 ..., 6.576| .501 .029] 2.65' 5.30 |11.876
dcylinder” 65 horsepower |
aimler, Bendemann....; 509 .998 .120 626 ..., 6.834] .499] .060| 2.79 5.59 [12.424
d-cylinder 95-horsepower
N. A. ., Bendemann.. . .038) 2.61] 5.23 11.232
dcylinder  55-horsepower

.A. G, Bendemann. .. .009( 2.64! 5.28 11.322

N
d-cx'linder 95-horsepower

rgus, Bendemann . . .089] 3.11; 6,23 ’11.872
4cylinder 70-horsepo }

rgus, Bendemann. . 083 3.35 6.71 13.058
6-cylinder 100-horsepo |

rgus, Bendemann. . .067] 3.76 6.531'13.064

L0211 2.74) 5.49 12.354
.047] 3.34 6.68 |13.292

Mulag, Bendemann. .
6-cylinder 90-horsepo
Bchriter, Bendemann. ...
6-cylinder 125-horsepow
(Hall-Scott makers).

(Benz, maker).
6-cylinder 60-horsept

(Wright, maker)......... ;
Austro-Daimler “Flight”..
Green, Alexander test...... A7, 7.65 115.25
Gnoome, 1913, Lumet.............. .255 5.520 11.04 [14.41
Gnome, 1911, Lumet.......\...... A . . 253“ ...... flID‘ 58 (13.46
120 per cent of fuel weight ¢ In 90 horsepower.
2 20 per eent of oil weight. & In 130 horsepower.

3 In 65 horsepower.
Norte.—Plant weights are given without mufiier.

Typical arrangements of cylinders, pistons, jackets, frames, crank
shafts, valves, valve gear, and typical structural forms of each, have
been produced in great variety and in considerable numbers. Of
these a fair number have received more or less development work,
but the majority of them must be regarded as hardly more than
interesting proposals, or experiments in need of development work to
definitely reject or retain them for use. Features of detail will be
treated later in the course of the analysis of the engine after a review
of the types classified by general arrangement.

Most of the engines operate on the four-stroke cycle, though the
two-cycle system is represented, both air and water cooling is used,
and of the air-cooled class there are representatives of self-cooling by
rotation of cylinders, by fan circulation and by propeller blast, or
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free air currents over fixed cylinders. All engines are multicylinder
four or more, and generally more, and while nearly all use horizontal
shafts with direct or spur-gear propeller drive, the vertical shaft with
bevel-gear drive of propeller is represented.

These types, classified by cylinder and crank arrangement, are as
follows:

1. Automobile type, four or more cylinders in line, each with its own crank, cylinder
heads up. Air or water cooled.

2. V type, two rows of cylinders of four or more each, inclined to each other, one
crank for each V pair of cylinders. Air or water cooled.

3. Radial star rotating cylinders, with crank shaft fixed, or rotating in the same or
opposite direction. Air couled only.

4. Special arrangement or combinations of the preceding.

Of these classes the first throe are the most typical of the aero
engine art in point of numbers of representatives, amount of devel-
opment work done on them, and of standing in the engine-building
industries of the firmns represented, as will be seen from the followin
list of names of engines and makers, Table I1I, arranged under eac
class heading. This is not to be regarded, however, as a criticism of
any of the other classes.



TaBLE ITI.—Aero engines by classes.

Class No.
I
I 1. . l v.
ylinder crank arrangement.
Fixed in line. Fixed V, 2 cylinders per crank. Rotary. Fixed star. Miscellaneous.
Cooling.
‘Water. Afr, Water. Alr. Alr. Water. Alr.
Engine or maker.
Benz. De Dion Bouton. Curtiss. B.M.&F. W. Anzanl. ' Two-cycle laviator. Ashmusen.
Revo- Revo- Revo- Revo- - Revo- Revo- Revo-
Num- A Num- A Num- 3 Num- . Num- s Num- : Num- A
Horse- | ber of | 189981} Hore. | ber of | 184008 | Horse. | ber of 1utions | Forse. | ber of |1UUODS | Horse- | ber cf 1utions | forse- | ber of 1““::15 Horse- | ber of lutxe(:n:
power. | cylin- | P | power. ccrlin- & | power. crrliu- min || power. chm- hin. | power.| cylin- | B | power. | cylin- | BEF \ power. | cylin- | PeT
&S | ute. orS. | ute, o | yite. erS. | ute. s | ute, €IS | ute. oIS 1 te.
75 8] 1,100 25 3
1,013 41 1,288 80 8| 1,80 100 8| 1,250 37.5 7| 1,031 30 3 {p 1,250 80 6| 1,300 105 12 1,800
160 8| 1,100 ‘ 40 6
Daimler. Renault. Sturtevant. Gyro. Anzani. Balmson.
50 [} 20 7 ’
88.0 6 1,387 70 8| 1,800 140 8 2,000 38.8 7 954 60 10 {» 1,250 135 9 L250 .o feeiii et
70 10 200 14 \

‘SOLIOAVNOYEV

813



TaBLE II1.—Aero engines by classes—Continued.

Class No.
I II. I, 1v.
Cylinder crank arrangement.
Fixed in line. Fixed V, 2 cylinders per crank. Rotary, Fixed star. \ Miscellaneous.
Cooling.
‘Water Alr. Water. Afr, Alr. Walter. l Alr,
Engine or maker.
Daimler. Wolseley. Sunbeam, Old Gnome. Anzani, Salmson. H
orse | RS | P | e | M5 | RS e | % | 0600 | e | Nt |10 | | N7 O g | S5 | 0505 1 | 2
power. C'elgél- P | power. c<'ive11:1§.- oo | power. :rl;- Lo | power. oy lin- oo || power. (ii‘:rt;- o | power. c(felgx e || power (iivel:sn- oo
ute. ute. ute. ute. ute. * ute. ! * ute.
7.3 4| 1,412 52 8| 1,650 22 2| 2,000 1 9 7| 1,14 { 100 o }1,250 {{ 150 9| Lz0 } _______________________
U 125 10 o 9| Lo
Daimler. Sunbeam. Old Gnome. Anzanl.
99,2 L3 T T Y 20 S SO IO 150 81 2,000 62.9 71 1,158 200 20| 1,250 [.....oofioiii e e e
Daimler. Rausenberg. Gnome. 2-cyele laviator. ‘
50
70.4 4] L343 || 150 8| 1,200 { gg ------ 7 ..... 120} 50 61 L20 [...ooofiiian e

¥13

*SOITNAVNOUAV



Daimler. Clerget. Gnome. Edelwelss.
103.1 6 1,315 fleveerefoveeeencferaaane w| 8| e { ig-.g ﬁ }1,200 { 2l 10| Laofter JRURRUR VRO | IS AR TR
Daimler. Laviator. Gnome.
60 TRER -3 SN WORPR ISV { 2 H e { ﬁ 12 }1,200 ........ SSRROUIRN ARVt AR IS ISt | (SOURUTE! RORTN
Daimtler. Panhard-Levassor. D’Hénain.
86.5 PRS- )| UUURORN IR U 100 8| 1,50 50 L) PSRN (USRI SORRURIN SORUPRORN OOt TSSO FNUUIUN AR NS I
N.A.G. Wolseley. Clerget.
5.7 4 Lam|l . SO "3 B R IR I 131 | NSUCUSA UUUN RN OUROU WSROt IO | SRR I BSOS
N.A. G Demont.
55.8 A 08 e 200 6] 2,000 [l Lol .
Argus. E.J.C.
96.7 o] 1,868 || e e 6 6] 2,000 [l o e
Argus. Esselbd.
7.0 o) 32| e S IO o 1| nzso e e e

‘SOILAVNOYAVY



TasLE ITI.—Aero engines by classes—Continued.

Class No.

L IL I IV.

Cylinder crank arrangement.

Fixed in line. Fixed V, 2 cylinders per crank. Rotary. Fixed star. Miscellaneous.
Cooling. :
Water. “ Air, ‘Water. Air. Air. ‘Water. Air.
Engine or maker.
Argus. 8. H. K.
x Revo- Revo- Revo- Revo- Revo- Revo- Revo-
Num- 3 Num- Num- : Num- ; Num- 3 Num- - Num- A
Horse- | ber of lutléms Horse- | ber of lutieorns Horse- | ber of lutlggm Horse- | ber of lutlgrns Horse- | ber of lutlgrus Horse- | ber of lut.lgrns Horse- | ber of 1utleons
power. | cylin- } P |} power. | cylin- nI1)ln- power. | cylin- nll)in- power. | cylin- | P | power. | cylin- nIl’m_ power. | cylin- | PO | power. | cylin- nrl)u;.-
ors. | te ers. | Tite. ers. | ite. ers. | ‘e ers. | o ders. | o ders. | "o
70 7
102.1 6 1,370 [ { % A USRNSSR R A U SRRSO N R
Mulag. 8. H. K.
140 14
1016 6] 1,306 ||l o {0 NN 7 | SOSOP U USRS RN N RO RO At RS
Schriter.
88.9 o 252 | e e e

915

‘SOILAVNOAEV
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w:

Hall-Scott.

‘Wright.

Bturtevant.
Green.

Clerget.

Chenu.

L . § 5
& 88 g g g g8 &SR
© © © - L=} - AR X -X -]

125

Austro-Daimler.

100

100

50
100
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Crass 1.—Automobile class.

Water cooled:

American—

Iall-Scott.
Sturtevant.
Wright.

German and Austrian—
Mercedes (Daimler).
Austro Daimler.
Benz.

N.A.G.
Argus.
Mulag.

Water cooled:

American—
Curtiss.
Sturtevant.
Ransenberger.
Maximotor.

French—
Panhard-Levassor.
Clerget.
Laviator.

Water cooled—Continued.

Schroeter.

Basse & Sclve.

Flugwerke Deutschland.
French—

Clerget.

Chenu.
British—

Argyll:

Green.

CrLass 2 V.

Water cooled—Continued.
British—
Sunbeam-Coatalen,
Wolseley.
Air cooled:
French—
Renault.
De Dion-Bouton.
British-——Wolseley.

Crass 3.—Radial start rotating air cooled.

American: Frederickson.
German:
. Kruk.

Hirch.

R.E. P.

BM&F. W,
French:

Gnome.

Clerget.

Radial star-fixed cylinders:
French—
Salmson, water cooled.
Laviator, two cycle.
Opposed fixed cylinders:
American—Ashmusen.

French—Continued.
Canda.
Burlat.
Helium star.
Demont.
D’Henain.
E.J. C.
Esselle.
8. H. K.

Crass 4.—Specials.

Squirrel-cage cylinders:
French—Edelweiss,

Radial fan:
French—Anzani.

Inverted automobile:
German—Daimler.

German and Austrian—Continued.

Many engines appearing in older lists are omitted, because of the
belief that they are now superseded or abandoned, and likewise
some new engines now in existence are not mentioned because of
Inck of general acceptance as commercial. It may be, and is quite
likely, that errors have been committed in these insertions and
omissions, but this is inevitable without personal visits to the engine
shops, which, in the present instance, were quite impossible.
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PART 2,

AERO ENGINES ANALYZED WITH REFERENCE TO ELEMENTS
OF PROCESS OR FUNCTION, ARRANGEMENT, FORM, PRO-
PORTION AND MATERIALS, AND THEIR BEARING ON THE
EOSYI‘E(:)I;{-SWEIGHT RATIO, RELIABILITY AND ADAPTABILITY

A .

By Cuarres E. Lucke.

Part 2 (a),—AERO ENGINE PROCESSES AND FUNCTIONS OF PARTS VER-
SUS POWER-WEIGHT RATIO, RELIABILITY, AND ADAPTA-
BILITY FACTORS.

In any machine the process is of superior importance to the mech-
anism as the latter is but one of many possible means for the execu-
tion of the former, and however necessary it may be to have the
mechanism adapted in form, proportion, arrangement, and materials,
to its objective process, success of the machine is fundamentally
dependent on the process itself. Most machine processes are really
combinations of a series of separate individual f)rocess steps working
together, just as the mechanism parts themselves coact, and these
processes are commonly said to be similar when they consist of the
same partial steps executed in the same order as a series, and machines
executing them are regarded as belonging to the same class, or as
similar machines. There are, however, very great differences to be
found in these similar machines which, therefore, may be vastly dis-
similar from other standpoints. In the first place the process steps
may differ widely in degree though being identical in kind, and this
difference in degree may be in turn responsible for very considerable
differences in mechanism. No better illustration is available than
the common piston steam engine in which one basic step is expansion
of steam after admission and before exhaust, yet experience has
developed a whole succession of valves and valve gears, some adapted
to moderate and others to high expansion ratios, while expansion to

ressures below atmosphere immediately calls for the condenser with
1ts elaborate series of auxiliary appliances and pumps. Differences in
mechanism may be almost infinite even though the same process is
executed, and to the same degree, and the steam engine will again
serve as an illustration. Such differences may be significant or not.
They must be regarded as significant when some good purpose is
served whether the differences are those of detail parts form such as
the shape of a piston; of arrangement of the same typical parts,
such as the locomotive engine as compared with that of the steam-
ship; of proportion of parts, as diameter of cylinder or thickness of
wall; or of material. Such differences as are now accepted and well

219
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understood in the steam-engine field can all be analyzed into signifi-
cant or indifferent from t%le standpoint of service requirements.
These service requirements require years of experience to be appre-
ciated to a degree that permits of a reduction to standards of practice
in arrangement, form, proportions, and materials of the mechanism
and its parts. Even after the establishment of such experience
standards of practice for machines performing a definite fixed service
there will always remain very considerable differences of the indiffer-
ent or nonessential order.

Aero cngines, while belonging to the now large and established
class of internal-combustion engines, and to the smaller fairly well-
devcloped subclass of the gasoline carburetor internal-combustion
engine, in which the farm, automobile, and boat types are most fully
developed, are themselves still struggling through the development
stage, due to the youth of the special service to be performed, and in
spite of all that might be borrowed from the older most similar arts.
In fact there is some evidence that these older arts have exerted a
distinct retarding influence even where assistance might be expected,
because borrowing is the easiest mode of acquisition. It is not
unnatural to find automobile practice being adopted for acro engines,
when it is not yet clear that there is anything required of the aero
engine sufliciently different from what the automobile or boat engine
can supply, to make the latter unsuitable for the service of the former.
At the same time there is equally strong evidence that in some respect
the differences in service requirements have been exaggerated or
misinterpreted with the result that totally different engines were pro-
duced unlike anything before built, and yet just as unsuitable as the
borrowed auto or boat engine.

In proportion as service requirements on the one hand become
better understood, and as engine capabilities or limitations, on the
other hand, are recognized and utilized, so will the aero engine as a
type come into full growth. Review of the engines so far proposed,
built, and tried out, indicates a strong trend in some directions,
but just as surely proves that in most essentials the geriod of
blind grasping at every possibility whether rationally defensible
or not, has not yet come to an end. The most hopeful sign of progress
is the now general recognition that no older type of engine can be
borrowed bodily for aero service, and following this, the large number
of suggestions for modification that have been and are now being
made, some rational, derived through reasoning from fact data, but
often without any recommendation other than mere purposeless
difference.

Most of the rational development so far accomplished has been
devoted to forms of the type parts, to their grouping or general
arrangement, and to special materials for their construction, rather
than to the processes that are fundamental to the gasoline carburetor
type of internal combustion engine. Aero-engine designers being so
intensely absorbed in the problems of arrangement of parts, adapta-
tion of form of parts, reduction of metal thickness and application of
materials of high elastic limit or low specific gravity, have in some
instances, though fortunately not all, been diverted from thought of
the process steps to be executed, in kind and degree. This becomes
clear by comparisons, first of aero engines with each other and second
of any one engine with the absolute standards of thermodynamics.
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It is clear that if at the same speed and using the same fuel one
engine gives a materially higher mean effective pressure than another,
or o lower specific fuel consumption, then some elements of the
thermodynamic process have been violated by the mechanism of the
inferior machine. It is also true that if the thermal efficiency ob-
tained is a smaller fraction of the thermodynamic limit of possibility
than in an auto engine, for example, then again something has been
incorporated in the aero-engine structure inferior to its counterpart
of the auto engine structure. To a lesser degree similarly, if aero-
engine stoppages not due to seizure of bearings or breakage of parts
are more frequent than in auto engines, or even if they stop at all
under these conditions, then the process requirements are in some
way being violated by unsuitable mechanism, for if they were not
the engine would continue to run, and without change. a matter
of fact, the whole question of reliability is one of maintenance or con-
tinuity of the process in every stage, assuming, of course, an absence
of the pure mechanism troubles of breakages or bearing failures.
Likewise, some of the elements of the adaptability factor, as well as
those of reliability or of high power and fuel efficiency, are concerned
with the process, for, should excessive tilting of the engine intecfere
with the carburetor action aund result in poor mixtures, or should
passage through a cloud or fog obstruct the intake with frost or ice,
or should flights at excessive altitudes change the mixture, then the
engine becomes inoperative by reason of process interference due to
lack of adaptability of the mechanism to the maintenance of the
process when sub{:acted to the ordinary interference of actual use
peculiar to air flight.

Proper cxecution of the processes by mechanism that insures its
continuity in kind, and the constancy of every step, in degree, regard-
less of any interfering conditions incident to normal or even extraor-
dinary acrial use, is a necessary prerequisite to the high mean
effective pressure and high thermal efficiency that together make for
low power plant weight per horsepower for any length of flight. It
is just as essential to the continuity of operation and output that
constitutes reliability, entirely independent of whatever contribution
may be obtained to the same end, from variation of general arrange-
ment, and detail design of parts as to form or thickness or from the
selection of special materials.

The processes are comparatively simple and easy to state, though
a thorough analysis of the relative or absolute perfection of execution
that various designers have accomplished through their mechanism
would require far more space than is available here. Such an analy-
sis must moreover be based on far more test data than have even been
made available anywhere. Judging from the literature of the sub-
ject and from some familiarity with general practices not so recorded,
1t can be stated that practically no work has been done except by a
few large engine building concerns who keep their results secret, and
comparatively speaking, no data obtained bearing directly on the
execution of the process steps, and the effect of design on process,
for aero engines, though some interpretation can be based on the few
overall results of engine tests. ile the details of design versus
process are beyond the scope of this report, it is possible even from a
statement of the processes and their fulfillment conditions, to derive
some general specifications for the parts of the apparatus that, taken
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together, make up the power generating part of the engine, as dis-
tinguished from those parts that merely transmit or support.

the working medium is primarily an explosive mixture of air
and the vapor o% gasoline, the first broad Erocess step is mixture
making, preparatory to introduction into the cylinder unless it be
made directly therein. This must be followed by the second step of
suitable treatment of the mixture in the eylinder, including expulsion
of burnt products. Finally, as combustion develops heat in contact
with metal walls, continuity of operation or the maintenance of a
steady state in all respects requires heat abstraction and dissipation
to a degree and at a rate equal to that of heat reception, so the third
broad process step is cooling.

Each of these three broad divisions of the general power gen-
erating process, mixture-making, c¢ylinder treatment of mixture, and
combustion chamber cooling is itself a process, and is in turn sub-
divisible into more detailed or subprocesses, each definable to some
extent as to degree or range that it is desirable to maintain.

The mixture-making process starts at the point of supply of
gasoline and air and ends at the intake port of each cylinder. The
one exception to this used in a few engines is the making of mixture
directly 1n the cylinder by pump injection of gasoline, a method so
wholly unsuited to the small eylinder high-speed engine, with such
volatile fuel as gasoline, as to be rejected without further discussion
not only on rational grounds but on actual comparative experience
with the now standard system of mixture making. This standard
practice that has taken many years to establish recognizes mixture-
making as a distinet function to be carried out external to the cylin-
ders, so as to permit of some control of this independent function
without the interference that must result when it is combined with
others in a single apparatus part.

Applying the common but more or less inaccurate name of car-
buretion, to this mixture-making function because the principal struc-
tural element of the process is the carburetor mechanism, the process
divides itself into (@) fuel supply; (b) air supply; (¢) carburetion
proper, which includes proportioning, mixing, and vaporizing, and
(d) mixture distribution to cylinders. IZach of these steps must be
carried out without variation in spite of anything that might happen
beyond extraordinary accidents, and the apparatus, mechanism, or
equipment must be so constructed as to insure the results desired.
T(tis 1s by no means easy, as will appear from even a superficial analy-
sis of conditions and possibilities.  Air must be taken from the atmos-
phere through which the machine is moving at a high, though not
constant speed, a speed so high that the air pressure equivalent to
the velocity, or velocity head of the air, 1s quite appreciable. With
the air intake opening pointing in the direction of travel the velocity
head is added to the statie pressure of the air and air flow necessarily
varies with flight speed, though it should not. This might be avolded
by suitably shapecFentmnce orifice, the planc of which is in the direc-
tion of flight, but this is no safeguard when turning or in side gusts.
The first requirement of air intake must, therefore, be independence
of flow of air with reference to direction and speed of motion.  Almos-
pheric air varies in absolute pressure with altitude and likewise varies
m temperature, in water vaporized, and suspended water such as fog
or rain. Each of these things exerts separately and together an
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influence on carburetion. Temperature, pressure, and moisture affect
air density and hence the flow through the air orifice under a given

ressure drop. Temperature affects the vapor pressure of the gaso-
ine. (Absoﬁlte prossure affects air flow itselfpindependent 0? the
density change.) Vaporized moisture affects the accumulation of
water in the mixture passages due to reduction of temperature inci-
dent to gasoline vaporization, and both vaporized and suspended
moisture affect the accumulation of ice in the mixture passages, unless
heat be added in sufficient degree. These things need Eardly be stated
to be accepted as fundamentally important and as necessary clements
for incorporation directly or indirectly into specifications for the air
supply to the carburetor. The carburetor action should be made
quite independent of these variables and it must be sufficiently inde-
pendent to prevent changes of mixture quality beyond the allowable
working range. Therefore, however great a variation may be encoun-
tered during actual flight, in direction and velocity of flicht or wind,
in barometric pressure, in atmospheric temperature, in atmospheric
moisture vaporized or suspended as well, the mixture quality must
be kept within the two limits to be determined as necessary to con-
tinued engine performance.

Gasoline must be carried in a closed tank and must be fed to the car-
buretor through a pipe, and the supply to the carburetor should be
quite independent of the direction and angle of inclination of the
whole structure. It positively must be unaffected by such changes of
relative position of tank and carburetor, as maybedueto not only ordi-
nary but even extraordinary or emergencly turning, gliding, climbing,
or temporary falling movements of thewhole machine. If the machine
should completely fall and upset, the gasoline should be prevented
from running out on the hot exhaust pipe as this is likely to cause a
fire. Gravity feed from tank to carburetor is affected, as to head,
by every variation in angle and direction of inclination of the frame.
ny"avity feed tanks must have an air vent and so if overturned the
vent becomes a spill hole unless a special check feature be added. In
stationary plants gravity feed from supply tanks is forbidden by the
fire underwriters’ regulations because ofp tge possibility of drainage of
the whole tank due to a leak in any part of the pipe system. Air or
gas derivable from fire-charged bottles, from pumps, from combus-
tion chamber relief valves, or from exhaust back pressure acting on
the liquid surface in depressed gasoline tanks wilffeed the gasoline
from any relative position of tank and carburetor. If reasonably
high pressures are used in comparison with the normal static gasoline
head, the delivery pressure will be substantially constant at all incli-
nation angles and spilling will be confined to the small carburetor
float chamber as the main tank is closed. This system is in quite
general use in auto practice. Pump feed from a main depressed tank
with air vent to a small auxiliary gravity tank with overflow return
directly above the carburetor, is the standard stationary system.
Recently automobile practice has adapted this to its service require-
ments, replacing the pump and overflow roturn by a vacuum lift
system operated from the suction header beyond the throttle, but
retaining the depressed main tank with air vent and the small auxili-
ary gravity tanlg without air vent, which being so close to the car-
buretor can supply it at all times at substantially constant head.
These two systems of pump and suction header lift may be operated
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with a closed main tank if slightly modified and in the event of a
leaky pipe no loss or fire can occur because instead of gasoline escap-
ing air flows in, doin¥ no harm if the leak is small, but stopping the
su%[ily without loss if the leak is large.

e extraordinary changes of motion in direction and speed, both
horizontally and vertically, peculiar to the aeroplane introduce liquid
inertia an({ centrifugal pressures which may accelerate or retard
gasoline flow by raising or lowering the pressure at the point of deliv-
ery to the carburetor. This is a peculiarity of the aero-engine
service conditions which requires special attention. To cover all
these influences an additional s;lleciﬁcntion may be added for the
carburation system; the fuel tank, piping, and supply system must
deliver fuel to the carburetor at pressures that do not vary enough
to cause the mixture quality to vary beyond the limits required for
the proper steady operation of the engine regardless of angularity
of the machine or of changes of its motion as to direction or velocity
and they must be such as to prevent fuel loss from small leaks an
to minimize any spilling when overturned, preventing whatever spills
touching hot parts or reaching electric sparks. References to the
literature are made for actual tank arrangements which require no
comment here except the approval of the practice of using more than
one tank and especially of installing a small emergency reserve tank
holding enough to insure a safe landing after main tanks are empty.

When supplied with atmospheric air and with fuel under pressure
orstatic ]ma({), the carburetor mechanism is supposed to make a proper
explosive mixture and through intake header and branches to deliver
to each of the several inlet valves identical charges of that mixture
equal in quality and quantity. This is supposed to happen regard-
less of the total ciuantlty of mixture required by the engine load or
speed and regardiess of any variation in air temperature, pressure,
moisture, direction, and velocity of flight or fucl delivery pressure.
The possibilities of success in attaining this mixture-making ideal
must, of course, depend on the definition of proper mixture, for in
this i1s to be found the allowable range of variation from absolute
constancy of quality.

Mixtures that enter the cylinder with too much gasoline for the air
to support in combustion will not be explosive if the vaporized fuel
excess is large enough and with such mixtures the engine is inopera-
tive. Long before such a great fuel excess as this 1s reached the
engine may be operative yet operate badly. It is clear that an
excess vaporized gasoline in the mixture can not burn, so it wi
decompose or carbonize, depositing carbon all over the combustion
chamber, including spark plugs and piston head, and show in exhaust
as smoke. Such a mixture will be operative for a time, such time as
it takes for the carbon to accumulate in layers thick enough to glow
on hot spots, such as piston heads, causing back fires or preignition
and possibly short circuits and miss fires from collections on spark

lugs if they are so designed as not to be self-cleaning. Carbon

eposits will also cause piston rings to stick and leak and impair
lubrication when it collects on cylinder walls and between rings.
To be sure, a certain amount of just such carbonization can be traced
to lubricating oil that works past pistons, but this is an independent
matter to be separately treated by oil selection and supply system.
Excess fuel in the liquid state may be present when tﬁe vaporized
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part ar:d the air make a proper mixture, and such excess will partly
decompose as above, but part will be dissolved by the lubricating ou
and defeat lubrication besides being a dead loss.

Excess vaporized gasoline in the mixture should be prevented,
first, to prevent carbonization, but also to avoid the slow combustion
that results when the excess is too great. A small excess gives the
highest rate of combustion and high rates of combhustion are neces-
sary in aero engines to permit of attaining the highest initial cylinder
pressures with the very high mean piston speeds in use, none of
which are below 1,000 and some in excess of 2,000 feet per minute,
By use of properly high compression and more than a single point of
iinition a sufficiently high rate of combustion appears to be obtain-
able without resorting to such overrich mixtures with their carbon-
izing evils and direct waste of fuel. It may therefore be set down as
a requirement that mixtures preferably should not contain any excess
fuel at any speed and load, and positively must not contain enough
to cause carbon accumulation, measurable fuel waste, or interfere
with lubrication.

