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LETTER OF SUBMl'M'AL. 

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS, 
STATE, WAR, AND NAVY BUILDING, 

Tho PRESIDENT: 
Washington, D. C., December 9, 1915. 

In compliance with the provisions of the act of Congress approved 
March 3, 1915 (naval appropriation act, Public, No. 273, 63d Cong.), 
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, includin~ certain recommendations for future work 
and a statement of expenditures 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 tho committee for the conduct of its operations. 

By the act establishing tho committee an appropriation of $5,000 
a yoar for five years was mado 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 
tho accompanying report, and the unobliiated balance of $1,061.06 
was covered into tho Treasury as requirea 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 expensea for the fiscal year ending 
Juno 30, 1917. Tho estimates in detail were submitted through tho 
Secretary of the Navy. 

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

It is apparent to the committee that thoro is a large amount of 
important work to ho done to place aeronautics on a satisfactory 
foundation in this country. Competent engineers and limited facil­
ities aro already available and can be employed by the committee 
to advantage, provided sufficient funds ho placed at its disposal, aa 
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 steJ?S 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 tho 
estimates submitted contemplate tho devclo~ment of such a tech­
nical and operating staff, with the proper eqmpment for tho conduct 
of full-sized experiments. 

It is evident that there will ultimately bo required a well-equipp0d 
laboratory specially suited to the solving of those problems which 
are sure to develop, but since tho eguipment of such a laboratory 
as could be laid down at this time might welt prove unsuikd to the 
needs of the early future, it is believed that such provision should he 
tho result of gradual denlopment. 

The investigations which the committee proposes in its program 
for the coming year can onl_y be carried out to a satisfactory degr0e, 
with the limited facilities already existing, proYided sufficient funds 
are made a,aihthle. The estimates of tho committee are based on 
such line of action, and on tho assumption that a flying field can be 
placed at its disposal 011 Govcmment land. If, however, snch 
facilities be not 12racticable at this time, some progress may still he 
made by the utilization of the facilities of the Government aero­
nautic stations at Pensacola and San Diego. 

The estimate of expe.nses for tho fiscal year ending June 30, Hll 7, 
is as follows: 

For carrying into effect the provisions of the act approved l\larch third, nineteen 
hundred and fifteen, establishing a national adviHory committee fur aernnautfrs, 
there is hereby appropriated, out of any money in the TreaHury not otherwise appro­
priated, for experimental work and investigations undertaken hy thP committee, 
mduding terhnical and clerical assistant~ and the ne,·e=ry un~killed labor, equip­
ment, supplies, office rent, and the necessary traveling expenses fJf the mernlwrs and 
employees of the committee, personal services in the field, and in the Distrirt of 
Columbia: Provided, That an annual report to the ( 'ongress shall be submitted through 
the President, including an itemized statement ,If expenditures, $85,000. 

The committee, thercforo, submits its report, recommendations, 
and estimates to your ftworable consideration. 

Very respectfully, 
GEORGE P. SCRIVEN, 

Brigadier General, Chifj Signal Officer of the Army, 
Chairman. 



ANNUAL REPORT OF THE NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS. 

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS, 
STATE, WAR, AND NAVY Berr.nr"-a, 

Washington, D. G., December 9, 1915. 
To the Congress: 

Tho memhPrs of tho National Advisory Committee for APronautics 
were appointed by tho Prnsicknt on April 2, 1!:)15, in pursuunl'e of the 
following provision in the naval appropriation act (Public, Ko. 271, 
63d Cong.), approved March 3, 1915: 

An A<h·isory Committee for Aeronautics is hereby established, and the President 
is a11tl10ri;:crl to appoint not to exceed tweh·e members, to C'Onsist of til"o meml,crs 
from the \\"ar Department, from the office in charge of military apro1w11ti,·s; two 
mPmhers from the Navy l>epa.rtrnpnt, from the oflice in <'harge of nan1l acrunautics; 
a rppre8entatiYe ea.-h of the Smithsonian Jnstitntion, of the Uuit(•d ~ta:cs \\"eather 
Bureau, and of the l,;nitcd States Bureau of Standards; together "·ith nut more than 
five additional :persons who shall be acquainted with the nPe<is ot' ac·n nanti, al 
science, either uvil or military, or skilled in aeronantic-al engineerillg or its allied 
sdenr:es: Prorided, That the members of the Advisory Cominittee f"r .\<'r,,nautirs, 
as such, shall snYe without compensation: Provided further, That it shall Le the 
ctuty of the A{h·isory Committee for 1\e.ronautics to superYise and direct the scientific 
study of the proLiems of flight, with a view to th<'ir practical solution, and to dC>ter­
mine the problems which should be experimentally attack('{], and to dio,·11ss their 
solution and their application to pra,·tical questions.· In the event of a bboratory 
or lahnratories, either in v,hole or in part, being placed under the diredi"n (If the 
committee, the committee may direct and conduct research arnl ('xp<•riment in 
aeronautics in such lahoratory or JaLoratories: And proridcd.fu.rthrr, That rules and 
rc'(nlations for the conduet of the work of the committee shall be formulate,! J,y 
the rommittee and approved by the President. 

That the sum of $,\000 a year, or so much thereof as may l,e ne,·P,rnr.,·, for five 
years is herehy appropriated, out of any money in the Treasury not c,(];r,;··,1·ise appro­
priated, to he immeoiately available, for exp<'rimental work am! i,,., r•.,tip1tiulls 
undertaken by the committee, derical expenses and suppliC>s, an-I ne,•f's,a~v exp<•H,C'S 
of members of the committee in going to, returning from, am! while at t"uding meC>t­
ings of the committee: l'rrn•irlrd, That an annual rPpnrt to the l'orwrn,·s shall he 
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, 
Director of NavAi Aeronautics, NaYy

0

Department. 
Prof. \Villiam F. Durand, 

Leland Stanford Junior University, Stanford University, 
Cal. 

9 



10 AERONAUTICS. 

Prof. John F. Hayford, 
Northwestern University, Evanston, Ill. 

Prof. Charles F. Marvin, 
Chief, Unitc>d States Weather Bureau. 

Hon. Byron H. Newton, 
Assistant Secretary of the Treasury, Treasury Department. 

Prof. MichaPl I. Pupin, 
Columbia Uninrsity, New York, N. Y. 

Lieut. Col. Samuel Reber, UnitC'd States Army, 
Officer in Charge Aviation Section, War Department. 

Naval Constructor Holden C. Richardson, L'nited States Navy, 
Navy Department. 

Brig. Gen. George P. Scriven, United Statt>s Army. 
Chief Signal OflicC'r, \Yar Department. 

Dr. S. \Y. Stratton, 
Director, United States Bureau 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, Hl15, arc as follows: 

RULES. 

1. The committee may exercise all the functions authorized in the act establishing 
an adYisory 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: l'ro1'idcd, lw1rernr, That such department, individual, firm, asso­
ciation, or corporation shall defray the actual cost invoh·ed. 

3. No funds shall be expended for the development of im·entions, or for experiment­
ing with innntions for the benefit of individuals or corporations. 

REGULATIOKS FOR CONDUCT OF COMMITTEE. 

ARTICLE l. 

MEETDIGS. 

1. The annual meeting of the advisory committee shall be held in the city of W aah­
ington, in the District of Columbia. on the 'fhursday 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 pereonally 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 avoi,led by obtaining the views 
of members by mail or othenvise, both on the question requiring the meeting and on 
the question of calling a special meeting. 

5. Immediately 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 meetmgs of the executive committee. 
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ARTICLE II. 

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 r,owers of a presiding officer. 

3. 'I he secretary shall iBBue 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 III. 

COMMITl'EES. 

1. There shall be an executive committee which shall consist of seven members, to 
be elected hy the adYisory committee by ballot from its membership, for one year. 
Anv member elected to fill a vacancy shall serve for the remainder of his predeceBBor's 
term. The executive committee shall elect its chairman. 

2. The executive committee in accordance with the general instructions of the 
advisory committee, shall COJ(t~ol the administration of the affairs of the committee, 
and shall have general superV1s1on of all arrangements for research, and other matters 
undertaken or promoted by the adyisory committee; and shall keep a written record 
of all tranRac1 ions and expenditnrrs. and submit the same to the ad;visory committee 
at each ~tatr•tl meeting; and it shall also submit to the advisory committee, at the 
annual meeting, a report for transmission to the PreHidcnt. 

3. The Pxecutivc committcfl is authorized to collect aeronautical 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 adyisory committee, and the other members 
of whir:h may or may not be members of the advisory committee. 

5. All officers aml all members of committees hold office until their succeBBors are 
elected or appointed. 

ARTICLE IV. 

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 committefl. 

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

3. The executive committee 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 fisml year. 

4. The Paymaster General of the Navy shall be the disbursing officer for such funds 
as may be appropriated for tho 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. Contributions of funds or collections for any purpoae for aeronautics may be 
made to the Smithsonian Institution, and disbursements therefrom ehall 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 COMMITl'EE. 

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. G<'n. Georgo P. Scriven, l:"nited 
States Army, was ckctecl tempornrv chairman, and Na,nl Con­
structor Ho1dcn C. Richardson, "Cn1tcd Statc-s N aYy, tt-mporury 
secrl'tary. 

In conformity with the ch•signation in tlw call for the· first nwPting, 
issuPd by tho SPc-retary of vVar, tlw word ''National" wns prdixe<l 
to the tPrms "Advisory Committee for APr01urnt,ics." 

L)l(kr the authority of the rulc•s an<l rq2:ulations fop organization 
was complotcd by the elPction of offiec•rs for orn1 :p-nr :,,-; follows: 

llrig. c·en. George P. S('riven, "Cnited States Army, chairman. 
:Naval Con~trudr,r Holden(', Richanlson, Cnit,,,l St,1tes !\avy, ~pc·r0tary. 

0FFICEHS A:O.D MEMBEHH ()I,' ExECUTin: l'u:~:IIITTEE. 

OFFICERS. 

Dr. Charles D. ·wakott, chairman. 
KavalConstructorlI. C. Richanlson, ,,·n,,tary. 

~rn~nrrns. 

Prof. Jo~eph S. Ames. I Prof. ).lich,v·l I. Pnpin-. 
Capt. ).lark L. Bristol, "Cnited States Kavy. Lieut. c 'ol. S. P,1:lwr, L"nited States Army. 
Prof. Charles F. ).farvin. Dr. S. W. f::tratton. 

WORK OF THE COMMITTEE. 

The executivl' committee was directed to ('/lnsickr a program of 
inve,stigation and procl'dure intendt>d to carry ido effect the pnrpo:O('S 
of the act creating tho advisory committo0, and to report the, same• 
with recommendations. Th<· n'comm0rnlations and the rc·port of 
the ex<.'cutivo committee w!'fe appron·d hy thr g('1wrnl committ<'l' at 
the annunl med,ing, and arP incorporntcd in tliis r<'port., 

The authority of the advisory eommit.t.c'c' waH giY,·n t.o th·• <'X(•eutive 
committe0 to institut(I spc,cial invt,stiga.tions tlint promis(•d t.o he of 
sprviec to aviation. The results nr<' shown in the r<'ports forwardC'd 
ht>rPwith as app<'ndicPs. Tlw limitc,cl tim,• Vil(l the limitr•<l funds 
a,ailable both combinPd to prc'V<'nt the• arromp)i,-hnwnt of additional 
work of importance, which might othc'rwi,-;(I LuYC' bc•cn und,•rtak('n. 

The executive committ.Pc in3titutC'd an inns1,iga.tion of forilit.iPs 
available in various collPges, technical and c•r:gint>Pring institutions, 
and among manufacturers and ,aricrns ac•ronnu~ic soe1etiPs, for the 
carrying on of aeronautic invcstiga,t.ions. It wns found that liinitPd 
facilities wore a,ailablo for attacking various probkms of at·ro1mutio 
design, and that same could be nrncle a,aibhlo to tlw committ,<'e, 
prcffided funds WNc availahle to carry out the necessary <'XpC'rirrwnts, 
or to engage competent enginePrs o;1 diff,,n•nt phas<•s of th<' work. 
A numlwr of institutions hnve aYailahlP nH'cluuii<'al lahomtori<•s arnl 
enginPPring courses capable of application to nc•ronautics, lrnt only 
the Massachusetts Institute of Technolo~y and the l:"nivwsity of 
Michigan so far offer regular courses ot instruction and cxp0ri­
mPntation. Worcester Polytechnic Institute has conduct,C'cl c·xpc,ri­
mmts on full-sized propclkrs mountnl on a whirling tahle turning 
on a pivot in the middle of a pond. The arms of tho whirling tahlc 
are providl'd at one end with a dynamoml't<'r for measuring the 
torque and thrust and revolutions of the propc·lkr, and at the c0ntPr a 
control stand for controlling the speed of the propeller. The speed 
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of tho rotating arm is controlled by means of a drao in the wat.er, 
attached to the opposite end of the rotating arm. "11.ile tlwre are 
objections to this method of testing in a circular path in the open, 
tho mrthorl is ing0nious and the results obtained shoukl he Yaluable, 
particularl_v for comparison. In gPncral, however, it appPm-s that 
th0 mtr•rrst of collPgcs is more one of curiosity than that of con­
sidering tho prob}Pm as a true Pngirwcring one, requiring ckvdopmcnt 
of r'nginPrring rrsourccs and, thPn,fore, as not yl't of sufficient 
impor tanc•.r to engarrc their serious attention. Manufacturers are 
principally intcrestC'J in the dcvdopmcnt of types v,rhich will med 
Govnrnmrnt rcquin'mrnts or popular demand, but which will not 
involvP too radicn.1 or suddPn changps from their assumed standnrd 
typrs. 

As 11 result of the investigations of the facilities available in this 
countrv, and of the problems requiring solution, it is found that 
many prohlems Pxist requiring careful and thorous;h 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 data1 without necessarily 
requiring wmd-tunnel tests or full-sized tests ot same. 

(a-1) This will require first a thorough investigation by compe­
tent mathematicians and thysicists of the work so far accomplished 
by different authorities o prominence in this country and abroad. 
The 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 
comprehended 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
emati<'nl thr:'orirs are of use only to those who are mathe1iiaticallY 
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 bused 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 engineerin~. progress 
in the design of air craft will be hampered and progress wiu 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 formulm· 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 aeroJ?lanc is designed so that statically it is stable to a satisfactory 
degree, 1t docs 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 desi~n. Such instability has probably been the 
cause of a large numoer of accidents, and yet constructors nnd 
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 meters.-~i\n important problem 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 imr,ortant of these problems is that of the pre­
vention of "stalling ' of aeroplanes. The committee considers 
"stalling" responsible for a very high percentage of aeroplane 
accidents. It 1s believed that at present the possibility of stalling 
exists in all machines, except a few which have been specially designed 
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 mvolved 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 of 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. 

(b-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 P1tot tubes. (Report 
No. 2.) In addit10n 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.-Tho development of high powered aeronautic motors 
of the lightest possible construction consistent with reliable opera­
tion and the maximum 1cconomy of fuel and oil consumption. 

(d-1) The committee is of the opinion that with proper tcncoura~e­
ment, satisfactory types of aeroplane motors can be developed wluch 
will rival in efficiency and certainty of op1cration the automobile 
motors of to-day and the best aeronautic motors which have been 
devc•loped abroad. This will require that manufacturers having 
capahle organizations at their disposal shall become interested in 
aN·onautic devdopment and s0c 11 market for their products. In the 
meantime, both the ~Var and Navy D0partrnents arc alreacly engaged 
on this problem and may be expected to contribute valuable informa­
tion in the near futur<'. By employing somo of tho 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 involvm"' too 
much weight or resistance, and it is d0sirable that the principfes of 
design should be carefully investigated with a view to the develop­
ment of a type which will embody the different qualities required m 
such a manner as to have the least unfavorable effect on tho aero­
dynamic efficiC'ncy of aircraft. 

(d-3) A'n efficient form of muffler for internal combustion engines 
is necessary for military aircraft. An attC'mpt 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 tho near future. 
The problem is not a simple one on account of the high power of the 
motors used. 

E. Propellers.-The development of more efficient air propellers, 
which will hold their efficiency at high values over a large range of 
speed of aclvanc0 • Also improvements in design of propellc>rs relative 
to materials and details of construction, leading toward reduced 
Wf'ight and greater permanence of form, togE>ther with provision for 
ready repairs and moderate cost of construction. 

(e-1) It is considered that this country has available a number of 
competent authorities on propellers for water craft, who are thor­
oughly equipped to place the design of aeronautic propellers on a 
satisfactory basis, and it is advisable that the committee should h~ve 
at it,s disposal funds to engage such talent on the development of 
propeller design. A great deal of work has already been accomplished 
abroad and is available for use, and though high efficienc_y of design 
has been attained abroad, the progress on these lines in this country 
has been limited. 

F. Form of aeroplane.-lmprovements in the form of a-0roplane 
leading toward natural inherent stability to such a degree as to 
relieve largely the attention of tho pilot while still retaining sufficient 
flexibility and control to maintain any desired path, without seri­
ously impairing the efficiency of the design. 

G. Radio-teleflTaphy.-lt is exceedingly desirable that the com­
mittee should mvestigate the question of apparatus to be used in 
sending messages from aeroplanes in order that there may be sure 
means of communication oetween the aeroplane and fixed base 
stations. 
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PHYSICAL PROBLEMS. 

Besidr the more gC'nernl problems, the following problems of a 
physical rn.ther than aeronautical naturP are of particu lnr intPrPst: 

A. J.Yoncorrosive materials.-The availability of nonrnrroc;in, ma­
terials fur construction ddails and fittings; such mat<'rials to have 
qunlities cnmpnrnblc with those attainahln in diff<'rt'nt grades of 
steel, both as to physical propertiPs nn<l as to rdiabilit-y. 

(a-1) ,York on this line is already wdl in hand at the Bureau of 
Standards. 

B. Flat and cambered smfaces.-A complete invl'stigation of the 
efkets of combinations of flat and cambered surf aces joined by hinges, 
as is usual in the construction of rudlh>rs. 

(b-1) X o extended work on these lines has yet been carried out, 
though facilities exist at the Washington Navy Yard and at tho 
Mnssachus!'tts Institute of Technology. 

C. Terminal connatio1ls.-The development of rl'liable terminal 
connections for truss wires, which will develop, if practicable, the 
full strength of the wire without involving too much bulk or ,wight, 
and wit,hout involving danger due to unusual care hC'ing requirC'd in 
attaching same; that is, the solution must be a practical and not a 
laboratorv one. 

(c-1) A ,aluable contribution to this question is submitted in the 
report ,olunteered by the John A. Roebling's Sons Co. (Report 
No. 3.) 

D. Characteristics of constructive materials.-Au 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 
construct ion. 

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

E. Generation of hydroqen.-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 t1wse would be defective if iustnlled aboard ship. Any in­
stallation for this purpose aboard ship should combine capacih,, com­
pactness and economy, and certainty of operation to the highest 
de[ree. 

Ii. Stmularclization of nomenclature.-The standardization of aero­
nautical nomenclature is most desirable for the whole cow1 trv. 

(f-1) This question has already been attacked by the Ariny and 
Nnvv, ancl the reports of these branches of the service should form a 
goo([ ba,;is for the work of the committee. 

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

(g-1) A i)roposition on these lines from a prominent manufacturer 
lrns ulrC'ally been received, and the committee has taken steps toward 
the devdopment of such specifications. 

II. Bibl1nymfhy of ai·iation.-Revision and continuation of the 
bibliogrnphv o aviation. 

I. (',1ll1ct1on, revision, a111l is1n.wnce of ri!ports and hulletins covPring 
the state of the art of aeronautit:::l, the primary purpose being to avoid 
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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. 

K. 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 1s still evidence of carelessness m 
the desian 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 tho result that in one State, 
at least, experimental work is practically {>rohibited, not because 
inventors and constructors can not com_{)ly with the law, but bccuuse 
the operation of the law requires facilities which do not exist in the 
State in which the laws have been passed. ·with a view toward de­
termining the requirements of such !(,gislation, it is proposed that a 
beginning be made by requesting that all accidents ho reported to 
the advisory committee on forms to be published by the committee, 
embodying a set of categorical qurstions, the answrrs 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 flyrr-i, such questions should be ans,veretl hy the investi­
gating authorities. Tne word "request" is used in view of the pos­
sible conflicts of State and Federal authority and jurisdiction; and 
whereas it is vPry probable that both State and Federal authorities 
would be willing and glad to cooperate in this work in response to a 
request, it is not clear that such cooperation would follow legislation, 
unless carefully worked out, 

STANDARDS OF WORK. 

While the functions of the committee are not considered directly 
to be conce!'Tled 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 l>ase con­
tracts, and under the stress of war conditions the multiplication of 
aircraft would be greatly facilitated. 

25302°-S.Doc.2G8,64-1--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 craft 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 S('crctary of War, the first mretings of the 
advisory committee and the executive committee were held in the 
reception room in the office of the Secretary of "\Var, 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, ,var, and Navy Department Building, 
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 ,var, 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 office. 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 facilitirs already exist 
in different Government departments about as described in g(•ueral 
terms in the following. These facilitiPs can be augmented by the 
facilities described as existing in the different techmcal institutions, 
etc., previously referred to: 

A. The Bureau of Standards is well equipped for carrying on all 
investigations involving the detern1ination of the physical factors 
entering into aeronautic design, and is prepared to take up such mat­
ters as are of sufficient general interest to warrant same. 

B. The N avy_Department is equipped with a model basin and wind 
tunnel at the Washington Navy Yard, with atlequate 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 their operation, which will be in com­
mission at an early date. Also, under the Na,y Department steady 
progress is being made in attacking prnctiral problems involved in 
the development of the N ayy 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 W cather Bureau is well equipped for the determination of 
the problems of the atmosphere in relat10n 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, ancl this work is the 
subject of a preliminary rC'port 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 aeronautics, and is 
prepared to continue this work for at least two years more with the 
funds at its disposal. The institution has also contributed funds 
toward tho dcvC'lopment of the work of the subcommittee of the 
Weather Bureau in its investigation of the problem of the atmosphere 
in relation to aeronautics. 

Itemized statrment of expenditures under appropriation "Advisory Committee for Aero­
nautics, 1915." 

No. Payee. 

]150 J. F. Victory .................................................. . 
1155 Underwood Typewriter Co ...................................... . 
1156 Union Envelope Co ............................................ . 
1157 Andrews Paper Co ............................................. .. 
]158 Municipal Supply Co .......................................... . 
1159 Roberts Numbering Machine Co .............................. .. 
1160 Globe-\Vernicke Co .......................................... .. 

Ei~ liif~~:1t~r 8i_-_-_·_~:::: :: : : :: : : : : :: : : : : : : : : : : :: : : : : : : : : : : : : : : : 
1163 ..... do ....................................................... . 

U~g 'i~:~rniI t11S~~~~ .(~~~~~- ~~~1'.1. ~~? :~~~)-- .·. -_ ·_:: : : : : : : : : : : : : : : : : : 
1435 Postal Tc>legraph Cable Co ....... ___ ............................ . 
1436

1 

\Vestern Union Telegraph Co .................................. . 
1550 Joseph N. Snellenburg ......................................... . 
1615 Prof. Michael I. Pu pin ......................................... . 
1617 [· .... do ....................................................... . 
}G40 Massachusetts Institute of Technology ........................... . 
1641 Columbia University ........................................... . 
766[) Prof. John F. Hayford .......................................... . 
7670 Prof. William F. Durand ....................................... . 
7775 Prof. Joseph S. Ames ........................................... . 

OBLIGATED. 
Cornell l;niversity ................................... $1,000.00 
United States Rubber Co............................. 1. 00 
Goodline Manufacturing Co........................... 1. 88 

.Amount. 

$26.67 
67.50 
4.23 
. 79 

7.00 
2.40 
1. 75 
2.05 

10.32 
9. 16 

51. 26 
75. 00 
3.89 

20.39 
67.00 
21. 80 
21.80 

800.00 
1,500.00 

26. 25 
213. JO 

3. 70 

2,936.06 

1,002.88 

Total expended and obligated............................ 3,938.94 
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A statement showing the c>xpcn<liturPs of tl1<· committee is sub­
mitted hC'rcwith. 

Summary of e.rpenditures under appropriation '' Adrisory Committee for Aeronautics, 
1:Jl.5." 

Clerical services.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . $26. 67 
Office furniture........ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67. 00 
Stationery and equipment. ......•.......... _ ..... _ ... __ .. _ .. _._......... 2:1:3, :l4 
Members' traveling expenses ............ _ .............. _ ...... __ ........ 286. 65 
Telegrams..................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24. 28 
Technical reports from Massachusetts Institute of Technolo~y. l'nited 

States Rubber Co .. Columbia and Cornell Universities ................... 3. 301. 00 

Total expended and obligated .................................... :;, 9:~8. 94 
Unoblig-atcd balance turned into Treasury ................................ 1, 0131. f'r6 

Amount of appropriation .•........................................ G, 000. CO 

CONCLUSIONS. 

From the above, it will be apparent that utilizing nil facilities at 
present available, the progrrss that can he made will be fragmentary 
and at bc>st lack that coordination whirh is ncces,.;ury to accomplish 
in a direct, continuous, and cfficiPnt manner, 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 nc>eds of the very rapid 
development already under war., stimulated hy the unusual condi­
tions existing in Europe, the fae1litiPs and tcclrnicnl assistance recom­
mended are essential. ,Yhilc the needs at pr!'sent arc principally 
those which have an important bearing 011 military preparedness, the 
committee is of the opmion that aeronautics has made such rapid 
strillPs that when the war is over there will be founcl UYailalJle cla,;scs 
of nircrnft and a trained pPrsonncl for their operation, which will rap­
idly force aeronautics into commercial fields, invoh·ing developments 
of which to-day we barely dream. 

RPspPctfully ,-ubmittPd. 
Gr:<ll!GE P. SnuvEx, 

Brigadier General, Chief Signal UJhcer of the Army, 
Ciiairman. 
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REPORT No. 1. 
PART 1. 

EXPERIMENTAL ANALYSIS OF INHERENT LONGITUDINAL 
STABILITY FOR A TYPICAL BIPLANE. 

By JEROME C. IIUNSAKER. 

ARTICLE 1. 

INTRODUCTION. 

A model of span 18 inches, representing a typical military tractor 
bi_plane, was tested in the wind tunnel of the Massachusetts Institute 
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 gfrcn here. A report 011 the 
lateral stability of the same model is reserved for a later date. From 
the observed rate of variation 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 
pitchmg 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 t)ie maximum to the minimum possible speeds for the 
aeroplane type selected. The principal point of interest brought 
out m 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 und ulatory 
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 when operated at slow speeds. 

The entire investigation of inherent longitudinal stability was pre­
liminary to the discussion of the effect of wind gusts. Naturall,y, it 
was first ncc<•sso.ry to find a stable aeroplane and to obtain some idea 

25 
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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, he 
investigated only for the high-speed condition. At low speeds the 
aeroplane cnn not be left to itself in still air. Consequently, a dis­
cuss10n of its certain destruction if abandoned in gusty air appears 
unprofitable. 

AuTICLE 2. 

MODEL AND PROTOTYPE. 

The type of aeroplane selected is a high-speed military biplane 
tractor known as Curtiss J 1V2. 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 load .••....•...•.••......•.•.•.•.•.......•. pounds .. 1,800 
Brake horsepower .•.•....................•........ horsepower.. 110 
:Maximum speed for calculations •..••••...••.•.•. miles per hour.. i9 
Minimum speed for calculations .....................•..... do.... 43. 7 
Total wing area (including ailerons) .•..•.••......•. square feet .. 384. O 
Area fixed tail. ...•••.•.••....••.••••.•.......•••.•..... do.... 23. 0 
Area horizontal rudder •••••••••••••••••••••••••••••••••• do.... 19. 0 
Area yertka.l rudder ..........•...•.••••••••.••.•••••••.•• do.... 7. 8 
Span of wings ............................................ feet.. 36. 0 
Chord of wings ...............•••.•••••••••••••••••••.•••• do.... 5. 3 
Gap between wings ..................................... . do.... 5. 3 
Length of body ..•............••••.•••••..•..•..•.......• 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 a, b, c.) The model was an exact 
copy of the aeroplane except 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 aero})lanes varies somewhat less 
rapidly 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 
duplicat,es of the installation of the National Physical Laboratory, Ted­
dington, England, and reference should be made to the Technical 
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Report of the Advisory Committee for Aeronautics, London, 1912-13, 
for detail description and methods of operation. 

In general, it may be stated that the wind tunnel pro,ides a wind 
constant in velocity ,vithin 1 per cent, which velocity is further con­
stant across the working cross section of the tunnel within 1¼ 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 arc 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 deriyativcs" 
of Bryan's 1 theory of dynamical stability may be computNl. 

The theory of stability also requires the detrrminution of ilrn damp­
ing of oscillations about the centrr of gra,ity of the aeroplane. A 
s_prcial oscillating apparatus was built for these tests which will he 
described below. By oscillatinrr the model in the wind and obsrrring 
the decrement of amplitudCJ witY1 time, it was possible to estimate the 
"rotary deriyatives." 

ARTICLE 4. 

LONGITUDINAL TESTS. 

The model was mounted on the balance with its wings in a ,ertical 
plane by means of a vertical rod driven into the body at the foint 
shown on figure lb. By swinging the model about the ,ertic-a axis 
passing through the spindle, the angle of ,vind to the wing chord was 
variPd from+ 20° to - 8°. At each atlitudc the force across the wind 
or "Lift," force do,vn ,vind or "Drift," and the pitching moment 
about the spindle were measured. The signs were taken so that 
an actual lift, actual head resistfmcc, and a stalling moment arc posi­
tive. The wind velocity_ was 30 miles pc•r hour of stan<larcl dry air 
at 15° C. and 776 mm. Hg. The experimental points are shown on 
figure 2, where forces are in pounds and monwnts in inch-pounds. 
The precision of measurement is within 1 per cent. 

For a given attitude, tho resultant forf'c• on the model in pounds 
at 30 miles p0r hour -is R= ✓L2+1P. This resultant makes an 

angle with the wind diref'tion givPn by a= tnn - 1 t • Thn forf'e R 

is obser,ed to have a pitching mom('nt Jf about tho ~pimlle axis. 
It mny then be assumed to be situakd so that the pPrpPndiculur 

from this axis to R is given by x = -¾· The Ynctor R is thus detPr­

mined in magnitude, direction, and line of application. The re::;ultant 
force vectors R are shown on figure lb to a scale 1 inch equals 0.2 
pound. The vector R is purely an alo-obraic substitution for the 
complicated syst<•m of forces and couph~s a.cting on the aeroplane. 
The vectors arn drawn relative to the a.eroplane. 

The center of g:ravity was assumed to lie as sho,.,'11 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. Ilryan, Stability in AYiation. 
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The c. g. location determined for the actual aeroplane nfter C'xten­
sin trial flights is almost identical. 

It is seen thn t for angl0s smaller than 4 °, R passes forward of the 
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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 ( 30 ) 2 

},'orce Oil acror)la!H' = 24-f'° 
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when Y is the flying spee<l of the aeroplane in miles per hour. The 
above rPlntion hol<ls, 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: 

V= 30 / 1800 
2 4 \I Lift 0_11_n_1_0---,d'""""e-=-l. 
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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: 

D f~ll size=D model x 2i x(3l~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 V us 
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 tho 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 
propeller a speed of 73 miles per hour is indicated by our curves. It 
1s reported that the speed of this aeroplane was actually 73 miles per 
hour. 

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 steady 
horizontal flight at a given attitude the axis of Z 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, Zand are expressed m 
pounds per unit mass. Moments are L, M, N and are given in pounds­
feet per unit mass.1 

Angles of roll, pitch and yaw from the normal flying attitude are 
denoted by "'' 8 and if,. Angular velocities of roll, p1tcli and yaw are 
p, g_, r in radius per second. The si~s of moments, angles and angular 
velocity are positive considered in the directions XY, YZ or ZX. 

Moments of inertia referred to axes X, Y, Z are denoted by 
mK2A, mK.2B, mK2c where m is the mass of the aeroplane and ~, 
L, Kc corresponding radii of gyration. 

ARTICLE 7. 

EQUILIBRIUM CONDmONS. 

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

1 i·nit mass is the slug equal to 32.17 pounds weight. 

:!:'i30:! 0
-~. lloe. 2G8, G-1-1--3 
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normal horizontal flight tho axis of Xis parallel to the af parent wind 
direction ancl is hence horizontal. Let fJ be the angle o _pitch of the 
aeroplane :wn,y from its normal attitude. Then nornrnll>· fJ is zero. 
Likewise if the aeroplane is in equilibrium in its flight, thn a11gular 
Yelocity of piteh is zero and also tho pitching momollt, lllo. 

At high speed, for example 79 miles, tho ux1s of Xis horizontal nnd 
makes an angle of 1 ° with the wing chord. At low speed, new axes 
are chosen such that the axis of X is still horizontal but makes an 
angle of 15.5° with the wing chord. Tho axes arc fixed by the 
equilibrium conditions for fliO'ht and differ for tiach normal flyi11g 
attitude. Oscillations about the normnl flight path when tho motion 
is disturbed are referred to the aboYc defined axes which are assumed 
fixed in the aeroplane and moving with it in space. 

The pitching moment curve obsPrnid for the model shows zero 
moment for an angle of wing chorcl of 4 . .5° and a divin~ moment at 
larger angles. For slow flight, it is assumed that the pilot by proper 
setting of his horizontal rudder impn•sses an equal stalling moment 
on the machine so that the net pitching moment is zero. The effect 
is to move the pitching moment currc parallel to itself by the alo-e­
braic addition of a stalling moment so that its ordinate has zero vafue 
for the desired fhght attitude. 

ARTICLE 8. 

TRANSFORMATION OF AXES. 

It is convenient to measurC' in the wind tunnel the lift and drift 
about axC's always vertical and horizontal in space. For the oscilla­
tions of the aeroplane it is convenient to consider the forces referred 
to axes fixed in the aeroplane as described above. The tran.-;form.a­
tion is effected in the usual way by means of the form.ulre: 

m Z' = L cos 0 + D sin 0, 
m X' = D cos 0-L sin 0, 

where 0 is the angle of pitch of the aeroplane away from its norm.al 
attitude, considered positive for stalling angles. Here L and D are 
lift and drift on tho model in pounds, and m X' and m Z' corrcspond­
inp 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 followmg tables 
carry out the required transformation. 

The pitching moment Mis independent of the longitudinal shift of 
axes and varies only as the square of the speed. Curves of 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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i=l 0 , V=,9 miles, m=55.9 slugs. 

I 
0 

I 

L D z X 

I 

- 5 -0.08 +0.115 - 6.4 +7. 7 
- 3 + .14 . 104 + 10.8 7.8 
- l . :15 . 102 24. 9 7. 76 

0 .45 .104 32.9 7.4 
+ 1 . [i6 . 108 40.0 7. 1 
+ 3 . 761:i .118 54.0 .s. 6 
+ 7 1. 1:J . lG,5 81. 0 I. 9 
+ll I. 39 . 270 100.0 - . 7 
+10 l. 48 . 428 109.0 -2. 05 
+rn i 1. 48 . 581 112.5 -4.7 

·-

i=7°, V=51.8 miles. 
------ -----

- 7 +0.35 + 0.102 +10. 3 +4.42 
- G .45 .104 13.4 4.64 
-5 . 56 .108 16.9 4. 79 
- 3 . 765 .118 23.3 4.85 

0 1. 05 .150 32.2 4.60 
+5 I. 39 . 270 48.0 4.54 

9 1.48 . 428 47.0 5.90 
13 1. 48 . 581 48.2 7.12 

i=l0°, V=47 miles. 

--- ----~--------, 
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i=l2°, V=4.5.2 mileR. 

I. 13 0.16.5 
1. 28 . 21 
I. 39 . 27 
1. 45 . 348 
1. 48 . 428 

i=l4°, V=44.2 miles. 

1. 28 0.21 
1. 39 . 27 
1. 45 . 348 
1.48 . 428 
1. 50 . 508 

+24.0 
28.4 
32.4 
35.4 
37.2 

26. 1 
29.6 
32.4 
34.0 
35.2 

28.3 
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32.4 
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34.2 

+5.14 
5.18 
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5.56 
6.24 

5. 68 
5.83 
6.29 
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7.56 
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1·=15.5°, V=4:l.7 milca. 

L D z 
--·--

L:.:4 0.196 26.4 
1.40 . :)30 30.G 
L 48 . 408 3~.:? 
1. 49 . 48~ 3:t 0 
1. 49 . 5Hl 3:t 4 

CONVERSION OF PITCHD/c: )lOMEXT,;. 

mM,=moment about spindle in inch pounds on model. 
m.M)cg=mnment about c. g. in inch pounds on model. 
b=3.04 inchC'", c. g. forward of spindle. 
a=0.10 inche,, c. g. above spindle. 
Axis of X :l.i"i 0 to wing chord. 

X 

7.1 
8.25 
8.9 
9.4 

10.0 

M=pitrhing moment about c. g. full ~ize, full speed, in pounds feet per unit mass. 
mJfcg=mJl8 -111Z'b-mX'a. 
i=angle nf wing chord to wind, degret·~-
0=angle of axis of X to wind. degreeR. 

---- ----·--~--~-----------

1 I ' I
O I "" 11 1° I 12° H° 15• 5 

_•,,; ~ 0 +:>~+:,,,::::.::~™::: ]+:.O +~t" ; M ~~ :'., 
- 21 - 6 + .o;,o .105 + .069 .112+ .,oo + .18

1
+2s.1 +11.0 ....... ' 8.o 7.85 
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3½ 0 • 715 • 115 • 715 .115 2. 21 + . 031: + 4. 2'l + I. 8 ..••.....•.... + I. 35 + 1. 32 
4\ + I .810 .122 .812 .107 2.48 00 0 0 0 O O 0 
5! + 2 . 9Io • 130 • 915 . 098 2. 71 - • os1-1 !· 4 - 4. 9

1

- 4. o _ - 3. 72 - 3. 56 - 3. 49 
7! +4 1.09 .157 1.10 .OSI 3.17 -.ISl-h7 -ll.11-9.011-8.40-8.02-7.86 

11½ + s 1.37 .252 1.40 .o~ 3.81 - .41l
1
-s1.o -24.51-211.2 -18.7 -17.9 -17.5 

15! "'.°12 1.48 .408 1.51 .184 4.°'] - -~~1-85.5 -3~.H,-30.3 
1

-28.0 -26.8 -26.2 
191 ,10 1.49 .561 1.s4 .331 3.oo - .,o

1

-1os.0
1

-46.6j-······i······· -33.9 -33.2 

ARTICLE 9. 

RESISTANCE DERIVATIVES, LONGITUDINAL. 

Notation follows Bairstow,1 to whose paper reference should be 
made for the detailed discussion of "derivatives." In the theory of 
small oscillations, the aerodynamic forces X 0 , Z0 , and pitching 
moment, .M0 , arc eliminated by the conditions of equilibrium. In 
disturbed motion, disturbances in normal flying speed and attitude 
oausc changes in the q_unntities, ~Y, Z, nnd Jf. 

Let U be the normal flying spt>ed and u, w and q small changes in 
hori1:ontal and vertical velocity compo1wnts and angular velocity of 
pitch. If the disturbance be small, u., w and g_ arc small with respect 
to U. For example, the function 

X =f( V+u., w, q) 

may be expanded into the approximate form 

X = X 0 +11Xu+wXw+q 1rq, 

a linPar fundion of thP small quantitiPs v, w, g. The coefficients 
Xu, -Yw, -Yq arc the so-called n•sistaneP <lPrivativt>s uf the thc•ory of 

1 Trchnical Heport o[ tlw Advisory C'ommitt,:e for ,\t rnn,1 1.:t:cci, Lo;;.(lon, 1912-U. 
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small oscillations, and phyt>ically represent the slope of a curve of X 
on a base u, w, or q. 

Similarly 
Z =Z0 +uZu+wZw+qZq 
JI= Jf0 +uMu+wMw+q]fq 

From the conditions of equilibrium, X 0 is balanced by the pro­
peller thrust, Z 0 by the pull of gravity or Z 0 = g, and M0 = o. 
Also, Bairstow has shown that X 11 and Zq may he neglected. 

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

and 

Z 
_2Z0 .. - u 
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These coefficients may be obtained directly by calculation since 
Drift 

X 0 -=--, and Z0 =g. For example, at 79 miles per hour, U= 
m 

-115.5 feet per second and Z0 =32.2. Then 

Z = 2 X_.'3J•2=- 557 
u -115.5 . 

Also at 15%, U= -63.8 feet per second and 

2X10 
Xu= _ 63 _8 = - .276 

The derivatives X ,,,, Zw, l.lw 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 

lf tan-1 17. This inclination is given to the model in the wind 

tunnel, and X, Z, and M measured for various pitch angles. 
w w 

But M = tan-1 u= 57 .3 U' when M is a small angle in degrees. 

. v = L:iX = 57.3.~X 
••Aw W U fl0 

fl;; is the slope of a curve of X on pitch angle as base. For example, 

LlX - .65 
from figure 4, .1

0 
=-2- and 

V _ 57.3 • - .6,5 _ Q 69 ~i.w- -115.5 2 - + .l ~ 

Similar formulas are used to compute Zw and Mw. It may be noted 
that the method assumes that for small oscillations, hence small 
chan_ges 8, 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 Mq. For an angular velocity~~ =q, a damping moment 

q Jf is exerted on the aeroplane. 
To measure this aerodynamic damping, the special oscillating appa­

ratus was designed which is shown by the photograJ?h 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 period. The spiral springs 
bear in notches on the arms by means of knife-cdged shackles. The 
spri1ws insure that the motion shall be oscillatory. The assumed 
c. g. frlC'ation of the aeroplane model is arranged to be on the axis of 
rotation. The actual center of gravity of the apparatus is not 
considrred. 