It goes almost without saying that mixtures of air and fuel must
be homogeneous and uniform throughout; that is, the constituents
must really be mixed. On reaching the cylinder at least, no liquid
should remain unvaporized, or, to use a short word, the mixture
should be dry. A correct overall ratio of gasoline to air by weight
as required for combustion reaction will not serve the purpose if the
gasoline is in liquid form, or even if it is vaporized, but all concen-
trated in one corner of the combustion chamber with pure air in some
other corner, such as is sure to happen with direct injection or with
more unvaporized liquid admitted past the inlet valve than can be
vaporized while entering. Such nonhomogeneous and wet mixtures
Wiﬁ both carbonize and cut lubrication even if total weights are
correctly related, so the second and third requirements of mixture
must be homogeneity, and dryness at least after admission.

Other things being equal, a cool mixture carries more heat per
cubic foot angshence more work capacity than a hot mixture of the
same fuel and air. But with liquid fuel, mixtures that are too cold
are no mixtures at all, any more than a brook running through the
country can be said to be mixed with the atmosphere, though rain
by a stretch of the imagination might be, and a fog really is, though
not so intimate a mixture as vaporized moisture. Any gasoline-air,
kerosene-air, benzol-air, or alcohol-air mixture, in com%)'ming pro-
portions may be dried if the temperature be high enough and the
temperature required will be least for the fuels of greatest vapor
pressure of their heaviest constituent if they are solutions of heavy
and light parts, as is the case with the petroleum distillates. For
any one fuel the required drying temperature is least the more
intimately the air and fuel are mingled or stirred, so that any fuel
particle will be required to exert only the partial pressure of the vapor
I the final mixture, instead of the full mixture pressure of one atmos-
phere that is necessary without true mixing. Mixtures should,
therefore, be as cool as possible consistent with dryness and the maxi-
mum permissible moisture is that which will vaporize on entrance.
The higher the mixture pressure tho greater the work capacity of
the charge, so that everything that contributes to such must be
promoted as much as the preparation of cool and otherwise proper

25302°—8., Doc. 268, Gt-1——15
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mixtures. This means in effect that the pressure drop between the
air and the cylinder must be a minimum, but this is entirely a question
of proportions of passages.

inally with reference to mixture quality there can not be much
excess air, preferably none. Of course, excess air can not cause car-
bonization or lubrication trouble; in fact, it exerts a beneficial influ-
ence tending to burn accumulated hot carbon or lubricating oil
vapor, and 1t permits of a somewhat higher compression which
improves cconomy. But all the explosive mixtures of hydro-
carbon vapors and air become nonexp{osive in ratios very close to
the combining proportions on the excess-air side, and with even a
slight air excess the rate of combustion becomes prohibitively low.
Summarizing mixture-quality requirements, a mixture is proper when
it has the least and proforabfy no excess of either air or 11:10], when it
is homogeneous, when it is dry after entrance and as cool as possibly
consistent with homogeneity and dryness, and when it is supplied
at the maximum absolute pressure. To produce such mixtures is
the function of the carburetor.

Carburctor mechanisms capable of making mixtures of such
specified quality under the previously noted conditions of air and
fuel supply are practically nonexistent at present, and improvement
can hardly be expected so long as carburetor production remains
a separatc business, and purchasers buy on name instead of on per-
formance, as is the practice, selling on name only, at present in the
motor-car and motor-boat industries. Not until the aero-engine
producer develops carburetor specifications in terms of mixtures
produced and testing appliances to prove fulfillment and to locate
causes of nonfulfiliment of each separate requirecment can the necded
mixture-making carburetor be obtained. Under these conditions it
matters very little whether the aero-engine builder makes his own,
or buys on guaranty of performance, independent of engine operation.

Very great progress has been made in recent years in carburetor
design for automobile and marine engines, but the end has not been
reached, because all data point to a failure to maintain the quality of
mixture in all the specificd respects. In some respects the problem
is less difficult with the aero engine than with the auto, as the former
is not subjected to as wide a range of flow rates nor to such sudden
and frequent changes in flow rates as are the latter, due to automobile
driving 1n dense traffic or over country roads with constant changes
of grade, curves, and rough spots requiring continuous opening and
closing of the throttle. This fact is responsible for the general prac-
tice among aero engine builders of buying stock automobile car-
buretors on the theory that, the service being less severe, they should
work better on aero service; yet such a conclusion is not warranted.
While it is true that flow rate fluctuations will not be so great and so
cause less variation in proportions, it is also true that the normal con-
dition of flying with feed throttle wide open or nearly so produces a
more intensive temperature drop, reducing vapor pressure and
decreasing the degree of gasoline vaporization or increasing mixture
wetness and condensing or freezing more water. It is also true that
far stronger variations of fuel and air supply conditions must be
encountered in air flicht than in road driving. What is still more
significant, however, is the fact that the aviator has no such oppor-
tunity to make hand adjustments as has the chauffeur, nor are the
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consequences of auto-engine stoppage due to bad mixture hardly
more than annoyance, wEilo such a stoppage of an aero engine may
mean a complete wreck. It can not be too strongly stated that accept-
ance for use of standard carburctors on their names, or even repu-
tation, is not a satisfactory practice for aero engines. They should
be designed or purchased to specifications of maintenance of mixture
quality under all variations of working conditions within possible
ranges to be met with in service.

There seems to be no doubt after the years of experience in car-
burctor construction for automobiles and boats that the gasoline
float chamber apparatus, with simultancous vacuum flow of gasoline
and of atmospheric air, is permanently established and must be re-
tained. Adhering to this principle of construction as the basis of
proportioning and of the first step in mixing, does not prevent the
addition of other elements to correct the faults inherent in the simple
combination. Mixture proportioning correctors in the form of com-
pensators to reduce the natural tendency for gasoline to flow in
excess at high rates of vacuum when the ratio is correct for low, are
now availab%e in considerable variety and some are fairly good, though
even in the best there is considerable room for improvement. These
compensators constitute the principal differences between modern
carburetors.

It is in control of mixture quality in other respects than propor-
tioning that carburctors now available are lacking; for example, to
render the mixture quality independent of atmospheric changes, fuel
supf)ly, pressure fluctuations, and above all independent of their own
cooling action. This self-cooling is due to vaporization of gasoline,
the latent heat for which lowers the temperature of the mixture
below that of the entcring air. Heat must be supplied if liquids are
to be vaporized, and no amount of human ingenuity can overcome
this law of physics. If the latent heat of vaporization be supplied
from waste heat sources for so much of the gasoline as can vaporize
in its air supplied at atmospheric temperature, then the resulting
mixture will Euve the same temperature as the atmosphere and there
will be neither vapor condensation nor water freezing on the intakes.
Such mixtures especially when the air is cool are not sufficiently dry
and certainly are variably dry, dryness varying with atmospheric
temperature. To produce even this much effect requires a consider-
able amount of heat from g¢ither hot jacket water or exhaust gases.
To get this amount of heat into the entering air or the mixture it is
necessary to observe the laws of heat transmission and provide suffi-
cient heating surface of suitable form. To simply surround the body
of the carburetor with a water jacket or to take the air from a short
exhaust-pipe jacket, which are the only means now in general use,
is entirely inadequate, as can be proved by simply taking the mixture
temperature by a thermometer in the intake pipe or by observin
the flow through experimental glass headers and branches. O
course such wall heaters will prevent any adhering frost, but they can
not prevent its formation as free snow to be drawn into the cylinders.
This problem of mixture making by carburetors is one of the most
important of all the elements of the aero engine structure and the
carburetor proper its most important apparatus, on which much work
has been done, but more remains, especially of the adaptation order.
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(In this connection the paper by Dr. Karl Buchner on carburetion,
which is one of the best, is reproduced in full in the appendix.)
. Distribution of the mixture from the carburetor to the cylinder
inlet valves without change of quality in transit, and in such a way
as to insure a supply of mixture of equal quality to each cylinder, is a
roblem of equal importance to that of correct mixture making and
1s intimately associated with it. If the carburetor should yield
correctly proportioned mixed and completely drfy mixtures, this dis-
tribution Ifm&der problem disappears, and any form of branch pipe
will serve the purpose in place of the iong elaborately curved headers
NOW 1n use. u(‘ﬁ mixtures are too warm to.develop the maximum
possible mean effective pressure. To get the greatest power output
per cubic foot of piston displacement per minute requires a tempera-
ture lower than corresponds to complete dryness, probably corre-
sponding to just such quantity of moisture as can be evaporated
uring entrance throug% the inlet valve and, therefore. the aero
engine header may be cxpected to carry some moisture.
Such mixtures have a tendency to separate the liquid, which resists
division equally among the branches, and where vertical flow must
take place there is a tendency for the liquid, which always flows
along the walls to drop back by gravity, to accumulate, and then
suddenly carry over as a wave, causing a miss, especially at low-
engine capacity. To prevent lagging of liquid, vertical pipes must
be made so small as to produce skin friction forces superior to gravity
at the lowest flow rates. If this is done then, at high flow rates, a
considerable drop in pressure with consequent loss of power will
result, unless, as is often the case, the carburetor is located at the
highest point and the liquid allowed to drain downhill with the
mixture current in large pipes. On reaching a bend the liquid flowing
along the side walls always collects on the inside as the air stream
impinges on the outside, while at a Y or branch the liquid may choose
almost any path and is quite beyond control, for wherever the mix-
ture velocity is locally least then the liquid concentrates and this
oint is constantly changing. The best that can be done is to use
ong-radius bends and flow paths to each cylinder of approximately
equal length and curvature, but this gives no assurance of equal
distribution of liquid. The frequent use of two carburetors on six
cylinders in line and eight cylinders V engines is evidence of an
effort to reduce this trouble. .
The only absolutely reliable way to avoid these special headers and
the irregufar engine action that results in two cylinders never doing
uite the same work or remaining equally clean, is to completely
gry the mixture by raising its temperature, accepting the }i]igher
temperature and lowered mean effective pressure in the interests of
cleanly, steady, operation, securing shorter simplified headers and
possibly making up lost output by a small increase in cylinder
diameter or by raising the mixture ipressure by blowers. There
really seems to be considerable reason for the use of blower-supplicd
air for carburetors other than to compensate for loss of density when
mixtures are warmed to dryness, which heating incidentally renders
the engine more independent of variations of fuel quality than it now
is. By suitable regulators the air blast can be controlled so as to
give aﬁwuys the same absolute pressure at the carburetor intake,
regardless of barometer or flight speed and direction. With such an
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auxiliary blower and pressure regulator, the friction effect of intake
ports and small-diameter low-lift valves, while remaining a direct
engine resistance, will have no effect whatever on the weight of
charge per stroke and the mean cffective pressures. Other thin
being equal, an initial pressure in the cylinder of 16, as compared wit
14 pounds per square inch absolute, an increase of 2 pounds should
increase the mean effective pressure and power one-seventh, over 14
per cent, while adding only 2 per cent aHditional load (if the mecan
effective pressure were 100 pounds), a net power gain of over 12 per
cent if the blower be ecfficient. The use of such blowers is not
unknown in two-cycle engines, though four-cycle engines have not
employed them as yet, and the N. E. C. (New Engine Co.) two-cycle
engine is so equipped, the blower in this case taking the place of a
piston as a Hrecompressor to prepare the charge for entrance into the
motor cylinder when the port uncovers.

All two-cycle engines and all rotating cylinder four-cycle engines
with inlet valves in pistons have mixture quality and supply con-
ditions somewhat different from those of theqfour-cycle fixed-cylinder
engines, and among the latter the air-cooled differs somewhat from
the water-cooled group. The eylinder heads of four-cycle air-cooled
engines are normally hotter than those that are water cooled, so
that the mixture entering will reecive more heat and may, therefore,
be more wet as supplied, provided distribution from the carbureter is
not a disturbing element, as, for example, if each cylinder had its own
separate carbureter. If cylinders are not too large and the air
cooling is vigorous it is possible to get the walls 0% the air-cooled
cylinder quite as cool as the water-cooled one but only with excessive
power consumption for air circulation, the Renault, for example, tak-
ing 8 per cent of its output for only such cooling as is normally pro-
vided. Most of the rotating-cylinder four-cycle engines with inlet
valves in the pistons, inclu(Ting the Gnome, for example, take their
mixtures into the erank case at the shaft center. In this crank-case
chamber, which is rapidly whirling, with pistons churning up and
down at the same time, a most vigorous stirring and heating action
takes place. It would be hard to conceive of a better mixture con-
ditioning apparatus than this Gnome crank case, provided there wero
some means of control of the temperature of the mixture, which in
this case undoubtedly gets too warm, though dryness and homo-
geneity are practically perfect. Finally, two-cycle engines take the
mixture from the carburcter into an auxiliary chamber for precom-
pression, located in the crank case as the most favorable arrange-
ment, or in a trunk enlargement of the main piston and cylinder
preferably, as, for example, in the Laviator engine. While, of course,
this precompression mixture has the evil effect of imposing negative
work, equivalent to engine friction, it is highly beneficial as to mix-
ture quality when the precompression chamber is so located, as is
usually the casec, as to get and stay warm, because in this case the
chamber is at once a mixture stirrer and heating dryer, heating partly
by wall contact and partly by compressien.

Mixture treatment in the cylinder after it has been made and
delivered to the intake port, begins with actual entrance and pro-
ceeds along different lines in the two and four cycle engine, in some
respects. %\Ioarly all acro engines are four-cycle engines, and these
tako the mixture in through a suction valve under the influence of



230 AERONAUTICS.

the lowered cylinder pressure maintained by the piston outstroke.
This admission should be accomplished with the least possible loss of
pressure and rise of temperature. Loss of pressure mmposes direct
negative fluid friction work, the extent of which is measured by the
V(‘i:)city of flow through the valve, and the shape of the opening,
but even with small valves and badly shaped openings or ports, this
loss may be, but not often is, very serious. Two pounds per square
inch would be large and with mean pressures approaching 100
pounds it would be equivalent to a little over 2 per cent. How-
ever small it may be, it can be controlled by valve and port di-
mensions and these, because of the high =peed of aero engines,
must be given far more attention than in any other class. It is the
terminal pressure at the end of the suction that is one of the deter-
mining factors in the weight of the charge, each pound per square
inch accounting for about 7 per cent loss of power. Since inertia of
the incoming stream tends to build up the terminal pressure over the
mean suction pressure, if valve closure is delayed the right amount,
the value is so great that care must be exercised to sccure it, and
Winkler recommends a closure 40° after dead center.  This de-
laved inlet valve closure can be secured only by mechanical inlet
valves which also give best control over the mean suction resistance,
so that under no consideration should automatic inlet valves be
employed, as they have been, to save valve gear weight, because
more power is lost than would compensate for this weight. Charge
density at the end of suction is just as much a matter of temperature
as of pressure, a rise of about 500° F. on entrance accounting of
itself for about a 50 per eent reduction of charze weight and hence
of power output, or approximately 1 per eent for cvery 10° rise,
wit-]ll the probability t{mt the rise averages in well-cooled engines
somewhere about 200°, or 20 per cent, and in the less well-cooled ones
over 380°, or 30 per cent, in general round numbers.

Reduetion of suetion heating is partly a question of arrangement
and partly of wall cooling but to some extent depends on the tem-
perature of the hot gases left in the clearance after the previous
explosion.  As to arrangement, head wvalves discharging mixture
directly into the cylinder seem to be more rational than side-pocket
valves, though no data are available to prove that the former results
in less suetion heating than the latter. It also scems likely that air-
cooled hcads and valve chambers unless vigorously air blasted and
of small chamber should heat the mixture more than water-cooled
ones, but no one has ever determined how small & diameter can be
cqually well cooled by air and water nor how much air is needed.
Nor can it be said how much of the total suction heating is due to
exhaust gas mixture in the clearance with the fresh incoming charge.
It is interesting to note that the air-cooled radial fixed cylinder
Anzani gave in the tests 994 pounds square inch effective pressure
referred to brake horsepower, as much as most of the water-cooled

en%]'}nos.

ot only is it important that the charge in the cylinder be as cool
as possible for the maximum charge density required for high mean
pressures, consistent, of course, with complete vaporization, for which
120° F. is enough with gasoline if the mixture is well stirred, but it
is perhaps even more important as the controlling factor in the })er—
missible compression. This degree of compression of the charge before
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ignition is the prime variable in fuel consumption per horsepower hour
and thermal efficiency, as has been demonstrated conclusively both by
thermodynamic analysis and experimental data on all classes of
internal-combustion engines.  The highest compression possible must
be obtained at all costs, and since it is the ignition temperature of the
mixture that imposes a limit the objective of the engine designer must
be to so treat the mixture as to get the maximum compression volume
ratio and final pressure before the mixture being compressed reaches
the ignition temperature which is a physical constant of the mixture,
never accurately determined but pro{:ably very close to 935° F. This
compression for the best water-cooled engine has been found to be
about 5 to 1 volumes and less for cylinder not so well cooled. Of
course, self-ignition before compression is complete will occur if any
metal part, such as the exhaust valve or piston head, or a carbon
deposit, is overheated, because this will produce a local overheating
of the charge in contact with the hot spot before the whole mass has
reached the ignition temperature. Prevention of this is a matter of
engine cooling and of the internal cleanliness that comes with proper
lubrication and carburetion. Assuming such to be properly cared for,
the compression permissible with gasoline mixtures is fixed by the
initial temperature of the charge. e final temperature varies with
the initial in a geometric ratio, as is indicated by the standard equa-
tion for adiabatic compression, so a few degrees rise initially results
in several times as great a terminal rise.

Charge weight per cubic foot of suction must be a maximum, and
so also must the compression, if the mean cffective pressure and ther-
ma] efficiency are to have the highest possible value, as they should in
acro engines. All efforts in this direction may be entirely defeated,
however, if there is any material leakage of the charge during com-
pression through valve seats or past the piston. It is of no value to
securc maximum charge weights during suction if appreciable amounts
arc afterwards lost before the charge has a chance to do any work.
Tightness of piston depends on the piston rings, on the oil film between
piston and cylinder, and on the maintenance of shape of cylinder and
Fiston, ncither of which may warp in any direction. Valve leakage
ikewise is minimized by providing nonwarping valve disks and scats
with strong spring loads to keep the valve tightly against its seat durin
the first period of compression; at other times the gas pressure itse
will suffice. These are questions of formm and materials and will be
taken up later, but they are mentioned here because a failure means
defeat of the results of an otherwise well-executed suction process.

Four-cycle engines, after the suction periods, have their charges
directly in the cylinder ready for compression and subsequent ignition.
Two-cycle engines must put the charge through the preliminary com-
pression process in a precompression chamber where the mean pres-
sure of precompression must be added to that of suction, the sum of
the two subtracted from the mean effective pressure of the compres-
sion and expansion strokes to get the net available. Therefore,
assuming equal performance of the compression and expansion strokes,
the two-cycle engine is charged with more negative work than the
four-cycle by the amount of the precompression stroke, assuming
equal negative work of suction in each. Suction heating effects on
the two-cycle are bound to be less than in the four, because the pre-
compression cylinder is sure to be cooler than the working cylinder
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into which the four-cycle charge enters directly, and so also is clear-
ance gas with which the fresh charge mixes, as in the two-cycle case;
this is reexpanded fresh charge remaining after discharge, while in
the four-cycle it is hot burnt gases.  All this two-cycle pump chamber
charge will not enter the working cylinder nor remain there, for some
will remain in the precompression chamber by reexpansion or failure
of the pressure to drop during the open-port charging period to atmos-
phere.  Some will escape through the exhaust port with the exhaust
gases during the end of the transfer period when both transfer and
exhaust are open, regardless of piston baflles of or special relative posi-
tions of inlet and exhaust ports designed for the purpose. During
transfer the fresh charge bodily displaces the hot burnt gas that fills
the motor cylinder and its clearance, and 1t 1s inconceivable that a
considerable amount of mingling should not occur with corresponding
heating and expansion cffects. These mixture-heating effects are
added to those of wall-contact heating, which walls in the two-cycle
engines are always much hotter than in the four. The net cffect is
inevitably a discharge of some of the fresh charge with the bumt gases
unless special arrangements are made to prevent this, and then each
of these introduces 1ts own evil.

Two methods of preventing this fresh charge heating on transfer
in two-cycle engines and consequent loss of charge are in use, one is
to intentionally reduce the charge transferred to so small a quantity
as will not escape, and the other to expel burnt gases by a blast of
fresh air, and then to expel this scavenging air which, of course, is
cooler than the burnt gas, by the fresh charge. The former means
intentionally reduced charge while the latter more than doubles the
negative work of precompression which mn effect is equivalent.
Some part of the compression stroke in any two-cycle engine, so
much as is required to cover the exhaust port, must result in further
expulsion of charge. Naturally as in four-cycle engines, the charge
weight can be built up in two-cycle engines to any value, by suffi-
cient precompression, %ut to accomplish this the charge must con-
tinue to enter after the exhaust port is closed, which requires an
admission or transfer valve mechanically operated and suitably
timed, an extra complication. This is not common practice and no
data are available on it, so for the present it must he regarded as
merely an interesting possibility.

In the two cycle engines the net effect of all heat exchanges and
pressure changes, incident to charging the main cylinder, is un-
doubtedly a lower mean effective pressure and thermal cfficiency
than in four-cycle engines, and for equally good design and con-
struction in each class the two cycle is unable to carry compressions
as high as the four, proving higher temperatures before compres-
sion. Any engine taking its charge into tﬁc crank case, as do most
of the rotating cylinder %our—cycle machines, or into a chamber con-
necting with the main piston, as the two-cycle Laviator, is subjeet to
mixture quality impairment and equivalent charge loss, whenever
the main piston leaks under its high explosion pressures, by the
displacement of the fresh by the burnt gases.

&hﬂe dealing with charge weights and volumetric efficiency of
cylinders, the exhaust stroke of the four-cycle cylinder and the
reexpansion stroke of the two-cycle precompression chamber must be
considered as controlling by their terminal conditions of pressure
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the point of the return or suction stroke at which charging will
actually begin. No flow can be started from the intake header
until the clyinder pressure is lower. At the end of the four-cycle
exhaust stroke the cylinder pressure is higher than atmosphere, and
still higher than the mixturc-header pressure by the amount of the
suction-header vacuum. Suction can not begin until the cylinder
clearance volume of gases has expanded enough to lower the eylinder
Eressure (terminal exhaust valuc) to below that of the mixture

cader. An appreciable part of the suction stroke is therefore useless
for actual charging, the loss increasing with higher terminal exhaust
pressures and lower suction-header pressures. A similar condition
exists in the two-cycle precompression chamber; for there the pres-
sure at the time the transfer to the working cylinder is completo
must be something higher than atmosphere, and the hicher the
speed the more excess there must be, because of the limited time for
pressure equalization. This mixture must expand not only to
atmosphere, but as much below as the suction header or carburcter
vacuum, even with a mechanically operated valve, and still more
with the more common spring closed automatic check valve, by the
amount of spring tension and valve inertia, before real suctioncan
begin. The clearance in such precompression chambers is large, to
limit the maximum precompression pressure to something less than
10 pounds per square inch, and, thercfore, the recxpansion line will
be very flat, cutting off a considerable part of the strole as uscless
before the pressure has dropped sufliciently for suction to start.
Many times the loss occurs here, as in four-cycle cylinders with their
smaller clearances and steeper reexpansion lines, even with cqual
pressures at the start.

No separate data are obtainable for aero engines on any onc of
these quantities concerned with charge weight and the corresponding
pressure and temperature changes, nor is there any indication that
such information has even becn sought. Even the over-all cffects,
as measured by volumetric efficiency, have apparently not been
investigated, though all that is required is & measurement of air
and gasoline or exhaust gas and a comparison with the piston dis-
placement, the ratio of volumes constituting the true volumetric
efficiency. Other things being equal, the horsepower per cubic foot
of displacement per minute s ogld be directly proportional to this
volumetric efficiency, so it is a little surprising that the acro interests,
which must have the most powerful engine per pound of metal,
should have neglected to separately study eacﬁ of the prime varia-
bles. As alrcady noted, more designers seem: to have been con-
cerned with reduction of metal volume than with process perfection,
though without proper execution of basic processes metal reduction
may not only fail to give a light engine, but may even defeat the
ultimate object by making the engine as structurally weak as it is
weak in mean cffective pressure or thermal efficiency. It must not
be understood that no good performance results based on proper
execution of the processes have been obtained; in fact, there are
some most remarkable successes; but, on the other hand, these stand
out so strongly as to prove that the procedure that has resulted so
successfully is not the rule in the art, and may even in the case of
the successful engine be as much a matter of good luck as patient,
systematic investigation.
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Assuming a good charge weight in the cylinder, or a high volu-
metric efficiency, the cylinder has at least the capacity for a high
mean effective pressure and thermal efficiency, provided the subse-
quent treatment is proper.” This treatment consists in compression
with ignition before it 1s completed; combustion as rapid as possible
consistent with absence of shocks; and expansion ending before
the end of the stroke, by carly opening of the four-cycle engine
exhaust valve to drop the pressure to as near atmosphere as possi%le, _
at the end, and by uncovering the exhaust port of the two-cycle
engine to get the same drop low enough before the end of stroke to
allow the fresh charge to enter. It can be shown that both the mean
effective pressure and the thermal efficiency will be highest for
a given cylinder charge when the combustion starts as late as pos-
sil)gle on the compression stroke and is completed as soon as pos-
sible on expansion stroke, or, referring to the shape of the indi-
cator card, when the explosive combustion line is practically vertical,
leaning, if at all, t‘owa‘rgl) the expansion line than oppositely. Such
a condition of affairs results in the Otto gas cycle, the efficiency of
which is a function of compression only and the mean effective
pressure of which is a function, partly of the compression, but also
S&rtly of the height of the vertical explosion line, which in turn

epends on the weight of the charge or the volumetric efficiency.
Shoukd the combustion line be not of this shape, results are bound
to be inferior, as ean be demonstrated thermodynamically, and yet
the maintenance of such explosion lines in service operation so
fundamentally related to 1‘esu]i)ts, 1s now as much a matter of hand
adjustment as of design. This is a strong reason for caution in
af)l)l§'i11g special test results obtained by skilled enginemen, to con-
clusions of acro engine possibilities in actual service, where engine
skill is likely to be less than in the shop or laboratory and where,
even if it were not, the problems of flight control are so absorbing as
to minimize the attention that can be given to engine adjustment.
Recognition of this condition also suggests the great desirability of
exerting sufficient effort in design, to reduce to a minimum or eclimi-
nate cntirely the dependence of the operating result on such adjust-
ments as affect the shape and position of the combustion line. Such
explosion lines as are desired and needed for maximum power and
thermal efficiency will result, if the combustion period is confined to
within a sufficiently small crank angle at the inner dead center when
the piston is substantially at rest, and it is common to take this
angle as about 30° half before and after dead center. At a rotative
speed of 1,200 revolutions per minute about the minimum for the
good acro engines, or 20 revolutions per second, each revolution is
completed in 0.05 second, and an angle of 30° being one-twelfth of a
revolution combustion will be completed in about 0.004 second.
The higher speed engines of 2,400 revolutions per minute must accom-
plish the result in half the time or 0.002 second. In this short time
the mixture must be ignited, and the flame communicated from
particle to particle, till all the mixture has been burned, even the
part most distant from the ignitor. Assuming a uniform finear rate
of flame propagation or flame speed and a 6-inch diameter cylinder
about as large a one as any aero engine carries, the flame must travel
half a foot in 0.004 to 0.002 seconé), which requires a linear velocity
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of 500 to 1,000 feet per sccond, or 30,000 to 60,000 feet per minute
if a single igniter is used on one side.