Friction is kept small by careful design of the steel pivots, which 
are hardened steel points bearing in tool steel cones. The spring 
knife edges are glass hnrd. It was found that a convrnient period 
is about onc-haH second. In still air the apparatus will rock more 
than 300 tinws hefore the amptitude is diminished by friction to 
one-ninth of the initial displacement. 

The moment of inertia of the entire oscillating mass was calcu­
lated and then checked by an independent experimental determina­
tion. 

Let: 
/=moment of inertia of all oscillating parts in slug foot-

units. 
m' = mass of all oscillating parts in slugs. 
M0 =moment of air forces on modrl at rest. 
J/8 = moment of springs at rest. 
K0 = additional moment of springs when drflectrd. 

c=c. g. of entire apparatus above pivot, feet. 
0 = angle of pitch from normal attitude in radians. 

d0 <l . d f . . µ 0 a1= ampmg moment uc to nct10n. 

do l . d . d µ"'dt= c ampmg momcnt ue to wm on apparatus. 

µm J: = damping moment due to wind on model. 

cm'0=stntic moment due to gravity. 

The equation of motion then is: 

But M0 = J[,, by the initial condition of equilibrium. Let 
a20 de , 

µ=µ 0 +µw+µm; then I dt2 +µ df+ (K-cm) 0=o 

The solution of this equation is well known to be: 

where O and ex: are arbitrary constants. If time be counted when 
the amplitude of swing is a maximum then cos { - } = 1, and 0 = 001 

the initial displacement. Also if the number of beats be counted by 
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oh,erving tho timos for succeeding maxima, a plot of amplitude on 
timo will have for its equation the simple form: 

-µ.t 
8=8

0
e-z( 

The confficicnt µ is tho logarithmic dncrement of the oscillation 
urnl must he numerically positive to insure that the oscillation dies 
out with timP. 

The af puratus was fitted with a small reflecting prism hy which a 
p0rl('il o light was deflcckd toward a ground glass plate set in the 
roof ,)£ tho tunnel. :Nino lines spaced 0.2 inch were ruled on this 
platP. "\Yith tho model at rest the beam of light was brought to n 
sharp focus on the line marked zero. Il_y means of a trig-gcr the 
ohscrvc;r started an o;;eillation of the model, and the spot of light was 
obsPrn•d to os<"illate across the scale. The time, t, was observed in 
which an oscillation was damped from an amplitude of 9 to an ampli­
tude of I, for cxamplo. 

Then: lo9,~= {zl=log/J, and knowing I and t, µ is calculated. 

Preliminary tests showed that tho same value of µ was obtained 
whctlwr the timing stopped at 0 = 5, 4, 3, 2, or 1. 

Osc·illation tests were made at five wind velocities varying from 
5 to 35 miles per hour. The coofficicnt µ appeared to vary approxi­
mately as the first power of the -velocity. 

Similar tests were made with the model for no wind to determine 
µ 0 , which may be said to be due almost wholly to friction and very 
slightly to the damping of apparatus and model moving through 
tho air. 

Likewise µw wus obtained by oscillating the apparatus without 
modd in winds from ,5 to 3i5 miles per hour. 

Tho cot'fiiciPn t /lm has th0 dimensions I pl4 V, where p is density of 
air, la linear dimension, and Vthe velocity of the wind. To convert 
µm to Mi for the full-size machine at full speed, multiply by the fourth 
power of 24, the scale, and by the ratio of full speed to model speed. 

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

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

1 Balrstow, Joe. cit., p. 176. 
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FIGURE II. 
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PITCHING OSCILLATION TESTS. 

\Vind velocity, miles ... . 
n heats counted ....... . 
t seC'onds .............. . 
µ ..•...• •·············· 

I model and apparatus=0. 04195 
I apparatus = . 0368 

0 
350 
168 

. 00096 

Apparatus. 

14. 7 
2i>3 
120 

. 00135 

21. 4 
210 
100 

. 00162 

35 
186 
90 

. 00180 

45 

µw (less zero) .......... . 0 . 00039 . 00066 . 00084{Use faired val­
ues below. 

Apparatus and model with wing chord 1° to wind. 

Vmiles.................... 0 9. 5 14. 7 21. 3 25 30 37. 3 
n heats..... . . . . . . . . . . . . . . . . 300 90 56 40 35 32 27 
t seeomls................... 160 45 28. 5 20 17. 5 16 13. 5 
µ gr~ss._.................... . 00115 ·. 00410 . 00646 . 0092 . 0105 . 0115 . 0137 
µ 0 fnct1on.................. . 00096 . 00096 . 00096 . 0010 . 001() . 0010 . 0010 
µw apparatus................ 0 . 00035 . 00040 . 0006 . 0007 . 0009 . OOll 
µm net ...................... 00019 .00284 .0054 .0076 .0088 .0096 .0117 

But µm = - m Mq when reduced to full size and 79 miles per hour 
and mass of 55.9 slugs . 

or for 
. ·. Mq = - .0096 X (24) 4 X (79/30) X 1/55.9 = -150.0 

U = - 114 foot-seconds, Mq = 1.32 U 

Apparatm and model with wing chord 15.5° to wind. 

v ........................ 9. 1 14. 7 21. 4 25 30 
n ....... ················· 75 50 35 30 25 
t .•....... ................ 38.5 25.0 17. 5 15 13 
µgross ................... .OMS . 0074 . 0105 . 0123 . 0142 
µm net ................... . 0035 . 0060 . 0089 . 0106 . 0123 

or 
Mq= - .0123 X (24) 4 X (43. 7/30) X 1/55.9 = -106 

Mq=l.66 Uwhere Uis -64 foot-seconds, or 43.7 miles. 

37.5 
19 
9 

. 0205 

. 0184 

The computed values of µm, the model damping coefficient, are 
plotted on figure 11. It appears that µm is approximately a linear 
function of the velocity, as would be expected, and the conversion 
to full scale, full speed, is made as indicated above. 

The damping coefficient is not greatly different for different atti­
tudes, and the following values are obtained by interpolation: 

Angle of 
wing chord 

to wind. 
+10 

70 
100 
12° 
140 

15. 5° 

V. 
79.0 
51.8 
47.0 
45.2 
44.2 
43.7 

u. 
-115. 5 
- 75. 8 
- 68.8 
- 66.2 
- 64. 8 
- 64.0 

Mq. 
1. 30 U=-150 
1. 49 U=-113 
1. 55 U=-108 
1. 59 U=-106 
1.63 U=-1()6 
L 66 U=-106 
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ARTICLE 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 the11 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 h, p the natural period of oscillation in seconds, KB the 
radius of gyration in feet about the Y axis or axis of pitch, then 

KB2 =(!!2) p2_7i2 
By observation h=12.2 feet, p=60/14 seconds. 

KB2 =:34, Ke=5.8 feet. 1 

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: 

A>.4 +B>.3 + 0>.2 + D>. + E= 0 

The equations of motion may be considered of the fonn 8 = Ke»t 
where K is some constant. For stability the quantity >. must be 
negative if real, or have its real part negative if complex, in order 
that the amvlitude of the motion will -drminish with time. 

The condit10n that the real roots and real parts of imaginary roots 
of a biquadratic equation with constant coefficients shall be negative 
is that the coefficients A, B, C, D, E shall each be positive as ·well 
as the quantity BCD-AD2 -B2E. The latter is commonly known 
as Rou th's 3 discriminant. 

The constant coefficients A, B, C, D, E, are functions of the con­
stants of the aeroplane at the normal flying attitude, i. e., the follow­
ing: ~¥u, Xw, Xq, Zu, Zw, Zq, ..l~, j,fw, "llq, U, and Ki. 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 a.nd consequent components of 
gravity in the a."es of X and Z are eliminated. Also Xq and Zq are 

t It Is of Interest to note that the radius of gyration !or rolling was estimated to be 6.2 leet. 
• Stability in Aviation. 
• Advanced Rigid Dynamlcs, E. J. Routh. 
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neglected as unimportant and .Mu is zero by- the conditions of equi­
librium. For the computation of Routh's discriminant we require to 
know, then, only those quantities which have been so for determined, 
and which are assembled below for the different cases i1ffestigatecl. 

Formulre for the coefficients A, B, r, D, E arcJ;~iven by Bairstow 
all{l arc used here, hut making e, ){q, Zq, aJJd "Uu zero. They are 
copied in simplified form for reference. 

D= -Z,,, Z,,,, U 1

xu, x,,,, o I 
I.Mu, llfw, .Jfq 

E= -gMwZu 

ARTICLE 13. 

BAIRSTOW'S APPROXIMATE SOLUTION. 

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

(>-2 +B/A>-+ 0/A) (>-2 +[n10-t~] >-+ ~)=o. 
in which the first factor represents a very short oscillation, which 
in most aeroplanes 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. Tho 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 is believed that this 1s true of all aeroplanes. 

CABE I. 

i=incidence, wing chord to wind +1°. 

Velocity V=79 miles. U=-115.5 foot-seconds. 
m=55.9 slugs, Ke2=34. 

Xu-.128 Xw+.162 Mw+I.74 
Zu -.557 Zw -3.95 Mq -150 

A=+ 34] B=+289 
C=+834 BCD-AD2-B2E=+18X106 stable. 
D=+ll5 
E=+ 31 
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Short oscillation: >..2+8.5>-+24.5=0 
>-= -4.25±2,54i 

. 21r 
p=penod=2_54=2.5 seconds. 

. t 1 50 o_r,g 16 d l=tune o ( amp per cent=4~5=. secon . 

Long osrillation: >..2+.125X+.0374=0 
>-= - .063±.183i 

p=34.3 seconds, t =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. 

i=7°, V=51.8 miles, U=-75.9 foot-Aeconds. 

X,.-.121 
Z,. -.849 

Mw+2.45 
Mq-113 

A=+ 34.0l B=+l94.0 
C=+467.? BCD-AD2-B2E=+?2Xl05 stable. 
D=+ 64 .. ~ 
E=+ 67.0 

Short oscillation: >.. 2+5.7>..+15.9=0 
>-=-2.85±2.33i 
p=2.7 seconds 
t =.24 second to damp 50 per cent. 

Long oscillation: >..2+.078>-+.143=0 
>-= - .039±.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. 

CASE III. 

i=l0°, Y=47 miles, U= -68.8 foot-seconds. 

X,.-.151 Z,.-.936 Mw+2.50 
Xw-,075 Zw-1.46 Mq-108 

B=+l65 A=+ 34 l 
C=+355 BCD-(AD2+B2.E)=3.8Xl05 stable. 
D=+ 42.5 
E=+ 75.3 

Short oscillation: >..2+ 4.85>-+10.44=0 
>-=-2.42±2,12 

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

Long oscillation: >..2+ .021>-+.212=0 
>-=-.0ll±.460i 

p=l3. 71 seconds. 
t =62.7 seconds to damp 50 per cent. 

This oscillation is rapid and but slightly 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. 

i-12°, V=45.2 miles U= -66.2 foot-seconds. 

Xu -.189 
Xw-,236 

Zu-,972 
Zw-,736 

~=+1~i.5l C=+243 BCD-AD2-B2E=-7Xl05 UNSTABLE. 
D=+ 17.4 
E=+ 67.2 

Short oscillation: >-2+ 4.04>-+7.14=0 
>-=-2.02±1.75i 

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

Long oscillation: >.2 - .985h=.276=0 
>. =+.043 ±,524i 

p= 12.0 seconds. 
t =16.0 seconds to double amplitude. 

49 

The machine is frankly unstable and the pilot dare not release his 
elevator control. 

CASE V. 

i=l4°, l'=44.2 miles, U=-64.8 foot-seconds. 

Xu-,223 
Xw-,132 

Zu-.993 
Zw-,ii53 

Jfw+l.99 
Mq-106 

A=+ 34 l B=+l34 
C=+213 BCD-AD2-B2E=-3.7Xl05 

D=+ 28 
E=+ 63.6 

CABE VI. 

UNSTABLE. 

i=l5.5° V=43.7 miles, U=-63.8 foot-seconds. 

Xu-,276 
Xw-,292 

A=+ 34 l B=+l38 
C=+226 BCD-AD2 -B2E=-5Xl05 

D=+ 24.2 
UNST.6.BLB. 

E=+ 65.7 

Short oscillation: >-2+ 4.06>-+6.65=0 
>-=-2.03± l.59i 

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

Long oscillation: >-2+ .071>-+.291=0 
h =+.0358±,54li 

25302°-S.Doc.268,64-1---4 
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Real part of ),. is here positive, indicating an oscillation increasing 
with time. 

t =Jl~~:=19.3 seconds to double amplitude. 

The motion is both rapid in -period and rapidly increasing in am­
plitude. Indeed the amplitude 1s <loubkd in two swings. This 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 },f, which in­
dicated static stability at all possible attitudes up to and including 
horizontal flight at + 15°.5. In other words, Mw is positive for all 
cases. The instability comes about on account of the rapid rate of 
increase of drift at largo angles causing Xw to change sign, and on 
account of the less rapid rate of increase of lift, causing Zw to be­
come small at high angles of pitch. Furthermore, Mq diminishes at 
low speed. 

From the speed power curves on figure 3, it appears that for angles 
greater than 10°, vrn aro 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 s_peeds when approaching a critical angle and speed. 
The critical angle for instability is clearly an angle less than the pos­
sible maximum for fliaht. 

A fair measure of the relative stability at various spl'ctL, may be 
had by noting tho following tabulation of the values of Routh's 
discriminant, denoted by R: 

Velocity 
in 

miles. 
79. 0 
51. 8 
47.0 

Wind chord 
to 

wind. 
10 
70 

100 

H. 

+mo x10'} + 32 XlO' Stable. 
+ cl. 8Xl05 

45. 2 12° - 7 XlO'} 
44. 2 14° - 3. 7Xl05 "Unstable. 
43. 7 15. 5° - 5 X 105 

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 speed, as would be expected since speed 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. 

lly Eow1,-. BIDWELL \\'ILSO~. 

A,tTICLE 1. 

INTRODUCTION. 

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

If x, y, z are moving axes directed, rn-,pectively, haekward, to the 
left, and upward relative to the driver; if u', v', w' be linear velocities, 
and p', q', r' be angular velocities, resolved along these axes; and if 
X', Y', Z' be forces, and L', lf', N' be moments of forces (measured 
per unit mass of the aeroplane); then the dynamical equations of 
motion are 

du' /dt + w' q' -v'r' = .. Y.', 

dv' /dt+n'r' -w'p' = Y', 

dw' /dt+v'p' -u'q' =Z', 

dh1/dt-r'h 2 + q'h3 = mL', 

dh 2/dt-p'h 3 +r'h1 = mM', 

dh3/dt- q'h1 + p'h2 = m N', 

where m is the mass and 

52 

h3 =q'B-r'D-p' F, 

ha= r' 0- p' E - q' D, 

(la) 

(lb) 

(le) 

(2a.) 

(2b) 

(2c) 

(3a) 

(3b) 

(3c) 
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are the components of angular momentum,-the quantities A, B, 0 
being the moments and V, E, F the products of mertiu relative to 
the moving axes fixed in tho body. 

The symmetric aeroplane will alone he considered here; 

(4) 

If the machine is in uniform horizontal flight, all the forces, 
moments, linear velocities and nngular velocities except u' ,anish, 
an<l u' = U, a negative quantity in magnitude equal to the uniform 
,elocity. (The prccisfl backward direction of the x-axis is that 
which is horizontal in uniform flight, and hence hy this definition the 
direction of this axis, and of the z-axis, varies in the aeroplane with 
the spcccl.) 

If the motion is slightly disturbed, the velocities take the ,:tlues 

u' = U+n, v' =v, w' =W, p' = p, r/ =q, r' =r, (5) 

where u, v, w, p, q, r are small. Tho products of these small quan­
tities arc ncglecicd, as in all <liscus,·ions of small oscillations, and the 
equations tnkci t11e form 

(lu/dt=X', (lv/dt+ Ur= Y', clw/dt- Uq=Z', (6) 

.Arlp/dt-Edr/<lt=mL', BJq/dt=mM', Oclr/Jt-Edp/Jt=mN'. (7) 

In uniform motion tho forc<>s und moments all vanish. For the 
disturbed motion they arc snrnll and may be expressed lineurly in 
terms of u, v, w, p, q, r. The forces arc due to three sources: 1 ° tho 
propdler thrust, 2° gravity, 3° the air. \Ve shall assume thut the 
:r>ropcllor 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 doliYer a constant thrust. If 0 and 'f' are the small 
})itch and roll, the components of gravity are g0, - gr.p - g (see 
Bairstow, 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, ~~f, N and developed as 

X =X0 +X.,u+X,v+Xww+Xrip+Xqq+Xrr, (8) 

where X.,, X,,, ..... are tho "resistance derivatives" taken for 
the relative velocity of machine and wind. (X0 and the propeller 
thrust can~el, so do Z0 and g; Y0 , L0 , M0 , N0 vanish.) 

In the symmetric aeroplane half the resistance derivatives vanish 
and the six equations of motion separate into two sets of throe each, 
one set for the longitudinal, the other for tho transverse motion. 
These equations are (Bairstow, 148, 13 and 14 with8=0) for longi­
tudinal motion, 

du/dt=g8+X.,u+Xww+Xqq, 

dw/dt= Uq+Z.,u+Zww+Zqq, 

B/m. dq/dt= M.,u+ Mww+ :1lqg, 

(9a) see (la) 

(9b) see (le) 

(9c) soo (2b) 
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and, for transverse motion, 

dv/dt= -gip- Ur+ Y.v+ Ypp+ Yrr, (l0a) see (lb) 

A/m. dp/dt- E/m. dr/dt=L,,v+ Lr>p+Lrr, (l0b) see (2a) 

C/m. dr/dt- E/rn. dp/dt = l\\v+ Npp + lv'rr. (10c) see (2c) 

The integration of these equations gives the free oscillations of the 
aeroplane. 

LONGITUDINAL MOTION IN SMALL GUSTS. 

A gust if not too severe may be treated by the method of forced 
oscillations. If the aeroplane 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 Xuu into the first equation, Zuu in the second, 
and so on. If, as a result of the gust, the machine tilted af)preciably, 
the originally head-on gust would no longer be head-on, but would 
have components u11 w, and give rise to the term Xuu, +Xww, in the 
first equation. It is clear, however, that under the hypothesis of 
small oscillations, w, would remain small of the second order relative 
to Up The term X ww, could then be neglected relative to Xuu11 
unless X w much exceeded X ,.. 

We should in general allow a gust to have componentsu11 v11 w11 Pp 
q11 r1 relative to the axes. This would take into account any poss1-
ble rotational motion in the gust. The rotational motion of a gust 
may be quite small. In the discussion by Glazebrook (Aeronautical 
Journal, July, 1914, p_p. 272-301) nothinD' is accomplished relative 
to rotational gusts. Yet it may well be ti;.at 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 Mq<J.1 = -210<]_1 would be comparable 
with Xuu\ = -0.14u1 if q1 were 1/700 of u1 ; i.e., if the gust were a uni­
form whirl of radius 700 teet. In the same way LP is large. In the 
machine that will be discussed in what follows JJfq is also largo, 
viz., -150. 

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

du/dt-g0-X,.u-Xww-Xq<J. =Xuu,+Xww,+Xqq,. 

dw/dt- Uq_-Z,.u-Zww-Zqq =Z,.u1 +Zwu1i+Zqq,. 

B/m dq/dt-Mun- Mww-.11fqq= 1ffuu1 + 1lfww, + 1-fqql" 

(lla) 

(llb) 

(llc) 

The solution of these equations consists of two parts: 1 ° the so­
called complcmen tary function which gives the natural oscillations, 
2° the particular integral which gives the forced oscillations due to 
the gust. To effect a solution for tho particular integral, we must 
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make some assumption as to the value of the components ui, w 1, q1 

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.) 

Lot D denote differentiation. The equations may be written 

-Zuu+(D-Zw)w-(Zq+ U)D8=Zuu1 +Zww1 +Zqq., 

- Jfuu- Mww+ (k 2sD2
- MqD)0= JfuU1 + MwW 1 + Jfqq11 

(12a) 

(12b) 

( 12c) 

where k2s=B/m. These equations are solved algebraically by 
multiplying by the proper cofactor determinants and adding. Then 

D,-Xu -Xw - (XqD+g) I /Xu -Xw -(XqD+g) I 
-Zu D-Zw -(Zqj- U)D U= Zu D-Zw -(Zq+ U)D u. 
- Mu - Mw k2,J.J2 

- MqD Mu - Mw k2sD2 
- MqD 

+/Xw -Xw -(XqD+g) I 
ZwD-Zw -(Zq+ U)D w. (13) 
Mw - Mw k 2sD2 

- MqD 

+ IXq -Xw -(XqD+g) I 
~11..D-Zw -(Zq+ U)D q1 

Mq - Mw k2sD2- MqD 

or, if the determinant on the left be denoted by .:l, 

I
x" -Xw -(XqD+g) I 

.:lU= Zu D-Zw -(Zqj- U)D u. 
.i\t;. - Mw k2sIJ2 - MqD 

I
x - (X D+g)I I Xq -Xw -g I +DM.w k2 D2'!_ MD w. + ~II.. D-Zw - UD q •. 

ID B q Mq - Mw k2sD3 

There are similar equations for wand 81 namely, 

I

D-XuXw - (XqD+g)I 
.:lU= -ZuZw - (Z$+ U)D w1 

-Mu Mw k2sD -MqD 

+DI Zu -(Z + U)D I ,D-XuXq -g I 
Mu k2sD2 

- MqD Ui + = fi}Mq - k~1JJ, q., 

M=I 

(14a) 

(14b) 

(14c) 

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 tl'eating gust,s-.-The only treatment of gusts 
which I have seen is that described somewhat popularly bv Glaze­
brook (loc. cit.). He seems to state, as the main method oi attack, 
that of small differences whereby it is assumed that the in,olved 
time o,er 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, 

t.1l'=(~Y'-w'q'+v'r')t.t, de., 

t.h1 =(mL'+r'l1 2 -q'h3 )t::,,t, de., 

it is possible to compute, through a series of intcr,als /j,f, the ap­
proximate positions of the aeroplane. This metho<l is, as GlazPhrook 
states, exceedingly tedious, for t,.t must be taken very small, indeed 
only a small part of a second in the case of a sharp gust, in order that 
the solution may be evpn approximately satisfactory for the differ­
ential equations. Moreover, the whole calculation apparently has 
to be done from the beginning for each new type of gust which one 
desires to study. Tho method, lwwevPr, is applicnbk in all gener­
ality irrespective of the stability of the aeroplane. 

'fhe reason that I have chosen to operate on t-he basis of small 
oscillations is that after a certain amount of preliminary calculation 
has been accomplished my formulas will c•nahle me to treat very 
rapidly a series of ,ery different types of gusts. )1y method is not 
a_pplicablc, of course, to machines which are not stablo, for the oscilla­
tions could not remain small with such machines, but it is probably 
doubtful whether the motion of the unstable aeroplane in a gusty 
wind is of very great importance, as the instability of tho machme 1s 
not unlikely to cause indeterminat,ely Yioknt motions on relatiwly 
small gusts. I have tried to devise methods which would enable mo 
to use graphical apparatus for obtaining the solutions here desired, 
but have been unable to throw the equations into a form which lends 
itself to such methods. 

Moreover, the coeffici<mts 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 seems 
impossible-I have not Ft succeeded in avoiding the difficulty-to 
eliminate the occasional necessity of subtracting numbers which aro 
nearly equal in ma~itude; thus the accuracy of the figures is, after 
subtraction, seriously 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 wholly illusory, owing to tho difficulty just mentioned. 
I have therefore ha<l to recompute e,crything with 4-place logarithm 
tables. Most of tho figures whieh occur in the work arc thrreforo 
4-place numbers. Those which appear to have only thrC>e significant 
figures generally have the fourth figure zero w11en occurrincr in 
formulas containin~ 4-place numbers. In the calculations toward the 
end of the research the 4-figure accuracy has become rnduced to 
three or two figure accuracy, but it did not seem best systematically 
to reduce tho numbers hy tho 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 spc0<l arc (sec Hunsaker, p. 47): 

Xu= -0.128, 
Z,,= -0.557, 

Jf,,=O, 
B/m = h:2n = 34, 

Xw= +0.162, 
Zw= -3.95, 

.J.11,,,= + 1.74, 
U= -11.5.5, 

The cofactors o in the determinant ..l ate~ 

1-z -l1fu 

1-Xw 
-Mw 

1D-X,, 
-Z,, 

- (Zq+ U)DI ID +3.95 115.5D I 
7: 2nD2 - .JfqD = - 1.74 34D2 + J!iOD 

= 34D3 + 284.3D2 + i93.5D = 011 

k2nD2
- MqD, _ l-1.7 4 34D2 + 150]) 

-(XqD+g) -,-0.162 -32.17
1 

D-Zw I 
-.1.llu-

D-X,,I 
-Jlfu 

-X, D-Zww 

=5.5O8D2 + 24.3OD+ 5.5.9S =021 

I -0.162 - 32.171 
D+3.95 ll.5.5D 
13.4GD+ 127.1 =o31 

1

115.5D 0.5571 
34D2 + 15OD 0 

-18.94D2 -83.56D=ll12 

ID+ 0.128 
I o 

- 32.17 I 
34D2 + 15ODI 

34D3 + 154.3D2 + 19.2OD=o22 1- 32.17 D+ 0.1281 
, 115.5D 0.,5,57 

-115.5D2
- 14.78D-17.92=o32 

I
- 0.557 D+ 3.951 

0 - 1.74 
-0.9692=013 

1
-0.162 D+ 0.1281 
-1.74 0 

1.74D+ .2227 ~023 

ID+O.128 -0.1621 
0.557 D + 3.95 

D 2 +4.078D+ .5957 =082 

The value of the determinant dis 

34D+ 288.7D3 +833.OD2 + 115.1D+31.18 = 
34(D• +8.49OD3 +24.50D2 + 3 385D + 0.9170). 
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(The value of the determinant checks by three calculations.) 
The roots of the equation 

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 
assumed that one root is so large that it may he found approximately 
from 

D•+ 8.49D3 + 24.5D2 = D 2 + 8.49D+ 24.5 = 0. 

Then D = - 4.245 ± 2.545i. 

If now r be an approximate solution of j(D) =0, a new approxi­
mation may be had by assuming r + x, with x small, as a root. 

Then 
j(r) r 4 + 8.49r3 + 24.5r+ 3.385r+ 0.917 

x= -]'(r) = - 4r3+25.47r+49r+ 3-:-385--

approximately. As r2 + 8.49r + 24.5 = 0, the fraction simplifies to 

3.385r+0.917 063 l07" 
x= -23.08r+211.4=. +. i, 

if r = - 4.245 - '2 .545i. This root of f(D) = 0 is therefore 

D= -4.182±2.438i. 

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

D 2 + 8.364D + 23.43. (17a) 

Let the other factor be D2 +aD+b. Then 23.43b=0.917 and 
b=.03914. Also, 8.364(.0391)+23.43a=3.385 or 23.43a=3.058 
and a= .1305. Hence the second factor is 

D 2 + .1305D + .03914. (17b) 

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

(D2 + 8.364D + 28.43) (D2 + .1305D + .03914) = 
D' + 8.494D3 + 24.56D2 + 3.385D + .9170. 

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

w2 + s.359D + 23.37) (D2 + .1;rnsD + .03924) = (ls) 
D 4 +8.490D+24.50D2 +3.385D + .9170. 

The definitive roots of j(D) = ~ = 0 may therefore be taken as 

a= -4.180-2.430i, 
C = - .0654- .1870i, 

b= -4.180+2.430i 
d = - .0654 + .1870i (19) 
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ARTICLE 4. 

INTEGRATION FOR HIGH SPEED. 

Tho numerical equation for u is (sec 14a): 

34 (D4 +8.49 D 3 +24.5 D2 +3.385 D+O.917) u 

= (Xuou +Zu021) u. +Do22W1 + ]fq031q1 

59 

= -34 (0.128 D3 + 1.160 D2 +3.385 D+O.917) U1 (2Oa) 

+34 D (0.162 D 2 +O.715 D+l.647) w1 
-34 (59.37 D+56O.6) qi-

The numerical cqua tion for w is (see 14b) : 

34 (D4 +8.49 D 3 +24.5 D2 +3.385 D+O.917) w 

= (X wo 12 + Zwo22 + Mwo32 ) w1 + Do 1211,1 + Jfqo32q1 

= -34 (3.95 D3 +23.94 D 2 +3.385 D+O.917) W1 (2Ob) 

- 34 D 2 (0.557 D + 2.458) u 1 

+34 (509.5 D2+65.21 D+79.O5) q1• 

The numerical equation for 8 is (see 14c): 

34 (D4 +8.49 D 3 +24.5 D 2 +3.385 D+O.917) 8 

= Mq033q1 +Do,aU1 +Do23W1 

=34 (4.412 D 2 +17.99 D+2.628) q1 

-34 (0.02851) Du1 + 34 D(.O5117 D + .00655) w1. 

Tho solutions are of the type: 

u = 0 11 eat+ 0 12ebt + 0 13e01 + Ouedl. + lu, 

w= 021&1 + 022ebt+ 023e"'+ 0 24edl.+lw, 

8 = 031eat + Q32ebt + 033e°' + 034edt + le, 

(2Oc) 

(21) 

where a, b, c, d are tho roots of tho biquadratic (see 19), O,, certain 
constants of integration, and lw lw, le a set of particular solutions 
of the equations. We shall determine lu, lw, ls in such a manner 
that they will not contain tho functions eat, etc.; we may: therefore 
determine in advance the relations between the twelve O's. (This 
will debar us from using as gusts u11 w11 q1, those which are of the 
form Oeat, etc.; but this restriction is not important-such a damped 
~st tuned to the damping and period of the machine is highly 
improbable in nature.) 

If we substitute u, w, 8 in the equations (i4), the particular solu­
tions must cancel out among themselves (since they can not cancel 
terms of the form eat) and leave 

(a-Xu) 0 11 ea1-Xw021&1-(Xqa+q) 03 eat+similar terms=O, 
-Zu0

11
&t+ (a-Zw) 0

21
eat- (Zq+ 0) aGa

1
eat+ __________ =0, 

- Mu0
11

eat - Mw0
21

ea1 + (k\D2 - MqD) 0
31

& 1 + __________ = 0. 
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These equations hold identically int, and the coefficient of eat, etc., in 
each must vanish. The three homogeneous equations in the three 
unknowns 0 11 , C211 031 (or the similar equations in Om C221 C32 ; C\3 , 

0 23 , 033 ; Cw Cw 034) are consistent because a (or b c, d) is a root of 
the determinant t1, and the solutions arc: 

0. C. C -I -Xw-g 1·1-g a- .. Y"l·la- .. Yu - .. Yw I 
'u• 21 · 31 - 1a-Zw - Ua · - Ua -Zu · -Zu a-Zw' 

with 0 12 : 0 22 : 032 determined by the same functious of b. In words: 
To obtain the ratios of the corfficients of eat in u, v, w, substitute 
D=a in the determinants li3u 032 , li33. Or C12 : On: 0 31 as 

13.46a+ 127.1 : -115.5a2 - 14.78a-17.92 : a2 +4.078a+ .59,'57 
or 011 : C21 : 031 =13.46a+127.1 : 950.8a+2560: -4.281a-22.81. 
This gin's ell: 021: Cs, fiS 

70.S--32.7 i:-1414-2310 i:-4.92+10.40 i or n,; 

1: -4.04-34.52i: -.1132+.0946 i. 

The values of 0 12 : 0 22 : 032 arc the conjugates 

1: -4.04 +34.5i:- .1132- .0946 i. 

To find 0 13 : 023 : 033 we must substitute c = - .065- .187 i in the same 
determinants. Then 

C13 : 023 : 033 = 13.46c+ 127.1: .33c-13.39: 3.947c+ .5565. This gives 
C\3 : 023 : 033 as 

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

The values of the conjugates are: 

014: 024: 034= 1 :-.1058 +.002587 i: .002478 + .005799 i. 

The general solutions of the equation of motion are: 

U = Olleat + c~2ebt + 013ect + Ouedt + lu, 
w = (-4.04-34.5 i) 011eat + ( -4.04 + 34.5 i) 0, 2ebt 

+ ( - .1058- .002587 i) 013ect + ( - .1058 + .002587 i) 014edt + lw, 

8= (- .1132+ .0946 i)011eat+ (- .1132-.0946 i)012cit 
+ (.002478- .005799 i) O13ect + (.002478 + .005799 i) C14edt+ fe. 

(22a) 

(22b) 
(22c) 

From these equations we see that the heavily damped short period 
oscillation (roots a, b) is a.bout 34½ times as strong in w as in u; 
whereas the mildly damped long period oscillation (roots c, d) is 
about 9½ times as effective in u as m w. MoreoYcr, the short period 
motions in u and w a.re about quartered; but the long period motions 
are in opposite phase. The amplitude of the short period motion in 
9 is about -z-to- that of w; hence for each foot-second of short oscillation 
in w there is about ¼ 0 in 9. The amplitude of the long period motion 
in 9 is about .006 of that in u; hence for each foot-second of long 
oscillation in u there is about ¼0 in 9. 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 retluction is only to about nine-tenths of its original value in one 
second; the relative amplitudes in the cases of 11, w, 0 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 u indicates the 
possibility of relatively violent accelerat10ns 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 C of 
integration from the initial conditions of uniform flight, i.e., u=w= 
0 = q = 0. Let the particular solutions have the initial vulues lv.o, 
Iwo, ]90 • Then 

0 = ell + 012 + 013 + 014 + fuo, 
0 = ( - 4.04 - 34.5i) 0 11 + ( - 4.04 + 34.5 i) 012 

+ ( - .1058- .002.587 i)C13 + (- .1058 + .002587 i)C14 + lwo, 
0 = ( - .1132+ .0946 i)Oll + ( - .1132- .0946 i)C12 

+ (.002478- .005799 i)C13 + (.002478 + .005799 i)Cu + /90 , 

0 = ( - .1132+ .0946 i)aC11 + ( - .1132- .0946 i)bC12 
+ (.002478- .005799 i)cC15 + (.002478 + .005799 i)dC14 + 1'00 ., 

or 0= (.703- .205 i)C11 + (.703+ .205 i)C12 + ( - .001246- .000084 i)013 

+ ( - .001246 + .000084 i) C14 + I' 90 • 

The yalues of Cm 012 anrl 013 , 0 14 are conjugate imaginaries; hence 
C11 +C12 =A, 0! 3 +C14 =B, i(C12 -C11 )=C, i(C14 -C13 )=D are real. 
The cquat,ions may therefore be ·written 

O=A+B+Iuo 
0= -4.04 A+34.5 C-.1058 B+.002587 D+Iwo 
o = - .132 A - .0946 C + .002478 B + .005799 D + 190 
O = .703 A+ .205 C- .001246 B + .000084 D + 1'90 . 

The values for A, B, C, Dare (as found by determinants and checked 
by substitution): 

A= -.00088561,,0 +.008198 lw0 +.01G21 ]90 -1.3721'90 , 

0= - .003196' fu0- .02803 lwo+ .01476 ]90- .1543 ]1
90, (23) 

B= -(1- .000885G)lv.o- .008198 l,,,o- .01621 190+ 1.372 l'9o, 
D = .3577/v.o- .2940 l,,,0 - 172.0 ]90 -29.89 ]'90 • 

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 0111 0 12, 0 13, Cw The equations then become 

u = c-4·181 (A cos 2.43t + 0 sin 2.43t] 
+e-•0654t (B cos .187t+D sin .187t) + lu, 

w=e-4
•
181 [(34.5 0-4.04 A) cos 2.43t 

- (34.5 A+ 4.04 0) sin 2.43t] 
+e-·0654t ((.002587 D- .1058 B) cos .187t 

-(.002587 B+ .1058 D) sin .187t]+ I,,,, 
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O=e--4·1st [-(.1132 A+ .0946 0) cos 2.43t 
+(.0946 A-.1132 0) sin 2.43t] 
+ e-·06

•
4t [(.00278 B + .005799 D) cos .187t 

+ (.002478 D- .005799 B) sin .187t]+ le. 

These formulas enable us to study any particular gust we dosire. 
It is merely necessary to find the particular solutions, thrn the 

constants A, B, 0, D. We shall reduce the coefficients in the paren-
theses. Then 

u=e-ust (A cos 2.43t+ 0 sin 2.43t) 
+e-·06stt (B cos .IS7t+D sin .187t) + I.,, (24a) 

w = e-'· 181 (A' cos 2.43t + 0' sin 2.43t) 
+ e--06stt (B' cos .187t + D' sin .187t) + lu·, (24b) 

o = e-4•181 (A" cos 2.43t + 0" sin 2.43t) 

where 
+ e-·06541 (B" cos .187t + D" sin .187t) + Io, (24c) 

A'= - .1066 /.,,0 - 1.0001 lwo + .443G /p0 + .220 ]' 0o, 

O'=.04346 lu0 -.1696 fw 0 -.6190100 +47.93l'e0 , (25) 
B'=.1066 lu0 +.000107 lw0 -.443G 100 -.2201'00 , 

D' = - .03523 fuo + .03112 lwo + 18.20 100 + 3.158 l'e0 , 

A"= +.0004024 luo+.00l724 lwo--003231 Ieo+.1G9S l'eo, 
G" = + .0002778 luo- .003947 lw0 - .00013G le0 - .1123 l'e0 , (2G) 
B"= -.0004024 lu0 -.00l724 lw0 -.!}9ti7G /00 -.1698 l'eo.• 
D" = .006GS3 l.,,0 - .000GSl lw0 - .4261 100 - .08201 1'00 • 

In any particular case the calculation of the cocffieients in (24) 
from 

0

(2:3), (25), (26) is likely to be relatin•ly simple because thcro 
are so many terms that fur that case may be negligible. 

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 

(24) 

The value of 1· determines tho sha!"]?ness of the gust If 1· = l, the 
gust has reached about two-thirds of its yaluo in one second; if r=,5, 
the gust has reached two-thirds of its value in one-fifth of a second; 
if r = t, the two-thirds intrn1sity is roached in 5 seconds. "\Yt1 may per­
haps regard r = 1 as giving a moderately sharp gust, r = 5 as giYing a 
very sharp, and r=t as giving a tolerably mild gust. Tlw function 
(24) has the advantage of being in such form that the dckrm.ination 
of the particular integrals is easy. (Se0 ·wilson's Advanct•d Calculus.) 
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CASE 1. Hea<l-on gust-m·ikl. u1 =J (1-e-·2'). 

In equations (20) we let u1 =J (l-e-·21), w1 =g_1 =0. Then 

Iv.= -J (1-.247 e-· 21 ), 

lw = .082J e--·21, 

lo = - .00495J e-· 21 , 

I' o = .00099J e-· 21, 

fuo = - .753J, 
fu.·o = - .082J, 
l'o0 = -0049J, 
l'eo = :oo099J. 

(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.) 

u =Je--06
5-11(.622 cos .187t+ .630 sin .187t)-J(l- .:247e-21 ), 

w=Je-4.181(-.004 cos 2.43t+.003 sin 2.43t)-Je-·06541(.078cos .187t+ 
.059 sin .187t)+.0S2Je-·21 , 

O=Je-·06541 (.00495 cos .187t-.0031 sin .187t)-.00495Je-· 21 • 

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 CPnt of J; 
after the oscillation dies out the machme is making a speed J lPss 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 slowly damped one of about 10 per cent of J, the final 
condition being that of horizontal flight. (3) There is a slow oscilla­
tion in pitch of about .0058 J radians or about .32 JO. If the mag­
nitude J 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 bdorc it produces serious consequences. • 

The result of a tail-on gust is the orpositc of that of the head-on 
gust and therefore need not be trcatCf separately. 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 ,vhich 
the first is (approximatcly)-

du/dt = Je-·00541(.08 cos .187t- .16 sin .187t)- .05Je-·21 • 

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 u and w.) 

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

z= [<w+ 115.,50)dt 
• 0 
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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) 

z=J i~--00541 (.5 cos .187t- .4 sin .187t)dt- .5e-·21dt, 

z=J[e--065
' 1(cos .187t+3 sin .187t)+2.5e--21 -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. 

CAsE2. Upgust--mild. w,=J(l-e-- 21). 

I,.= .305 Je--21 , 

lw =J(l-1.O12e-·21 ), 

[9= .000737 Je-21 , 

I;= - .000147 Je-- 21 , 

l,,0 = .305 J, 

lw0 =-.012J, 

1/A)= .000737 J, 

l~a= -.000147 J. 

u=Je-·06541 ( - .305 cos .187t- .0108 sin .1R7t) + .305 Je-· 21 , 

w=Je-rn1(- .02 cos 2.43t+ .026 sin 2.43t) +Je-·06541 (.O32 cos .187t+ 
.002 sin .187t)+J(l- l.Ol2e--21), 

0=Je-·06541 (.OOO8 cos 187t+ .0017 sin .187t) + .0O074e-·21). 

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 m w, and a long 
oscillation of intensity .0018 J radians or .11 J 0 in 0. The com{)ar­
ative effects on the velocity and angle in the case of head-on am up 
gusts show that the up gust is only about one-third as effecti,e as the 
head-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. 

z= J:\w+ 115.50)dt. 

It is scarcely necessary to trouble with the trigonometric terms 
partly because the mot10n is less pronounced than in Case 1, partly 
because there is here the secular term Jt, which will carry the machine 
up with the gust and will be the chief effect after the lapse of a short 
time. 