While no direct data on the possibility of attaining such rates by
normal propagation are available it is likely that from interpretation
of indircct data, they are probably not reached, so the rates are
abnormal or maximum pressures not attained. At any rate condi-
tions that could in any way improve this situation must be grasped
and utilized. The first of these is concerned with mixture propor-
tions which exert so strong an influence on the rate of propagation
in explosive combustion. This is another argument for perfection
of carburetion, and for the continuous maintenance of the exact pro-
portions found best, because even a slight change of proportions,
such as would never be noticed in an automobile, may exert a

owerful influence under the steady high speeds of the aero engine.

ext in order comes the flame path itself which if cut in half reduces
the necessary combustion rate to half and this is partly a question of
shape of combustion chamber and partly one of number and location
of igniter plugs. It certainly should take less time to inflame the
charge in an engine with valves in the head than in a tee-head form,
for example, if each had onc plug, so the former shape is preferable on
this score. It would seem as if one plug located in the center of the
head would ignite the whole charge in the time required for the
flame to travel a distance equal to the radius and, therefore, that
such a location whould halve the time required by one plug located
at the side, yet no such degree of difference has been established.
Moreover, it would scem that two plugs simultanecously sparking,
and located at opposite ends of one diameter would require more
time to accomplish ignition than one in the center as cach separate
{lame would have to travel more than a radius to burn all the mixture,
and vet two such plugs seem to give a quicker combustion than the
one 1 the center, instead of slower. This question of combustion
rate versus spark plug location and number is still pretty well open,
though clearly of considerable importance in securing proper com-
bustion lines for most cffective working. Reliability should also be
served as there is a better chance of avoiding failure with two inde-
pendent magnetos and two sets of spark plugs than one, and this
much has been established as good practice, but accurate simulta-
neous sparking of both plugs is absolutely necessary.

There are two considI()arations that bear on the question, both of
which require definite investigation. In the first place it is the
volumetric rate of combustion that is of primary importance, not
the linear rate. It is clear that a greater volume of mixture will be
burnt with a fixed linear rate, if the ignition is at the center of a
complete sphere of flame as the sphere has a greater volume for its
radius than any other geometric body. This would seem to favor
central ignition, but as the normal sero engine combustion chamber
with head valves is a short cylinder in which the axis is short com-

ared with the diameter, ignition at the center will burn in the first
Ealf of the total time a mixture volume proportional to the area of a
circle of half the bore, while during the second half the circular ring
between this circle and the cylinder wall will burn and this ring has
three times the area and volume of the center cylinder. Therefore,
with central ignition, the volumetric rate is low at first, and high
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at the end, averaging three to one in the second as compared to the
first half, and it 18 the second half that is most important because
here expansion is beginning and tending to lower pressures which it
is the function of combustion to raise. If the situation be reversed
so that the higher rates occur in the carly part of the period available,
then there wﬁl be less to burn after expansion has started and this
will be accomplished by two plugs. The second consideration is that
of non-uniform rate og’ propagation or accelerated combustion, and
recognizes that mixtures w ic%l are agitated, burn much faster than
those that are quiet. The advancing combustion wave started at
any ignition point agitates the mixture beyond, somewhat like a
compression wave, and two ignitors may be cexpected to increase
this agitation and so accelerate combustion, compared with single
point.

Whatever the rate of combustion, it is necessary to start coms-
bustion before the end of compression, and the slower the com-
bustion rate, or the higher the piston speed, the more advance must
be allowed.  This advance, needed to limit the combustion completion
time must be as small as possible because pressure rise during com-
pression is just as detrimental as excessive friction, and is aceepted
at all only as the lesser of two evils. It would seem as if, with
sufficiently high volumectric rates of combustion, and & sufficientl
large number of ignition points, spark advance would be minimizetz
Manual advance might even be eFiminated entirely as an operator’s
adjustment, if the magnetos and distributors used ha(} proper
clectrical characteristics with speed increases to give earlier sparks
passage at higher speed.  With widely varying throttie openings and
engine speeds, such as are typical of auto engines, chances of success
are more remote than with aero engines where speed and throttle
positions are changed so seldom.

While it is possible to experimentally determine the degree to which
each process step important to the power weight ratio has been
executed in an aero engine, and to measure the precise amount of
disturbing cffect of each interfering influence to gc encountered in
practice and, thercfore, experimentally study 1processes with reference
to relinbility and adaptability as well, no such work appears to have
been undertaken or, if it has, the results have not been recorded.  All
that has been published with respect to the judging of process ful-
fillment has been concerned with a few simple ovor—nh nmeasure-
ments of horsepower, speed, and fuel consumption from which some
conclusions are derivable, but not of such significant value to designers
and operators of engines as would be the case with true investigation
work of the analytical character that accounts separately for each
factor that cnters into the result. As has already Becn pointed out,
these results are subject to some interpretation by comparison, one
with the other, and each with thermodynamic standards.  All the
facts necessary for the latter are not available, and must be assumed
in part, so the conclusions will be correspondingly approximate and
subject to caution in use.

From the measured brake horsepower and speed, the speed can be
eliminated by division and a quantity obtained which measures the
effectiveness with which those processes that are concerned with
output have been executed, and this is the mean effective pressure
referred to brake horsepower. This quantity, of course, includes all
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negative work of gas friction through carburetor header ports, valves,
and exhaust mufiler, all mechanical friction, all fan, pump, and mag-
neto work; all negative work of precompression in two-cycle engines
and the windage of rotating cylinder engines. For the most satis-
factory eonclusions these included items of loss should be separately
determined and certainly the motor cylinder work done be[t)lind its
piston should be isolated from the rest, ﬁut up to the present the only
separate factor thus embraced is the windage of the rotating cylinder
engines in the German tests. Comparison of these over-all competi-
tion test results giving the mean effective pressure referred to brake
horsepower with each other is possible from Table IV.



TABLE IV.— Mean effective pressures referred to brake horsepower versus engine classes.

Class No.
I. 1I. l IIT. Iv.
Cylinder-crank arrangement.
I
Fixed in line. Fixed V, 2 cylinders per crank. ' Rotating. ] Fixed star. ' Miscellaneous.
| i
Cooling.
Water. Alr, Water. Alr. Air. Water. ’ Alr.
Engine or maker.
Benz. De Dian-Bouton. Curtiss. , BM&F. W, Anzani. Laviator, 2 cycle. ’ Ashmusen.
i !
| ,
M.E.P.| Authority. : M.E.P.' Authority. |M.E.P.| Authority. { M.E.P . Authority M. FP" Authority. M.E.P.‘! Authority. : M.E.P.| Authority.
I
107, 7 ) ‘ 76.5 ;
106.9 | Bendman..... 67.3 | ‘“Flight”_.... 111, 7 |sMaker......... 66.6 | B............. 78.5 Maker.......... 65 “Flight”.__... 77.5 | Maker.
104.7 76.9
Daimler. Rensault. Sturtevant. Gyro. i Anzant. Salmson.
| | | ‘
64.1 83.2 83.5 !
114.4 {B.......... .en “Flight”,....} 100 Maker......... 6.9 (B ... 4 80.1 Maker.......... “Flight”...... [
L e 2 | s6.8 | 92.8 \
| R _
Daimler. : W°lsjmlg?t§;:°°]°d Sunbeam. Gnome Edelwess. [
103.5 | B...... PP l 79 “Eng’g”...... 127 Maker......... 95,0 B } 97 i B 431 R PO ; ........

886

‘SOILAVNOYAY
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Daimler. Rausenberger. 1 Gnome. Laviator, 2 cycle. ‘
1020 |Booooeeenenn.. 7 103 | Marker........ ‘ 3| Boio . 77»57.7:; “Flight”
Daimler. Clerget. ll 7German (;nome. lgil Anzani. . ‘
TS U1 : TURROUUDUURN | I ASRORRORON 1015 “Flight”.....!{ 873 aker. ... 99.56 | Lumet.........l......| : ........
Daimler. Laviator. German Gnome. 1911 Nieuport. ‘
L7201 I I - SR | I RO { 133.5 }“Flight” ..... { ég; }Maker ........ 86.76 | Lumet.........|... U 1 ........
Daimler. Panhard T.evassor. Le Rhone. B ‘
|
1048 | B 82 | «Flight”..... { oS Mataker [
Daimler. Wolseley. Clerget. :
8.0 | Beeeneeeerieloeennee 77 | “Engg”.... {558 femugner
N.A.G.
100 | Buieeovannaan [ |
N.A. G
8.9 | B e l .................................................. I

665



TABLE IV.—Mean effective pressures referred to brake horsepower versus engine classes—Continued.

Class No.
1. [‘ 11. I 1v.
Cylinder-crank arrangement.
Fixed In line. Fixed V, 2 eylinders per crank. Rotating. Fixed star. Miscellaneous.
Cooling.
Water. Air. Water. Alr. Alr. ‘Water. Ajr
Engine or maker.
Argus.
M.E.P.‘ Authority, | M.E.P.[| Authority. M.E.P.li Authority. M.E.P.| Authority. M.E.P Authority, |[M.E.P Authority. M.E.P Authority.
106. 5 £ O g | e | P
I
Argus.
b (020 T I C 25N | BRI Py R s | PO e | P o 1 P | PR
Argus.
10L1 [ Booleeiin]el e S e | PSPPI P e O, P | P
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SOILAVXNOHAY
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Mulag !
) S e | |l S tesasaenn I .................................
Schréter. -
79.2 | B...... PO S UUUUUNE SSTURTTUURTTRUN INUUUUE! SURRUURUUURURUTN VRN URERUUSRUURNS [DUUSUUNY ISR R R R | PO
Hall-Scott. \
92.75 | Maker......... :: ........................................................................................ N | PO
h Austro-Daimler 1 o 1
93 Austrian Army | ....... ..., [ PR RN | PRI M, [ IR e P | FPR
official.
Wright.
83.7 | Maker........ floceoceeifirriineenianinctiinanna]onns | ) ) P O R | Ty
Sturtevant.
103.8 | Maker.........J|-.......|oceuee [UPTORN PN RO | I R S ORPRPRR RSN NP R DU | FOPSPIN
Chenu.
96
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TABLE IV.— Mean ¢ffective pressures referred to brake horsepower versus engine classes—Continued.

Class No,
1. 1I. III. Iv.
Cylinder-crank arrangement.
Fixed in line. Fixed V, 2 cylinders per crank. Rotating. Fixed star. Miscellaneous.
Cooling.
Water. Air Water. Alr. Afr. Water. Air
Engine or maker.
Clerget.
M.E.P.| Authority. M.E.P.} Authority. l;EP Authority. M.ﬁ.l’. Authority. ME.P, Authority. M.E.P.| Authority. l“ M.E.P.] Authority.
8.3 }“Flight” ...... ................................................................................................................................
|- .
Green. , .
74 McCoull. ...... R R ] ] B | | LT e e AR ER PR LN AL LR L RRLLRENY | AERRSREN
1911 Labor-aviation. |‘
102.4 | Lumet........ j ........................................................................................................................ e o
: |

344
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1911 Aviatic. ’

118 Lumet........ L (R R | PO

98.33 [ Lumat........ l ..................................................................................................................................
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Values of mean cffective pressure exceeding 114 pounds per
square inch, referred to brake horsepower, reported for one engine,
and in many instances in excess of 100 pounds per square inch for
water-coole(i( fixed-cylinder cngines, warrant the conclusion that
little betterment is possible in view of the prevailing lower figures
in cngines of other classes.  These attained values are truly remarka-
ble and can hardly be exceeded unless the initial pressures are raised
above atmosphere by blowers.  That some engines do not attain these
values is proof of their inferiority of design, but there is some question
as to capacity for maintenance of the high value after long periods that
can be settled only after very long trial runs.  The contest figures are
reliable and acceptable for the conditions imposed, and if such values
can be maintained in flight, little more can be expected. Such a
high value as 127 pounds rolportod by one maker can hardly be
credited, nor can so low a value of 74 pounds be regarded as good
enough to be acceptable. Air-cooled cylinder values are consist-
ently lower even for fixed cylinders and much more so for rotating
cylinders, which indicates a fundamental inferiority.

There 1s some question of the validity of a comparison of mean
effective pressures for different engines at unequal speeds, especially
as rotating cylinder engines are never ran over 1,500 revolutions per
minute while fixed cylinder engines are operated over 2,000 1'cvollu-
tions per minute. To eliminaie such an objection and at the same
time permit of a judgment of the best speed at which to run an engine
of given design, the horsepower-speed curve sbhould be determined,
or its equivalent curve of mean tm‘(}uo speed. or of mean cffective
pressure referred to speed. It 1s evident that, if sith an inercase of
speed the mean effeetive pressure remains constant, then the horse-
power will be proportional to speed, and the best speed to use for acro
engtiies will be the highest at which the inertia or centrifugal forces
are not exeessive, assuming proper hearing conditions to be provided.
This best raaximum speed for fixed eylinder engines is undoubtedly
the speed at which the inertin foree of the reciprocating parts at the
beginning of the outstroke is equal to the normal maximum gas-
pressure foree acting on the piston.  [For these econditions the force
transmitted to the ecrank pin at the moment of explosion will be zero,
gradually rising throuch the stroke and will be maintained high
until near the end of the outstroke during the last half of which the
inercasing inertin forces are additive to the lessening gas pressure
forces. buring the idle stroke of suction the inertia foree acting
alone imposes just the same crank-pin forces as would the explosion
when starting. Any less inertin while reducing the transmitted
crank-pin forces for idle strokes incereases them at the beginning of the
working stroke. As the normal or most used speed is less than the
maximum and the maximum gas pressures likewise, this normal con-
dition and not that of maximum should be made the basis of sclection
of operating speed for minimum weight of engine, coupled with gen-
eral scrviceability.  The speed at which normal maximum gas pres-
sures will be balanced against reciprocating inertin, which is a func-
tion of the square of the speed and of the weight of parts directly,
will, of course, depend on these weights.  Heavy reciprocating parts
may be best operated at lower speed than light reciprocating parts
which include piston, wrist pin, and part of the connecting rod.
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For a water-cooled engine of the automobile type Winkler gives
350 pounds per square inch as the maximum explosion pressure,
Accordingly from the equation, reciprocating inertia pounds per

7

square inch of piston = 0.00034 . N7, and taking L—V = 0.5, cal-

culated from the weight distribution figures given by Winkler, the
speed at which this would become equal to 350 pounds per square

inch is 2,640 revolutions per minute. (Nore.— 2> _ pounds recip-
I

rocating weight per square inch piston, ¥ = revolution per minute,
r = radius of crank in feet.) 'Fhe rotating cylinder engine intro-
duces a different condition, for here the reciprocating parts always
exert o centrifugal force varying from a maximum at out center to
& minimum at mnner center and such as will keep the connecting
rods always in tension if speed and reciprocating weights are large
enough to develop centrifugal forces higher than the gas pressure,
the maximum for which is found at 250 pounds per square inch
normal.

From this standpoint the operating speed or high limit is fixed
by the weight of reciprocating parts, and the normal maximum gas
pressures, and this is the controlling factor so long as mean effective
pressures do not fall off materially with speed. Examination of
any horsepower-speed curve will show it to have a straight line
form up to some critical value which is easily determined by test,
though no authentic curves are available for aero engines. Of
course, this critical speed must be beyond the operating range and
is & second high limit to be considered in conjunction with that im-
posed by inertia. The best proceduro is undoubtedly the selection
of such proportion of gas passages, carburetor, and ignition condi-
tions on the one hand, and reciprocating parts weights on the other,
as will bring the critical speed equal to the inertia speed limit. Cur-
vature of the horsepower-speed curve is due partly to increased
losses of charge at the higher speeds, and partly to insufficient rate
of combustion. Which of these two is in any instance the control-
ling factor must be discovered before any plan of improvement can
be undertaken and this is most directly done by plotting the volu-
metric efficiency-speced curve beside the horsepower-speed curve.
If the latter departs from the straight line before the former, it is
clearly not due to insufficient charge. In such a case enlargement
of vaf:ms or ports, or reduction of carburetor vacuum will not im-
prove matters at all, as it is a low rate of combustion that is respon-
sible for the result, to cure which attention must be devoted to
mixture quality and ignition.

Fuel consumption per horsepower hour, or the equivalent thermal
efficiency, is also an indication of the overall effectiveness of the
process execution, and comparison of engines on this basis can be
made from the data of Table V, selected from the test reports.
These would tell more if divisible into the factors as indicated in
considering the mean effective pressure.
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TABLE V.—Fuel consumption (pounds per brake horsepower-hour) and thermal efficiency
versus engine classes.

Class No.

|
11I. " Iv.

Cylinder-crank arrangement.

- | . I
Fixed inline,1 [ Fixed V,2cylin- . B -
cylinder per crank. || ~ der per crank. Rotating. d Fixed star.
Cooling.
|
Water. Water. Air. Alr. I Water.

Engine or maker.

b
Benz. i Curtiss, B.M.& F. W. 1 Anzami. ’ Solmson.
EM- Ef- EM- | Eff. Effi-
Fual. clency. } Fuel. clency. Fuel. clency. Fuel. clency. Fuel. clency.
|
: 0, 560 0.22 0.58 0.23
0.472 0.29 || . 504 .25 0. 845 0.16 .57 .24 0.53 0.25
L .525 .24 .87 .24 |
|
Authority.
B. Maker. B, Maker. Lumet,
Daimler. Sturtevant. Gyro. Anzani.
0. 49 0.27
0.510 0.27 0.511 0.24 0.785 0.17 .53 Bt N 1 RN P cosan
.51 .26
B. Maker. B. Maker.
Daimler. Sunbeam. 1911 Gnome. 1911 Nieuport.
0.505 0.27 0.5 0.25 0.787 } 0.17 0. 805 (115 ¥ 2 P S
B. Maker. ’ Lumet. Lumet.
Dajmler. 1911 Gnome. 1911 Anzani.
0. 494 0,28 [[-cevmmcectemaiannns 0. 805 \ 0.17 0.668 (1191 0 | PO SON .
B. ‘ Lumet. | Lumet.
Daimler. German Gnome. 1913 Anzani,
0. 503 ‘ 0.27 floeeee 0. 6614 1 o200t o9l
|
B. Maker. ‘ Lumet.
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TABLE V.— Fuel consumption (pounds per brake horsepower-hour) and thermal efficiency
versus engine classes—Continued.
Class No.
I ' III. Iv.
Cylnder-crank arrangement.
Fixed in line, 1 Fixed v, 2 cylin-
oylinder per crank. ‘ der per crank. Rotating. Fixed star.
Cooling.
Water. ‘Water. Alr. Alr. ‘Water,
Englne or maker.
Gnome, average of
Daijmler. six 45—fxorsepower
engines.
Eff- EfM- Effl- EfM-
Fool. | ioncy. | Fuel | cency. || Fuel | clemey. || FUe | ciency. || Fuel | ciancy.
0.528 0.26
. 501 7 | FUUTOU S 0.7108 0,19 fleeeeeneniifinnannnns P | ESAPOO R
. 499 .27
B. Lumet.
Gnorme, average of
Benz. twelve 63-horse-
power engines.
0. 537 0.25 [leeeenverac]onaencann 0. 7354 0.18 |[...... O ] | P P
Maker. Lumet.
Wright. 1913 Gnome.
0.53 (VR I | IR S 0.849 (V25 L N | RN [P ON | M SN cenese ..
Maker. Lumet.
N. R.G.
0.485 0.28 || ccvncnnis]-e ORI | PORIPON PPN | RN PR | FOPPUURTI IS
B.
N.R.G
0. 519 (004 | e | PR ' ................................................. .
B. ‘
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TABLE V.—Fuel consumption (pounds per brake horsepower-hour) and thermal efficiency
versus engine classes—Continued.

Class No.
I. 1I. 11, IV.
Cylinder-crank arrangement,
Masiisdent, | TERv2ge | nowns Fie s
Cooling.
Water. Water. Alfr, Ajr. Water.
Engine or maker.
Argus.
Fuel. ci%g;,_ Fuel. cm} Fuel. cﬁgz;. Fuel. ci%g:;, Fuel. ciEg:.y.
0.534 L0 | | | ] Y l .................. .
B. ? |
s T ]
0.588 0.2 ||-oveven el e ’ ............................. .
B.
Argus.
0.586 (10 0 | PO PR | I, l ................................................ .
B.
Mulag.
0.528 [ | P ’ .............................. J ............................ .o
I
> | |
Schrter.
0.621 0.22 [[eeeennnns l ........................................ 1 ............................. .
B.
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TaBLE V.—Fuel consumption (pounds per brake horsepower-hour) and thermal efficiency
vergus engine classes—Continued.

Class No.
1. 1 1I. TII. ‘ 1v.
i
Cylindercrank arrangement.
cyfi‘f,‘ié’r‘EJr“éﬁaék.! F er per aensk. Rotating. ‘ Fixed star.
|
Cooling.
Water. ; Water. Afr. ; Afr. Water.
Engine or maker.
Hall-Scott. !
Fuel. ciglgl!-y. Fuel. cifl?z-y. Fuel. ciEgg;’. Fuel. ciggg-y. Fuel ci}gg;.
0.6 ’ 0.21 fioeeennn.n |7 ; .................................................. ‘ ..........
Maker. i ‘
Austro-Daimler.
0.52 L0 | 1 | P, % .................... l ..........
Government !
Acceptance Test. i
1911 Labor-Avia-
tion.
0.617 0.22 ’ ................................................................................
Lumet.
1911 Aviatic.
0. 595 ‘ 0.23 lf-cenennn.- l .......... ‘ ............................................................
Lumet. 1 |

NoTe.—For Continental engines a calorific value of 18,900 British thermal units per pound has been
assumed, for American and British engines 20,400 British thermal units per pound.

Fuel consumption of less than half a }i;)nund per brake horsepower-
hour, reported for fixed water-cooled cylinders on reliable authority,
with corresponding thermal efficiencies approaching 30 per cent, are
nothing short of wonderful for such high-speed engines, and judging
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by the performance of other classes of engines and by the thermo-
dynamics of limiting possibilities, little more can be expected. What
must be sought for here is, therefore, not an improvement of the
best, but a general raising of the poorer ones to level of the best,
and the maintenance of the high test value in actual-service flight.
In this prime factor, as in that of mean effective pressure, the fixed
water-cooled cylinder has a demonstrated superiority, while the least
favorable is the rotating air-cooled. The difference between the
best and worst is very large indeed. ,

Comparison of engine results with each other, especially when it
is not possible to divide overall results into contributing factors, can
give no information as to how far it may be possible to further im-
prove engines. It merely indicates which is the better, and may
throw some light on type availability, as, for example, the fucl con-
sumption of two-cyole engines must always be greater than four-
cycle, if each is equally well designed; or again, air-cooled engines
ma}{ or may not have as high a mean cffective pressure as water-
cooled.

Thermodynamic standards of comparison do indicate goodness
more absolutely, and these are now in general use in engineering prac-
tice. Accounting for and eliminating operative conditions, such
absolute standards illuminate the goodness of the machine with refer-
ence to the execution of its basic process. Such, for example, is the
case with steam turbines, the performance of which is compared with
that of the Rankine cycle as a standard, for equal initial and terminal
conditions of pressure, temperature, and steam quality. It is also
the case with internal-combustion engines of the classes that have
really been subjected to any reasonable degree of investigation
which are judged by the Otto and Diesel gas cycles. But the aero
engine has not as yet been so studied. According to this method
equations are derived from a study of the ideal Otto gas cycle for
thermal efficiency and mean effective pressure. Thermal efficiency,
for example, referred to indicated horsepower is found to be a function
of the amount of compression only, an Eiven by the following equa-
tion, in which the subscript (b) refers to the condition after, and (¢) to
that before, compression:

LV (P T,
(- ()15

Comparing this with the thermal efficiency of an engire of known
compression Tesults in an efficiency ratio, and in Table VI are given
some values for aero engines, computed with what data are available
and certain assumptions noted. As the fuel consumption per brake
horsepower-hour is the only experimental quantity beside the com-
pression, the factor includes all losses, both mechanical and thermal,
which former should really be separated out.

Similarly, mean effective pressure can be shown thermodynamically
to be not only a function of compression, as is efficiency, but also of the
calorific value of the mixture, the negative work and suction heating
or volumetric efficiency. As these effccts are not separately known,
and as all aero engines work on gasoline, although benzol is also used
in Germany, and are capable of making and using the same calorific
power mixtures measured at 32°, and one atmosphere, this factor
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disappears as a variable, and becomes a constant 103 British thermal
units. The equation then takes the following form:

P\t
(m. e. p.)=5.4><103><|:1—(P—“) v ]=556.‘2XE
b

Comparison of this computed result with that measured by test
gives the diagram factors of Table VI, including all losses due to every
causc. Comparison of the diagram factor with the efficiency factor
for each engine indicates whether or not the interferences affecting
one are greater than those that affect the other. For example, two
engines might have identical efficiency factors and yet one may heat
the charge much more than the other with a lower volumetric effi-
ciency. This one will have a very much lower diagram factor than
the other, or otherwise the ratio of efficiency factor to diagram factor
will be different, and such is the case in general, comparing air-cooled
with water-cooled engines, especially if the former are of the votating
cylinder heated crank case sort.

TasLe VI.—Diagram factors and effictency ratios.

Class No.

Cylinder crank arrangement.

[
F"fgﬁgfﬁ of || Pired V1, 2cylinder crank. |  Rotating. Fixed star.
- Cooling.
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P. E. p | E | P | E P. E. p | E | P E.

B REEEEGEERE

805 80 [l %ok | S| Y| Pk | O
Daimler. Gyro. 1911 Angani.

11335 §45 °E é& ............................... 78. :56 0. ;:0 79. :32 0.20 [oeeeeeieonannn,
o IR | SRR INGUUORN FOURUN RSO | 2332 e,
Daimler. ‘ 1911 Gpome. i

}3;557 0 52737 } ............................... 1 gg;gog Yoar [l
Sar| T 1} ----------------------------- 215 } BT0 fleene e




252

AERONATUTICS.

TasLe VI.—Diagram factors and efficiency ratios—Continued.

Class No.

1. ‘ 111. Iv.
Cylinder crank arrangement.
Fized inlineof ||  piyeq y?, 9cylind K Rotatin Fixzed star
1 eylinder. , 2<cylinder crank. 0 g .
Cooling.
I : :
Water. Water. { Afr. | Alfr, Water.
Engine or maker.
N.A.G !
P. E. E. P, E. E. . P | E
. Effici- Effici- N Effici- Effici- . Eflici-
gf'tg' ency ency ?lgtg ency ency ]?;gf ency
* | ratio. ratio. o ratio. ratio. - | ratio.
101.0
9.0
337
.318
Angus.
106.5
107.0
.355
.337

Austro Daimler.

94.0 0.26

.31 . 565
Cheno.

103.6 0.229

106.5 .253
‘Wright.

80.2 0.182

. 267 .417
Green.

71.0 5.23
.258 . 504

NoTE.—E. is thermal efficiency referred to brake horsepower and P. I3 mean effective pressure pounds
per square inch referred to brake horsepower.