A dovn1 gust is in every way the opposite of an up gust and need 
not be separately treated. 

CASE 3. Rotary gust-mild. q1 =J(l-e-·21 ). 

I,,= -J(G10.G-475.5e-·21), 

lw = J(86.21- 74.87e-·21 ), 

/9= J(2.8G5 + .691e-·21), 

luo= -135.1 J. 

lwo = 11.34 J. 

180 = 3.556 J. 
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]iJ= - .138 Je --21 , l'e0 = - .138 J. 

lu=Je-4•181 (.4G cos 2.43t+.1875 sin 2.43t) 
+ Je-·065

4l( 134. 7 cos .187t- G59 sin .187t) 
-J(G10.G-475.5e --21 ), 

lw=Je-1.ist(4.(il cos 2.43t-1G.82 sin 2.43t) 
+ J e-· 0654

'( - 1.5.95 cos .187t + 70.08 sin .187t) 
+ J(SG.21- 7 4.87e--2t), 

] 8 = Jc-•· 181 ( - .0G98 cos 2.43t + .0223 sin 2.43t) 
+ J e-·065~t ( - 3 .48 7 cos .187t- 2.414 sin .187t) 
+ J(2.8U5+ .G91 e --21 ). 

The effect of the rotary gust is a long oscillation in u (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() of 
about 4.1 J. The comparison with former cases may be made by 
supposing first that the oscillation in u 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· 
tho 6° of Case 1. To get an idea of what J = .03 means, we may 
note that if a ~st of 20 foot-seconds is due to a whirl of the air as 
a solid body with q1 = .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, it would experience both the effect of the whirl and of the 
linear velocity generated by it and would be disturbed considerably 
more than if it 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 duo to a straight head-on gust of equal 
magnitude. 

The conditions after enough time has elapsed to allow the expo­
nential term to become small is 

lu= -610.6 J. lw=86.2 J. /9=2.865 J. 
It is therefore seen that the machine takes up the head-on velocity, 
acquires a small upward velocity, and is inclmed at an angle 2.865J 
radians to the horizontal1 these effects being due exclusively to 
the rotary motion of the air. The path in space could be obtamed 
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--5 
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might 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 themselves and that, before the 
machine could feel the full effects of one, the gust might have dis­
appeared. In tho same way rotation could be generated at the 
interface between dark and light regions of air-indeed any sharp 
relative motion of the air is likely to contain rotation. 

CASE 4. Head-on gust-moderate. u, =J(l-e-1). 

lu= -J(l + .O9876e-1), luo= - 1.09876 J, 
lw= .1307 Je-t, 

18 = - .00196 Je-t, 

lwo= .1307 J, 
100 = - .00196 J, 

I's= +.00196 Je-t, l'o0 = +.00196 J. 

u=Je-4·1st ( - .000676 cos 2.43t- .000486 sin 2.43t 
+Je-•06541(1.O9944 cos .187t- .Hi28 sin .187t) 
- J ( 1 + .O987Ge-1), 

w=Je-u81 (-.O14O5 cos 2.43t+.O2.528 sin 2.43t) 
+ Je-·06541( - .1159 cos .187t+ .01493 sin .187t) 
+ .13O7Je-1, 

0= Je-wt(.0001207 cos 2.43t- .00000895 sin 2.43t) 
+Je-·0651t(.0O1838 cos .187t-.OO6755 sin .187t) 
- .00196 Je-1• 

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

du/dt=Je-·06541
(- .1 cos .187t+ .21 sin .187t) + .lJe--t. 

This is at most about .25 J, or 5 foot-seconds 2 if J = 20. The short 
oscillation in w is consi<lerably smaller than the long, but when the 
coefficients - 4.18 and 2.43 are brought in by differentiating to find 
dwjdt, whereas - .0654 and .187 are brought in by the long oscilla­
tion, it appears that the short oscillation 1s effective in determining 
the acceleration. Thus 

dw/dt=Je-4
·
181(.12 cos 2.43t-.O7 sin 2.43t) 

+Je-·0654t(.O1 cos .187)-.13 Je-1• 

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 

z= it (w+ 115.50)dt 

=J .f [e-·05541 (.106 cos .187t-.765 sin .187t)-.O95e-1]dt 

=Je-·06541 (2.3 sin .187t+3.5 cos 1.87t)+.O95 Je-1-3.6 J. 
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The final condition is a rise of - 3.6 J, 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 1 =J(l-e-t). 

lu= .0773 Je-t, l,,0 = .0773 J, 

lw= -J (1- 1.20!') e-1), lwo= .205 J, 

le= - .0030G!l Jc-t, 100 = - .0030G9 J, 

l'e= .003009 Je-t, l'o0 = .003069 J. 

'U=Je-4·181
(- .002G41 cos 2.43t- .00651 sin 2.43t) 

+ Je-·06541( = .074Gfi cos .187t+ .4034 sin .187t) + .0773 Jr', 

w=Je-4.181(-.2139 cos 2.43t+.1174 sin 2.43t) 
+ Je-·00541 (.008943 cos .187t- .02337 sin .187t)-J(l- 1.205e-1), 

6=Je-rn1(.0009148 cos 2.43t+ .000487 sin 2.43t) 
+ Je-·065

~1( + .002154 cos .187t- .001432 sin .187t)- .003069 Je-1• 

The short oscillation is negligible in u as far as concerns u itself. 
In calculating the accclerat10n du/dt the short oscillation is not 
negligible rC'lativc to the long; but the acceleration is small any way. 
The effect of an up gust J on n 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, whcrea.-i the amplitude of the long oscillation is about J/40, or 
one-tenth as much. The acceleration dw/dt may therefore be cal­
culated exclusivC'ly from the short oscillation; it is 

dw/dt=Je-4•181 (1.2 cos 2.43t)-J (1-e-'). 

This means valurs approximately as follows: 

t=O, ½, ¼, ½, ¾, 
acc.=0,-.35 J,-.6 J,-.7 J,-.6 J. 

If J should be 20 foot-seconds, the maximum acceleration would 
be about//2, even a gust of 10 foot-seconds would produce an accel­
eration o g/4. Such accelerations coming upon the pilot in one-half 
a second might con,,iderably surprise and disturb him. An addition 
of 25 to 50 per cent in the apparent weight of the machine could 
hardly strain it to an appreciable extent in view of the large factor 
of safety 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 
weight.) 

The 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 gust-moderate. q1 = J (I - e-'). 
As we know so little of the rotat10n in the atmos~here 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-sharJ>. 

I.,= -J(l + .01872 e-"t), 
lw = - .05102 ,J;c-st , 
lo= - .000889,i Je-•t, 

I'0 = 004H~ Jcjt, 

fun= - 1.01\72 J, 
l,,,0 = - .Oi'i 102 J, 
I o0 = - .OOfJ.S::-i'.lli J, 
15 0 = .O:J4H-; ,J. 

u = J£-u 81 ( - .005ti:12 cos 2.4:\t + .O!J'.1'.l'·-'i s:n 2.43t), 
1--Je-·0

•
51t(J.024:~5 ('OS .l~r:-t-.:~2\)4 ,.;;n .lS,t), 

-J(l+.0lS72 e-51 ), 

'W = J e-•· 18t(. l(j, J3 c, >s 2 .4:3t + . l 7S2 ,, : n 2.4:;t). 
\-- J e-.oo3 it\ - .10\)3 COS • J;,,:-t + .0:J'.22 S'.11 .1:-i :-t), 

- .05102 Je-51 , 

0= Je-•·18t(.00026 cos 2.43t- .0009S4 sin 2.43t), 
+ Je-· 0

"'
41 ( .OO0fi28 cos . !Hit- .00!ii 55 sin .187t). 

- .0008S!}ij Je-51 • 

Here again the short oscillt1tion in ?l i.~ insignificant. The long 
oscillation as in Case 4 hns an ::tmplitude a little in excess of J. The 
aceelerntion du/dt is small of the onl<>r J/;i. Tia' reason that a sharp 
he11d gust <locs not give a litrge yalue to d11/dt is prohahly because 
the gust can blow through the mad1i1w; the a1·,·cleration is therefore 
not large except at the loops of the slow o,;cillation. 

The short-p_criod oscillation in w hos now be1:ome stronger than 
the long oscillation and the acceleration dw/dt is mostly due to it 
and may he ,\Titten · 

dw/dt= Je-4.181( - .25 cos 2.43t- l.13 sin 2.43t) + .25 Je-51 • 

The value of the aoceleration never gets large he,·au-;e it is damped 
out before the sine term gets effective-perhaps -0.4 J would be 
about it,, maximum value. A :-iharp head-on gust is therefore about 
half as effecti,·c aa a moderate up gust of the same int"nsity. Since 
up gusts arc _perhaps not likely to be as intense as hPad-on gusts, we 
might hazard a guess that sharp lwad-on gusts wouM inconvenience 
the_pilot about os much os moderate up gusts. 

The most important terms in the path m space are 

z=Jc-·06541 (1.2 sin .Hm+3 . .5 cos .187t)-3.5 J. 

The total rise is again - 3.5 ,J. 

CAsE 8. Up gust-sharp. 

l,.= .OGG21 Je-st , 

lw= -J(l-.5UO5 e-51 ), 

lo= - .00778 Je-5t, 
1'00 = .0389 Je-51 , 

l,.0 = .0fiG21 J, 
fwo = - .4;395 J, 
100 ~· - .00778 J, 
I' 00 = .0389 J. 

u=Je-rn1(- .05714 cos 2.43t+ .00G sin 2.43t) 
+Je-·""5<1(- .00907 cos .187t+ .32'-lS sin .187t) 
+ .0(i021 J1c-5t, 

w=Je-•·t81 (.43,8 cos 2.43t+ 1.\)47 sin 2.4:H) 
+Je-·06541 (.00181 cos .187t- .03474 ;;in .187t) 
- J( 1- .5005 e-st ), 
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O=Je-· 4181 (.00.'59 cos 2.43t- .0122 sin 2.43t) 
+ Je-,oi;54 t( .001883 ('.(JS .181t + .0()0St;(i7 sin .187t) 
- .00778 Je-'t . 
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The osC'illation in it is of long p<'riod, nil< l the aeeclrrn,tion in 1t is 
small. Tlw mwillation in w has a short-prriocl term of great impor­
tane0 at the Rt nrt, liut except for this there i,, yrry littl<' o:ceillation 
in w. Thn accdrrntion i,.; 

dw/dt=Je-i. 181 (2.D cos 2.43t-9.2 sin 2.43t)-2.8 Je-"1• 

(N. B.-'Tiir valuf' of dw/dt whrn t = 0 should he O instC'a!l of J/10. 
The foilur0 to clw<'k sr•<•ms due to multiplication of C'ITors, which is 
miavoidahlc. The aecura<·,v of tl1P work in C,1se 8 and Ca:,;;c 5 apprars 
reducPd to two figun•s.) The n.ec<•lffation is now V<'ry s(•rious im!Ped; 
it is about -9.2 .]1-ust sin 2.4:Jt, as th0 otlwr two trrms eome 
near cn.ncPling. TlH' m;1,ximum value opcurs when t=.217, n. little 
over one-fifth of ;1, second, n.s is then about -1.85 J. If J should 
be as large as -18 foot-spconds, the acceleration would equal g = :32. 
Clearly sm·h 11 shttrp gust if it PxistC'd would he V<'ry dangerous from 
the sudden force's it would bring into play. As the nrnchinr, how­
cwr, would tra,d only n.bout 24 fppt during one-fifth SP('l► 11d, it is 
rPasonahle to doubt wlwthcr in so short a distance so largP a change 
in v<•rti<'al air vd<witv coul1l oc<·m-. 

The path in spa('<' is found to he upproxinrnt<'ly 

z = - 1.2 .J c-4· 181 cos 2.43t + 1.1 J e-·06541 cos .187t - .1 J e-5t + .2 J - Jt. 

The final effect is t}w g<'nPral tlrift with the gust, less n. lag of J/5. 

ARTICLE 6. 

THE CONSTRAINED AEROPLANE. 

If an aeroplane is <'<mstrninP<l to rr•rnain always horizont:11 by 
mechanism whir-h do('S not otlt(•n1·i,.;c nltPr t}w rna.chme or its dvnnm­
ical propPrties, tlw Pquations of motion in 11, gust may be founil from 
our previous Pquutions by Rdt.ing O=q=O. Ti1l'll 

(D-Xu) 1L-X1111f'= .\'u11 1 + .'\'10 1(\ -1- .Yqi]i, 
- Zu11 + (J)- zil..) W = Z,,111 -i- Z,, U\ + Zq(fi, 
- Jfull- _;_lfww = Jfull1 + JfwF\ + Jfq(f1 + F, 

where Fis the cff Pctive force due to tlw f'onstrnint and is as,mmPd to 
afff'et mom<'nts only, not componPnts of horizontnl or vPrtical force. 
Tlw last f'<{U!Ltion mPrely <lPtcrmi1ws F. 

\Vith the nummieal data we find for l1igh spe1·d 

(D. -1-12.-,)u- .1 f>'.~11J = - .12S11
1 + .l 62w1, 

.557u+ (D +3.9,"j)w= - . .'5.5711 1 -3.95w11 

F= - .174(w+w1 ) + 150q1• 
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The natural motion of the nuu·hine when slightly disturbed m 
steady air is found from 

l::,,'=IIJ+.12s 
. 557 D ~ l~~I = D~ + 4.078D + .598 = 0 . 

The roots are 

D = - 2 .030 ± 1.887 = - 3.!)26 or - 0.152. 

We thus find the first result: The machinl', wlwn disturhC'd, does 
not l'xerute a double damped oscillation, lJUt has an aperioclic motion 
of the form 

The two damping factors -3.!J3 ancl -0.15 lie between the values 
-4.18 and -.0654 previously found. 

The unconstrained nrnchi11c ,vas stable for the speeds 70, 51, and 47 
mile-hour::;; unstable for 45.2 mill'-hours ancl lower spcl'cls. If we 
tnke the data for 47 mile-hours atlll use tlwm fur the constrained 
motion, we find 

I .1s1 
!111 =DI+ .93G 

of which the roots arc - 1.51 and + .10. The natural motion of 
the machine is therefore of the form 

The sccmHl factor indicafrs instahility; the motion due to it increases 
inskad of subsides mill rl'aeh!'S 2.78 times its original value in 10 
seconds. \Ve thus find the second rc,mlt: The machine, when con­
strained, heconws unstahle at a higher speecl than when free-it is 
to this extent a more dangerous machine. 

"\Ve shall now return to the case of high speed and compute the 
eff Pct of crrtain gu,;ts on the constrained machine for comparison 
with the effect of the same g11sts on the frpe machine. The general 
solution:,; are 

u = - .04'.W 0 1 e-3.o::i + 02 e--15t + fu, 
W= 01 c-3.B3t __ l47 C2 e-.1st+fw. 
0 1 = -.148 lu0 -l.OOfi lwa, 
02= - 1.{){)(i f,w- ,0429 JY'O• 

ti'u= -(.12~ D + .Ml8) u 1 + .l!i2 Dw1, 

ti'w= -(:3.95 D+ . .598) w1 - .5.57 Du1 • 

CASE 1. llead-ongust~mild. l! 1 =J (l-e-·21 ). 

Iv.= -J (1 +3.20 e--21 ), lu0 = -4.20 J, 
lw= .(i22 ,Je-·21 , lwo= .tl:22 J. 
u=4.19 Je-· 151,-J (1+3.19 e-·21 ), 

W= -.62 Je--m+.62 Je-- 2t. 
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The machino takes up the gust as before, 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- 151 -3.1 e-·2t)-J. 

Tho total rise 1s only -J. In every way the motion in this case is 
easier in the constramed than in the freo aeroplane. 

CASE 2. Up gust--miul. w1 =J(l-e-·21). 

lu= - .186 Je --2t, 

lw= -J(l-1.079 e --2t), 
U= .186 Je -.ist_ .186 Je --21, 

IUIJ= -.186 J, 
lwo= .079 J. 

W= -.052 Je- 3
•931 -.0'27 Je-·151 -J(l-1.079 e--21 ). 

The motion is again exceedingly moderate in all respects. 
CASE 3. Rotary gusts. Theso can have no effect except upon 

the constraining moment F. 
CASE 4. Head-on gust-moderate. u 1 =J(l-e-t). 

lu= -J(l + .1895 e-t). lu,0 = - .1895 J, 
lw= .2246 Je-t, lwo= .2246 J. 
u=.002 Je-rnt+l.187 Je-· 15t-J(l+.189 e-1), 

w= - .0.5 Je- 3• 3t_ .174 Je-· 151 + .224 Je-t­
du/dt= -.008 Je- 3·931 -.180 Je-·151 +1.89 Je- 1• 

dw/dt=.197 Je-uu+.027 Je-·151 -.224 Je- 1• 

z=l.lG Je-·151 -.22 Je-1 -.94 J. 

The motion is again decidedly moderate. 
CASE 5. Up gust-moderate. w1 = J(I -e-t), 

lu= - .OG53 Je- 1, IUIJ= - .0653 J, 
lw= -J(l-1.350 e-t), lw0 =.350 J. 
u=.0144 Je- 3·931 +.0507 e-·151 -.0653 Je- 1, 

w= - .343 Je- 3 ·931 - .007 e-·151 -J(l-1.350 e- 1). 

dw/dt= + 1.35 Je- 3·93 - 1.35 Je-t. 

The motion is easy except for the acceleration in w, which has a 
maximum when t = .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 g/5. 

CASE 6. Head-on gust-sharp. u1 =J(1-e-11t). 

lu= -J(l+ .00795e- 5
), lu,0 = -l.008J, 

lw= -.5275 Je-5t, lwo= -.5275J. 

u= -.029Je- 3
•
931 + 1.037 Je-· 151 -J (1 + .008 e-llt). 

w=. 680 Je-3•931 - .152 Je- ·151 - .528 Je-11t. 

dw/dt= -2.67 Je- 3•931 +.02 Je-·151 +2.64 Je- 51 • 

z= -.173 Je-ust +Je-·151 +.103 Je-llt-,93 J. 
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The motion, including acceleration, is moderate. 

CASE 7. Up gust-sharp. it\ =J(l-e- 5t). 

J,.=.153 Je- 51
, lu0 =.153J, 

lw= -J(l+3.G28e- 51 ), lwo= -4.628 J, 

U= - .197 Je- 3·0~t + .044 Je-· 151 + .153 Je- 51, 

w=4.G34 Jr- 3·931 - .006 Je-·151 -J(l + 3.628 e- 51). 

dw/dt= -18.2 Jr- 3
-
9 t + 18.2 Je- 51 , 

z= -1.18 Je- 3 ·931 +.04 Je-· 151 +.73 Je- 51 +.41 J-Jt. 

The acceleration dw/dt has a maximum when t = 5/11 when it 1s 
1.44 J. This is somewhat serious if J is 10 foot-seconds. 

We may now calculate roughly the moment F necessary to pro­
duce the constraint. 

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

CASE 1. F=.11 J(e-· 151 -e--~t). 

CASE 2. F=J(.009 e- 3·931 +.005 e-· 1''1 -.014 e--21 ). 

CASE 4. F=,J(.009 e- 3·931 + .o:30 e-·151 - .0:39 e- 1). 

CASE 5. F= J(.06 e- 3· 931 + .0012 e-·151 - .0612 e- 1). 

CASE 6. F=J(-.119 e- 3
•931 +.0266 e-·151 +.0924 e- 61). 

CASE 7. F=.811 J(-e- 3
·
931 +e- 51). 

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 certam amount of preliminary calculation, the effects upon the 
motion of a lar~e number of different gusts may be determined with 
relative ease. ::so far as I am aware, no actual method of intearation 
nor any ctuantitative results of such an integration has previousYy been 
published with the excPption of the descriptive popular lecture of 
Glazebrook cited n.bove. I hirvc carriPd through the actual deter­
mination of the effects of gusts in the following cases: 

Head-on gusts rising fro;n 0 to J feet per second with various de-
grers of sharpness. 

C p gust of the same tvpe. 
Rotary gusts of the same type. 
Rear gusts and down gusts are inclU<lecl 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 gu:its are 
usually superposed upon a general steady wind of other than zero 
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average velocity; but the conditions of flight in still air and in stetuly 
air are nearly identical, the only difference being that in the equa­
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 11 head gust of various sharpness ancl of total intrnsity 
J foot-second will swoop up, with some oscillation of no s0rious char­
actor, to a new lovc•l about 3.5 ,] feet highc•r than its previous level. 
Tho constrained machine will rise without oscillation to a now level 
only J fret, or a trifle less, higher than before. The path in a vor­
tical plane is indicated in the diagrams drawn for mo by Mr. T. H. 
Huff. Tho accellerations arising m the motion aro not serious for 
either the machine or the pilot. It has been found further that a 
rotary gust may have considerable offoct-though in t,ho a bsenco of 
data as to the intensity and regularity of rotation in the air no definite 
results can be formulated. Furt.hermoro we find that up gusts 
operate chiefly in lifting tho machine, whether free or constrained, 
with tho gust. The path in space is given in the diagram. There is 
here in tho caso of sharp gusts a considerable momentary acceleration 
in the vertical which may reach a magnitude of about LS J foot­
scconds.2 This would not seriously stress the machine, which is 
designed to stand accelcrntions of 6 g to 8 g in maneuvering, but 
owing to its suddrn and unexpected appearance this accclrmtion 
might incommode the pilot-it is indeed the familiar phenomrnon of a 
'' bun1p. ·' 

It follows, therefore, that the introduction of the constraint, 
whether by gyroscopic or other means, serves only to rliminate the 
natural oscillation in pitch and to diminish, in the case 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 uncontrolled machine by more than 
80 foot in 15 seconds, flight at low altitudes is more dangerous in the 
unconstrained than in the constrained machine. However, the 
elapsed timo is sufficiently great to enable the pilot to check tho dip 
by a suitable movement of his elevator. 

To offset any advantages derived from the constraint, we find that 
this particular machino, whrn constrained, bcconws unstable at a 
speed between 4 7 and 51 mile-hours, whcr<'as the frre machine remains 
stable down to a speed between 45 and 47 mile-hours. 

MASSACHUSETTS INSTITUTE OF TECH:"<OLOGY, 
Boston, Mass., October 7, 1915. 
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REPORT NO. 2. 
PART I. 

THE PITOT TUBE AND OTHER ANEMOMETERS FOR 
AEROPLANES. 

Dy ·w. n. HEnRcHEL. 

I. INTRODUCTION. 

The air pressures on the wings of an aeroplane, and therefore 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 ,vhich it is moving. The measurement of this speed­
particularly near the lower limit where the sustaining power becomes 
o.eficient and there is danger of stalling, or at very high speeds where 
any movement of the controls may give rise to dangcrou,-l,v large 
stresses-is evidently a matter of importance, and the use of a relia­
ble anemometer or speedometer is h1~hly desirable. The aim of the 
following paper is to describe the prmciples 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 ba3is 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 iqipact 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 the so-called static pressure of the moving fluid, i. e., 
the pressure which would be indicatC'd by a pressure gauge moving 
with the current and not subject to impact. To avoid 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 Origin and Theory ol the Pitot Tube, H. E. Guy Engineering News, June 5, 1913, p. 1172. 
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the spl'l'd n.1Hl density of the eurrent in whieh the tube is placed, and 
which ma:,- lw _used as tt measure of the speed of the flmd past the 
Pitot tulw. 

If t1w lluicl is a liquid arnl the two opPnings arc ronnC'ctcd to a U 
gaug1\ ('<lllt-aining the same liquid, the ~augP shows a hPad h and the 
Ucimd formula for computing the srwPd S i:,; 

(1) 

in which g is the acceleration of gravity and 0 is the "coC'ffiriC'nt" or 
"con,-titnt" of the gin'n instrument. If the head h is read on a 
giLH'.;C containing a hquid of d('nsity d while the density of the fluid 
(eithrr ga,; or liquid) in which the Pi tot tuhc is immersed 1s p, equation 
(1) takl'S the modifiC'd form: 

S = C✓ 2g~h (2) 

According to the elemC'ntary theory as usually given, C should be 
exactly 1, and in practice it is in fact· in the neighborhood of unity, 
whC'n "the instrument i:,; propC'rly designed and used with suitable 
prernutions. 

As ren-ards design, it may be said that numerous recent investi­
gations l1a,c shown that almost any sort of dynamic opening is 
satisfactory, but that the static oprning must bC' de-signed with grC'at 
care in order tlrn.t the coefficient G may hC' set equal to unity without 
invol,ing n.ny sensible error in the result of using equation (2). 
RowsC', 1 for example, has made an extensive comparison of various 
forms of Pi tot tube, which confirms previous rC'sults obtained by White,2 
Taylor,3 Treat, 4 and others. With the most satisfactory tube tested, 
the expC'rimental error in S was found to be not over 0.2 per cent. 
whether the static pressure was taken from a piezometer ring,5 or 
from the static opening of the tube as supplied by the maker. The 
standard of comparison was a Thomas electric meter, which was 
assumetl to give correct readings. 6 

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 

(3) 

may be regarded as sensibly accurate. 

3. ERRORS WHICH MAY OCCUR IN THE INTERPRETATION OF PITOT­
TUBE READING.S. 

The simple theory which knd, to equation (:~) assumes that the 
tube is always pointed exactly against the current and that the ob­
serr0d head, h, is due to the instantaneous value of the speed S. 

i W. t'. Ho•1·,e, Trans. A. S. M. E., 1913, p.f,13. 
2 \V. '.\L ,v1dt1~, Journal _\ssociation of Engllwcring Societies, .\ugust, 1901. 
3 D. \Y. Taylor, Soci0ty of ~a,·al .\rchiteets an(l :Marine Engineers, November, 1905. 
4 Chas. II. Trr-~11.:, Trans. A. S. M. E., 1912, p. 1019. 
• Tho piewmeter was simply on air-tight annular space about the pipe, connected with the interior or 

the pip~ hy six small holes. 
e i"o.:- r.cct1r:1c;- of Thomas meter see C. C. Thomas, Journal Franklin Institute, YOl. 172, p. 411, and Pro­

cecJin:::?s .\.In. Uas In!,,t., vol. 7, 191:?, p. 3:39. For more. recent experimental verifications or equation(~) 
wi1j10:1t ns9 of Lrn Thomas meter, see J'. H. Dratn\.vclll Report or British Committee on Aeronautics, 1911-
1913, p. 35, a::id Wm. Cramp, Manchester Memoirs, vo. 58, part 2, sec. 7. 
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Those assumptions are never exactly fulfilled in ordinary practice 
and accordingly exact results may not he ohtainPd, even when no 
fault is to be found with the instrument itself. 

In tho first place, it is impossible to read tho gaugr, instantanrously; 
furthermore, there is always a time lag between tho openings and 
tho gauge. Accordingly, even whr,n the current docs not change in 
<lirrction, if its spcrd varies rapidly all that can ho observed is the 
mran value of h over a certain time interval, and this value does not 
correspond to thr arithmetical mean value of 8 over the same inkr­
Yal, oven if the interval is Ion~ compared with the time lag, as has 
bePn shown experimentally by ltateau. 1 

Disregarding the time lag, the value of S computed hy equation(:~) 
will he the root-mean-square speed, which is always larger than the 
arithmetical mean speed. Hence if, for example, the Pitot tuhe is 
being med to dotennine the discharge through a steam main frrding 
a reciprocating engine, the com_puted discharge will be greater than 
the true discharge. This error 1s not likely to ho very large. If, for 
· nstancr, the sprPll varie8 sinusoidally ,vith time from· 0 .. 5 to 1.5 tim0,, 
ts aritlunrtical mean value, the linear srced computed by equation 

(8) ,vill he 1.0607 times tho arithmetical mean speed which drtri·­
mine,; tho total flow, or a trifle over 6 per cent. too large. 

A srr·,md cans!' of error is rapid variability in direction of the cur­
rent, ,\·l1ich rnahs it impossible to kPrp the tube pointed correctlv 
even when mountrd on a vane. If, as is usualfr tl10 casr, it is 1lc­
sircd to measure mcrclv thr component vdocit v in a fi:wd direction, 
the edclirs which almost ahrnvs exist mav introdU<'(! a considerable 
error whrn this component v1,!ocity is computed bv rquation (8). 
If the variations of dirrction arc small, the rrror is "clue almost cn­
tirc{y to tho df Pct on the static opening and not to change of the 
dirC'ction of impact on the dynamic openmg.2 

This sourc<! of error is much reclucC'<l in the Dinrs tuhr, a form of 
Pitot tuhe in which the static opening coni,ists of a number of round 
holr8 or longitudinal slits in a hollow cylinder placed with its axis 
perpendiculnr to the dirPction of the impact tuhc and to the _cl_anc 
m which the variations of dir0ction are expcct0d to occur. When 
this instrument is employrd a-, an anemomotn, its principal use, the 
cylinder is of course vertical. 

The heads given by the Dine:, tube arc sensihly mdcpcndent of 
errors in dirrction up to about 20° on each side of the mean. To 
offset this a<lvantagc, the instrument is somewhat less sensitive 
than the ordinary P1tot tube, the coefficient (! being greater than 1. 
Furthermore, each tuhe must be calibrated separately, and it is not 
<'ven certain that the coefficient is strictly constant' for each tube. 
Data by Dinos 3 show a constant coefficient (!= 1..53. Jones and 
Booth 4 find values from 1.20 to 1.70 for different tubes. Zahm 5 

iinds valurs from 1.42 to 1 .. 50, depending on the speed. 
It has sometimes been douhtPd whether the coefficient C of a given 

Pitot tube was <lcprndrnt solely on the relative speed of the fluid 
arnl the tube, tho suggestion being that a tube standardized by mov-

1 Annales des Mines, 1,08, p. 341. 
• L, i·. Moody, Proceedings Engineers' Soclcty ot Western Pennsylvanla, May, 1914. 
• Quarterly Journal, Hoyal Meteorological Society, vol. 18, 1892. 
• Aeronautical Journal, July, 1913, p. 195. 
• Physical HeYlew, 1903, p. 410. 

2;i:l02°-8. Dor!. 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 wh<'n used to determine the velocity of a 
fluid past a fixed point. It is difficult to see how the Pitot tube can 
respond to anythmg but velocity relative to itself. At all events, 
experiments by Fry and Tyndall 1 have shown that while there was 
some a_eparent disagreement at speeds below 11 miles per hour 
(17.7 kilometers) where the <'XJ:lerimental 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 liave 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 steady 
stream-line flow or steady motion of the tube in a quiescent fluid. If 

-

the tube is to be used in a very turbulent medium, as, for exa.mplo, in 
measuring the discharge from a fan, it should be standardized in a 
stream oi fluid in whicb 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 movmg through 
still water gave a coefficient 0=1, while if the tube were tested in a 
turbulent current some other value of O was obtained. If the tube 
were to be used to measure the average speed of a similarly turbulent 
current, this second coefficient should be used and not the value 0= 1. 

Apparent errors and inconsistencies in the results obtained by 
equations (1) and (2) have J)robably been due in part to disregarding 
the foregoing obvious cons1<lerations. 

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 O equal to unity. If the tuhe does 
not satisfy this condition, whether on account of its design or from 

I J. D. Fry and A. M. Tyndall, Philosophical Magazine (6), vol. 21, p. 348 1911. 
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the necessary circumstances of practical use, the value of C' must be 
determined hy experiment, and the vnlues of S given by the following 
equations are then to be multiplied by the observed values of 0. 

We start by inserting the value g = 32.17 ft./sec. 2 or 9.81 m./sec.2 in 
the general equation C:-l), viz: 

S=M (3) 

in which S = 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 fiuids.--d and p may have any values but are to be 

measured in the same units. The value of Sis given by the equation 

(4) 

with the values of X shown in Table 1 for various methods of express­
ing S and h. 

TABLE 1.-Valius of X for equation (4). 

h measured in- S measured in-

{
Ft./sec ..................... . 

Inches of liquid of density d •.••••.••••• Ft./min ..................... . 
Mile/hour ................... . 

{

M./sec ...................... . 
Mm. of Uquid of density d •.••.....•...• M./min .................... . 

Km./hour ................... . 

X. 

2.316 
138.9 

1. 579 

.1411 
8.404 
. 5043 

(B) Any moving fluid, gauge liquid water.-The value of S is given 
by the equation 

(5) 

with the values of Y shown in Table 2. 

TABLE 2.- Values of Yjor equation (5). 

h measured in- p measured in-- S measured in- Y'. 

rt./sec ............ 18.28 
Inches of waterat68° F.=20°C Lbs./ft.3 ••••••••••• Ft./min ............ 1097 

Mile/hour .......... 12.46 

rl./sec .............. 4.426 
Mm. of water at 08° F.=20° C. Kgm./m. 3 ••••••••• 11./min ............ 265.5 

Km./hour ......... 15.93 



84 AERONAC! lC.-:. 

Wlwn the Pitot tube is to be us~ tl i,1 uir, the air density p for 
use in equations (4) and (,5) may he foun~l a;; follows; 

Let B = the barometri<' prc's,mrr. 
Lett= the tcmpl•ratun' of t \'.' :iir. 
Let P=thc prt'ssure of ,;,1,lt:rntL•d ska1a u.t t 0

, from the steam 
tahles. 

Let Il=thc relative hnmidity. 
Then in English units, if B ;md P are in inclws of mercury and t 

in degrees F., 

= 1 39~ B- o. 3I_nP II lb· /ft 3 
P • ~, 4GO+t s. . (6) 

or m metric units, if B and P arc in millinwtL•r,; of mercury and t 
in degrees C., 

B-0.3i!iPJl 1 p=0 4G4 ----~-·--· k"m ·n1 3 · ~,3 + t r •/ · 
((ia.) 

All th<:' numprical tlat" giv,'H i, 1 t 1. ;,; sP<·1 ;( ,11 :,!·c aC'curatc enough 
to permit of computin,2; thr "IWC'll 1n within 0.1 1wr cent. Actual 
,alues computed from C'quation (:S) rnay lll' found from Table 7, 
section J:1. Tlw calculations requir, (1 hy equation (6) may be 
avoitleLl hy thr u,;e of diagrams given by RowsP 1 and Tuylor.2 Hinz 3 

ii,es 11 diagram showing thC' gas constant of moist air, which may 
be us<',l in pbr,· of equation (Ga). 

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

The theory of thr action of the Pitot tuhc, as ginn in Part 2 of 
this paper, shows tlrnt the cr1m1.tions givrn in the preceding sec­
ti_ons must_he rxpedcd t.o require a corre~tion if_ tlll' ob;'er_ved pressure 
cbfforence 1s enou~h to compress the ilmd S<•Jl,c1hly. rlus will never 
occur wlwn Equic!s are in qurstion. th011'_'ll whl'H the instrument is 
used for mea:-;uring th,, sp<'('(I of a ga'-' '11'· (·orn•dion requirC'd to 
allow for eomprPssihility might. lwcomn sc'n,.;ihle tit hi,,d1 sperds. But 
for the highest spePcls aJtninP<l h_v :u•roplmH':i, say 1 :w milt-,;; per hour, 
the correction computl'd from tlw thPory is lr-,.:,-; than 0.5 per cent., 
an amount whir-11 i,.; altogetlwr 1wgligil>k in eomparison eithC'r with 
the errors of ohs<'f',-ation or with the u11cr•rtiLi:1ties of the theory 
itself, which is far from <·onvinl'ingly 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 fluw which d"pends upon and may be 
used a,;; a measure of the speed of the current. The force depends on 
the- r<+fr,·e motion and is the same, at the same relative speed, when 
the tluid is v t rest alitl the horly moves through it, the force then 
appearing as a re..;istance to the motion. It is the reimltant of forces 
exerted on the dPments of the surface of the b,,dv (a) normallv by 
the pressure, which varies from point to point: a1·11l '(b) t11.ngentiall}· 

1 Loe. rit., p. 600. 
2 Lew. cit .. , p. :ri, and phtcs 3:J and :Ji. 
s A<lolf llini, Ti1ermo<lynamiscbc Grun1Jfa.grn dcr Kolben unJ Tur1>0:-:om11ressoren, p. 42. 
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by skin friction of the fluid moving along the surface. Since we are 
now interested only in devices wluch 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 
upstrf'am side, a region of increased pressure, i. e., of excess above the 
genf'ral static pressure of the air; while on the leeward or downstream 
side thf're is a defi<"iency. In the Pitot tube, the obstruction consists 
of the impact tuhe with 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 n "prehsure-plate anemomf'tcr." 

Various dcviccs which 11re in prnctic11l use may he regarded as 
internwdiate hctween the Pitot tube nnd the pressure plate anemome­
t<'r. Among these arc the Dincs tube (seep. 82), the" Stauscheihc," 
and the PneumometPr. The Stauscheibe is a metal disk about 1 
cm. in diameter with holf's in the centers of its two faces from which 
the prf'ssures arc 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 Pncumometer difrers from the Stauscheibe only 
in details of construction. For both these instruments the coeffi­
cient of equation (1) has the value 0.854, the observed pressure 
difference being influenced by the suction at the downstream face as 
W<'ll as by the impact pressure on the upstream face.1 

In the case of pressure plate ancmometern, it is usually the total 
force acting on the obstruction in the wind that is measured, rather 
than a manometric pressure, although Stanton 2 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 friction 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 parallel 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 
aeroplane 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 he 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 s:ymmetrical about the wind direction, preferably a figure of 
revolut10n about that axis. The resistance offered to the wind by a 
symmetrical body of given maximum section normal to the wrnd 

' Rowse, loc. f'lt., p. 677 and 6S4. A. Gramberg, Technische Me.ssungen, third edition, 1914, p. 99. Cramp, 
loc. cit., p. H. 

• T. E. Stanton, f'oller-ted Researl'l1e,,, ~ational l'bysical Laboratory, Vol. V, 1009, p. 109. 
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depends greally on its shape, being less for a sphere than for a flat 
plate normal to the wind, and still less for a somewhat elongated 
spindle-shaped body. 

WhatevPr the shape of the body may be, unless it is a sphere its 
resi.3tancc to a given wind depends on its presentation, and by a 
suitable choice of shape this variation of the force v.rith the orienta­
tion may be made quite large. The o_peration of the Robinson, or 
cup anemometer, depends on the fact 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 tho plane of rotation of tho cups 
always produces a torque. In tho so-called "bridled" form of this 
anC'mometer, the torque is measured statically and tho 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 prcflsure recorded bv 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 S is 
nearly J.)roportional to S 2 and this relation is sometimes represented 
by writmg 

P= I{ S 2 (7) 

in which P is the force per unit area of the plate. The coefficient K · 
is approxi,nately rroportional to the density of the air, but it varies 
with the size and shape of the plate. The independence of Pi tot 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 tho plate, and Stanton's1 

experiments confirm thi8 expectation. But the suction on the back 
depends on size as well as speed, thus accounting for the variability 
of ]{ and showing that Pis 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.2 \\lien giving numerical values in 
"English units" pressure will be in pounds per square foot and speeds 

•Loe.cit., p. 192. 
• G. Fin<i ant! N. So!dati, Englnccring, Mar. 31, 1()05, p. 397. 
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in miles per hour, while in "Metric units" pressure will be in kilo­
gram;; per square meter and speeds in meters per second. 

A. Square plates.-According to Eiffel 1 the value of the coefficient 
K of equation (7) in English units varies from 0.00266 for plates 4 
inches square to K=0.00:326 for plates 40 inches square or larger. 
The temferature and pressure of the air during the tests are not 
given. ' he corresponding metric -rnlues are 0.065 and 0.08. Bair­
stow and Booth 2 after analyzing the arnilable data give the equation 

F=0.00126 (S l) 2 +0.0000001 (S l) 3 

in which F is the total force in pounds, S is the speed in feet per 
second, and Z is the length of side in feet. The equation refers to air 
at 7GO mm. and 15° C. or 59° F. If Sis measured in miles per hour 
the equation becomes 

F= 0.00271 (Sl) 2 + 0.0000022 (Sl) 3 

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 8l)83 

the coefficient K depending on both S and l. 
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 
preferable, because the size of disk used by him is more nearly the 
desirable 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 4 has _I>ointed out that 
if a plate be surrounded by a sufficiently broad guara 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 tho average pressure would bo the same for a circular 
plate with a diameter equal to l, as for a square of side Z. 

1 a. Eiffel The Resistance of the Air, p. 3.5. 
• Report, British Advisory Committee !or Aeronautics, 1910-11, p. 21. 
• T. E. Btanto'!, l'roeeedings lnst. C. E., Vol. CLYl, 1903--4, part 2, p. 78. 
• A. F. Zahm, Journal Franklill Institute, vol. 173, January-June, 1912, p. 256. 
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TABLE 3.-TVindforces in pounds on a 12-inch disk. 

Force in pounds Force in pounds 
Wind speed S according to a.ccordi n!? to 
miles per hour. Eiffel. Bairstow and 

Booth. 
--

30 1. 94 l. U7 
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 1B. 48 

TABLE 3!1..-Windforces in kilograms on a SO-centimeter disk. 

Wind speed S Force in kilo- Force in kilo-
grams according kilometers per grams according to Bairstow hour. to Eiffel. and Booth. 

48.3 0.8G 0.87 
G4. 4 I 1. 53 1. 55 
80.4 I 2.38 2. 44 
96.5 3.44 3.53 

112. 8 4. GS 4. 87 
128.8 6. 13 6. 39 
145. 0 7. 75 8. 15 

·---

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 
sphere is symmetrical about all diameters, so that the indications 
ol a sphere anemometer may be made independent of chang-es 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 thm plates, is the lower value of the coeffi­
cient K of equation (7). 