On account of lack of sufficient data for individual engines, a compression ratio of 1:4.5 has heen assumed
for all engines, equivalent to an air card efficlency of 46.0 per cent and theoretical M. E.P.=300.
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These figures, which should throw so muen light on performance,
are, as a matter of fact, of but little value because of the absence
of accurate data, especially on compression and engine friction, both
mechanical and fluud. They are, however, given to illustrate the
method of judging by thermodynamic standards rather than by
simple comparison of engines one with the other, in the hope that
in future tests such data will be obtained as to make possible the
determination of both diagram factors and thermal efficiency ratios.

Continuity of the operation of mixture treatment in the cylinder
is dependent on the maintenance of a steady state as to temperature
of the metal parts, and this is possible only by a ceoling system of
considerable complexity from the thermal standpoint, however sim-
ple the apparatus may seem, superficially examined. Cooling for
the maintenance of a steady state of temperature in the metal parts
is not of itself sufficient, as the garts must be held to a low limit of
temperature, which requires a definite heat conducting and dissipating
capacity in fpro ortion to the heat receiving capacity of the part.
This limit of allowable temperature is imposed not only by the re-
quirenicnts of the charging and compression functions but is neces-
sary for other reasons. If metal parts become too hot oxidation sets
in, stiffness is reduced, and deformation, both the temporary sort
resulting from expansion and the permanent sort due to molecular
rearrangements, becomes troublesome. Cylinder lubrication is also
dependent on the temperature of the metal surfaces, of piston barrel
exterior and cylinder interior, which, if too high, prevents any oil
remaining without destructive distillation or carbonization, or
impairs its lubricating value by excessive reduction of viscosity.

eat is received by all metal parts in contact with the hot gases
and these parts include the cylinder head, inlet and exhaust valves,
the walls of any valve pockets, the igniter plug, the piston head, and
the whole interior of the cylinder wall exposed at the end of the out-
stroke. The heat received by the cylinder proper is greatest for the
part exposcd during the first part of expansion just following explo-
sion, and extremely hot gases are in contact Widl the whole interior
of the clearance space. In addition, heat is given up by burnt gases
escaping through the exhaust valve and ports to tEe valve and its
stem to the stem guides, port walls, and connecting parts of the cylin-
der head or the side pocket that carries the exhaust valve.

Heat received from hot gases must be conducted through the
metal by more or less devious and rarely straight paths to the external
surfaces of the metal walls from which heat may be abstracted. The
first means of abstraction from the exterior faces of the walls is air in
motion, induced or driven by a fan which may be separate, or the pro-
peller itself. In some cases the free air moving past with the velocity
of flight is relied upon, but the most unique arrangement is that
of the rotating cylinder cooperating with the free air movement.
The second means of abstraction is water or oil, or in general a liquid
circulated by a pump, first over the heat receiving walls and then
through the radiator where the free air again takes it up with or
without the assistance of a fan. A third method, as yet used in very
few acro engines, though frequently used elsewhere, is the boilin
water jacket, noncirculatting, with an air cooled steam condenser an
condensate return. In any case the ultimate disposition of the heat
is to the free air, and when liquids are interposed as carriers it is with
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the idea that some good results will follow what appears to be at
first an indirect method. The only sort of good result that would be
worth while is a better abstraction from heated walls in steadiness
and degree, and that such ig the case is unquestionable, not only on
rational grounds, but by experimental demonstrations.

Whenever heat is to pass between a fluid and a body of metal,
it has been established that a layer of fluid adhering to the metal as
a film acts on the heat flow as an insulutin% layer. The thickness of
this dead fluid film, and thercfore its thermal resistance, depends on the
condition of fluid motion, or, as it has been termed, on the scrubbing
action. High velocities always reduce the film thickness and the
thermal resistance. The thermal resistance (reciprocal of the con-
ductivity) of gases and, therefore, of gaseous films of given thickness,
is of the order of magnitude of 1,000 times that of metals and 10
times that of liquids and the thermal resistance of liquids 100 times
that of metals.

Heat flowing from hot cylinder gases to the air directly must, there-
fore, pass through a complex path of at least three parts, a dead gas
film on the inside walls of the cylinder, the metal wall and a second
dead gas film on the outside. When a circulating liquid is intro-
duced the path is more complex, consisting of a dead gas film on
inside cylinder walls, the metal walls, a liquid film outside the walls,
a second liquid film on the inside of the radiator, jacket, or water
pipe walls, and finally a second gas film on the outside of radiator
jacket or pipe. Each of these elements of the heat path exerts a
thermal resistance to heat flow, and the resistance of the whole path
is the sum of the separate resistances.

Heat flows according to a law similar to Ohm’s law for electricity,
inasmuch as the flow varies directly with the difference of potential
or temperature, and inversely as the resistance. Therefore, over
any complex path, consisting of several parts each of different resist-
ance series as the same quantity of heat is passing through all, the
whole temperature drop is divisible into partial temperature drops
in the proportion of the partial resistance to _the whole resistance.
The resistance of any one part of the path is inversely proportional
to the conductivity of the substance, is directly proportional to the
length of path in the direction of heat flow, and is wversely as the
cross section of path at right angle to the heat flow. Accordingly
the temperature drop through a %ﬂs filin 15 almost a thousand times
as great as through a metal wall of equal thickness, and the drop
through a liquid film also of the same thickness would be about ten
times that through the metal. Gas film thicknesses and thermal
resistances on the interior of the combustion chamber, because of
lack of circulation there, must be fairly thick and so highly resistant.
These interior gas film resistances must be much greater than the
air films on the exterior where air is blasted over surfaces and very
much more in turn than the resistance of films of liquids circulating
over those exterior surfaces. Of all the temperature drops, by all
od(}s the least is that through the thin cylinder walls when the flow
is direct.

The object of the design of the cooling system is to keep the inte-
rior metal walls as cool as possible, and these walls will be cool in
proportion as the thermal resistance of the heat flow path is greatest
on the side of heat reception and in proportion as the resistance on
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the outside is small and the heat flow path through the metal short,
or in the event of this being impossible then of equivalently larger
cross section.

By reason of the fact that they normally work at or nearly at full
power and at such high speeds, aero engines develop more heat per
square inch of wall interior than any other class of internal-combus-
tion engines of the same bore, and it is an open question whether cyl-
inder bore has much, if anything, to do with this quantity. Cooling
must, therefore, be more effectively provided than in any other simi-
lar engine, so that careful study ofp heat flow conditions should be
well repaid in improved results, both as to maintenance of high
power and reliability. While considerable advance has been made in
this direction it is more concerned with general system than with
details. The literature, for example, is full of controversial matter
on air cooling versus water cooling, on the relative merits of air
blasted fixed versus rotating cylinders, and such matters of general
arrangement, but there is a general lack of attention to the rational
thermal analysis or design of the heat flow path for control of its
resistances and temperature gradients.

Cooling of cylinder-barrel walls is perfectly easy by either air or
water, but to get air cooling as effective as water the air must circu-
late many times faster than the water, which is quite effective,
whether it has any material velocity or not. Extension of exterior
surface is, of course, a direct and rational means of reducing the nec-
essary air velocity to secure a rate of heat abstraction that will keep
the temperature of the metal walls much nearer to that of the circu-
lating air than to the interior hot gases. Such ribbing is quite unnec-
sary with water or oil in jackets as the rate of abstraction by this
medium of higher conductivity is so high that no more abstraction

surface is required than that receiving heat to keep the metal at a

temperature very close to that of the liquid.

Dafficulties of cooling begin only on the irregular parts and increase
with their irregularity or thermal isolation from heat dissipators.
The first irregular element met is the cylinder head or side valve
pocket. This receives heat over the whole interior, including the
valve faces, and also from the walls of the exhaust port. It can not
be of uniform metal thickness, and by reason of valve seats and ports
the metal heat flow path can never be of uniform length, so it is to be
expected that however uniform in temperature the interior of the
smooth cylinder barrel may be no such condition can apply to heads
or valve pockets. The intake port and valve, with its stem and stem
bearing, are coolers and need no other cooling than is available from
the incoming charge, especially when the mixture carries some liquid
still to be vaporized. It is this inlet self-cooling that is responsible
in part for lowered volumetric efficiencies, so the heat exchange here
that helps in one direction is harmful in the other.

Exhaust ports, whether cast in or welded to sheet metal or screwed
into machined seats, can not be too well cooled, because they start
at the exhaust valve seat, at which point heat is received on both
the port side and combustion chamber side. Exhaust ports also
carry the stem bearing of the exhaust valve, which is the only
means of disposing of the heat received by the valve itself on either
side. For the amount of heat received and to be disposed of, with-
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out undue localized rise of temperature at the exhaust valve seat,
these exhaust ports of ¢ylinder heads or valve pockets are normally
not cooled sufficiently. Increased metal cross section and metal
extensions to jacket or air blast spaces would naturally assist. Still
worse in many engines is the condition of the exhaust valve receiv-
ing heat on both sides and with no source of dissipation except its
stem and the stem bearing. These steins should have a large metal
cross section, and the metal should be of as high conductivity as
ossible, while the joint from valve stem to disk should be of
ong curve and the disk of increasing thickness toward the center to
furthier promote conducting capacity. The stem bearing can hardly
be too big or long nor too Weﬁ cooled by suflicient metal and heat
dissipating surface, but heat transfer from the stem to the guide
bearing can hardly be expected without an adequate oil film, because
a dry stem means a gas film of so much greater thermal resistance
than oil as to render useless the large metal cross section and surface.
To hold oil in such a stem bearing without an elementary stuffing
box is, of course, almost impossible, but though such a device is not
used, 1t should be added to replace the present two diameter stems
now in use for this purpose. 1t requires only a casual survey of the
illustrations of aero engines to see how diﬁ';e]rent is the means for
head cooling and expecially that of the exhaust valve, its seat, stem
and port walls, and how easily, therefore, distortion of the metal

arts may occur, due to unequal expansion, resulting possibly in

reakages but certainly, when valves and seats are involved, in seri-
ous leaks which, once started, especially at exhaust valves, rapidly
increase by the high erosion influences.

Probably the worst cooled part, aside from the exhaust valve, is
the piston head, which receives heat over its whole top surface, equal
to the arca of the cylinder bore circle at least, and more if arched
upward or dished down, as may {)roperly be done, especially the former
to give it some stiffness and elasticity in thermal expansion. This
heat, while imparted in small part to the crank case air, must largely
and almost wholly be disposed of to the cylinder walls by a radially
outward conduction across the head, followed by conduct down the

iston barrel, thence across an oil film to the cylinder walls. By
increasing the metal thickness of the piston head regularly from
the center outward in prolportion to the square of the radius, its
heat carrying caPacity could be made proportional to the receiving
surface above. Then by suitably thickening the upper barrel the
axial heat carrying capacity can be made great enough to take what
is delivered by the outer ring of the head and conduct it down for
the oil film to be taken up and transferred to cylinder walls. This
last transfer is most effective the longer the piston and the better
the oil film, and as it is thus disposed of the thickness of barrel may
be reduced. Such additional piston metal to secure an adequate
heat carrying path will be least the greater its thermal conductivity,
and there is no reason why suitable carrying capacities should not
result without undue weight. Examination of the illustrations will
indicate that apparently the idea of most of the designers has been
to use as thin, and uniformly thin, metal as possible with no thought
of heat conductivity whatever, though a few give evidence of some

asp of the problem. An exception to the overheated piston is
ound in the rotating cylinder engine that carries its inlet valve in
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the piston, which in this case is adequately cooled, but at the ex-
pense of volumetric efficiency. There is no reasou, should thick
metal pistons prove objectionable, why air blasts should not be
introduced directly under the pistons except the consequent evap-
oration of lubricating oil.

Piston heads that are very unequally heated or very highly heated
are subject to a considerable expansion and to oxidation as well,
besides being responsible for decreased volumetric efliciency and
preignition or lowered compression. Excessive and variable expan-
sion of the head besides resulting in permanent deformation or cracks
will cause the piston to bind on the cylinder unless cut away or given
extra eylinder clearance. If sufficiently cut away to give relief,
leakage is promoted, which defeats lugrica.tion, and the oil film,
which is an essential part of the thermal path from piston to cylinder,
is destroyed and overheating accelerated. Some little clearance, and
more &t the top than along the barrel, is necessary, but the less the
better, and the better the cooling of the piston head whether by con-
duction across it and down the barrel or through separate conduction
bars, directly from head center to barrel and to oil film, the less
clearance will be necessary. A photograph is given in a German
report of a piston that failed from overheating, and such failures
seem to be frequent. There is also shown a burned spark plug,
which should be cooled just as well as other parts to prevent exces-
sive temperature rise, though its end must be warm to promote
cleanliness, but not so warm as to make an incandescent spot, or to
cause destruction.

Cracked cylinders are also more or less common from unequal
cooling, and in both the German and the British Alexander tests
such cases are reported. In the latter the fact that the cylinder ran
11 hours before failing proves the crack to be not due to any gas-
pressure stress. This unequal cooling or heating may be due to
uneven thicknesses of metal or to unequal heat abstraction, as
would occur in water jackets with steam or air pockets, or to the
impact of the air blast from the propeller on the front side of a for-
ward cylinder. Rotating air-cooled cylinders and, in fact, cven
fixed air-blasted cylinders can not be equally cooled because it is
quite impossible to force equally cool fresh air at equal velocity
around the whole cylinder, no matter how many baffles or guides are
used, and this inequality must promote distortion. One compen-
sating element used, that of eccentric ribs giving more surface for
heat abstraction on the side of least air activity, 1s ingenious, prob-
ably more so than effective. There seems to be no hope whatever
of air cooling ever being made as uniform as with water, and there-
fore more distortion effects are certain in air-cooled engines even
though, by the use of excessive quantities of air and fan or windage

ower, the walls could undoubtedly be kept as cool as with water,
1t could not be a uniform cooling, and hence not as desirable. In the
German test report the windage of the Gnome rotating cylinder
engine is given as 8 per cent of tho output, which checks exactly the
value given by Winkler for the Renault fixed-cylinder engine fan

ower.
P Water gives control of temperature in degree as well as uniformity,
for with sufficient radiator capacity the water temperature entering

25302°—8. Doc. 268, 64-1—17
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jackets can be kept only a few degrees above that of the free air.
By sufficient circulating-pump capacity the delivery temperature
from the engine jackets can be kept as near the inlet temperature as
may be desired.  On the other hand, should the engine he found to
work better with warmer water, or if radiator size is to be minimized,
and the advantage be regarded as greater than a warmer engine,
this can be accomplished by reducing radiator size with correspond-
ing rise of temperature of water inlet to engine without in any way
affecting the uniformity of heat abstraction from the engine metal.
The limit of this occurs when the jaucket water is allowed to boil, as
in the Antoinette, in which case the radiator becomes an air con-
denser and very small because of high temperature difference between
steam (212° F.) and the free air. Higher temperatures than this
can be sccured by the use of oil in jackets, as is done in some farm
tractors to further reduce radiator size, and such oil has the advan-
tage of not freczing.

Aiston-cooling effectiveness is more or less measured by the limit-
ing diameter that is operative, and the tendency to use multiple cyl-
inders of small diameter, especially in the rotating air-cooled engine,
which go as high as 20 cylinders per engine, and to keep their cylinder
diameters less than 5 inches, can be traced directly to this. Even
with water-cooled engines a limit is reached, dependent entirely on
this piston-cooling factor, and larger cylinders than are now used
require better cooling of the piston by the methods indicated.

emperature expansion stresses added to those imposed by gas
pressures and mass motion forees have never vet been successfully
attacked by the stress analyst, but even if they could be treated
mathematically it would help but little when the temperature in the
various parts of the metal structure are unknown. No class of
machine except the large internal-combustion engine suffers so
severely from these temperature conditions as aero engines, and in
none is the consequence of failure likely to be so serious. This new
and difficult problem must be attacked patiently and systematically
by experimental research if any but aceidental or haphazard results
arc to be attained. Pending such needed fact data on temperatures
and temperature gradients and on the effects of mean temperature or
temperature differences on volumetric efficiency, on limiting com-
pressions, on metal expansion, on perinanent distortion, or on corro-
sion, the best that can be done is to use that method of attack that
promises best results in uniformity of cooling and in low mean tem-
perature. This undoubtedly involves the use of liquids as heat
reccivers from the metal walls, but just as surely demands proper
arrangement of metal parts for promotion of heat transmission as
uniformly as possible through the several parts.

Lubrication ns a process 1s of considerably greater importance and
significance in the aero engine than in any other, for while it has but
little direct relation to the power weight ratio, it has an indirect one
and, of course, bears directly on reliability, constituting probably the
most important element of this factor. The indirect relation of lubri-
cation to the power weight ratio results from the use of unusual
metals at bearing surfaces, especislly cylinder versus piston, adopted
for reduction of metal volume, and bringing cast iron and bronze
against steel, and even steel against steel. Lubrication is also as
pointed out previously, a factor in cooling when the heat dissipation
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path includes an oil film surface, maintenance of which reduces heat
resistance to a proper value, but loss of which results in overheating
of the parts that are thus thermally isolated. Not only is the lubri-
cation of the acro engine peculiar 1n these two respects of unusually
difficult metals to be lubricated, and heat conductivity function in
addition to that of lubrication, but in other respects as well.  Maxi-
mum compactness in the interests of low weight leads to the use of
small bearings and as high bearing pressures s may be feasible for
the very high speeds in use.  In the case of rotating eylinder engines
any change in angular velocity produces piston side thrust loads, not
found in any other machine and these may be extremely high, so
high as to even bend the eylinders as cantilever beams if the accelera-
tion, positive or negative, is large. All aero engines have closed
crank cases and these must necessarily get very warm, largely from
heat received from the underside of pistons, but also from the whole
side of the piston barrel and the exposed eylinder wall.  The cylinder
wall is hot by reason of the heat being conducted through, so that the
viscosity of the oil on it is reduced just about to the %imit. In the
hottest region near piston heads, and even in some cases in other
parts as well, the cylinder oil suffers decomposition changes, due to
the heat, as 1s proved by the progressive loss of lubricating value of
oil in circulating return systems. Not only is the oil subjected to
variable and high temperatures, but it must be of such character as
will not leave excessive carbon residues in the combustion chamber
when it works past pistons, but must vaporize on the hot surface with
least carbonization. Coupled with these high interior temperatures
of the aero engine are possible excessively low temperatures of the
surrounding air, freezing temperatures in high altitudes being rather
the rule than the exception, and yet immediately before or after, the
machine may be close to the earth where the temperature in summer
may cxceed 100 degrees.

It is clear that aero engine lubrication is not only more important
as a process than in other classes of engine with reference to need and
consequences, but is very much more difficult on account of the
excessive heating, even when the engine is built of the standard mate-
rials of internal combustion engine practice, i. e., cast-iron piston on
cast-iron ¢ylinders, but is doubly difficult when steel is substituted to
reduce metal volume, so it is natural to find new elements of practice
introduced.

Crank shaft and crank pin bearings of aero engines offer no more
difficulty on aero engines than on others, provided the bearing pres-
sures imposed by the designer in an effort to cut down material are
not excessive and provided the surrounding atmosphere is not hotter.
The necessity for crank cases imposed by the presence of dust in
the air at landing and starting points, does make the atmosphere
surrounding these bearings abnormally hot, especially when the pis-
tons are inadequately cooled as is more often the case than not. This
hot, atmosphere created by hot pistons and conserved by the closed
crank case naturally raises main and crank pin bearing temperatures
to some value higher than the crank case air, fixed by the Eeat gen-
erated in them by friction, and so reduces oil viscqslt}lr correspond-
ingly. This would seem to be sufficient reason for using lower bearing
pressures or larger surfaces than in auto engines, for example, and this
conclusion is reenforced by the fact that the bearing surface speed is so
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very high and continuously so. Instead of larger main and erank pin
bearings, the aero engines so far developed usually have equal or
smaller ones than automobile or boat engines. No matter how
elaborate the oil-feeding system nor how carefully the grade of oil
may be selected, this practice can not be accepted until 1t has been
more fully demonstrated than hies yvet been done, that it is necessary.

Piston and wrist pin lubrication present still greater diflicultics,
and no new methods of lubrication are available beyond the supply
of excessive quantities of o1l to these surfaces.  As already pointed
out, acro-engine pistons are hotter than those of other engines because
of the higher speed and consequent greater heat quantity per minute
taken up by the pistons, and also because these are of thinner metal
and so can not dispose of their heat so readily to the eylinder walls.
This is further aggravated by the shortness of the pistons, which in
some cases are hardly more than two-thirds of a diameter in length,
though Winkler recommends 1.1 diameter, while stationary-engine
pistons are regarded as requiring a length of two diameters. Such
short pistons reduce the heat dissipating c¢ylinder contact surface,
but also increase the side-thrust pressures. They tend to cock side-
wise, especially when made loose to relieve expansion, and so concen-
trateside thrust at the ends instead of distributing it over the alrcady
too small surface. In the rotating cylinder engines additional side
thrust of almost any amount may result from variations of angular
velocity if sudden. Under such high temperatures and high side
pressures, perhaps badly distributed, the viscosity and lubricating
value of most oils falls very low and the decomposition conditions
are approached with production of light constituents that evaporate
and of tar or carbon constituents that stick. Yet in spite of this the
speed of the rubbing surfaces is so very high as to require lower sur-
face pressures and temperatures rather than higher. Mean piston
speeds are never under 1,000 feet per minute, a%igh limit for good
stationary-engine practice, and even exceed 2,000 feet per minute,

To stilf further aggravate this piston-lubrication condition, stecl

istons have been introduced against cast-iron cylinders, steel cyl-
inders with cast-iron pistons, and steel pistons against steel cylinders,
again in the interest of reduction of metal voluine, though nowhere
in engineering practice has there been any success in lubricating such
surfaces, especially when very hot.

The fact remains, however, that these acro engines do run, but the
absence of sufficient reliable data extending over years of experience,
commensurate with that on which present standards of internal com-
bustion engine practice rests, makes it a source of wonder whether
the lubrication of aero engines at present is wrong and bad, or whether
on the other hand they have taught old practice something new.
About all that can be said at present, however, is that many acro-
engine failures traced to lack of lubrication aro recorded; that the
oil comsumption of these engines is very high, in some cases reaching
half the weight of fuel; and finally that the greatest caution should
bo observed in following present methods. At the same time, the
construction of engines to operate cooler at lower bearing surface

ressures and with parts of successively different mat‘eriai‘ should
ge undertaken for test data. Each new combination should, be
experimentally tested to destruction with decreasing quantities of
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selected but different oils to definitely settle this question in the
laboratory.

As to details of method of application of oil, there seems to have
been developed some more orless general practices.  Allrotating eylin-
ders arelubricated by crank-casesprays, which in the case of those tak-
ing the charge through the crank-caseinvolves the carrying of appreci-
able quantities of oil into the combustion chamber where it burns, at
least in part. This is practically equivalent to the splash system for
fixed cylinders, which for auto engines has proved only moderately
successful and for acro engines is quite unsuited. All fixed-cylinder
engines use forced lubrication for main and crank-pin bearings,
through hollow or drilled shafts and cranks, the pressure being
developed by pumps, many of which have failed even during com-
petition tests. Normally these fixed-cylinder engines have crank-
case oil tanks at the lowest points, often, though not always, carrying
here all the oil supply for a full length run of 10 hours or more, as
a means of preventing solidification of oil under low-air tempera-
tures, and with all or most of the distribution pipes inside the crank
case for the same reason, sometimes substituting cored or drilled

assages in the casting for pipes. These pump-foreed feeds are so
ar all of the central system, one pressure su le) , sometimes with a
duplicato in reserve, being provided with multiple outlets, which has
an element of danger, because tight bearings nceding most oil receive
least in proportion to the loose bearings which, offering less resistance
to oil escape, tend to take it all. There are three typical pump
systems: First, complete circulation of the whole supply to hearings
with gravity return to sump and pump; second, direet feed of fresh
oil from pump with no return; and third, combinations of this with
two pumps, one for fresh and one for circulating oil, discharging into
common bearing tubes or into scparate oncs. Any circulating oil
system requires a cooler, and the exposed crank-case sump surface
is sometimes relied on, sometimes supplemented by air-circulation
tubes or by carrying the oil supply to exterior cooling surfaces, and
as g rule this oil cooling is made complementary to carburetor mix-
ture or air warming, by passing one in thermal contact with the other.
As a rule cylinders and wrist pins are lubricated by the oil escapin
from main and crank-pin bearings, but considerable modification o%
details is found, and reference is made to the papers and reports
reproduced in the appendix. Among these tﬁat of Benderman,
reporting on the seeond German ocmpetition, is so good that it is
worth quoting.

Lubrcation.—The amount of lubricating oil required is affected by
the system of lubrication and the circulation of the lubricant. The
lubricant of an acroplane engine should not only reduce the friction
between the parts which are in sliding contact, and not only remove
the frictional heat, which is considerable, due to high bearing pres-
sure, but in many cases it also has to cool the piston heads. The oil
is largely lost without doing any work. It works past the piston
into t{fle combustion chamber and there fouls spark plugs and valves.
This, of course, can not be avoided altogether, but it may be minimized
by guards at the cylinder ends and by positively feeding the oil to the
wrist pins. Much oil escapes in the form of vapor and fog through
the ventilating funnels (breathers), whieh equalize pressure or vacuum
in the crank case without allowing the oif to squirt out or dirt to
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enter, If these breathers are made long and exposed to the air blast
the oil vapor will condense in them and distant places, such as the
cam shaft above the cylinders, may thereby be lubricated in place of
the hand lubrication.

The loss of oil by leaks in_the casing depends on the number and
kind of the joints. KEspecially the guides of the valve tappet rods
throw out a great deal of oil. It will, therefore, be well to I?eop their
diameters at the place where they emerge, small. In one motor the
tappets are nearll;r surrounded by the ventilating pipes (breathers),
whieh direct the oil coming back to the crank case.

The lubricating qualitics of the oil decrease with increasing tem-

erature. Therefore rapid circulation of the oil in the bearings sub-
jeeted to high pressures is required; also suflicient cooling in a spa-
cious o1l pan, preferably with cooling tubes. At high temperatures
as tables 5 shows, castor oil is considerably more viscous and effective
than good mineral oil. It, therefore, so far can not be done without
in air-cooled engines, For water-cooled engines one of the two min-
eral oils mentioned was always satisfactory during the competition,

The most simple system of oil distribution is the so-called splash
system (very imperfect). The fresh oil supplied from outside or the
storage oil collecting n the crank case is whirled around by the rotat-
ing and reciprocating parts and is thus intended to get {o the proper

laces. This means that considerable excess of oil is required; the
ﬁ»sses are considerable. Iingines lubricated in this way usually have
a smoky exhaust.

More advantageously the oil is positively conducted by a distrib-
uting line to the fixed bearings, and from there as far as possible
witheut loss conducted to the connecting rod ends and to tlllc rub-
bing surface of the piston. This is best effected by full oil throw
rings on the crank and a pipe connection Letween the ends of cach
connecting rod. | In some cases the oil throw rings are only partially
exccuted and are partially replaced by turned grooves in the side
of the crank. These cateh the oil, whieh, after leaving the bearings,
runs along the side of the crank.

In other eases the oil condueted to the erank bearing is forced into
the interior of the crank shaft and from there under the influence of
centrifugal foree runs to the conneeting rod ends.  On the way into
the shaft it has to overcome centrifugal force.  That requires very neat
bearings and at times high oil pressures.  Piston force pumps m this
case arc to be preferred to gear pumps.  The positive supply to the
wrist pins permits the most complete utilization of the oil. The
lubricating oil consumption is reduced and a supply for several hours
may be provided in the moderately enlarged crank case. If the
crank case should be too small, a pump for fresh oil has to replenish
the supply from without. The fresh-oil pump may either discharge
into the circulation line or may feed a special distribution net, sep-
arated from the closed-circuit line. This, however, is hardly advan-
tageous, sinee the required small make-up of fresh oil, should the
closed ecircuit fail, does not suflice {o keep the engine running for
any length of time. Special attention must be given to the fact
that the oil in cold weather beecomes so thick in exposed pipes that
a dangerous lack of oil will be the result and the bearings will melt.

The circulating oil becomes polluted by metal dust and deposits
of combustion. Small particles, however, do not matter; Jarger
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ones may be kept away from the pump by brass screens. In the
engines tested these screens were not always well accessible.  From
the fine carbon particles which the circulating oil carries with it after
a certain length of time, the bearing metal receives a grayish look,
but its durability is thereby increased.

The oil pump is connected by a short suction line with a point of
the case located so low that in all inclined positions of the engine it
is covered by oil.  The lubricating oil, which is very thick at low
temperatures, renders the design of the oil pump very important.
All automatically operated parts, such as valves with springs, and
such, easily fail, and therefore are to be avoided.

Part 2 (b).—GENERAL ARRANGEMENT, FORM, PROPORTIONS, AND MATE-
RIALS OF AERO PARTS—POWER-WEIGHT RATIO, RELIA-
BILITY, AND ADAPTABILITY.

If in every cylinder the same mean effective pressurc were obtained,
and if all cylinders weighed the same number of pounds per cubic foot
of displacement per stroke, including their attached valves, rods,
pistons, wrist pins, and connecting rods, then the weight per horse-
power of engine at the same engine speed would depend on the frame
and shaft weights per cylinder which 1s a result of the general arrange-
ment. If at the same time the thermal efficiency of all engines were
the same, the added weight of fuel and tanks per horsepower would
be the same for all. Dilferences in weight per horsepower of engine
proper and of engine, oil, fuel, radiator, and tanks taken together
are considerable, the heaviest being more than twice the weight of
the lightest even for short runs, and the excess is more than this for
the longer runs. The basic causes for such differences can be reached
only by analysis along these lines, and such analysis will indicate
that as many of the clements of actual difference are accidental or
incidental as are essential or inherent in arrangement, form, pro-
portions, or material.

The influence of arrangement to be first examined is in some cases
quite clear and in others complex. Where, for example, arrangement
of cylinders in number and position has no effect on the hmiting
speed, on the mean cffective pressure, on thermal efficiency, or on the
weight of cylinders complete per cubic foot of displacement per stroke,
then the effects of arrangement arc clear, qualitatively. The con-
trary is the case when a given arrangement that gives reduced frame
and shaft weight per cylinder as compared with another also requires
heavier cylinders, or is limited to a lower speed, or is incapable of
any but a low mean effective pressure, for here the result depends on
the degree to which one factor compensates another.

Differences in arran.iement are more bold and numerous in aero
engines than in any other class, and some of them are quite unique,

et with these truly remarkable differences that are quickly grasped
Y‘;y a reference to the illustrations in the appendix, the su ris'mﬁ
thing is not that the weight per horsepower varies considerably wit
arrangement but that it does not vary even more. 'This is an indirect
proof of the existence of these compensating factors, and shows that
arrangement has not as great an effect on weight per horsepower as
might at first be expected. Air cooling versus water cooling is a fair
illustration of this, for elimination of jacket, radiator, and pipe metal
and of water reduces weight, of course, but the result is usually a
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lower mecan effective pressure and thermal efficiency. Again, the
rotating cylinder air cooled as compared with the fixed cylinder,
while eliminating fans and rib casings, adds a windage power require-
ment, must have steel eylinders to avoid the uncertainty of casting
soundness in resisting the great centrifugal forees, and so must use
excessive quantities of oil, which has to be carried.

Ignoring for the present those compensating differences and con-
centrating attention on the effects of arrangement alone, it is clear
that two similar cylinders set side by side, each developing the same

ower and of equal thermal cfficiency, will not require shaft and
rame weights twice as great as one.  Adding a third 1s equivalent to
placing between the frame and shaft ends an intermediate picce
without ends, and hence of less weight, but each cylinder added, be-
ginning with the fourth, adds exactly the same frame and shaft
weight as the third, and therefore has very little influence on weight
per horsepower, unless other modifications are introduced, such as
casting two cylinders en bloc, removing main bearings between alter-
nate cranks, and thickening of frame and crank shaft to meet the
stresses introduced by increased lengths. Therefore multiplication
of similar cylinders along one line reduces weight per horsepower fast
at first, and beginning with tour rapidly less, and beyond a certain
number of cylinders the weight reduction is more or less equalized or
overbalanced by the necessity for greater metal cross-sections per foot
of length in shaft and frame. To illustrate the point, a given style
of boat engine having the same cylinder on engines of one, two,
three, four, and six cylinders in line is selected, as no other class of
engine covers such a wide range of number of identical eylinders, For
one size of cylinder the single-cylinder engine weiﬁhs 472 pounds, and
the two-cylinder engine 626 pounds, the second cylinder having added
154 pounds, or 33 per cent. The third three-cylinder engine weighs 716
pounds, so that the third cylinder has added 90 pounds, and each ad-
ditional cylinder also adds the same 90 pounds up to six, the weight of
which is therefore that of the two-cylinder engine, 626 pounds, as these
are retained for ends, together with the weight of four cylinders of 90
pounds each between, or 360 +626 =986 pounds. The corresponding
weights per horsepower have the following relation, taking that for
one-cylinder engine as unity, the numbers representing 1, 2, 3, 4,
and 6, respectively, are 1, 0.52, 0.40, 0.335, 0.274. The fact that
each intermediate cylinder has added exactly the same weight in this
engine indicates that shaft and frame weights per foot have also
remained constant, but in some cases, and properly, these are made
heavier in passing, for example, from four to six cylinders, so that the
small reduction 1n weight per horsepower above 5 per cent of the
weight of the single-cylinder engine is lost entirely, and the six-
cylinder would be no lighter than the four per horsepower.

Further weight reduction by arrangement alone is available with
multiplication of similar eylinders, not in line axially in a plane
passing through and including the shaft, but radially about the shaft
m a plane at right angles to 1t. Two cylinders with axes in line and
with connecting rods working on one crank pin, constituting the two-
cylinder opposed engine, or two cylinders with axes at right angles
also working on one crank constituting the right-angled V engine,
add no frame weight for the second cylinder over what the first
requires. It really reduces it by the metal required to cover the bore
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hole, except for some thickening at the joints. Nothing at all is
added to the shaft weight except when the crank pin is made longer,
as is rarely the case. This arrangement gives a greater gain in
weight per horsepower than two cylinders in line, but when the second
cylinder is added radially in another plane and has its own crank it
sgould result in a weight exactly the same as for two in line, hecause
the difference is merely one of rotating one cylinder with reference
to the other, retaining the same metal throughout.

These are the two fundamental arrangements of multicylindering
for the standard piston-connecting rod-crank engine, and so long ag the
cylinders remain fixed there is no reason why cach cylinder in any com-
bination should not weigh the same and give the same mean effective
pressure or thermal efficiency as any other. In this case the weight
per horsepower of engine and plant is less the more the cylinders are
multiplied and the more the multiplication takes place radially around
one crank rather than with separate cranks, up to the point where the
shaft and frame thickening must be so great as to compensato for
reductions, which begins to be appreciable at four cranks and is very
marked at six, except as other details may modify the result.

Fixed-cylinder multiplication radially about one crank presents
no objectionable features until the cylinders become inclined differ-
ently to the normal horizontal plane, when there enter lubrication
difficulties on cylinder-piston surfaces, especially when cylinder
heads are lower than the crank shaft. The tendency for oil to work
past the piston into the combustion chamber, fouling spark plugs
or carbonizing the interior and requiring more oil to keep the surface
properly wetted, is strong enough when the head is directly above the
shaft, but is stronger when it is lower, and doubly so when the head is
directly below. This has prevented the general adoption of any
radial arrangement about one crank beyong the horizontal opposed
and the 90° to 45° V, set with equal angles to the horizontal. = Any
more than two radial cylinders compose unequal angles and involve
different tendencies to oil flow toward heads m each, so while multi-

lication in this direction promises ﬁroator weight reduction than in
Pine with a crank to cach cylinder, the latter has been earried farther
in point of general adoption.
he four and six cylinders, each with its own crank, are standard,
and doubling the rows of cylinder axes in line without changing the
cranks gives the 8 and 12 cylinder opposed, the former used a little,
the latter not at all. It al}so gives, when axes are inclined, the §-
cylinder V, a much used standard, and the 12-cylinder V, but little
used so far, but possessing advantages that are promising.

Radial disposition of fixed c¢ylinders which should give the greatest
possible weight reduction in frame and shaft has afew representations,
notably the air-cooled Anzani, which uscs three or five eylinders in
one plane on one crank and then duplicates on successive cranks
until the 200-horsepower engine is reached, which has 20 cylinders in
four planes of five stars each, and five cranks. It is the operation of
this and similar engines and of the bold departure of the German
Daimler inverted cylinders (Bendeman report), with heads directly
under cranks, which makes it doubtful that the old conclusion that
such arrangements must lead to fouling is really valid. This latter
engine did not foul in the competition, and it will be worth watching
in service to see if it continues to keep as clean as do cylinders with
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heads above cranks, and not to require excessive amounts of oil to
make up for gravitational cylinder wall drainage. If this should
work at all right, this arrangement offers further opportunities for
weight reduction over the now standard multicrank form.

Even here, however, there is a limit to the number of c¢ylinders that
can be radially placed about one crank, a limit imposed by their
intersections, a.n(f while the rotating Gnome uses a maximum of nine
and a minimum of five, the fixed Anzani uses three or five. The
Anzani figures for two sets of three are 50 horsepower and 200 pounds,
or 4 pounds per horsepower, and for two sets of five 100 horsepower
and 330 pounds, or 3.3 pounds per horsepower, the reduction of 0.7

ounds per horsepower, or 174 per cent, being the effect of using five
mstead of three per star, all cylinders being of same size. Similarly
the effect of douEE)ling the number of rows is shown by comparing the
10-cylinder 100-horsepower with the 20-cylinder 200-horsepower,
both having sets of five, the former two sets and the latter four sets.
The former weighs 363 pounds, and the latter 682 pounds, the differ-
ence of 310 pounds being the weight added to the first 10 ¢ylinders,
which themselves weigh 363 pounds, and showing nearly proportionate
addition of weight per crank added, the actual addition being 88 per
cent. The gainis 0¥ course greater in passing from a one cranﬁ star to
a two thanfrom two to four cranks, as might be expected from the study
of eylinders in line. This is shown by the figures for the 3-cylinder,
30-horsepower, 121 pounds, compared to 6 cylinders (two sets of
3 50-55 horsepower, 200 pounds), the second row adding 79 pounds
to the first 121 pounds, which is only 63 per cent, as compared with 88
per cent when two rows are added to two to make four.

Increase of cylinders radially about a crank always reduces weight,
but the weight reduction is most when the frame and shaft weight is
large in proportion to cylinder weight, and least otherwise. Ideall
the wei Ylt reduction by multiplication of cylinders would be zero 1f
the shaft and frame weighed nothing. This is clearly shown by the
figures given by Winkler in Table VII for the proportionate weight
of the various parts of fixed auto type and rotating radial cylinder
engines. To these figures are added some pound values for the parts
computed from Winkler's fractional weights and assumed typical
total weights.

TasLe VII.

[Note.—The table is based on Winkler’s figures for weight distribution in different types of engines, The
first three engines are of the fixed eylinder in line type; the last is an ordinary Gnome engine. The total
weights have been assumed.)

100 horsepower 4- | 55-60 horsepower 4- | 150 horsepower 6-
cylinder engine. cylinder engine, cylinder engine.
I

Per cent.| Pounds. | Per cent. | Pounds. | Per cent. Pounds.
Crank case, complete._.................... 23.75 95. 00 19.00 49,40 23,00 126.50
Cylinders. oo ovinniunieiie e 26. 00 104.00 30. 00 78.00 28, 50 156. 80
58 53200 1 5.75 23.00 8.50 22.10 7.00 38. 50
Connecting rods. . R, 6. 50 26.00 5.00 13.00 9.00 49, 50
Crankshaft. ...... ... cooiiiiiiis 15.00 60.00 14,50 37.70 13.00 71.50
Camshaft..... ...l 3.25 13.00 2.00 5.20 2,00 11.00
Valverods,ete............cooiiiiiiias 5.50 22,00 4.50 11.70 4.50 24,75
Valves, springs, etC............oooieniinnns 3.25 13.00 2.00 5.20 3.50 19,25
Pump, including connections. .- 1.50 6.00 2.75 7.15 1.50 8.25
Carbureter, throttle, ete .50 2.00 1.50 3.9 .50 2.75
7.50 30.00 7.00 18.20 6.50 | 35.75

.50 2.00 1.25 3.25 [ceneenn. .. L.
1.00 4.00 2.00 5.20 1.00 5.50
01 £ 100. 00 | 400. 00 100.00 260, 00 100.00 | 550,00




AERONAUTICS. 267

TaeLe VII—Continued.

Rotating-cylinder [ Rotating-cylinder
engine. ‘ engine.
7 cvlin- | 50 horse- | 7 cylin- | 50 horse-
ders. power. ‘ ders. power.

Per cent. | Pounds. Per cent. | Pounds.
Crank case.................... 20. 00 30.00 || Magneto.............ccc...oe 7.50 11.25
Cylinders..................... 27.50 41.25 | Oiling mechanism . ........... 2.5 3.75
Pistons.......... . 7.00 10.50 |} Carbureter, including throttle. 1.25 1,875
Connectingrods..covoevnen... 6.00 9.00 Frame........................ 9.50 14.25
Crankshaft................... 8.00 12.00 Resta.. oot 1.00 1.50
Cam shaftand drive.......... 2.00 3.00
Cam-shaft casings............. 3.75 5.625 Total. ...l 100. 00 150.00
Tappctsand rods............. 4.00 6.00 !

These figures are most interesting, but must be used with consid-
erable caution, as the Winkler fractions are gencral averages and
when applied to a given engine may give pound values that are
somewhat in error. One instance of this appears in the value ob-
tained for the magneto in pounds by applying the general average
fraction to a given overall engine weight and which works out in the
table as 35 pounds for one and 18 for another. While of course there
really may be this difference, it is not fundamental nor is there any
acceptance of its accuracy. The really valuable parts of the table
are those items for the principal parts, such as cylinders. crank case,
pistons, and shafts.

Radial disposition of cylinders does not suffer from inequality of
oil flow to combustion chambers only when cylinders and frames are
rotated about the crank shaft, but here the tendency toward head-
flow is increased by the centrifugal force on the o1, which is far
greater than pure gravitation and which apparently is at least a con-
tributing factor to very high oil consumption of these engines and
their quick carbonization. It may be that this is more an effect of
the use of steel and of high wall temperatures than of centrifugal
flow, as such engines are always air cooled by reason of the difficult
of making moving water joints and of controlling water flow wit
the centrnifugal forces acting in jackets and pipes, but everything
points the other way. Inverted cylinders having head flow tenden-
cies between these rotating cylinder engines and the normal vertical
must be accepted with great caution at present, though there is at
present no data that warrant a conclusion. Complete radial star
disposition of rotating cylinders gives the smallest possible frame
and crank weight per cylinder, but it is not possible to use some of
the cylinder constructions and materials that are perfectly feasible
in fixed cylinders. Centrifugal forces put cylinders and connecting
rods under a tension stress that is pretty large at the high speeds
used, and angular velocity changes impose cylinder-bending stresses,
due not only to their own overhang but also to the pistons, and
these stresses are additional to those imposed by explosion pressures.
To reduce these special centrifugal stresses to a minimum, the
weights of the parts must be the very least possible, and this is to
be accomplished by the use of an assuredly sound and high-tension
metal, such as one of the steels. These engines, then, have adopted
steel as a cylinder material not so much from choice as of necessity,
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and the fact that the surfaces could be lubricated at all has acted as
an incentive to its substitution for the old standard eylinder material,
cast iron, in the fixed eylinder engines, with corresponding weight
reduction per ceylinder in that class. The effeet of this weight re-
duction must not be exaggerated. Steel pistons, for instance, are
only 12 to 15 per cent lighter than cast-iron ones, since botton must
not be too thin on account of the danger of burning through. Fur-
thermore, pistons weigh only about 7 per cent of the total engine
weight. Greater effects are possible when steel eylinders and sheet
jackets are substituted for cast iron, yet even here the gain is rather
iess than might be expected, because of the heads, and the substitu-
tion is warranted more on grounds of assumed soundness of forged
rolled or drawn steel compared with cast-iron, which may have hidden
defcets such as blow holes, cold shorts, or bad shrinkage stresses.

In this brief review of the effects of gencral arrangement of cylin-
ders and cranks on the weight per horsepower, it was assumed that
other factors remained fixed, such, for example, as the weight of
cylinders per cubic foot of displacement per stroke. Variations in
details of construction of the cylinder complete with valves and
valve drives, pistons, and connecting rods, such as might affect this
unit weight, are not only pretty numerous and cover a considerable
range, but taken in conjunction with the corresponding variations of
material, the resulting unit weights of the complete cylinders fotllow
no simple law. A type construction of few parts that would tend to
lightness may employ a heavier material that equalizes the weight.
A somewhat more complicated or essentially heavier construction
will often be found associated with a lighter material, producing the
same result and unit weight. The combination of lighter construc-
tion and material together, cooperating to produce low unit weight,
is dlso found, but unfortunately this is usually offset by lower mean
effective pressure and efficiency or by a less favorable general
arrangement,

The object sought is the lichtest combination of form and material
for eylinders, pistons, and their accessories consistent with proper
values of the other factors that contribute in the same direction to
a higher horsepower per pound of total weight.

It scems pretty clear that designers and inventors of acro engines
have started with some favorite general arrangements 6f cvlinders,
cranks, and frames and then have sclected detail part forims and such
material for ¢ylinders and pistons as was either essential, s in the
rotating cylinder engines, or as would bring the net result into suc-
cessful competition with previous engines. To put it otherwise,
there is no combination of the various factors that contribute to a
low weight per horsepower ratio involving the most favorable value
of each factor. This would require the largest number of cylinders
that could be disposed radially about one crauk, followed by further
extension in line on other eranks, as to general c¢ylinders-frame-crank
arrangement. It would also require the use of the simiplest piston,
eylinder, valve, and connecting rod construction, all of steel, operat-
ing at the highest speed, and processes, and producing the highest
mean effective pressure and the lowest fuef and lubricating oil
consumption. Such a combination has so far been impossible and is
mentioned here to accentuate the position of the factor at present



AERONAUTICS, 269

under consideration, that of weight per cubie foot of displacement
per stroke of cylinders, including all attached parts.

Lightness of metal purts may be secured by the use of large volume
of low density material of low stress resistance such as aluminum or
by a small volume of metal having high stress resistance but of

reater density, such as steel, or some compromise, such as cast
wron. I the material were required to pecform the stress resistance
function alone, the modern steels which ean be counted on for
upward of 173,000 pounds per square inch elastic limit and some
15 per cent elongation with an ulltimate tensile strength approach-
ing 200,000 pounds per square inch, are so superior that nothing else
could be considered. That other materials are used at all is due to
the fact that the material of some parts must have other properties,
each contributing to a different function than that of stress resist-
ance. Piston and eylinder material must have good conductivity,
especially the former. Pistons and exhaust valves especially, but
to some extent the whole combustion chamber, must resist oxidation
under high temporaturcs and water jackets must resist hot water
corrosion. All heated parts should have the lowest possible coefli-
cient of expansion to minimize the thermal stresses of unequal
heating, and the expansion characteristics of cylinder material with
reference to that of the piston should be such as to oppose seizing
on heating. The piston must heat more than the cylinder, so cylin-
der material should have a higher thermal coefficient of expansion
than piston material, though in small cylinders with proper clear-
ance the same material will serve but never should piston metal have
a higher coefficient than cylinder metal. Permanent distortion of
metals under the heating conditions of operation is not permissible
in eylinders, heads, valve seats, valves, and pistons, so some commer-
cial alloys, including some steels, are barred on this account. Finall
the metal of these two parts, cylinder and piston, should have suc
a molecular structure as will lubricate well, cast iron on cast iron is
the best, cast iron on steel next best, and steel on steel the worst
combination, neglecting the nonferrous alloys which may be service-
able though they are as yet unknown quantities. This is not an
absolute necessity except where excessive oil consumption is more
important than metal weights. Engines intended for short flights,
an hour or so, might very pro%erly have piston-cylinder materials
that ignorc this, compensation being secured by large oil consump-
tion wﬁlich adds little weight. But long flights will add enough oil
weight to more than offset the weight reduction obtained by making
both parts of steel, as compared with both cast iron, or one of each.

About every combination of standard ferrous materials forged,
cast, drawn, and rolled for the heated parts that could be produced
has been tried, and is even now in use, so it can be definitely stated
that practice in ferrous materials is not yet established, which means
that there are insufficient data at hand on the differences in their
behavior and practically none on the nonferrous. Here is a field for
investigation that is of most fundamental importance practically
untouched metallurgically, and solution of which requires scientific
rescarch under the combined efforts of enginemen familiar with the
requircinents, of metallurgists familiar with alloy production and
properties, and of shopmen familiar with the processes of forming
and fitting.



270 AERONAUTICS.

No metal equal to cast iron on cast iron has ever been found for
the pistons and cylinders of internal-combustion engines in a1l the
desired properties except one, that of metal weights %Yor a given size.
Casting, as a process however, is most uncertain; the known defec-
tives amount to almost 50 per cent while the unknown possibilities
and hidden defects are responsible for large factors of safety and the
use of excess metal. This excess is quite prohibitive and {fruitless
in rotating cylinders with the enormous centrifugal stresses that
come from speeds excecding 1,200 revolutions per minute, hecause
each pound excess metal adds its own equivalent centrifugal stress
and so fails to add to the certainty of safety as in fixed cvlinders.
Excess thickness adds to the resistance to heat escape through eylin-
der walls. It was in these rotating cylinders that the first departure
from the older internal-combustion engine practice took place, from
sheer stress resistance requirements regar(ﬁcss of other properties.
The steel eylinder machined from a forged-steel billet was developed
by the French rotating cylinder engine builders, and with cast-iron
pistons it operates successfully.

Some builders of fixed cylinder engines encouraged by this demon-
stration adopted steel for cylinders with cast-iron pistons. Even
steel pistons, were tried and in some cases adopted for use in both
steel and cast-iron cylinders, apparently without gain, in the former
case becauso of increased lubrication requirements and in the latter
from reversed expansion coeflicients or permanent distortion. Somae
of these steel fixed cylinders are cast with heads in one piece and
machined all over to disclose defects, but in other cases rolled or
forged steel cylinders are combined with cast-iron heads in which

orts are most readily formed. The most radical of all these steps
1s undoubtedly that undertaken by the German Daimler Co. in cou-
structing cylinders, heads, ports, valve seats, and jackets, all of
sheet steel welded together by the modern oxygen flame method.
Only experience can tell how successful this may prove in practice,
though 1n the competition tests the engine gave a most remarkable
performance.

At the present time the only data bearing on the question are
those of oil consumption, Table VIII, with respect to materials.
This is not a basic figure anyway, and is complicated by variations
in oll and in oil application methods, so it is inconclusive though
interesting.
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Tanre VITI.—0:l consumption versus engine type and cylinder pston materials.

Materials. 0il
Cyléggil(;;:zand Class construetion. Engine name, Authority. .
Cylinder, Piston. .
|
: 4 cylinders in line..| Castiron..| Cast iror..| 100-horsepowor | Bendemann.,.| 0.042
jenz,
6 cylinders in line. {...do....._|. L.do...... 100-horsepower {.......cc....... .031
Daimler.
s .do......! 90¢-horsepower | Bendemann,,.[ .038
- i teel.. ... Daimler.
“ru‘zc;r-co%l_ed ! Steel...... Austro-Daimler...| Maker......... 027
der (b cyln- Cast iron. . (Cast fron. | 140-horsepower f..... [s IO 045
T. Scylinder V........ { Sturtevant.
..do...... Steel...... 150-horsepower [.....do............. .
Sunbeam,
2-cylinder V.......0...do......|... do...... 225-horscpower |..... IS 1S T .03
Sunbeam.
‘{Radial Star_.......}. Salmson.......... ‘Walker, 1912..1 .054
Alr-cooled fixed {S—cylindor 2 Renault.......... ..... do.eeann.. L045
cylinder. 1 Radial Star........}. British Anzani....| Maker, Av.of | .164
8.
Air-cooled Im- {1 Radial Star.......| Steel...... Steel...... 8-horsepower Ger- | Maker......... .167
tating cylin- . man (inome,
der. 12 Radial Star.......|...do......[... do...... 160-horsepower {..... [ [ T, .167
| German Gnome,
{ 4 cylinders in line. .| Cast iron..} Castiron._| 71-horsepower | B............. L047
Wa tercooled |lgo0)inders inline do do lO(I)Zﬁion;]so;' ower 067
fived eylin- Y eofeendo...ol . do...... POWEr [iiieiinienannnn. .
der.
Scylinder V.......I... do...... 8:‘15
M:-clqo(lied fixed | Radial star ........[. -.do...... - 255
cylinder.
Alr-cooled ]ro- 1 Radial Star.......| Steel......I. ..do...... 100-horsepower | Maker......... 171
tating cylin- ierman Gnome,
der. 2 Radlal Star.......[...do......|- ..do...... 200-horsepower |..... d0..eaaess| 171
German Gnome.
4 cylinders in line. .| Cast iron..| Cast iron..| 100-horsepower [ B............. .040
‘W ater-cooled Daimler.
fixed cylin- |s6 cylinders in line. .|.. do...... dooa.... lO(i—[h(j)rsepower ................ .021
der. ulag.
Ir-cooled 8cylinder V........|...do......|[. do...... Hall-Scott......... Clark, 1912....} .108
Alr-coo. ro-
Eating cylin- }1 Radial Star.......| Steel...... Steel...... 1911-Gnome........ Lumet........ .212
er.
Watégr-ooolic;ld 4 cylinders in line. .| Cast fron..| Castiron.. 70151(}rslepower ) : OSSO .031
fix cylin- aimler,
der. g cylindersinline. |...do......[...do......| 80-horsepower |..... cemnan coeus] 047
Schroeder.
Alrcooled ro-
tating cylin- }1 Radial Star.......] Steel...... Steel...... 1911 Gnome....... Lumet........ . 253
der.
Watercooled 4 cylinders in line. .| Cast iron..| Cast tron.. ﬁf)-ll)lo_ll;ﬁopower .029
fixed cylin- ! aimler.
der. 4 8 cylinders In line._!...do......]...do...... lz;horsepower .030
Air-cooled ro- )
tating eylin- }l Radial Star....... Bteel...... Steel...... 1913 Gnome....... Lumet........} .255
der.
|
‘W at er-cooled 68-horsepower
N 4 cylinders in line. .| Cast {ron..| Cast fron. |} -"; B...covennn ..y .080
dﬂxed cylin- |6 oYlinders in line. |...d0. .....|...d0. ..... 87%'0%;“‘)0‘”“ Maker.........| .022
irpoled ro- )
Alr
tating cylin- |}1 Radisl Star...... Steel...... Bteel...... Gyro, 1911........| Clark......... .017
der.
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TasLe VIII.—Oil consumplion versus engine type and cylinder piston materials—
Continued.