According to W. H. Dines, as quoted by Lanchester,1 [{ 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 i 

gives J( as 0.00045 (0.011 metric) and explains the difference between 
his 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 about 27 miles an hour for a 6-inch sphere, 
16 miles for a IO-inch sphere, and 9 miles for a 13-inch sphere (12, 

1 F. W. Lanchester, Aerodynamics, p. 25. 
• La Tochnique Aeronautique, 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. 

Table 4 shows values of K for hemispherical cups, according to 
Dines. 

TABLE 4.-Values of Kin equation (7) for hemispherical cups. 

English. Metric. English. Metric, I Englis\1. 
I I ~fetric. 

Diameter of cup. 

2i in. 64mm. 5in. 12imm. 91n. 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 . 00138 . 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 imd 
weight. The difference in the force acting on the cup in its two 
positions, which is the driving force of the Robinson anemometer, 
1s clearly indicated by the table. 

9. PRACTICAL FORMS OF RESISTANCE ANEMOMETER. 

Maxim 1 used a pressure plate anemometer consisting of a disk 
with a sr.ring resistance. His arrangement had the advantage of 
fairly umform graduations of the scale, the spring acting indirectly, 
with variable leverage on the pressure plate. 

In the pressurn-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 v,eight 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 
whPther 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 g-raduations coming closer together at higher speeds. It would 
be very inaccurate without some means for holdin_g it vertical. 

The.Davis Lyall air speed indicator, made by John Davis & Son, 
of Derhv, Englandhis a bridled anemometer of the screw type which 
should he held wit its back to the wind, though the manufacturers 

1 H. Maxim Natural and Artificial Flight, p. 70. 
• Qm,rterly Journal, Royal Meteorologit-al Society, vol. 18, 1892, p.167. 
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do not provide it with an air rnne to do this automatically. This 
defect is r<1mcdied in the Aera bridled anemometer. Concerning the 
Da,Tis Lyall instrument, it is stated: 

To avoid undue oscillation of the pointer a damper iR providetl-----either magnetic 
or ,tir. ~uch a damper is rendered necessary ia meusuring velocitieti in a natural 
wind whi<·h v,tries within widc> limits. 

,Vhen it is desired to investigate the gusty character of natural 
winds, the sensitiveness of a bridled anemometer beconws an advan­
taO'e, Concerning 11 bridled tlllPmomctff consisting of fiye hcmi­
sptcrical cups attached to a vertienl spindle by short arms, Stanton1 

says that this instrument is more sensitive to momentary gusts than 
ai1y of the othPr recording instruments in common use. 

10. THE ANEMO-TACHOMETER. 

When anernometPrs of the screw type arc used for high velocities, 
there is danger that tlw nnes will be deformed and the velocity 
indications become unr·.·liahle, 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.2 This is a Robinson anemometer with tachom­
eter attached for aeronautical purposes, the tachometer being an 
instrument, usually actuated by cen_t1:ifugal force like a steam en­
gine flyball governor, so that velocities may be read at a glance 
from 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 
inter,al is required. The anemo-tachometcr also has the advantage 
of all Robinson anemometers that the wind vane may be dispensed 
with. 

According to a communication from Morell, his anemometers are 
calibrated m a wind tunnel, built in accordance with designs of 
Prof. Pranlltl 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. 

Tlie anemo-tachometer, as well as other anemometers, should be 
attached to the aeroplane in such a manner that its indications are 
not influenced bv the irre~lar 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. 'l'he objection to this lengthening is that 
it might change the friction and hence the indications of the instru­
m1mt, 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 volt.age, thus generated to indicate speed of 
rotation hy 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 Collec·ted Rcsearehes, National Physical Laboratory, Yol. V, p. 174. 
'Apr. 2, 1913, p. Jib. 
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11. THE BOURDON-VENTURI ANEMOMETER. 

The Venturi tube consists of a short converging inlet followed by 
a long di,·ergin~ cone, the entrance and exit diameters being usually 
e<Jtial so that tno tube may be inserted as a section of a pipe line. 
There is generally a short cylindrical throat. The converaing part 
has somewhat the shape of a vena contracta, but its exact form 1s of 
little importance. The exit cone has a total angle of ahout 5°, this 
being fmrncl to give the minimum frictional loss for a given increase 
of diameter. 

When a current of fluid passes through the tube, the pressure in 
tho 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 wbich this 
pressure difference may be observed, it constitutes a Venturi meter. 
The area ratio is a known constant for a given tube, so that when the 
density of the fluid is known the observeclyressure difference may be 
used as a measure of the speed of flow. When 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 he used as an anemometer by pointing 
it so that the wind blows directly through it, and the observed head 
may then serve as a measure of the wind speed. Bourdon 1 employed 
the Venturi tu he 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 a 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 
given in Table 5 for a tube in which a= 4, the throat having half the 
diameter 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). 

'.~nnales des Mines, September e.nd October, 1881; Comptes Rendus, 1882, p. 229. 
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TABLE 5.-Compari.9on of Pilot and Venturi hcad~for a=4. 

(1) (2) (SJ 

I 
(4) (6) 

Wind speed. Pitot-tube head. Head on Venturi ac- Col. 3. Theoretical head on 
cording to Bourdon. Col. 2. Venturi. 

---
Mile& Mmra Im. 

I 
• \fm. Jn,. llfm . Im. Mm. 

hour. SU. 

10 4. 47 o. o.s I. 3 0. 17 4 3. 4 0, 7 18 
20 8. ()4 . 19 4.8 . 80 20 4. 2 2. 9 74 
30 13. 41 . 43 10. 9 2. 30 58 5. :.l 6.8 17:3 
40 17. 88 . 77 19. 6 4.0* 102* ,5. 2 12. 3 :112 
50 22. 35 1. 20 30. 5 6. 6* 168* 5. :i 20. 0 508 
(j{) 26.82 1. 73 43.9 10. O" 254* 5. 8 30.0 7G2 
70 31. 29 2. 35 59. 7 15. O* 381* 6.4 45.0 1, 14:3 
80 35. 76 3. 07 78.0 20.0* 508* 6. 5 (n.o ], (jO() 

!)0 40. 2:.l 3.89 98.8 25.0* 635* 6 . .j HO.O 
I 

2,28() 
I 

In figure 1 the line II(} represents Bourdon's observatio11s an(l 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 colwnn (4) of Table 5 that a Venturi 
tube with a 2 to 1 diamekr ratio would probably give at least'five 
times as much head as a Pitot tube at ordinary aeroplane 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 
bot,h ends free. Upon introducing the known values of k and p for 
air at one atmosphere and 70° F., equation (27) reduces to 

10 2 
r1 l-r1 . S = 1720 _(_ ___ 10 ) miles per hour. 

a 2 -r'f 

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 G Hof figure 1, is to be ascribed to 
friction or other circumstances which make the Venturi tube aet dif­
ferently as an anemometer and as a fl.ow meter, and what part to 
Bourdon's experimental arrangements and possible errors of observa­
tion, can not be decided without further mvcstigation; hut in any 
event, it is obvious that with the Venturi tube a much larger head 1s 
available than with a Pitot tube. 

Since Bourdon wanted an anemometer for vny 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 
which were adopted as giving the best results were as shown in 
Table 6. 
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T11.nLE 6.-l'rriportiuns of Bourdon's double l'enturi tube anemometer. 

Ratio of minimum to maximum diameter: 
(a) Of converging r·one ............................ . 
(b) Of diverging eone .............................. . 

Double angle: 
(a) Of converging cone ............................ . 
(b) Of diverging cone .............................. . 

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

I 
I Inner tube. Outer tube. 

0.31 
0.45 

34° 15 
3° 45 

1. 0 

0.56 
0.60 

21° 38 
4° 50 
6.2 
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No cylindrical throat piece ,vas used with either tube, the convf'rg­
ing and divf'rging ronf's hf'ing ronnf'rtrd dirf'ctly. 

Bourdon abo USl'd a similar arrangement of three concentric tubes. 
The heads ohtainrd ,vith this, at Yarious wind speeds, are shown on 
figure 1 by tho curYe D C and by tlw isolakd pomt A. Tlw point R 
is from tests of a 3-tubr instrument by Brown Bovf'ri & Co.1 

The proportions of single-tu be anemometers us us<·cl in modern 
French prnctice seem to be somewhat like those of Bounlon's irnwr 
tube. (Sec Table 6.) The length of tuhc in the i:memomd0r made 
by APra, of Paris, is 6.3 inch('S (160 mm.) or 11enrly th0 same as the 
length of the divPrging cone of Bounlon's imwr tube. Dornnd 2 gin's, 
without dimensions, a sPction of a Venturi-tuhe unemonwtPr whieh 
indicatl's a ratio of throat to entrance diarn0kr of ahout 0.2. The 
proportions propos0d by Toussaint a]l(l Lepere 3 as a rPsult of recf'nt 
f'XJWriments are Yf'ry similar to those of Bourdon's outPr tuhP. (Spo 
Table 6.) 

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

A. ·weight and head resistancc.-These must both be small-the 
smaller tho better. Accordingly we nf'f'd not consider any essentially 
heavy instruments, such as those ,vhich require the use of eln·tric 
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 arc not nweh:mically 
strong or which can not be made so without too great W<'ight. Both 
the anemometer head proper, and the transmitting an<l illdirating 
parts must be simple, light, strong, and frN1 from the need of d0licate 
adjustment or fregucnt testing. 

C. Position.-Tlie head must, so far as practicable, be out of r0ach 
of irregular currents and eddies and therdore 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, (c) near one wing tip. Position (a) 
might be practicable and satisfactory in some cases but tlwre is a 
possibility, unh•ss the head were very far in front, that the n·adings 
might not be the same, at a given speed, during normal flight as when 
planing with the motor stopped. We have no ii1formation on this 
point. The influence of the body extends some distance ahead, a 
fact which should not be OYcrlooke<l. 4 Position (b) would often 
require the construction of a SJ)(\Cial support, increasing the ,wight 
and }wad resistance. Po,.;ition (c) seems the natural one to adopt if 
a transmission of the requisite lrngth c·:111 ho made satisfactory; hut 
hPre again it should be noted that tho di,,t.urhance duo to a strut or 
wing bPgins some distance ahead of the foading edge.; 

D. Or-ientati1111.-,Vhilo most a.iw.monwt.Prs lmn1 to he point('(l 
dirPdly into the wind if they are to indicate it,.; resulta11t nloeity, 

1 Zcitschr. d. Yer. Deutscher Jn~enir•urc, 1907, p. 1848. 
2 E. I>oru.nd, La Technique Acronantique, NoY. 1, HH!, p. '.!;i:!. 
3 Rep. Brit. Adv. Com. for *\eronautics, Hn2-1:1, p. :mt,. 
• S<'c, for example, the results of ex1,eriments on the Marienkhle-Zossen high-speed electric railway, The 

Electrician June 17 1904. 
, See E. f'. Helf, Rep. Brit. Adv. Com. !or Aeronautics, 1912-13, p. 133. 
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what is needed in aviation is primarily the relative wind spePd 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 is required about motion perpendicular to this direction, it may 
be got from a wind vane. 

E. Independence nf grainty.-On account of the very considerable 
angles of heeling anJ pitching, it seems useless to consider any instru­
ment which depends for its action on weights or liguid manometers. 
Any required forces must he applied by springs; or 1f pressun's arc to 
be registered, it must he by sprmg 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 wiH. 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. 1 

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 sec 
how great these variations are likely to be under working conditions. 
For this purpose we consult equation (6) of section 4, viz, 

= 1 397 B- 0.376 PH 
P • - 460+t 

in which 

p = the density of the air in _pounds per cubic foot. 
B = the barometric pressure rn inches of mercury. 
t = the temperature of the air in degrees Fahrenheit. 

P= the pressure of saturated steam at t 0 in inches of mercury. 
H = the relative humidity (H = 1.0 for saturated air). 

(6) 

The ranges we shall assume arc: B = 30 to 20 inches, correspondin~ 
to a rise from sea level to about 10,000 feet altitude; t = 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 t=50° 
0.376 P=0.136 

0.376 Px0.5=0.068 

70° 
0.278 
0.139 

90° 
0.533 
0.267 

1 For a discussion of the etrcct or yertical arroieration and centrifugal forre on liquid manometers the 
reader may bo referred to an article by H. Darwin, Aeronautical Journal, July, 1913, p. liO. 
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If we assume tt constant relative humidity II= 0.:'5, while in foct 
the humidity varies all the way from 0.0 to 1.0, the maximum error 
we can mukc in the value of o.:l76 PH is 0.376 P ~< 0.:3, of which the 
vulm's at 50°, 70°, and 90° are shown ahove. To find the perccnta~e 
error which this assumption cun introdur-e into the computl'd valt1c 
of p, we mu"t compare tlw-;e errors with the ,·uluc of JJ. The follow­
ing t:1hlc shows the maximum per cent. errors in p ut 50°, 70°, Ullll 
90° F. nnd at 20 and 30 ind1cs pressure which eun be eaused by 
assuming II= 0.5. 

t=50° f =70~ t = !)0° 
B= 20 inches o.:M~;1 o.,!V~ I.:3:3% 
B=30 inches 0.23% 0.4G 1

.·; 0.89':': 

Since a temperature of 90° F. will sclllom or never prcn1il at an 
altirndp, ,,,·here the prc,,sure is as low as 20 inches, we muy n';;nni l 
per cent. as about the maximum po,;sihlc error, and in the Yast 
majorit_,. of cuses the actual error will he kss than 0.5 per cent. 
Kow with the ancmomrters we need to consider, a given percentage 
error in the density causes only about hulf as much error in the 
spPed S; and furthem1ore, an aecuraey of 1 per rent. in measuring 
the s1wecl of an aeroplane mny be regarded us satisfactory. Hence 
the a,;,mmption of a eon,;tant rclatl\'e humidity of 50 per rent. 
(JI= O.,j i is quite approximntc e1Hmg}1 for our purpose, and we 
adopt this assumption and thereby simplify equation (6) to the form 

B-0.191-' l 1. f 
p = 1.3 27 - 40o+t pPunc s pPr cu HC oot. 

From equation (8) we may now compute a tahle of aprroximute 
valuc,-; of the air density at Y,u·irins n1lucs of the har0mctric pre,,ure 
B nn<l Urn tcmperatme t. It will be con,·eniC'nt to ha,·e the Yalues 
expn'".;ed, not in pounds per cubic foot, hut in terms of a ,-,tandard air 
detbit,·, nml for this the Yalue = 0.07455 has hecn ehosen. This is 
the dl~n,;ity nt B = 2'.l.!l:.! in<"hcs, t = 70° F., anrl fl= 0.5, conditions 
whid1 ure a fair aYcrngl~ rPpn•,;entution of tho,;c whieh arc likeh' to 
prevail during anemometer te,-,t:-i. The yu}uc•s are shown in Tuhle 7. 

TADLE 7 .-l/elutire density D of air at B inches pressurr, 1° F., and 50 per. cent re/11tii-e 
humidity, referred to air at !'l.!J:! inches pressure, 70° F., and 50 per cent. relalit•e 
humi(i/t,11. 

B= 20" 2~11 ::-111 ~{/' 28 11 ,· 3011 

I 

t=0° F .... 0. 773 0. S;31 0. 028 I. 00,i ]. 083 l. 160 
100 ..... . 757 . 833 . 908 . !Jd4 l. 060 l. 1:35 
20° - - - . - .7-11 . ~15 . 889 . !)Ii;{ l. 037 l. 112 
:10° ..... ~-y . , ... 0 . 798 . 871 . 9-l:3 1. 016 l. 088 
40° ..... . 710 . 781 . 853 . 924 . 993 I. 0!Hi 
50° ..... . 696 . 766 . 835 . 905 . 975 I. 0,1'3 
60° ..... . (i81 . 750 . 818 . 887 . 955 l. 0:!3 
70° - - . - . . 667 . 7:{4 . 801 . 8ti8 . 935 1. 003 
80° ...... . 653 . 719 . 785 .850 . 916 . 982 
900 ..... . 639 . 703 . 7(;8 . SJ:3 . 897 . 962 
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We have next to consider how these variations of density may 
affect tho readings of an anemometer which has been tested under 
standard conditions. 

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

S=constx.JPt~l!.J. 

or for a stand;trd density p0 

At any other density, p =Dp0, we have 

(9) 

If the tube has been standardized at the density Po and the constant 
A 0 determined, or if the ~age has been provided with a s:peed scale 
or a table for converting its readings at the standard density Po into 
speeds, the true speed at any other density p is found by multiplying 

the indicated speed by )rY Values of Jv computed from Table 

7 are given in Table 8. 

TABLE 8.-Values of ..;~for use in equation (.9). 

Barometric height B in inches of mercury. 

t° F. 
2<Y' 2211 2411 2611 28" 3011 

0 ......••... 1.137 1.084 1. 038 0.979 0.961 0.928 
10 .••••••••• 1.149 I. 096 I. 049 I. 008 .971 .938 
20 .••••••••• 1,162 1.108 I. 061 1.019 . 982 . 948 
30 ..•••••••• 1. 174 1.119 1.072 I. 030 . 992 . 958 
40 .•••••..•. 1.187 I. 131 I. 083 1. 040 1. 003 . 968 
50 ••••••..•. 1.199 1.143 1. 094 1. 051 1. 013 • 978 
60 .•........ 1. 212 1.155 1.106 1. 062 1. 023 . 989 
70 .•••••.... 1. 225 1.167 1.117 1. 073 1. 034 . 999 
80 .••••..... 1,238 1,180 I. 129 1. 084 1. 045 1. 009 
90 ••••...... I. 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 readrng, the wind forces are always the same; 
and from the standpoint of sustaining power and strength it is 
immaterial how the forces arise. Hence from the point of view of 
the aviator who is concerned with the safety of his machine, the 

2~,302°-H. Dor·. 268, G--1-1--7 
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speed readings of the Pitot-tubc anemometer correct themselves 
automatically-if the machine flies safely at a given speed anJ in 
air of a given density, it will be equally safe in air of any other den­
sity, regardle~s of pressure, temperature, and humidity if the Pitot­
tube gauge gives the same readmg. 

B. Pres1mre-plate anemometers.-It would naturally be supposed 
that the readings of pressure plate anemometers would he affected 
by variations of air density in the same way as those of Pitot tubes. 
The theory of the subject, however, is not entirc•ly clear, and it is 
difficult to interpret some of the exrcrimPntnl results which have 
been obtained.1 In the absence of further investigation it would 
seem safest to make the density correction, ,vhen necessary, P:x:actly 
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 <lPnsity cor­
rection is to be omitted, just as with the Pitot tube. 

C. The Bourdon- Venturi anenwmcter.-If the rPsults of Bourdon's 
experiments agreed closely with computations from the theoretical 
equation of the Venturi meter, we shoulcl feel 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 sta.ndard 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. 

D. Rotary anemometers.-Regarding rotary anemometers, Jones 
and Booth 2 say: 

The principal advantage possessed by instruments of this type i~ that thev 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 wmd speed which will just 
keep the anemometer turning against friction. And since each vane 
or cup when moving very slowly 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 poipts 
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 to be 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, 1910-11, p. 26. 
• Aeronautical Journal, July, 1913, p. 192. 
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simple and may be placed in any position; and the transmission of 
the pressure through tubes presents no obvious difficulties. The 
prime defect of _the ms~ruf!lent is the s;nallne~s. of t~e :pressure avail­
abfo for actuatmg the mdicator. Vfl11le sensitive hqmd 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 sufficiently sensitive and so robust as to be reliable. The 
problem looks difiicult, but may not be insoluble. . 

B. The pressure 71late.-Bv an incrense of size, the _pressure plate 
may be made to give as large a force as is desired, the limit being set 
by "the amount of bead resistance which it is considered permissible 
to devote to an anemometer. Transmission by wires under tension 
might be practicable hut would be liable to get out of order and to be 
senously disturbed by vibration. Transmission by means of liquid 
pressure might be managed hut would introduce complications, and 
the development of the instrument in this form would demand a 
great deal of experimentation. In spite of its attractiveness and 
apparent simplicity at first sight, the pressure plate does not, on the 
whole, Reem very promising as a practical aeroplane instrument. 

C. Tl1e Bmmlnn~ Venturi anemometer.-The Venturi tube furnishes 
a _pres,mre difference and the transmission problem is simple, as it is 
with the Pitot tube. But the pressure difference may lie 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. Smee 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 groun<ls, 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 den.;iities,1 and it seems to lie an instru­
ment of great promise and one of which the practical develqpment 
should be pushed along. 

D. The Robinson anemometer.-The weak point of the Robiruon 
anemometer is lack of flexibility in the transmission. In the form 
of Morell's anemo-tachometer it mdicates SJ?eed through the air nearly 
independently of the air density. But smce the main purpose of 
knowing this speed is for finding the total distance traveled, it would 
seem os if the ordinary method of registering the total number of 
turns would, in practice, be more useful than the attachment of a 
tachometer to give instantaneous speeds. 