Materials. [o}1}
Cy lz_%gféz 81d } (o5 construction. Engine name. Autherity. |; ;-)r .
Cylinder. Piston. H.
Wutsr—cooled }4 cylinders in line. .| Cast-iron..] Cast iron.. lml)ih?\rsgpower ) 0.038
fixed cylin- LALG.
der. 6 ¢ylinders in line..:...do...... ...do...... 100-horsepower | Clark......... . 008
Cheno,
— —— - e
Water-cooled l |
fixed cylin- |;4 cylinders in line.. ...do...... s.do...... 9>-horsepower | B...oueenn.... . 009
der. | } N.A. G.
Waltler-cooled
fixed cylin- }4 cylinders in line. J. . do...... PR [N g96-horsepower | Bioeeeeennnnns .089
der. ! Argus.
! |
L ot t . -
Water—coaled | scylinder V....... ! Cast iron..| Steel...... IQtlilon{‘abor-Aviaa Lumet........ 073
(ﬁ])e(;*d e¥lin- 415 ovlinder V... fo.do...... ...do...... 1911 Aviatic.......0..... do........ .054
: I Radial Star........ f.do...... codo...... Greem. . ... ... Clark......... L1

There appears to be some relation between oil consumption and
cylinder arrangement, but not so with reference to piston versus cyl-
inder materials. For example, radial cylinders seem to require much
more oil than vertical cylinders, but there is no conclusive evidence
that air-cooled cylinders require more than those that are water
cooled. Again, comparing the three Daimler engines as to ol versus
materials, 1t appears that there is no appreciable difference between
cast iron and steel cylinders, cast iron and steel pistons, though such
a serious conclusion should not finally rest upon a single instance
like this.

An effort to retain the low metal weight characteristics of steel
and to meet lubrication requirements, that is worthy of note, ih-
volves the use of liners for cylinders and of sleeves, or even a separate
barrel for pistons, made of a material such as cast iron or bronze hav-
ing a good lubricating surface. This is not only objectionable as
complicating the thermal and total stresses, increasing thermal re-
sistance of cylinders, and adding something to weight removed but
it now seems to be unnecessary.

At present the standard material for fixed cylinders is unquestion-
ably cast iron with heads in one piece, and with cast-iron pistons.
There is, however, a growing tendency to use tube steel for cylinders.
This steel eylinder involves a head complication in shop practice,
solution of which is now in coursoe of development. Heads must have
irre%-ular forms due to ports and valve stem guides, which are most
easily and satisfactorily cast. Such a cast head requires a joint to
connect it to a drawn-stcel eylinder. As alternatives the following
are used, cast-steel cylinders with heads in one piece and cylinder
and head machined from a forged billet or finally the complete sheet
metal welded Daimler construetion.

Steel is the adopted standard material for connecting rods and
crank shafts and always is a very high tension alloy such as nickel
or chrome nickel, which permits these parts to be very small and
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light while amply strong and stiff. Crank case or frame material is
still unsettled, ranging from the forged steel cage of the rotatin,
clx;ljnder engine through cast steel, cast iron, and aluminum, wit
the last prevailing in fixed cylinder engines. No successful attempt
is yet on record, to use welded or riveted sheets and standard struc-
tural steel shapes in the long frames and crank cases of fixed cylin-
der multicrank engines, where frame weight per cylinder is a matter
of considerable importance. It would seem as if stiffness or its
equivalent uniformity of distortion can better be served with less
weight by such structural steel construction than by the soft alumi-
num casting. To give a general survey of the practice in materials,
Table IX is added.

25302°—S8. Doc. 268, 64-1——18
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TaBLe 1X.— Matertals

Num-
Engine or makers’ | Cylinder and crank arrangement Cooling medium | Horse- | ber of R.p.m
name. rotating part. and system. power. cdvlm- -p-
ers,
KR 1,250
Benz........ocoeo... Vertical fixed separste.............. Water, C. P....... 108 6 Jl 1,250
150 1,250
Hall-Scott..._........... {5 1 A R SN do....ooenin.. 125 6 1,300
Frederickson, 2-cycle| Cylinders, rotating shaft, stationary.| Air..............l.. ... 13 } .......
Sturtevant. _........ V-type, L head, cast in pairs........ Water, C. P....... 140 & | 2,000
150 8
Sunbeam........... V-type, L head, en bloc.......cueeel..... A0 enaannnnnn { P 1 } 2, 000
|
- % 6 1,300
Austro-Daimler. .... Vertical fixed separate..............|..... [ [s D, { 120 8 lj 200
Le Rhone........... Rotating cylinders, shaft stationary.| Afr............... { 1% 13 }:?28
British Anzani...... Fixedstar. o.c.eeminoiiaaaaii i, [6 1. 25-200 3-20 1 1,250
Rausenzerger. ... ... V-type, dsepamte cylinders, valves | Waier............ 150 12 | 1,200
in head.
Argyll... .| Vertical fixed, sleeve valves, sepa- 120 [ DO
rate cylinders. i
Wright. . ...comeen.. Vertical fixed, separate cylinders, 60 6| 1,400
heads screwed in.
Sturtevant..._....... Vertical fixed cylinders en bloc, T | Water............ 100 41 2,000
head, 4 valves per cylinder.
Curtiss.........ceuen V-type, separate cylinders, L head, |..... s [ TR 200 8| 1,500
4'valves per cylinder.
ical fi 1 i 1 % R
ertical fixed cylinders in palrs, 90 41 2,300
Chenu.......comue.e T head. } ..... do.......o.o 100 6 11500
850 61 1,500
: 50 4 1,450
V or vertical fixed separate cylin- D
Clerget.............. { ders, valves in head. } Q0. ég?) 4 } ‘j}fl
D Rotary cylinders, valves in head, A 50 71 1,1%0
AORERRALEEREEEE mechanically operated. } LR R ARRRREEE { S0 7] 1,1%0
De Dion Bouton....| V-type, separate cylinders, L head..| ... do.....oeea.n. 80 8| 1,500
Radial star, fixed pistons, recipro- 75 61 1,330
Edelwelss........... cating eylinders, ’ } —edonn { 125 10 1,3%
: V-typo, separate cylinders, valves in . 80 81 1,200
Laviator. ........... { head. 4 }“ ater............. { 120 g le()l)
Panhard-Levassor...| V-type, cylinders en bloc, L head...|..... [5 1 T 100 £ 1 1,500
90 7 1,2{)0
Salmson. ........... Fixed star, valves in head...........[..... A0uee e égg 13 i'%‘;‘}
300 9| 1,200
V-type separate cylinders, valves in | {Combination wa- 82 R | 1,650
Wolseley............ { bead. ’ { ter. { 130 sl
(€5 (%) + PR, Vertical fixed, separate cylinders, | Water............ 6.

valves in head.

100

NOTE.—I=integral head; C. P.=centrifugal pump.
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Materials for—
Frames or
Cylinder |Cylinder| Head Connect-| Crank : case.
Cylinder. eads. | Jackets. | jackets. | Fistoms. | VBIVes. | yn.roqs ! shafts. crank case.
Upper. | Lower.
Bheet Sheet
Castiron..| Tococvnn... steel, steel, (fe.iiiiiees P ) P
welded. | welded.
.do...... ) CUPUIPORIIN [ PRI I SRR Cast fron.| Tung- |T-section| Chrome | Alum- | Alum-
stensteel.] chrome vana- | inum | inum
nickel dium alloy | alloy.
steel. steel.
Cast Cast {ron with
do 1 do iron, Nickel | Nickel nickel-steel
A Sl R Teemeee wriTeeemm] rotary steel. steel. rings shrunk
rocking. over.
wodo.... .. Castiron..| T........0....ooie Semisteel.| Tung- H-sec- | Chromse Aluminum
sten tion nickel alloy.
chrome steel.
nickel
steel.
H-sec-
b tion High
...do.. ... I PN | PP, ) SUUUUTIE Steel.....|.coceaennn high tensile Do.
tensile steel
c c steel.
"opper apper
}..do ..... N [ S {electrol electrol }P;&S:fd } .............................
dep. dep.
Steel with
{cast-iron Y (ORI RPN RO, Bteel.....)o.ooieiiieaiiii i,
liner.
Castiron..| To.oeveeanafoceenanaes]eniinnnns Cast Iron.| Nickel |I-section| Nickel Do.
steel. nickel | chrome
steel. steel.
...do..... S 1D PPN ....| Bpuncopper press- [...d0..eeesfiieiiinaa. H-sec- { Chrome Do.
ed on and locked tion vana-
by steel rings. nickel dium
steel. steel
Forg?d ............ Sheetsteel, welded. . .....c.ooulimmiimenia]oamanniiaforainaaans
steel.
Castiron..| Castiron..{ I........ ) SO Castiron.| Valve H-sec- | Chrome Do.
heads, tion nickel
castiron.| chrome | steel.
nickel
steel.
do...... Toeoiranen ) U | ST Semisteel.|..........0...... JR
Ldoooll ) P Monel Monel |...... v....] Tung. |I-section.| Krupp Do.
metal, metal, sten steel.
welded. | welded. steel.
‘..do ..... N1 SR Tooonvnnn Y Y (RPN cosess|irrresonan Do.
Copper electrol de-
lsml" ol Teeeneiaens posited.
Forged
steei. Bteel.
Steel...... Aluminum al-
High loy.
: Special alumi-
tensile Castirom. [......cooufieemeaiiiiiienias .[{~pec
{ steel. {numtrame.
Concen-
trie
}Steel ................. valves, |...coneeiliinnanes ..
| nickel
| steel.
s Castiron. .} T.._....... ) U ) GNP URSDA RPN JPRIPN R,
Forged . Spun copper, cor- \ H-sec~ Aluminum al-
} steel. }I """"" { rugated, brazed. }(astiron. """"" { tion } """"" { loy.
:{ Forged
Steel | sll:leel ;nd
exhaust- | Jphosphor-
}..do ....... Toooooaaio Copper.. 1™ olve bronze |- vtee- Tubular).......... Do.
| boxes. || bearing
“ rings. .
Caststeel..'............ Spun |1I........ Castiron.| Nickel | Nickel ;| Chrome Do.
copper. chrome | chrome | vana~
steel. steel, dium
steel.
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Form of eylinder proper including head is a direct contributing
factor in the cylinder weight per horsepower, as is also to some
extent the proportions. For a given bore and stroke, and made of
the same material, all cylinders would weigh the same if they were
similar in form, and as they are not similar the differences in form
must account In some measure for total weight differences. That
form that gives the least metal volumes evidently should be lightest.
On this basis air-cooled cylinders with their radiating heat dissipatin
ribs, casings and baffles are heavier than water-cooled cylin(}ers o
the same lT)ore, stroke, material, and similar valves. This excess
weight of the air over the water-cooted cylinder added to its fan
weight, when subtracted from the weight of radiator, pipes, pumps,
and water, measures the excess weight of the wat\er-coored cylims)er
with its accessories. With radiators especially designed for lightness
and for a minimum supply of water rapidly circulating, there is no
essential reason why the air-cooled cylinder engine womplete should
weigh materially less than the water cooled. As a matter of fact,
the actual difference itself is small, even when all contributing factors
in cach case are not equally well selected, as :x{)ponrs from the com-
parison of the weights of some well-known cight-eylinder V engines
given in Table X.

Tasre X.—Comparative weights per cubic foot displacement of oir and water cooled
S-cylinder Vengines.

} i Et)
1 ‘ - 5 e
s | g | £ |52
Engine or makers = g T Remarks
name, e ‘ = ?, < S
1 . 4 -~
=oA g | ¢ |2
Ao oM 2 7]
753 1,100 1.09 5.
Curtiss............. 104 1,230 | 4.25 5.
160) 1,100 5.00 7.
Sturtevant......... 140 2,000 4,00 5. !
150 - . 5 |[§Water cooled. Waler-
Bunbeam........... 225 } 2,000 | 3.51 o conled  engines give
Rausenberger 150 | 1,200 4125 | #. welghts without radi-
Clerget...._... .. 200 0 1,200 55120 4, ator waltser.
Laviat %01 1,200 | 3.937 1 A
Viator. - .ooen e 120 1,200 | 4488 | 6.
Panhard-Levassor.. 1000 1,500 | 4.33L | 5.
Wolseley......_.... 130! 1,200 5.0 7. J
De Dion-Bouton, .. 807 1,800 4.173 | 4. Alir cooled. Welght given
includes 2 exhaust con-
nectors; also fan.
Renault............ 70| 1,800 3.780 4. 724 233 346 1.700 Do.
Wolseley........... 82| 1,650 { 3.750 | 5.500 ) 281 1385 1,370 | Cylinder barrels, Alr
; cooled. Exhaust
! valves. Water cooled.
1

1 Without filywheel.

Nore.—Engine weights taken from Table I, where sources of information are given.

There is a somewhat surprising range of weights here and one
that bears close study as directly related to design, form, and material
quite independent of speeds and mean effective pressures. The
lowest value is 900 and the highest 2,245 pounds per cubic foot of
suction stroke. There seems to be no doubt of the superiority of
head-valve construction over side-pocket valves in weight reduction,
and there is no marked difference between an air and a water cooled
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construction. This last conclusion is most important in view of the
consistent inferiority of air cooling with reference to mean cffcctive
pressure and fuel consumption. Next to general arrangement,
weights per cubic-foot displacement are fundamentally related to
materials and wall thickness.

Cylinder metal volumes are least in any cylinder, other things
being equal, when the valves are placed in the head instead of in
side poci(ets, so in the interest of cylinder lightness this arrangement
must be adopted unless it appears that the compensating factors,
which will be referred to later, overbalance the extra pocket metal,
but this is not the case. There are, however, several successful aero
engines that follow the standard automobile practice of locating
valves in side pockets mostly of the L-head form. One arrangement
has the valves side by side, both stems pointing toward the crank
case, both seating down in a wide pocket. The other locates the
two valves axially in line, one stem pointing up, while the other
points down, and seating on opposite sides of a narrow pocket.

The compensating weight elements referred to in connection with
the head valve as compared with the side-pocket valve arrangement
are those of valve gear. Two side by side valves in one wide pocket
are ordinarily driven by a pair of push rods. Placing one valve
abovo the otger in a narrow pocket reduces the width and hence the
metal of the pocket, but adds a rocker arm with bracket and pin
and some additional rod length. Placing both valves in the head
removes the pocket metal entirely, but adds a second rocker and
push-rod extension ordinarily. It is the weight of these two rockers
and push-rods extension that is to be balanced against the metal of
the pocket. Such side pockets with ports, being irregular in shape
and necessarily jacketed, can be formed, as in the case with cylinder
heads that carry valves, only by casting (except when welded of
sheet metal as In the Daimler experiment). e added cast iron
due to pockets in combustion chamber and jacket wall will weigh
more than the steel rocker arm and the pusL-rod extension. The
weight difference in favor of the head-valve arrangement is greater
still when a single rod alternately works in tension and compression
on one rocker actuating both vlaves, as in the Austro Daimler, but
in this case two different cams should be used, one to lift and the
other to depress. Further reduction is possible in standard four
and six cylinder engines by placing the cam shaft directly on the
heads as in the German Daimler, for here the combined weight of
all push rods is removed and the weight of a pair of gears and a
vertical shaft introduced instead. This is no advantage, however,
in V engines, because with the push-rod drive one cam shaft can
serve both rods, and this is one of the advantages of V arrangement.
Removal of one push rod and cam entirely becomes possible when
the inlet valve is made automatic as it is in several engines, but the
loss of volumetric efficiency resulting cuts more from the power than
removal of push rod even with rocker does from the weight. For
this reason automatic valves are not to be recommended, though
there is another reason also strong enough alone, that of unrestrained
seat impact.

Water-jacket metal in all cast cylinders will normally weigh more
than the metal of the cylinder proper inclosed by it, in spite of the
fact that it might be made thinner, due to lack of pressure loading in
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one case and in the very high internal pressures in the other. The
area of the jacket metal is considerably greater than that of the
cylinder, esKecially when the water space 1s large, and the foundry
can not make a sound jacket casting as thin as Tuck of stress would
warrant. Accordingly, while the cuast jacket is retained in many
aero engines in accortfance with automol])ile practice, this can hardly
be accepted as the best aero engine practice, which sceks weight
reduction by legitimate removal. Sheet metal of copper, brass,
aluminum, or steel in sheets, in drawn tubes, spun and Zlie pressed
shapes is so peculiarly adapted to the purpose that its lack of im-
mediate general adoption requires explanation, This is to be found
first in the joint (lifﬁculty originally encountered in automobile
practice, where such a mechanical discouragement was sufficient to
cause rejection in view of the slight importance of the weight relation
to automobiles, especially as the cast jacket is cheaper. With aero
engines the case is different because the need of saving every ounce
is vastly greater, and the cast jacket is a larger fraction of the total
weight when all the other economics have been practiced, so the
per cent gain by sheet metal substitution is great enough to warrant
efforts to find suitable joints. 'This has been accomplished in a
variety of ways, one of them being especially noteworthy, viz, elec-
trolytic deposition of the whole jacket metal or electrolytic deposition
of the joint. Added to this is the now generally available method
of the oxygen flame weld, beside the usual screw-cover and press-
fit joint which has always been available. Experience with these
sheet-metal jackets has indicated the necessity for expansion pro-
visions to avoid overstressing of the joint wlymn the cylinder ex-
pands, exactly as in big gas engines. This conclusion is itself a
measure of the distortional stresses set up in one-piece castings and
an additional reason for their abandonment. To these advantages
of weight reduction and relief of cylinder metal from jacket stress,
the sheet metal jacket gives additional assurance of safety when
jacket water freezes, and especially with cast heads or cylinders
permits complete assurance of the external soundness of the cast
metal that is to resist explosion pressures and of the reality of water
sgaces, which when coreg may be filled with metal in corners where
the designer intended water to be, so adding to expansion stresses
and preignition tendencies that result from the consequential over-
heating.

At least three openings to the combustion chamber through the
jacket space are necessary for insertion of inlet valves, exhaust valve,
and igniter. The outer ends of these passages must be joined at the
jacket wall by the jacket itself and the use of sheet-metal jackets
calls for joints at these points. These offer no difficulty if welded
autogenously or accomplished by elcctrolytic deposition, though
considerable pressure joints are apt to be troublesome. KExpansion
is provided in three separate ways, (¢) the slip joint, packed by a
rubber ring as in Green (British), (8) corrugated bellows, (¢) the
elongation of a thin jacket of suitable metal provided the joint is
welded as in the Benz (German) which scems quite satisfactory.

Jacket water spaces are usually made narrower on acro engines
than others but the width may properly be even further reduced
to hardly more than a water film as the corresponding high water
velocity is beneficial to heat abstraction around the barrel.  On the
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heads greater width is usually necessary to avoid the formation of
pockets where air or steam may collect next to the irregular port
walls, and the outlet for water must be at the highest point to pro-
mote expulsion of any bubbles. Jacket lengths on the cylinder
barrel are usually short, normally extending little if any below the
lowest position of the ﬂiston head. This is not as satisfactory as a
longer jacket even if the space be narrow, especially as the cylinder
walls are so thin as to have a minimum of heat-conducting capacity
longitudinally. The piston barrel will give heat to every part of the
cylinder wall with which it comes in contact and if at some low part
there is no water, then the heat must be dissipated to the air directly
or conducted up to where the jacket starts.

Provisions for valve insertion and removal, to facilitate inspection
and regrinding, are used in the Ver{?l best large internal-combustion
engine practice but would add weight to the aero engine if adopted.
Inﬁ:t valves are carried in cages, which, with their fastening and the
necessary additional guide walls, add several times the weight of the
valve. rough the opening of the removed inlet cage the exhaust
valve, which must seat on water-cooled metal, becomes accessible.
This accessibility of valves is the primary recommendation for the
side pocket, which permits of the use of the above construction when
both steins are opposed in line as in the Mulag. In the parallel con-
struction it is accomplished by two covers, onc over each valve,
as in Sturtevant. It is also attained in the head valve arrangement
without cages by the separate or removable head which in aero
engines is objectionable for many rcasons. This problem has been
bo%dly met by the designers of many of the best aero engines by simply
providing a joint between cylinder and frame that is easy to loosen
and by using valve gear and pipe connections that are quickly
detachable, so the entire cylinder, which even in the largest sizes is not
heavy, can be bodily removed by hand with ease and the valves
reached through the bore. In this way the number of parts is kept
to a minimum and a material contribution to low cylinder weight is
secured.

Low valve weight would demand the thinnest disk and stem and
the shortest possible stem, but process considerations are in opposi-
tion to this conclusion, especially in exhaust valves where heat dissi-
pation is opposed thereby. Practice oscillates between these two
extremes, but the heavy construction of exhaust valves must be
favored while the light is permissible on self-cooling inlets, unless it be
regarded, as in marine and automobile practice, unwise to use two
different valves in the interest of reduction of spares. It is otherwise
perfectly feasible to make inlet valve disks thin with short stems of
small diameter, and exhaust valves thick with large diameter stems,
perhaps taper bored from the end toward the disk, and long enough
1n the guides to disposec of the heat. If a metal of high conductivity
could be found otherwise suitable, then exhaust-valve thickness
might be reduced. Keeping the weights now used for both valves,
the excess desired in exhaust valves can be secured by reducing the
inlets, though many good engines are amply well cared for in this
respect. Valve material is Invariably steel, forged to meet the
requirements of inertia and impact shock at high speeds and of
corrosion, especially in exhaust valves, and alloy steels seem better
adapted than carbon steels for this purpose. Shock troubles of
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broken stems, battered push rods, and worn seats would all disappear
if some form of good rotary valve could be evolved, and this is a most
attractive possiﬁility with as yet no realization in sight, though the
case is by no means hopeless.

A gencral comparison of water cooled cylinder weights with
various constructions of jackets, valve location, and drives, per
cubic foot of displacement per stroke, is given in Table 11 to show
limiting effects 0? various structural details, but unfortunately in an
inconclusive way for cylinders alone, as shafts and frames are included.



TaBLE X1.— Weights of engines per cubic foot displacement (per stroke) versus type construction of paris.

i . Suction Revolu- .
Cylinders and cooling. Class construction. g‘;&’;?;f IOX:&‘O%_ \:mol:ﬁi‘ Name, Dore. Stroke. | tions per ::‘u%ﬁ:hftnggf
g . . minute.
|
4 cylinders inline. ....... ...| Castiron.. {Hmd T : E{’l{’ﬁ}g‘:gﬁ; """" 5’ égo Z 887 ‘12,333 l,g;g
do Daimler. 4.724 5.512 1,315 1,418
6cylinders inline............iq==="" =" 4.331 6,603 1,346 1,536
4.134 5.512 1,387 1,301
Watar-cooled fixed cylinders............._... 4.00 5.0 1,100 1,030
8cylinders, V.......oeceenne ! e . . 4.00 5.50 2,000 1,718
1 ...... R ....| Laviator.. 3. ‘.:)37 5.118 1,200 952
12 cylinders, V..........o... ok | Sunbsm..ooen) 8.51 5.91 2,000 2,225
s | Laviator .. - 3.937 5118 L300 )T 1,115
- Radialstar.........oeenveeee 1...... Heed...... Salmson........ " 4,724 5512 1,230 *947
Alir cooled:
5 cylinders, V ....do..... Wolseley.......... 3,750 5.500 1,630 11,370
« eyl LA A - . ....| De Dien Bouton. . 4.173 4.724 1,80 1,535
12cylinders, V..............] Castiron..|..... do.... Renault........... 3.7%0 5.512 1,800 1,511
Fixed cylinders......ccoveeumemnnnnncnnn 3.54 4.72 837
Radialstar................0 e, Anzafn............ 3.5 5.12 1,250 806
4.13 4.92 865
Horizontal opposed cylinder|............ Pocket....| M..... Ashmusen, ....... 3.75 4.5 1,800 1,000
Rotati lind {1 radialstar.. .. ........... Steel...... Head......| A..... BM&F. W_.... 4.331 4.724 1,001 625
otating cylinders......................- - 4.33 4.72 1,200 536
2radialstar,...............o) ..., do ....l.....do ..... AL German Gnomo..v{ 472 472 1i200 136
; ; . Head...... 4.724 5.512 1,412 1,375
4 cylinders inline........... Cast iron. . {Pocket.. N 4,331 5118 17800 1,468
d Head...... 1.921 85,118 1,370 1,394
6 cylinders in live........... --++00 .-\ Pocket. . .. 4.351 5.118 1,600 1,527
‘Water-cooled fixed cylinders: Steel...... Head...... 5.512 5.951 1.250 885
Cast i ....do..... 4.25 5.00 1,250 1,034
8cylinders, V........ ceenane astIron. -\ pocket ... .. 3.54 5.91 2. 000 2,245
Steel...... ITead...... 4.883 6.299 1,200 900
12 cylinders, V.............. Cast iron..| Pocket.... Rausenberger. ... . 4.125 6.00 1,200 1,060

1 With fiywheel removed.
Nore.~Eangine weights taken from Table I where source of jnformation is given.
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TasLe X1.—Weights of engines per cubic foot displacement (per stroke) versus type construction of parts—Continued.

Cylindors and cooling.

Class construction,

Suction
valve,
A.orM.

T_\evolu—
tions per
minute.

Air cooled:
Fixed cylinders.................cooan.l.

Rotating eylinders.......................

8 cylinders, V..eoveeevnnnnn.
Radialstar...........ceennnn
lradialstar.................

ettt et g

Water-cooled fixed eylinders................

4 cylinders in line

6 cylinders in line

*| Panhard J.evasson

g R O e O

S cylinders, V._.............
Adir cooled:
Fixed eylindors.......o..ooooiiiiiiiiaat Radialstar..............o.e0
) . inl star.
Rotating exlinders... ... ... .......... %;33}31 ;t:; _________________
Water-cooled fixed cvlind ! 4 cylinders in line
ater-cooled lixed cyimders................. 6 cylinders in line...........
Air cooled:
Fixed eylinders...... ... ... ... | Radialstar..................
Rotating cylinders..........cooocoveen... 1radialstar.................
- i 4cylindersin line...........
Water-cooled fixed cylinders................. 6 cylinders in line. ... ... ...
Air-cooled rolating eylinders. .. ...._.__. iradialstar.................

.| Austro Daimler...|

German Gnome. . .,

e abetate
8‘1‘—3\'&0
[ERE SR
e

686
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.. s 4 cylinders in tne........... Cast iron.. Daimler........... 4.724 5.512 1,391 1,518
Waler-cooled fixed cylinders {6 cylinders in line... .. Austro Daimler. .. 5.12 6. %9 1,200 975
Air-cooled rotating eylinders................- 1radialstar.........ccoenen German Gnome... 4.88 5.0 1,200 507

- - s 4cylindarsintne........_. N.AG....... Ll 5.315 6. 204 1,344 1,265
Water-cooled fixed eylinders.................. {6 cylinders in line. Bengz...... . .17 5. a1 1,230 1, 251
Air-cooled rotating eylinders................. 1radialstar................. Frederickson...... 4.50 AT L 680

.. . 4 cylinders in line. N.A.G. 4.724 4.724 1,408 1,272
Water-cooled fixed cylinders................. {6 c¥iindars in line *| Wright.. 4375 15 1,400 1,300
Air-cooled rotating eylinders................. 1radial star..... Le Rhonme......... 1.13 5.51 1,200 691
Water-cooled fixed eylinders................. 4 cylinders in line. .......... Cast iron..| Head...... M..... ArguS...c.oeonnnn- .;s 5&2 5.512 1,368 1,205

; . . s LT24 4.724 1,350
Air-cooled rotating eylinders................. lradialstar...........c...... Steel......|..... do..... M..... Clerget............ 4724 5,006 1150 gﬁ‘g
Water-cooled fixed cylinders................. 4 cylinders in line. .......... Cast iron..| Head......| M..... Argus............. 4.921 5.118 1,342 1,385

.
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Here, again, the superiority of the head over the pocket valve
arrangement, and the indifference of air versus water cooling, are
demonstrated, but in addition the steel cylinder is shown to be supe-
rior to the cast iron. As to arrangement of cylinders with reference
to crank shaft, comparing the four and six in line, the 8 and 12 cylin-
der V, there is nothing conclusive demonstrated, though for the latter
there are insufficient figures available. Radial star arrangements are
consistently lighter than the above, not as much as might De expected
for fixed cylinders, but quite markedly so for the rotating, which in
round numbers weigh only half as much as the line arrangements.
It is the consistent use of steel for cylinders in the rotating aguinst
the cast iron in the fixed star arrangements that is responsible for the
weight differences reported rather than rotation versus fixity.

Cylinder weight must have some relation to the ratio of bore to
stroke for equal displacements, and the variation of stroke per unit
of displacement must affect as well the shaft and frame weights.
The thickness of the cylinder walls should vary directly with the
diameter for explosion pressure stress resistance, while displacement
varies directly as the square of the diameter, and directly as stroke.
The actual ratios of stroke to bore will be between one and two,
the former giving a very short and the latter a very long stroke
engine according to practice. The short-stroke cylinder will require
a thicker wall than the long for stress resistance, but the difference
is so small in view of shop limits and the small diameters that it
can be neglected. Even allowing extra thickness, the short-stroke
engine will be lighter than the long as to cylinder weight and doubly
so when the increased thickness of crank and larger crank case neces-
sary are included. More effect on weight reduction is possible by
offsetting cylinders than by working to extremes of stroke bore ratio,
as this reduces the height of engine, especially when the connecting
rod is shortened as it may be at the same time to equalize the side
thrust friction on the two sides of the cylinder wall. This offsettin
is quite generally practiced, though it is by no means universal, an
we(i;ght reduction possible by this means is small.

vlinders when cast are cast sometimes singly, sometimes two
three, or even four together, to make up multicylinder engines, and
this is a factor in weight reduction. Casting a single cylinder com-
plete with head and cast jacket is the old standard practice for small
stationary engines, and the method first adopted ?or auto engines.
Such cylinders simplify and cheapen the construction of multi-
cylinder engines of different numbers of cylinders to give different
horsepower units, as the only change required to get a new capacity
engine is in frame, cam shaft, and crank shaft. When automobile
engines became standardized to the four cylinders in line, four crank
form, it became evident that weight would be saved and compactness
promoted by casting two cylinders in one piece, the jacket consisting
of two semicylindrical and two tangent flat plate elements for the
barrel, and two semicircular and one flat plate nearly square, con-
necting member for the top instead of two circles. This produced
a stiff structure which permitted a reduction. of frame or crank case
stiffness, and it shortened the frame and shaft, but required the
elimination of one main bearing between the cylinders, for which
with this arrangement there is not sufficient room. As a partial
offset there is required a somewhat thicker crank and shaft to com-
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pensate for the increased bending moment that follows the spreading
of main bearings as supports. This practice of casting two cylinders
enbloc for four-cylinder engines is equally adapted for six, and is
quite commonly adopted, though not universally. Aero-engine
practice followed in part this auto and marine practice for cast
cylinders of making two enbloe, so that the four-crank engine has
three and the six-crank engine four main bearings.

Cylinder removal is facilitated by separate cylinder castings, because
there arc less parts to be detached, and the weight to be hifted is the
least. Separately cast cylinders are better adapted to shect-metal
jackets, so acro cngines departed from automobile two enbloc practice
1n casting such cylinders separately and leaving a bearing between
each crank. The four crank engine then has five, the six crank,
seven bearings, and the whole engine is symmetrical. This is per-
fectly sound and good practice, for there are no more important
members than the crank shaft and the frame. By this construction
the maximum stiffness and best distribution of main-bearing surface
is sccured, with least deflection at crank pins, and the extra shaft
and frame length is worth the small cost in weight, for the weight
increase is very small. Steel cylinders are always separate and can
be substituted for the cast cylinders with sheet-mctal jackets on this
type of frame and shaft without any alteration whatever, as may
also air-cooled ¢ylinders, which by the very nature of the problem of
air cooling can not be cast in pairs at all.

Frame form, for connecting cylinders and main bearings, has a
very large influence on the weight per cylinder in multicylinder
multicrank engines, because the more direct the stress resistance, the
less the mectal required. As evolved from old stationary and marine
steam engine practice, the main bearings support the shaft from
below, the can being removabhle upward, which requires a two-part
frame. The lower frame member consists of a cross web to carr
each main bearing, and these are tied together by a longitudinal we
i'ust out of reach of the crank throw, so for a multicrank engine this
ower frame member becomes essentially a semicylindrical box with
a semicircular cross partition for each main bearing. The upper
frame member ties the cylinders to this box by another box, or by
the A form of double column. The latter receives a cylinder at its
upper ring end, and its legs seat on the lower frame in the plane of
the crank path. Thus the stress which is alternately tension and
compression in standard steam engines, is communicated from
cylinders to main bearings in a decidedly roundabout way. The
same is true of the second or box form of upper frame member as to
indirectness of stress transmission, for here the upward cylinder
thrust is received by a flat plate with holes in it, one for each cylinder,
and this horizontal flat plate transmits it down two inclined semi-
vertical plates to the edges of the cylindrical box of the lower frame
member, which carries the vertical main-bearing cross webs.

Single-acting internal-combustion engines are subjected to a frame
stress from explosion-gas pressures; that is, a pure tension between
cylinders and main bearings, although inertia of reciprocating parts
at high specds on idle strokes may introduce a compression equivalent
to the double-acting stcam engine. Aero engines are necessarily light
and their parts also, so that there is no real necessity for bottom
gravitational support of the crank shaft, nor for keeping the old
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scheme of removal through end holes in box frames or sidewise through
removable columns. Aero-engine crank shafts can perfectly well be
supported below by bearing caps, removal of which permits the shaft
to drop free. This greatly simplifics the frame which need not be
more than a short cross web hanging between cylinders under a hori-
zontal flat plate with holes for each cylinder. This cross web, if cast
of aluminum, can be formed for compression resistance as a column,
and steel tension rods inserted to r(Eie\*e it entirely for the tension
stress it can not resist. The substitution of steel shapes welded or
riveted for the aluminum casting is perfectly feasible in such form
as to equally well serve as struts and ties. Resistance of longitudinal
bending of crank shaft due to the relative forces at two different
cylinders or cranks, is easily resisted by side plates in the cast form,
or by diagonal latticed braces in the structural form. This means
the elimination of the old lower frame member entirely and the sub-
stitution for purposes of inclosure of a mere shell subjected to no
stress whatever, but formed solely in the interest of an unstressed
oil-tight inclosure.

Aero-engine frames have not all developed along these lines, prac-
tically all being of cast aluminum and only a few introducing the
steel tension rod, Green for example, while a great many retain the
bottom web, leaving a hole where the more serviceable upper direct
web should be. ere are no structural-steel frames. Reference
is made to the illustration in the appendix to frame construections
which should be judged in this light. Modifications of frames along.
these lines will materially improve the stiffness and life of main bear-
ings, which should reduce lubrication difficulties as well, for the same
frame and shaft weights now used, or result in an equivalent weight
reduction.

Main bearings are almost universally of the plain type lined with
so-called antifriction or white metal, though in a few cases ball
bearings, which seem ill adapted, have been employed. The thrust
bearing, which is peculiar to aero as compared to auto engines, be-
cause the useful egect of all power developed lies in propelier thrust
against the frame, must be suitably supported by the frame. As
the loads are not severe, and the thrust not irregular as in main bear-
ings, but reasonably stcady and always in one direction, this offers
no difficulty. The longitudinal side plates connecting the muin bear-
ing webs, to make the frame stiff as a beam, are equally serviceable
in making it serve as a column loaded by propeller thrust, if the end
plate be suitably stiffened. This end-plate stiffening is all the frame
modification required to receive the thrust hearing.

Aero-engine pistons follow almost universally the practice in auto
engines as to use of cast iron as a material, but vary in practically
every other respect. They are invariably shorter and thinner, being
machined all over as nearly as pin bosses permit, in an effort to
reduce weight, which in many cases has been carried entirely too far.
Unless normal speeds are made higher than at present, say 1,500
revolutions per minute, the piston weight can be considerably greater
without developing inertia forces equal to explosion pressures.
With present piston weights this equality between explosion pressure
and inertia forces is reached about 2,500 revolutions per minute. In
any case metal sufficient for heat conduction must be available, and
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reduction on this basis becomes legitimate only when better thermal
conductors than cast iron, such as aluminum, copper, or the bronzes,
are substituted for it. Complete substitution is difficult, in view of
their expansion coefficients and low stress resistances, but these
materials can be used as supplementary conductors to stiff cast-iron
piston frames. As piston-weights of any one design increase per
square inch of piston, the use of a large number of small pistons
results in legitimate piston weight reduction over a smaller number
of larger ones of equal area. With the exception of the brass L sec-
tion single top ring of the Gnome engine, aero-engine piston rings
differ not at all from the cast-iron ring of auto engines. Usually the
thin lower end of aero-engine pistons is stiffened by an internall
Erojectiniweb, which is an excellent feature and should be retained,
owever heads and upper barrel are increased. Flat heads, bein

structurally weak ang inflexible, should be definitely abandoned,
as is also the case with any cast ribs on the under side of the head,
especially as these are useless in tension and involve shrinkage
stresses in the making. Downward curving or concave heads being
in tension, must likewise yield to the convex upward or domed pis-
tons such as the Daimler, which, without ribs, is the best possible
form, but these would be much improved by thickening at the edges.
Wrist-pin bosses, while in a few cases separately attached, are nor-
mally cast integral, a practice that leads to least metal for strength,
though the deformation tendency on expansion is unfavorable.

As a partial compensation for the increased unit side thrust due
to shortening of pistons and use of short connecting rods, there is'a
marked tendency to offset the cylinders an amount recommended by
Vorreiter as one-eighth the stroke. This is of no assistance whatever
when inertia forces are as high as they should be, as on the suction
stroke a side thrust equal to that developed by gas pressure alone is
imposed on the other side, so that the symmetrical cylinder setting
in line with crank shaft should not be abandoned for this reason.
The principal value of offsetting is reduction of engine height.

Wrist pins are properly made hollow in some cases to reduce
weight, while leaving enough metal to resist undue stressing and
securing the maximum bearing area for the rod end. They should
always be hollow. The old bad practice of tapering pin ends is often
retained, though in view of its natural tendency to work the pin
toward the big end, to loosen and to score the cylinder, which tend-
ency is only opposed by excessive locking requirements, should have
been long ago abandoned. Plain cylindrical-ended pins, of two
diameters but slightly different, is the best practice, and the next
best is a straight pin or tube locked in the bosses. Bearings in the
bosses with pins fixed in rod ends have never proved satisfactory in
other engines, and there is no difference in aero engines that war-
rants a different conclusion.

Connecting rods follow the usual auto practice in having the wrist-
in end soli§ forged, bored, and bushedr,) with the old split-marine
orm of crank-pin end, lined with soft metal, and forged of steel. They

are, however, universally of high tension alloy steel of sometimes
tubular, but almost universally, I scction. The special rod forms
are confined to the rotating cyiinder engines with many rods per
crank, where each engine 1s characterized by some arrangement
peculiar to itself, all involving, however, a single bearing emEmcing
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the crank pin, to which the other rods are movably attached to allow
the small relative oscillation of each with reference to this bearing.
This system, which for the want of a better name, may be called the
master-and-shoe rod-end construction, even though the name applies
to only one form, is adapted to the double rod per crank construction
of the V engine as a substitute for the separate embracement of the
crank pin by each rod, cither of similar rod ends side by side or one
straight and the other forked, as the master and shoe results in lower
mean pressures and less friction than the double direct.

Weight of engine proper per horsepower is, as pointed out, not to
be secured by reducing engine metal alone or by raising speed alone,
but may follow a raising of mean effective pressures without any
change 1 metal or specd. It may also be secured with the same
metal by maintaining mean effective pressures with increasing speed,
or even by lessening mean effective pressures at increasing speeds,
provided the latter increases faster than the former decreases. It is
therefore important to return to the qucstion of mean effective
pressure and examine it in the light of such arrangements of engine
as may affect the weight of cylinder comflete per cubic foot of dis-
placement and the weight of shaft and frame per cylinder. Mean
effective pressure indicated is entirely a question of port and valve
size and of port, valve, and combustion chamber temperatures.
The former affects the weight of charge by pressure drop and the
latter by suction-temperature rise, but the latter also i)imits the
compression, which is the other factor in mean effective pressure.
Mean eftective pressures referred to brake horsepower are the same,
except for mechanical friction and in the case of two-cycle engines
for pump work. Any alternative arrangements or detail form that
do not inherently increase the suction-pressure drop or the suction-
temperature rise or do not produce hotter internal combustion-cham-
ber walls may be made to yicld equally high mean effective pressures
by the use of suitable proportions and dimensions of passages and
chambers. TForms or arrangements of this sort that reduce engine
weight per cubic foot also directly contribute to the desired result of
reduction of weight per horsepower.

According to this, a given number of fixed water-cooled cylinders of
the same size should yield the same indicated mean effective pres-
sures, no matter how they are arranged, whether, for example, four
are radial or in line, six in the radilﬁ roups of three each or all in
line, eight in line or in two fours V connected. Any differences
actually found must be charged to proportions, to carburation, or to
ignition, and can not be regarded as inherently characteristic of the
%rouping, though, of course, mean effective pressures referred to

rake horsepower will differ by the difference in mechanical friction,
which is least for the least product of bearing surface and mean bear-
ing pressure. The same is not true for fixed air-cooled cylinders
because their form and arrangement does, to an appreciable extent,
affect their temperatures, though the suction-pressure-drop effects
can be made the same for all. Therefore, more differences may be
justifiably expected among fixed air-cooled than among fixed water-
cooled cylinders.

The fixed air-cooled cylinders are likely to run hotter than the
water-cooled cylinders so their mean pressures would be lower, as
much so as the cooling is ineffective.
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Rotating air-cooled cylinders taking their charge through the
pistons, probably suffer the greatest of all suction heating effects
and must be expected to have the lowest mean effective pressures,
indicated and brake, more so because the windage is added to me-
chanical friction.

Automatic suction valves whether used in fixed eylinders or in the
pistons of rotating cylinders, must always oppose suction by greater
pressure drops than mechanical valves, each suitably designed, so
such engines should have Jower mean effective pressures.

Thick-walled eylinders and thin-walled pistons should run hotter
than thin eylinders and thick pistons, so differences in mean effective
pressure may be expected in these directions, always subject to
proper seleetion of proportions in other directions.

Speed limits should inherently be the same for all fixed cylinder
engines, no matter how disposed, so that with proper proportions
there is no reason why any arrangement should suffer a greater
falling off in mean effective pressure with speed increase than any
other, however much the constant high value for one may differ from
that of another. Rotating cylinder engines are, however, subject to
lower speed limits than are fixed eylinder machines, on account of
centrifugal forces, though there is no reason why one kind of rotatin
cylinder engine should not run as fast as another, nor why all shoul
not suffer the same rate of decrease in mean effective pressures with
speed increase, as do fixed cylinder engines except as windage may
cause greater losses, referred to brake horsepower.

Any one type of cylinder and piston will run hotter the larger its
diameter, so a given piston arca in a large number of cylinders should
result in higher mean cffective pressures from the reduction of suction
heating and the increased compression made possible by the cooler
interiors. Therefore an eight-cylinder V should be better than four
or six cylinders in line of equal displacement, and the rotatin
cylinder engine of several rows and crani)xs should be better than equéﬁ
displacement in one row and onc crank.

Similarly a large stroke bore ratio, favoring smaller piston diam-
eters for equal (%isplacements, should yield iigher mean effective
pressures than a small ratio but this difference 1s necessarily small,
as reduction of cylinder diameter from 6 to 53 inches, for example,
can not greatly affect interior temperatures.

These principles should all be checked by experimental data and
can be so checked, but such data have never yet been obtained
largely, because such tests as have been made were directed toward
a comparative judging of engines in competition, and were not con-
ducted for discovery of principles of construction. Such results as
are available are compared in Table 12 with reference to the variables
discussed. In the same table are incorporated the figures for thermal
efficiency which controls the weight of fuel to be carried. This, while
slightly affected by valve resistances as is mean effective pressure, is
dependent primarily on compression for indicated efficiency, and on
engine friction and negative work for brake efficiency. It therefore
is most affected by temperatures of the charge before compression
starts and by interior temperatures, as these affect the maximum
compression. As might be expected therefore the differences be-
tween the thermal efliciencies are less than those between mean
effective pressures.
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TaBLE XII.— Mean effective pressure and thermal efficiencies versus type construction of parts.

: Buction Revolu- Mean
Cylinders and cooling. Class construction. g{]lt’gll:{ ]o\cI:tli‘:)en  valve Name. Bore. Stroke. tions per | effective | Efficiency.
. 3 A. M. minute. Ppressure.
{cylindersinline........... Cast iron..| Head...... 5.180 7.087 1,288 106. 9 0.29
do do....... 4.724 5,512 1,315 107 .26
6 cylinders in line........... TTE e Pocket. ... 4.331 6. 693 1,346 101.3 .26
Water-cooled fixed eylinders. . Steel...... Hgadn s 4,134 g 512 1,387 114.4 .27
: : _do....... 4 1,100 07.7 .22
8 cylinders, V... -+| Cast iron...3 poicgi 4 5.5 2,000 100.3 “24
12 cylinders, V.............. ...do.......|...do....... 3.54 5.91 2,000 126.8 .25
Air cooled:
3.54 4,72 76.2 .23
Fixed eylinders........... Radialstar.................. ~.-do.......|Head..... | A....... Anzani............ 3.54 5.12 1,250 78.5 .24
4.13 4.92 7.9 .21
1 radial star B.M&F.W..... 4 331 4,724 1,031 66. 6 .16
Rotating eylinders........ : 4.33 4.7 } 67.9
2 radial star German Gnome. .. { 479 472 ‘; 1,200 ] 67.2 .21
4cylindersinline._......... Cast iron. . Ddimler. 4,724 5.512 1,412 103. 5 0,27
Water-cooled fixed cylinders. . 6 cylinders in line ---do.. érg%;s_ - : 2‘21 g 118 i';z.)g iLl)i .} . g’
3 eylinders, V .do . urtiss- A ' : o
L A Sunbeam.......... 3.54 5.91 2,000 126.5 .23
Alir ecooled:
4.13 5.7 33. 2 .27
Fixed eylinders........... Radial star,................. c..do....... Head ..... Ao, Anzanf............ 4.53 6,10 1,250 .1 .25
4.13 5.52 6.2 .26
. . 1radialstar.......o.o..o... Steel...... B« O g 17 954 . 9 .17
Rotating cylinders......... 2 radial SWAF.. ... a0 oo { ¥ } 1,200 h } 21
,,,,, )
4 cylinders in line Daimler........... 5.512 5. 906 102 % 0.28
Water—cooled fixed cylinders. .6 cylinders in line. . ..| Schréber. .. 4. 852 6, 209 79,2 .22
S eylinders, V.. R [ TOR . ..J Curtiss. .. 7 104.7 .24
Alir cooled rotating cylinders. .} lradialstar,................ ...do. . Gnome............ 4.331 4.724 73 .17
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N : 9, . o9
Water-cooled flxed cylinders. . l{é ggﬁgg;: 1‘3 liunng """ o . ) . ?, b s et POEA 0: 4

Air-cooled rotating cylinders. t 1radialstar....... 5.118 4,724 1,156 71.3 17
| . - . .
- i 1 'f4cylinders inline........... Cast iron..| Head...... M....... Daimler........... 4.331 5.512 1,396 102.8 0.27
Water-cooled fixed cylinders.. {s cylinders in line. ... .. " I FO: T Mol Austro-Daimier . .. 472 5.51 1, 94 .28
4.33 472 1,2 67.9
Air-cooled rotating cylinders. .| 1 radial star................. Steel...... ...do.......| A.......| German Gnome...{ 472 472 1,200 67.2 } .21
4.88 5.51 1,200 78.7
- 4 cylinders in line. .......... Daimler........... 4,724 5.512 1 93 0.27
Water-cooled fixed eylinders. (g CYIRGSTS ) 10 .d . Austro-Daimier | 512 6,89 1,200 43 .26
Air-cooled rotating cylinders..| 1 radialstar................. .. German Gnome. .. 4.88 5.91 1,200 65,2 .21
. : ' 4 cylinders in line. .. 5.315 6. 299 1,344
Water-cooled fixed cylinders. . {5 ¢ylinders in line. .- 1. do. : : 417 561 1,250
Air-cooled rotating cylinders. .| 1radialstar................. .. . . g L.C. .. 4.13 5. 51 1,200
. . 4 cylindersinline........... Cast fron. .| Head...... M....... N. A Geeeenoeeon 4.724 4.724 1,408 94.9 0.26
Water-cooled fixed cylinders. . {6 cylinders inline. .-........ d0uen | oM Wright......... 00 4,35 45 1,400 83.7 153
Water-cooled fixed cylinders. .| 4 cylinders in line. .......... Cast fron..| Head...... M....... Argus...cocevunnns 5.512 5. 512 1,368 106, 5 0. 26
Water-cooled fixed cylinders. .| 4 cylinders in line. .......... Cast iron..[ Head......{ M....... Argus............. 4.921 5.118 1,342 107 0.23

NoOTE.—Values for mean effective pressure taken from Table IV, where source of information is given. Efficlencies calculated from fuel consumption values in Table V, where
authorities will be found.
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There appears to be no consistent difference between the per-
formanee characteristics of steel compared with cast iron, as com-
bustion chamber materials, when measured in terms of mean effective
pressures or thermal efficiencies. The same is true, as might be ex-
{)ectcd, for fixed cylinder-crank shaft arrangements of four or six in
ine compared with 8 or 12 cylinder V, or star, though the fizures for
the latter do fall off a little. As indicated before, the fundamental
difference is in air versus water cooling, and fixed versus rotating, or
crank case versus direct admission of charge. Fixed cylinders are
always superior to rotatin%, other things being equal, direct charge
admission to crank case admission, and water cooling to air cooling.

Reliability of the engine as affected by arrangement, form, propor-
tions, and materials is partly a process question and partly one of
endurance of structure. ~ So long as the mixture is maderegularly and
properly received into the cylinders, and then treated always the same,
which includes ignition and cooling, then the mean effective pressure
and thermal efficiencyshould remain the same, and the engine continue
to run indefinitely. This is the process part of reliability. It is
equally necessary, however, that no part shall break or fastenings
loosen, and that bearings shall neither scize nor wear too fast or un-
evenly. Breakage means immediate involuntary stoppage, and
loosening or bearing trouble a more or less fast approach to a stop-
page, which, if anticipated, may be voluntary, or if not, a stoppage
essentially the same in immediate effects as a breakage.

There 1s no excuse to-day for any greater number of breakages of
aero engine parts than of similar parts of other engines, provided the
same amount of skill and foresight in design and construction are
exercised. The fact that the consequences of breakage are so much
more serious in the case of the aero engine than in any other is suffi-
cient reason why the breakages should lg)e even less than on any other,
and should not exceed those that could be called pure accidents be-
yond the utmost skill and care. It is, however, undoubtedly a fact
that stress analysis, skill, and material data, for operating conditions,
are far less gencrally applied to aero engine design than to other im-
portant classes of machinery. This is partly because the youth of the
art has kept the inventor in the foreground and the computer behind,
but largely through lack of rigidity of requirements by purchasers and
lack of financial support of the business. If the business of aero en-
gine production were large and regular, or Government supported, it
could not only afford to pay experienced stress analysts, metallurgists,
and material investigators, but would be forced to do so.

Breakage prevention is therefore almost entirely a question of
money, and of realization that design is not purely invention. It is,
however, somewhat a question of arrangement and form, for, as has
been mentioned, from time to time some arrangements or forms lend
themselves better to design for assurance against breakage than do
others, or some promote a reduction of seriousness of the consequences
of breakage, if it does occur, through pureaccident. Anillustration of
this latter point is the case of the rotating cylinder arrangement versus
the fixed. Breakage of a cylinder fastening means a throwing off of
the mass under the influence, not merely of the gas pressure but of
centrifugal force as well, and with a good possibility of much more
serious consequences for the former. Even the breakage of one of the
radial valve tappet rods will cause a loose end to fly out and whip
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through the supporting structure. Such is believed to have been the
cause of wrecking a British machine in flight and causing the death of
the two passengers. Partial ruptures such as cracks in piston and cyl-
inder are preventable by proper cooling, but the substitution of steel
for cylinders directly contributes to this result, as does arching of
pistons, the former a contribution of materials and the latter one
of form to structural permancnce. Complete ruptures are probably
more common in valve stems and other small parts than in the main
elements of frame, shaft, cylinder, piston, ang rods, indicating lack
of care or insufficient experience.

All such things are to be eliminated by organization, supplemented
by time and by long periods of operation of experimental engines,
run under specified unfavorable conditions to complete destruction
of any one part under investigation, such as a valve and stem, or of
the whole structure. Testing to destruction is the very best way to
accelerate experience without danger to anyone. As in the case of
the other illustration cited, however, form can contribute something
to the reduction of consequences of breakage, and in the case of the
stem of the head valve, this has been attempted by placing the edge
of the valve seat slightly over one side of the cylinder Eore in an offset,
or complete enlargement of diameter at the clearance and with the
valve circle tangent to the bore. Should a stem break, the valve will
drop to the cylinder shoulder instead of on top of the piston, which
smashes it or itself, provided the break is high enough upon the stem
s0 the stem does not emerge from the guide. Otherwise the result
is quite the same as if the shoulder were not present, except that a
larger diameter of valve is possible than without such extension of
the bore. This valve troub{)e is supposed to be quite prevented by
side-pocket location of valves, but is not, because should the valve
drop into the pocket there is every chance of it sliding over on the

iston under the influence of a suction stroke, especiiﬁly if the flat

ridge inclines downhill, as it usually does in single cam shaft V
engines, for example, though placing the valve on the opposite or
downhill side would prevent it, but would require two cam shafts.

Prevention of undue wear on shaft and pin bearing surfaces is
entirely a question of bearing pressures and lubrication. These
bearing pressures aro all subject to pretty accurate determination by
computation, so the design of an engine with excessively high bear-
ing pressures, judged by general machinery bearing experience, is &

ure technical mistake, not to be excused by the addition of elaborate
orced systems of pump oil supply. Bearings should be large enough
to not need elaborate special oifs or oil-application systems, but these
should be added to make assurance doubly sure, in short; as safety
attachments, not as essential elements. eight reduction secured
by cutting down main and pin bearings is too dearly bought to be
worth the price. Cylinder and piston bearing wear, while involvin,
the same elements as main bearings, have to endure the additiona
difficulty of high temperature, but this is not serious if due attention
is paid to the principles of heat abstraction. Violation of these
principles, coupled with a rise of side thrusts, aggravated by side cock-
ing that follows undue shortening of pistons, 18 another case of pure
neglect. Pistons should be as long and as thick at the top as is con-
sistent with weight-speed limits, and where observance of these
limits fails to reduce the pressures and temperatures to values known
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to run properly in other engines, then definite special remedies can
be suggested, only one of which is excessive use OF lubricating oil and
the last to be adopted instead of the first.

Seizing of running parts at bearing surfaces is entirely a question
of relative size or of clearances, and its prevention a question of main-
tenance of the cold clearances after the parts become heated, which,
of course, is least necessary, the better the provision for abstracting
and dissipating the heat derived from combustion or developed by
friction. Next to cooling, which in main and crank pin bearings is not
attempted, though it might well be, and which in cylinders and

istons is their Big problem, material sclection is most important.
gome materials have low relative frictional coefficients for their
lubricated surface and are properly related as to thermal expansion.
Nothing better than the soft-metal lined or bronze can be found for
steel shafts and pins, especially as these expand more per degree rise
than the steel, so heating tends to loosen and oppose seizing by assist-
ing lubrication, which by lowered oil viscosity tends to become less
eﬂgezctive. The boxes must, however, be stiff enough to really dis-
tribute stress. Piston and eylinder bearing surfaces are somewhat
more difficult, as the outer part, the cylinder, is normally much cooler
than the inner part, the piston. The temperature difference is greater
the thinner the pistons, and the difference is much greater than in the
case of the standard box on the pin or shaft. It is, therefore, more
necessary to care for these clearances. This is done when the ma-
terials are the same, cast iron on cast iron, by making the initial
clearance high, far higher than would be feasible on shafts. This
tends to promote side knocks and leaks at part load. For equally
good cooling the steel cylinder with cast-iron piston gives about the
same expansion relations as do the bronze box and steel shaft, but
not such good antifriction qualities. Steel selection and heat treat-
ment will undoubtedly lead to improved antifrictional results, perhaps
even equal or superior to cast iron, after proper research. This seems
to be arational and promising line of development, especially if the
cylinders are kept symmetrical, as they can be with head valves.

Reliability so far as carburation, ignition, mixture distribution,
and cylinder treatment processes are concerned, has already been
discussed. Any derangement whatever here leads to impaired
power output or increased and perhaps very much increased fuel
consumption. Serious derangement of these processes means stop-
page even though the whol% engine structure be perfect. Most
operat‘in%' troubles are directly traceable to these process derange-
ments, which if sufficient in degree, mean stoppage, and even if sligit,
constant tinkering and anxiety.

Adaptability of an internal-combustion engine to acronautic service
is promoted by certain features of the engme that play no part in
metal reduction, in mean effective pressure and efficiency increases
or in its reliability, though of course low weight of engine and of fuel
per horscpower are themselves adaptubility factors, as is also any
element of reliability.

General external shape and position of points of attachment are
subject to a far wider range in aero than in auto engines. In one
respect acro adaptability imposes a direct requirement, that of end
shape for least head resistance. Engines directly exposed to the air
or their casings when covered have a relative movement always
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approaching, and sometimes exceeding, 100 miles per hour. This
must always impose a resistance which is larger, the larger the end
area facing the direction of flight and the less smooth the exposed
surfaces are. In this respeet the rotating-cylinder engines are b
far the worst and the single line of c¢ylinders of the auto type of multi-
crank engine is best, nearly twice as good as the V engine for example.
Air-cooled engines 1f similarly arranged to water cooled offer more
head resistance except for the radiator of the latter which may be
very highly resistant but is not necessarily so. But apparently the
requirements of low head resistance is losing in importance, at least
for war machines, since in these the fusclage is roomy enough gen-
erally to accommodate any type of engine.

Ease of starting and a control of speed are also required of acro as
of automobile and boat engines, but with some elements of difference.
Electric sclf-starters with generator-motor and storage batteries are
prohibited by weight limits, for even if the craft could carry them
their weight would be much better disposed in the engine by adding
either more horsepower of the same unit weight, more fucl for the
same engine to make longer flights, or for equal flights and engine

ower by using a heavier built and therefore less sensitive engine of
onger life.  'When starting from the ground a starting erank on the
shaft end often would be inaccessible and even if it were within reach,
engines of large power could not be hand rotated against their normal
compression. It has been a general practice to start these engines
by hand turning of the propeller blades, a practice that is most
dangerous, does the blades no good and certainly requires an extra
man because at the moment of starting the operator must be in his
seat. All hand-starting difficultics are removed if the compression
is relieved and the accessibility of a starting crank can be met with
equal case by a chain and sprocket having a sclf-releasing ratchet
and hand crank on a short auxiliary shaft, near the operator’s seat.
It may therefore be regarded as necessary that acro engines, cer-
tuinly the larger ones, and this means most of all if not all of those to
be built in the near future, be provided with compression-release cams,
equivalent to those so long used on hand-started stationary engines
and lever operated from the seat. This same compression release
gear will serve as a speed control, should speed variation be neees-
sary, by permitting escape of part of the charge though, of course,
with waste of gasoline. It serves as a supplement to the throttle
valve of the carbureta, and which is not so wasteful of fuel. Speed
reduction by spark retardation should not be practiced on acro
engines, though a starting retard is necessary, automatic or manual,
because of the serious overheating effects that follow, and aero
engines at best arc hard enough to ieep cool at their high speeds.

Mulfling may be regarded as a necessity, however much free
exhausts have been used in the past, and whatever unfavorable
weight and power effeets are imposed must be regarded as warranted.
Noise from the exhausts of so many cylinders operating at high
specds becomes a loud roar. There are at 1,200 revolutions per
minute from the 20 cylinders of the Le Rhone engine, for example,
600X 20=12,000 air unpaects per minute, and at 2,400 revolutions
per minute the eight cylinders of the Sunbeam engine give 1,200 x 8 =
9,600 impacts. With such a disturbance close to him no operator
can he expected to keep his head as clear for the serious business of
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flying as if the noise were absent. To detect engine defects by the
noise changes in the machine before they hecome scrious is absolutely
impossible, though this is the main reliance in operating any other
kind of machine. Free exhausts must be clnssc(t therefore, not as
annoyances but as preventers of engine-trouble detection, no matter
what the type of machine, and for military machines they are the
finest kind of approach signal to the enemy, being audible long before
the machine is visible. .

Mufflers can be made, due to automobile development, that are
quite effective with no more than 2 pounds per square inch back
pressure, and possibly less. This will reduce engine output 2 per
cent if the mean effective pressure is 100 pounds per square inch, as
it is in aero engines, less than 2 per cent for higher, and more for
lower mean pressurcs. The weight increase is almost negligible,
being between one-tenth and two-tenths of & pound per horsepower.

Just as soon, however, as mufHlers are demanded as a necessity the
rotating cylinder engine must be changed or abandoned, as normall
the exhaust valve is placed in the center of the head, usually held
in place by an open cage screwed to the eylinder, discharging directly
into the air. To attach a muffler will require a change of the cage
to a closed form with pipe attachment and additional cooling to keep
the now inclosed valve as cool as the open one. 'The muffler would
have to be disposed symmetrically about the shaft and inwardly
radial pipes hel(i) against centrifugal force at the mufHer, fitted to the
exhaust cage by ship joints. These pipes must, moreover, be circum-
ferentially supportetli to prevent distortion by variable angular -
velocities, and they will impose additional windage resistance.  The
net effect will be a greater reduction of power and a greater increase
in weight than muflier attachment imposes on fixed cylinder engines.

It goes without saying that no aero engine with tanks and connec-
tions complete is adapted to its purpose if tilting even to very con-
siderable degrees interferes with its operation, and if it stops on
tilting to any angle that is remotely possible in real flying it certainly
must be rejected as failing in adaptability. There is considerable
uncertainty as to the angle and direction of tilt that aero-engine
adaptability requires, but the 15° required in the German and British
contests seems to be a very modest requirement.  No one will deny
that the greater the angle of tilt and the more independent of direc-
tion, the better the adaptability factor. The conditions when tilting
in flight may be quite different from those existing in a tilted engine
at rest, especially when the motion is in curves developing centrifugal
forces in all masses as well as in the lubricating oiIl) and fuel feed
system. Therefore, in counsidering engine independence of tilting,
rapid change of motion as to speed and direction, but especially
direction, must be included.

Any changes of direction of motion that the planes could withstand
can liave no appreeiable effect on the motion or friction of the moving
masses, but the effects on lubricating oil in the erank case or separate
tank or pipes and on the gasoline in the carburctor float chamber,
tank, and pipes may casily be as great as in extreme tilting. It is
quite possible to imagine a resistance to {low, for cxumﬁ)lo, purcly
gravitutional or purely centrifugal, or both, great enough to cause
engine trouble, in the one case from ailure of the carburetor and in
the other from overheating of bearings robbed of oil, or from flooding
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of combustion chambers whose pistons get an excess. It is likewise
possible that the water-circulation system be similarly deranged by
opposition to circulation, causing steam to generate in a jacket,
expelling all water, and causing an overheating, with a possibility of
a crack, or by a drainage of water from the radiator vent. I an
engine could so be designed that it could work on end, lying on its
side, or even upside down for a short time, but, preferably indefinitely,
this would be the ideal. No such possibility is in sight, though
engines are now operating in machines moving in curves and circles
in horizontal planes, turning the engine on its side, but centrifugal
force replaces gravity and no flows are disturbed. Similarly, looping
or circle flying 1n a vertical plane turns the engine so that it operates
first on end and then upside down, but, as l’lﬁ)cfore, the centrifugal
force replaces gravity. Such is not the case, however, in a steep
climb or descent nor in the uptilting of one end of the plane due to
wind gusts. Here gravity flows are disturbed by the amount of side
and end angle. Crank shafts and pin bearings must receive new
and end thrusts which are not difficult to handle if they all are
properly journaled.

drank-shaft torque that is most uniform is best adapted to pro-

cller drives, as these propellers being made of wood for lightness may
Ee broken by sudden torque changes. Such changes also reduce the
average propeller efficiency and produce reverse rocking forces in the
machime frame. Any engine with insufliciently steady torque for pro-
peller safety and for maintenance of high average efficiency may be
adapted by addition of sufficient fly-wheel effcet between engine and
propeller. - The same fly-wheel effect increases the crank-shaft tor-
sional distortion and crank deflection and adds to cngine weight.
Engines that can give sufficiently uniform torque for the purpose
without fly-wheels must displace others, and whi(}e the four cylinders
in line engine seems to serve, it is true that the effort falls to zero
on dead center.  Anything less than four cylinders is out of the ques-
tion, hecause the gas-pressure cffort is entirely absent for a part or a
whole stroke or more. Increase of number of cylinders over four
makes the actual effort or resultant tangential force due to com-
bined gas pressure and reciprocating inertia forces depart less and
less from the constant mean effort and minimizes the angular
velocity variations of the propeller without any other fly wheel
than itself. From this standpoint the more cylinders the better,
though from others discussed this is not the case.

Arrangement of a given number of cylinders radially about one
crank produces the same torque curve as the same cylinders in line,
provided their cranks in the latter case are separated by the same
angles as their gylinder axes in the former. en, however, these
cyﬁnders in line have cranks parallel in é)airs, as in the four and six
crank arrangements, the torque will not be as uniform as when these
are radially disposed about one crank. It appears, however, that the
6 cylinder in line, 6-crank arrangement, in which the torque never
drops to zero, is quite uniform enough for practical work, and the 8
andp 12 cylinder \? arrangements are progressively better. There is
no reason for adopting the radial arrangement if, as is the case,
other objectionable elements are introduced, becouse the above is

0od enough and anything better not worth another disadvantage.
omparison of turning efforts for any arrangement of cylinders and

NACA TIRRARY

AMES AEROY v "« .1 |  BORATORY
Moft-t -1,  alif,



298 AERONAUTICS,

cranks is easy if they be plotted to a crank angle or erank path
base by the usual standarg methods. Many of these curves lrl)a,ve
already been worked out and may be found in the literature, including
the incrtia as well as gas-pressure force effects, and for such reference
is made to the bibliography in the appendix. In no case may a fly
wheel be introduced in aero engines to dampen torque varations
because of weight limitations.

Balance of reciprocating parts in view of the light and flexible char-
acter of the engine supports which are part of the flying-machine
structure, is probably the most important of the adaptability fac-
tors, because lack of balance means free shaking forees or moments
on the wholo system, and these being regular and periodic may

eriodically synchronize with the natural periods of wires, struts, and

eams, and so cause displacements of such increasing amplitude as
may be responsible for rupture. In no other engine, including the
automobile, motor boat, and even the light shell of the racing hoat,
which comes nearest, is the support so frail and of such small mass
capacity for absorbing vibration forces. Therefore, all unbalanced
forces or couples and the full displacements or vibration of the
engine as a unit are communieated directly to the flving-machine
structure practically without any modification. Moreover, acro
engine weight being so small in comparison with other engines, its
own mass resists displacement by its free unbalaneed forces and
couples less than any other. ITor these reasons good balance is
essential to aero engines, but absolutely perfect balance is not.

Shaking forces and moments in engines are due to both recipro-
cating anﬁ rotating masses, and vibration or rocking is the result of a
failure to balance these forces and moments. Shaking forces due
to rotating masses can be balanced perfectly by other rotating
masses disposed on opposite sides of the shaft center with proper
numerical relation between centers of gravity, radii, and weights.
If the plane of rotation of the original rotating mass is not the same
as that of its balance weight or weights, then there will be an unbal-
anced couple even if the centrifugal forces are in balance, unless
balancing masses be disposed properly in separate planes, themselves
properly related. Due observation of these simple and well-known
relations make it a perfeetly easy and simple matter to balance
rotating parts of an engine by adding suitably disposed extra rotatin
balance masses.  Such dead balance weights are, 510\\'0\'01‘, pruhibitoﬁ
by the service requirements of least weight per liomsepower, so the
actual rotating working parts must themsclves be so ({i.\' sosed as to
balance each other. T%OSO parts include the eranks, erank pins, and
rod ends principally, but also such smali parts us the cams. If
cranks, pins, and rod ends are balanced, other minor rotating parts
may be neglected, though they set up inevitably some small shaking
forces, especially as the speeds are so high, and these forces vary with
the square of the speed.

Accordingly, to balance centrifugal forces and couples, due to
cranks and their attached rotating masses, of fixed cylinder engines
similar cranks must be suitably disposed with reference to the first.
To avoid unbalanced couples with balanced forees more than two
such cranks are nccessary and in different planes. Two similar
cranks at 180°, three at 120°, or any number equally spaced will
result in force balance, because each introduces an equal force vector,
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and, the sum of the vector angles being 360°, these vectors will form
a closed equilateral force polygon, which means, of course, a zero
resultant. Each set of such equally spaced cranks is characterized
by a free couple, to balance which a similar and opposite couple must
be introduced by adding a similar set of cranks with equal but
reversed angular spacing.

Applying this reasoning to fixed cylinder engines, it appears that
the least number of cranks that can give couple and force balance is
four, set at 0°, 180°, 180°, and 0°, and the next smallest number, six,
set at 0°, 120°, 240°, 240°, 120°, and 0°. Of course any multiples
of these four and six crank arrangements will also yield such halance.
This indicates a condition of in?eriority of the fixed cylinders star
engine with many cylinders circumferentially disposed about cach
crank, compared to the single-row and double-row V engines of equal
number of cylinders. These star arrangements must have as many
multicylinder stars, each working on its own crank, as the single and
double rows of parallel arrangement has cylinders, in order to secure
equally good rotating mass gbalance. This would impose on such
fixed star cylinder engines an excessive number of cylnders, unless
crank counterbalance weights were introduced, with consequent loss
of the weight advantage otherwise due to the star arrangement.

Rotating cylinder star engines are peculiar, because with fixed
cranks all parts of the engine are rotatlng—cyiinders and frames in
purely circular paths, pistons and wrist-pin ends of rods in a sort of
oval path, while crank-pin ends of rods are fixed. According to
this tf?e cylinder and frame are in force balance when axis angles are
equal, and all being in one plane there is no unbalanced moment.
T(}le centrifugal force due to the rotation of the piston is & maximum
and radially outward when the piston is at outcenter, and a minimum
at the incenter position with regular symmetrical gradations hetween.
The net effect is a resultant force constant in amount and direction
acting radially outward along the crank and exerting a lifting action
if the crank points up, but not producing any vibration sogl(»ng as
the speed is constant. From the balance standpoint, therefore, the
rotating star is superior to the fixed star arrangements, but is no
better than the four and six cranks and their multiples with parallel
rows of cylinders.

Reciprocating masses of fixed cylinder engines, such as pistons,
wrist pins, and an appropriate part of the connecting rod, develop
inertia forces for uniform rotary motion of the crank that can be
expressed by an equation of the form of Fourier’s infinite series, each
successive term being proportional to a trigonometric function of a
multiple of the angle of rotation from inner dead center and to in-
creasing powers of the ratio of crank to connecting rod length. The
reciprocating inertia force of one set of reciprocating parts is there-
fore the sum of an infinite number of forces of different periods or
frequency, the first being largest and its period that of an engine
speed, each successive one being smaller and of longer period. Tl%ese
reciprocating forces and the couples due to them must be balanced
perfectly if gossible; and if not, as well as possible. The forces due
to valve and valve-gear reciprocation with accelerations determined
by cam form may be neglected, though of course if these could be
balanced in a simple way it would be desirable.



300 AERONAUTICS.

Balance of main reciprocating forces is possible only by opposing
equal and opposite masses of equal simultaneous acceleration, or by
arranging reciprocating masses in groups, so that the vector sums of
their mertia forces become zero.  There is, however, a partial balance
possible by the use of crank counterweights or otherwise disposed
rotating masses frequently used on stationary and locomotive engines,
but normally prohibited on acro engines, on the principle of exclusion
of all dead weights, even for balance purposes. A rotating crank
counterweight exerts a radial centrifugal force which may be resolved
into an axial and a right-angle component. This axial component
may be made equal to the first-period inertia force, and, being, of
course, opposite, it serves to balance this force. The right-angle
component is, howover, left and of equal intensity, and so, of course,
are all higher period inertia forces. Such counterweights are there-
fore quite useless alone for flexibly supported engines, though when
used with one particular combination of pistons and cylinders they
beconie serviceable without very great weight increases.  This special
case 1s that of two cylinders set V at 90°, for here there are two first-
period inertia forces at right angles, which are in balance with one
counterweight, of mass equivalent to one of them for first-period
forees, though higher period forces are still {ree.

As first-period inertia forces are similar to the axial components
of rotating centrifugal forces, a similar grouping of multiples serves to

roduce balance effects. Such, for example, is the case with thae
})our parallel eylinder four-crank arrangements in which, without
balance masses, the first-period inertia forces are balanced, and, of
course, alzo in the 8-cylinder V, which is & duplication of similar parts.

Al combinations of arrangements of reciprocating parts for
parallel, fixed star, and rotating star cylinders can be examined
mathematicully or graphically, and most of the proposed arrange-
ments have been so studied and are reported in papers and books
noted in the bibliography of the appendix. Of these perhaps the
most elaborate is that of Kolsch in his book published in 1911, where
conelusions are reproduced on mass balance of both rotating and
reciprocating parts. Engines that are in complete mass balance
without introduction of bhalance weights include the fixed cylinders
6, 8,12, and 16 in a row cach with its own crank, the 12 and 16 in two
rows V with two cylinders per crank, the two cylinders opposed
axcs in line with two cranks and its multiple, and all rotating star
cylinder arrangements having four or more cylinders per star.

hose that are balanced for rotating masses and for the first period
reciprocating mass forces but not higher ones, without balance
weights, include the fixed cylinder engines of the four parallel cylinder
four-crank arrangement and its twin or 8-cylinder V.

Introduction of balance masses gives complete balance to fixed
cylinder star engines of four or more cylinders and a balance of first-
period reciprocating inertia forces but not of higher ones to the
2 and 4 cylinder and the 3-cylinder fixed star radial. This
fundamental need of balance weights for fixed radial cylinders is
also mathematically demonstrated by Milner, who says: ‘“The
engine will be completely balanced for primary and secondary
forces by a mass —g times that one of the pistons (“n =number of cyl-

inders”) and diametrically opposite and same radius as the crank.
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Of course this is in addition to the mass required to balance the
rotating parts of the engine. The rotating cylinder engine ordinarily
has one connecting rod heavier than the others which itsel! makes
perfect balance impossible.

More cylinders and cranks than are necessary to give the required
torque constancy, or the required balance, or the total power within
the cylinder diameter limit can not bo accepted. Each additional
individual cylinder carries with it sources of additional trouble
and increases the chances of unreliability, however much the con-
sequences of failure may be reduced. The least allowable number
on this basis appears to be 4 fixed cylinders in line or radial fixed or
rotating. The maximum should be 6-cylinder 6-crank in line for
balanee or 8-cylinder V for torque, both advantages being equal
in the 12-cylinder V, or twin 6. Of course the rotating cylinder
engine of cqual number of cylinders and symmetrical parts is just
as good in torque and balance, and even a lesser number down to
four equal in balance, though deficient in torque, but these rotating
cylinders are in no way superior to the above arrangement. Stars
fixed cylinders of equal number are cqual in torque to the same
number rotating if similarly disposed, but inferior in balance unless
rotating counterweights are introduced, in which case cquality

results.
CONCLUSIONS AND RECOMMENDATIONS.

In the following brief statement of recommendations and con-
clusions, which are presented in the form of a list, no effort is made
to develop arguments in support of each because it is believed that
the text and appendices of the report themselves serve as sufficient
support. No specific type of engine, form of gurt, material, or
design constant is recommended, because it is believed that atten-
tion at this time must be directed mainly to methods of procedure
that will lead to improvement. Naturally specific recomimenda-
tions on design could be made, and these will be available at such
time in the future as they may be desired.

1. The art has developed several typical arrangements of engine
and several different designs of each type that may be regarded as
of proven acceptability as to weight per horsepower of engine and
thermal efficiency, but which require considerable work to perfect
and standardize in detail and material without any further inventive
work than properly constitutes part of the normal routine of research
and designing engineers. These types are the 4 and 6 cylinders
in line, each with its own crank, the 8 and 12 eylinder V with two
cylinders per crank, all fixed cylinders and operating with both air
and water cooling, preferably the latter, for long flights, and finally
the radial star rotating air-cooled cylinder form for short flights.

2. There haye also been developed a very large number of special
designs of engine, which in some 1nstances have bheen built and used
but in others remain mere suggestions. Each one of these is prac-
tically an invention in itself, the precise practical value of which
remains more or less in doubt. To properly develop the good points
of these and other inventions to come, and to reject or eliminate
unfavorable elements that are always present in new machines that
have not yet stood the test of time, much work must still be done,
quite independent of the research work so necessary for final perfec-
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tion and standardization of the now acceptable and more or less
largely used types noted above.

3. Direct governmental aid is an absolute necessity to the art,
both for the perfection and standardization of accepted types and
for encouragement of further invention. DPrivate contributions
should also be encouraged, whether for use in connection with the
governmental establishment or independently.

4. There should be a regular buying program providing for the
purchase of a fixed mininium number of aero engines yearly, to en-
courage existing engine builders to spend the money necessary to
Eroduce what is wanted to meet aviation specifications, because the

est shops will not enter the ficld without some definite assurance
of a fixed amount of business, for which they are, however, quite
willing to compete.

5. The aviation engineers should standardize service specifications
for engines, limiting the specifications strictly to those items that bear
directly on service, so designers and builders may know definitely
what conditions must be fulfilled without being hampered with pur-
poseless limitations as to the means to be used by them.

6. The Government should conduct r(zigu.lar annual test compe-
titions of engines on rules to be prepared and widely published at
least 10 months in advance, and revised yearly iminediately following
the closing of the previous contest. For those engines that make the
best records, substantial rewards must be provided in the form of
cash prizes, or buying orders, or both. These cash prizes may be
Erovided by Government appropriation, by private contribution, or

oth together.

7. There should be established a standardization research labora-
tory with a permanent staff of enginecrs selected for efficiency. This
staff should conduct the competition tests, over not more than two
months of the year, including the reports, and during the rest of the
time should carry on tests for design and perforniance data of every
engine of the accepted class noted in No. 1, but of no others. Other
engines are to be admitted only on the recommendation of a second
laboratory staff devoted to development of invention noted in No. 8.

8. There should be established a laboratory for development of
inventions submitted by anyone, when those inventions seem prom-
ising. This staff must be quite independent of that of the standard-
ization research laboratory noted in No. 7, and should preferably be
located in quite a different place. Its engineers should be, in ability
and temperanient, quite different as well. When in this laboratory
an engine, engine part, or accessory not in the accepted class, has
been brought to a condition where its performance is equal or superior
to what is in the accepted class, then it may be recommended to the
standardization rescarch laboratery for further study and perfection.

9. In at Jeast one of the Government shops, possibly located in one
of the navy yards, actual construction of engines of the accepted
classes should be undertaken on about the same basis as is now fol-
lowed for shilgs, the military shop competing with civilian shop in
price and performance. Safeguards must be introduced to prevent
any discouragement of private enterprises or charges of unfairness in
thus competition.

10. Officers and enlisted men who may be charged with the care
of nero engines in service should be assigned to guty, first, in the
Government acro engine shops, then in both the standardization
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research and the invention development laboratories, and finally in
the engincering office noted in No. 11, for instruction.

11. There should be established a staff of supervising and designing
engineers for internal combustion engines. This staff should prepare
all purchasing specifications, prepare engine test competition rules,
receive and use all standardization data from the laboratory, exercise

encrul direction over both the laboratories, and prepare detailed
awings Tor the shops.

12. There should be established the closest possible relation be-
tween aero-engine development and that for other classes of internal
combustion engines in which the military now has or may in the future
have an interest. Among these are included submarine engines, ship
and launch engines, automobiles and auto trucks, gun and transport
traction engincs, and stationary electric generation sets for wireless,
mine firing, searchlights or general service. The same designing
staff, laboratories, and shops that should be established for aero en-
gines can also advantageously undertake similar work for these other
internal combustion engines, as most of the fundamental training,
knowledge, data, methods, and skill required for the one is also of equal
service to the others. Similarly, officers and enlisted men of those
other branches of the service can be given adequate instruction by
temporary assignments to theshop,laboratories, and engineering office.

13. Publicity of data should be promoted by governmentaf publi-
cation of reports to keep alive the general interest in the needs of the
- Military Establishment in the internal combustion engine field,
because the greater the interest the greater the contributions of the
profession. 'This publication may also take the form of papers pre-
pared by engineers of any of the various staffs and presented to the
national engineering societies. Not only should domestic results be
thus given publicity, but all foreign paf)ers and_official reports of
value should be translated and republished. Whenever data is
regarded as being strictly military in value and where publication is
therefore deemed inadvisable, such material can, of course, be with-
held, but it is believed that in general both Army and Navy have
more to gain than to lose by pub%icity of engineerin%l data on engines.

14. It 1s regarded as of the utmost importance that advantage be
taken by the Government of the service of such civilian engineers as
havegivenspecial attention to thestudy, commercial development, and
use of internal combustion engines of all classes, and more particularl
thosenot engaged in manufacturing, though not excluding those of hig
professional standing that may be so engaged. The special knowl-
edge, skill, and experience that these men can bring immediately to the
service of the Military Establishment should prove as invaluable here
as it has abroad, in Germany, for example, first in organizing the
various working staffs recommended above, and later in working with
them. Advantages may also be taken of the laboratories of such of
the engineering schools as have specialists of the above type on their
faculties, or as may be located in large centers where such men not
associated with engineering schools may have their regular offices.

15. No recommendation is made on the details of the organization
of these various staffs and their coordination with the existing Army
and Navy Departments and bureaus except as to necessity.

Nore.—Part 3 omitted. See note on Preface, page 187.
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