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

If what IS wanted is to estimate the distaTJ.ce 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 

' See Eil!el, The Resistance or the Air, p. 234. 
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'all L'nnts. The other Lhrce type,; of instrument will all require to 
haYe a dcnaity correction apulicd to their readings, if the air density 
is far ,Jiffcrent from that during standardization, and they arc thus 
at a disa.Llvantage. 

But it appears that the speed tlU"ough the air is, in general, not 
itself the important quantity sought; for at host it docs not tell us 
the speed onr the ground until it i,, compounded with the speed of 
the wind ·which may happen to be blowing. A more important use 
of the anemometer "is not properly as a speedometer hut as a dyna­
mometer, i. e., as an instrument for inclieating the air forces on the 
machine. For thi3 purpose, any instrument such as the anemo­
tachometer which gives the speed without reference to the density 
will rcguire a density correct10n to its readings, whereas the Pitot 
tube gives just what is wanted, the allowance for density being 
already present in itH uncorrected readings, so that equal readings 
mean eq"!lal pressures, whatever the density may be. Tho pressure 
plate foils in the same class as the Pitot tube. Of the Bourdon­
Venturi anemometer we can say very little until the instrument has 
been further studied, but it seems likely that it aho will act rather 
as a dynarnometcr than as a spocdornctcr, if its readings are not cor­
rected for variations of air density. 

Still another question which may be asked i.3, What sort of mean 
speed does a given anemometer indicate when exposed to a ~ty 
wind 1 In regard to this question, the four types under considera­
tion fall into the same grouping as before. With the Pi tot tube, the 
pressure plate, or the Venturi tube, tho prcs,mre difference or the 
force depends on the square of the wind speed, and the mean reading 
of any of these instrumentd 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 indicate 
something between the arithmetical mean and the root-mean-square 
speed. If it had no inertia it might be made to indicate tho arith­
metical mean, but the effects of mcrtia in causing lag or lead will 
probably make the mean reading of the instrument m 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 Hurface. 



REPORT No. 2. 
PART 2. 

THE THEORY OF THE PITOT AND VENTURI TUBES. 

Dy B. BucKINOIIAM. 

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

Let a fluid be flowing steadily along a channrl with impervious and 
nonconducting walls, from a section A to a section Au the areas of the 
sections perpendicular to the direction of flow being also denoted by 
A and A 1 • By saying that the flow is "steady" we do not mean that 
it occurs in stream lines and without turbulence. We mean merely 
thu t it is "sensibly" steady; i. e., that such variations of speed, 
direction of motiori, pressure, etc., as may occur at any point in the 
stream as a result of turhulcnce are so rupid that our meivmring instru­
ments do not respond to them, but inchcate only time averages; and 
that these time averages are constant at any fixed point within the 
channel. Values of a prnperty of tho fluid, or of any other quantity 
such as speed, "at a point," arc therefore to be unclerstood as time 
averages over a time which is long compared with tho speed of ,aria­
tion of the quantity to be measured, though it may appear short in 
the or<linary ;;rnsc. 

Let 0, p, v, e, T, respectively, be the absolute temperature, 
static pressure, specific volume, internal energy per unit 
mass, and kinetic energy per umt mass, at the entrance sec­
tion A. By the ''static pressure" is meant the pressure which would 
be indicated by a gauge movin~ with the current. Let 011 p11 vii Eu 

T be the corresponding quantities at the exit section A . Both sets 
o/ values arc to be understood as avera~es over the who\e section, as 
well as time averages in the sense explained a hove. The two sec­
tions shall he at the same leYcl, so that the passage of fluid from A 
to A 1 does not invoke any gravitational work. 

As a unit mass of fluid crosses A, the work pv is done on it by the 
fluid following; and as it crosses A, it does the work JJiV1 on the fluid 
ahrad. Since the walls of the channel are nonconducting, no heat 
enters or lPavPs the fluid between A and A,; hence the total enf'fgy, 
internal plus kinetic, increases (or drcreascs) by an amount equal to 
the work done on (or hy) the fluid, and we have 

or 
pv- AV1 = (e1 + T1)- (E+ T) 

T-T1 = (£1 + At\)- (E+pv) 
(1) 

101 
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So far. no assumptions have he1·n made an<l e,;1.uation (1) is rigorously 
correct for adiabatic flow between two sections at the same level. 
Intcrnal heating by skin friction or the dissipation of eddies is merely 
a conYersion of Pnergy from one form into another and not an addi­
tion of energy; hence it docs not affect the validity of equation (1) 
and need not appear in it. 

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

Let Q he the volume of fluid which crosses the section A per unit 
time, and let S = Q + A; then S is the arithmetical mean, over the sec­
tion, of the component velocity normal to A and along the channel. 
Let Q1 and 81 be the corresponding Yulues at Al" :Measuring kinetic 
energy, as well as work and internal energy, in normal mass-lcngth­
time units, we then set 

(2) 

and proceed to substitute this <'xpression for (T-T1 ) in equation (1). 
Thi,-, substitution is in1lispensable to fmtlH'r progress, hut it involves 

an assumption which dcstrO_\'S the rigor of ull further tkdudions. 
The deductions are, neycrtlwh'ss, very nrproximatcly confirmed by 
experime11t, and it is therefore worth wlule 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 e<1uations 

(3) 

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 bo satis­
fied, but we shall have T > ½S2 and T 1 > ½S/, because the mean 
square speed, which determines the kinetic energv, 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 = 5S2 instead of 1S2

• 

In nearly all practical cases the flow of fluids is turbulent and the 
relation of the whole kinetic energy, including that of the turbulence, 
to the arithmetical mean normal component of tho speed at tho given 
section \\·ill depend on tho amount of turbulence. It is impossible 
to say what the relation will be further than that the kinetic energy 
of ed1lies an<l cross currents tends to increase the error which would 
be iin-olYed in assuming equations (3), while, on the other hand, the 
fact that with increasing turbulence the speed becomes more nearly 
uniform OYPr a cross section tends to decrease the difference between 
the mean square and tho arithmetical mean of the component normal 
to any section. 
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The assumption involved in usin~ equation (2) is not, however, so 
violent as that which would be rnvolved in using equations (3) 
separately. For equations (3) aro equivalent to 

whereas equation (2) is satisfied if 

T-½S2 = Tl -½S13 (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 vanisbmg 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 moan-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 with 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 DS, in which JI is the kinematic viscosity of the 
JI 

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 

· 1 h h" ·u ff h 2 r-sz "f not evu ent ow t 1s w1 a ect t e percentage error, 82 , 1 

at all. Hence, it seems possible that although turbulence increases 
. h DS h . . . ( ) wit -, t o percentage error m assummg equation 2 may 

JI 

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

h d . d S "f DS . . d b . . D d" . an , at a given spee , 1 - 1s mcrel}se y mcreasmg or umn-
JI 

ishing J1, the turbulence and the value of 
2

T82
82 

will be increased 

and there will be a greater chance that equation (2) may be sensibly 
in error. At a given moan axial speed S- 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 

(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 flui<l ha,e been sufficimtly inves­
tigatc<l and if a sufficwnt number of quantities arc measured at each 
of the two sections, the value of (E+pv) may be computed for each 
section and the value of (S2 -S/) foun<l from equat10n (5), to the 
degree of approximation permitted by tlw assumptions which ha;rn 
been discussed above. A process somewhat of this nature is pur­
suc<l in the design of steam-turbine nozzks, (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 E and v from observations of p 
alone. The first of these assumptions is that the flui<l behanis S('n­
sibly as an ideal gas dcfinc<l by the equations 

pv=R0 

E=Eo+ l\ (0-00 ) 

(G) 

(i) 

in which Gv is the specific heat" at constant volume, and Ea is the 
internal energy at the standard tcm1rnraturc 00 • The properties of 
ordinary gases, such as air, carbon aioxide, or coal gas, wlH•n far 
from condensation, are nearly in conformity with equations (6) and 
(7), and for such fluids no serious error is involved in making tho 
assumption mentioned, unless very groat variations of pressure and 
temperature are under consideration. Equations (6) and (i) imply 
also the relation 

(8) 

in which Cp is the specific heat at constant prossurn. 
The second assumption is that during the simultaneous changes of 

pressure and temperature in passing from A to A1 tho familiar isen­
tropic relation for an ideal gas, viz, 

~=(;1)~1 (9) 

remains satisfied, k representing Cp/Cv. This assumption is, of 
course, not exact, for while we have stipulatNl that the flow shall be 
adiabatic, the internal heating, due to viscosity cause's nn increasP 
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 A1 over what it would ho if there 
were no internal heating at all. 

The foregoing assumptions enable us to put equation (5) into a 
moro available form. By substituting from (6) and (i) int0 (5), 
and using (8), we have 

( 10) 

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

1 ( 0 2 s 2)- Cp [(Pt)~-_! 1 ] 2 o - 1 - I{ pv p k -
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k 
and by (8) we get Cp/R=k- l so that we have 

(11) 

which is the usual form of equation (5) for isentropic flow of an 
i<lcnl gas. If the speed is known at either section, equation (10) 
enables us to find the speed at the other from a knowledge of CP 
and an observation of the difference of temperature; while equation 
(11) gives us similar information in terms of the_J)ressures at A and 
A 1 if the density and the ratio k are known. We shall apply this 
equation to both the Pitot tube and the Venturi meter. 

4. THE THEORY OF THE PITOT TUBE. 

To treat the Pitot tuhe, 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 tho permanent high-pressure cap of nearly stationary 
fluid, which covers tho dynamic opening and communicates with 
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 sensibly constant speed 
when it has reached a region of sensibly constant pressure. We 
wish to apply equation (5) to this motion if we can find a plausible 
way of doing so. 

Starting with the contour of a small plane area, in the undisturbed 
current and perpendicular to its general direction, we construct, in 
imal;~nation, a tubular surface of which the sides are at every point 
parauel 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 docs 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 
ulong the tube as those which leave; for unless this were true \'.re 
could, merely by imagining the tubular surf ace, 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 tho 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 umform temperature 
across its general direction, no heat passes m or out through the 
tubular surface, and equation (5) may be applied as though we had 
an impervious nonconducting channel to deal with. Furthermore, 
if the tube is of smull 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 he 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 opening, to continue its course 
along the side of the imract 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 spc>ed 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 S 3 

and equation (5) gives us 

(12) 

in which Sis the speed of the undisturbed current; e, p, and v refer 
to conditions in the undisturbed current; and Eu Pu v 1 refer to con­
ditions in the dynamic opening. The static pressure, which the 
static opening is designc>d to receive and transmit to the gauge, is p; 
while the pressure received by the dynamic opening is that in the 
permanent high-:(lressure cap, or Pi· 

Equation (12) is the general form of the Pi tot tube equation for any 
fluid, whether compressible or not. In the case of a liquid, the 
internal energy and specific volume arc not appreciably affected by 
the very small pressure variations involved, so that we have e1 = E 

and v1 = v and equation (12) reduces to 

(13) 

p being the density of the liquid. If the pressure difference is ex­
pressed as a head h of liquid of density d, we have Pi -p= ghd and 
equation (13) takes the form 

(14) 

tho usual form of the Pi tot tube equation for a perfect or ideal tube. 
Even when the fluid is a gas, if Sis small and (p1 - p) therefore also 

small, e1 and v1 are nearly the same as e and v so that equations (13) 
and (14) remain approximately correct--admitting all the assump­
tions made-thougli 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 sr.eeds, 
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 discussion, we have, by setting S/=0, the 
equation 

S = /__2!___ E[(P•)k;;-1 _ 1] \f k-1 p p (15) 

p k-1 
If we now sot p1 = 1 +A and--i:- =n we have 

( P
1)1:_;J _l=n.1.{1+n-l A+~1!,_=l2(~_- 2)A2 +otc.} 

p 2 1·2·3 

Setting tho { • • .. } = X2, substituting in equation (15), and noticing 

thatn6..=k-k 1 p.-pwohave 
. p 

(16) 

which differs from equation (13), obtained by disregarding com­
pressibility, only in tho correction factor 

The quantity A= Pt - P is the fractional rise of pressure at the 

mouth of tho impact iubo: hence it is, i~ practice, always a small 
·quantity. The value of k for gases is always between ¾ and 1, so 

that n = k k 1 
is 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 tho first term alone, so that if the first is negligible the 
sum 1s negligible and X may be set equal to unity. 

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

have 

X -{1-i_A 10A2_~A3 t }½ - 14 u+ 49 ._. 686<.>. +e C. (18) 

If an error of y per cent. in Sis permissible, an error of y per cent. may 
also be allowed in the correction factor X and the value of A may be, 

at most, such as to make 2
5
8 A= 1~0 or A= 0.056y. For any assigned 

values of the error y per cent. in the speed, the value of S can be 
found from equation (13). 



108 AERONAUTICS. 

Let us suppose, for example, that the Pitot tube is to be used for 
nwasnring the speed of an aeroplane and that an accuracy of 0.5 1wr 
cent. i,:; suffici0nt. Thm we have to= 0.028 and Jii - p = 0.028 p. To 
find what spe0d would give this head on the diff0r0ntial gaug0, we 
s0t p= 1 atmosphere= l.013X 106 dync's/cm.2 and p=0.0013 gram/ 
cm.,3 and substitute in (13), the r0sult bC>ing 8=66.1 m./src.=212 
ft./sec.= 148 miks/hour. Sinc0 an accuracy of lwtter thnn 1.0 prr 
cent. can hardly be demanded of an a0roplanc spcedonwter, it is evi­
dent that for all ordinary speeds of flight, no co1T0ction for com­
pn·ssihility is n00d0d and equations (13) and (14) may be usrd. 

It is of 0ourse a simplP mattrr to compute ,aluPs of the corrrction 
factor .X for various speeds; hut in ,iPw of the unc0rtaintiC's nnd 
assumptions involved in the thpm·)·, the results would ha,e a mis­
kading appearance of accuracy and would not in fuct he worth the 
labor of computation. What has lll'('n shown is sufficient, n1tmrly, 
that if a Pitot tuhc does not nwasure the spe(•d of an aeroplane cor­
rectly the error is not due to neglecting the f'ompressihility of thP 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 grneral equations of flow which ha,e ah·Pady 
b<'<'n developed. In doing so, we shall let A he the entrance sPction 
of the meter where p is measured, and A, he the throat section at 
which the diminished pressure A is o hservecl. ,v e ha n- tn us<' 
equation (5). 

If the meter is used for measuring the flow of a liquid of density p 

we may set E1 = E and v1 = v as we did in treating the Pi tot tube. and 
equation (5) then gives us 

S 2 -S2-9 cl\ (19) 
1 -- p 

Neithrr S nor S1 vanishes; but in addition to (HJ) we ha,e the equa­
tion of continuity which 'for a fluid of constant d0nsity may he 
written · 

and (19) and (20) together enable us to find either S or 8 1 • If we 
represent the nrPa ratio by a single symbol 

we have 

where 

---

L' _ J:J / ') Ji - P1 
i,J- ,,! ~ --p ~ 

B=~:2
~~ 

and B is a constant eharactrristic of the gi,en rnetrr. 

(22) 

(23) 

Comparing (22) with (13), the equation for the Pitot tuhe in a 
liquid, we sec that they differ only by the factor B which depends on 
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LhP iir,·a ratio a. If a= -,/,f, B = 1 and the observed Venturi pressure 
difTe1(•nce (p-Jl1) will he the same as would be shown hy n Pitot 
tube with its ynamic opening in the Pntrance of the meter. For 

various valuc•s of the mtio Z of ('ntrance dianwtcr to throat diameter 
• 1 

we hitYI' th:) followmg valuPs of B: 

D 1.5 2.0 2. 5 3.0 4.0 ul 
a= 2. 2;j 4.00 6.25 9.00 16.00 
B= 1. 569 :L 874 6. 170 8. 944 15. 77 

Evidently, the Venturi pressure difference may easily be made much 
larger than the Pitot pressure difference at the entrance speed and 
the gauge reading he 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 A1 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 

we have by equation (11) 

A=r<l 
p 

(24) 

(25) 

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 

sl A1 p1 =SAp 

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

(26) 

By using (26) to eliminate S1 from (25) we now obtain the equation 

, -{ 2k r2/k . p ( k-1)) Vi S - k-1 -2~-,1k" - 1 - r k ·- a - r·1 p 
(27) 

by means of which the entrance speed S may be computed from the 
obs('rvr•<l pressure ratio r = Pt! p whPn the area ratio a 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 0 at the entrance section, and we may write p_=p0 
0
0_, Po being 

P Po o 
the density of the gas at the standard pressure p0 and temperature 00 • 

For air, ~=k= 1.40 and if we insert the known value of Po at 

1 atmosphere and 0° C. and set 

(28) 

where 

-{ 2k r2ik ( k-1~0}½ y - k--1 . 2 r2'k 1 - r k 
- a - · Po 

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 
½, ¼,or¼ of the entrance diameter, i.e., a=4, 9, or 16. If tis the 

h . d al 0 273 + t h'l if temperature at entrance, on t e centigra e sc e 00 =273 w 1 e 

tis measured on the Fahrenheit scale, 

0 460+t 
00 492 

THE VENTURI METER FOR Am. 

Values of YinS=Y✓~ 
A entrance area 

S=Speed at entrance to meter a= Ai throat area 

r=throat preBllllre-+-entrance pressrne=PiiP ll=absolute temperature of air at 
entrance. 

110 =absolute temperature of ice point. 

Values of Y. 

a=4 a-9 a-16 

r 
M./sec. Ft./sec. Mlle/hour. M./sec. Ft./sec. Mile/hour. M./sec. Ft./sec. Mlle{br. 

---------------------------
0 9998 1.44 4.74 3.23 0.626 2.05 1.400 0.350 l. 150 0. 784 
. 999 3.23 10.60 7.23 1. 40 4.59 3. 13 0. 784 2. 57 1. 753 
. 995 7.21 23.65 16.13 3. 12 10.24 6.98 l. 75 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 21. 5 5.39 17.7 12.06 
.90 30.4 99.8 68.0 13.2 43.4 29.6 7. 41 24.3 16.57 
. 80 40.2 131. 7 89.8 17.5 57.5 39.2 9.82 32.2 22.0 
.60 48.1 157.9 107.6 21. 1 69.3 47.2 11. 86 38.9 26.5 

. !!JJ Computed on the aBBumptlons pv=RO, C~=constant, C, =1.400. 

Po=l.01323Xl08 dyne/cm2
• 

po=0.0012928 gm cm8 at 760 mm. and 0° C 
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REPORT COVERING INVESTIGATIONS OF AVIATION WIRES 
AND CABLES, THEIR FASTENINGS AND TERMINAL CON­
NECTIONS. 

By JoHN A. RoEBLING'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 prococd; therefore our study is not limited 
to any one stay design. 

In mnkinO' our investigation we have aimed to eliminate the use of 
acid and so1lcr, imperfect bends, flattening of cable on bends, injury 
to wire, strand, and cord due to unskillful handling of material in the 
field; nnd lmsPd on our study of present methods of manufacture of 
aeroplaw·s we lwlieve it is po,-;:-;ihle to manufacture the complete stay 
lwre nt the factory, proof test same to 50 per cent of its ultimate 
strm1gth, nrnusurc same under st,rcss, and therefore eliminate any 
uncPrtainty as to strength of terminal connection, length of stay, and 
workmanship. 

On this basis our n'sParch covc>n•d not only the krminal connection 
for shop attachment, hut also a connection· that woulcl allow repairs 
to he made in the field without requiring the use of hlow torch and 
soldc•r, :rnd from the following test,s it will be readily seen that the 
dtwdopnwnt eliminates any doubt on this point. 

,vc find present prncticc 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," consi,;tin~ of 7 strands twisted together 
forming a rope, the strands being either 7 wires or 19 wires; and the 
rope known to the trade as "aviator cord." 

THE SOLID WIRE STAY. 
PLATE NO. 1. 

Figure 1. 
Figure 1 shows the type most generally in use. An eye or loop is 

formed in tinned aviator wire and a ferrule made by wrapping a thin 
flat strip around both wires. The free end of the wire 1s then bent 
back over the flat ferrule, holding it in _place, and the whole terminal 
dipped in solder. This type 9f terminal is far from being satisfactory. 
Its mechanical strength is low and variable. The frocess of soldering 
involves the possibility of establishing a source o corrosion, as well 
as 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 replu.cements. 

2ii30:J 0 -S. Doc. 2G8, 64-1--8 113 
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Figure 2. 
The standard terminal in Europe is shown in figure 2. This con­

sists of an oval spring wire ferrule applied in almost the same manner 
as the flat wire ferrule in figure 1. Particular emphitsis is placed on 
the method of forming the e_ye in the stay before applying tlie ferrule. 
Radius of curve at "A'' and "B," figure 2, must be exac.tly 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 
"spring" quality. Nine convolutions constitute the standard length 
of Terrule. The hole in tho feITUle is oval and a snug fit for the two 
wires forming the eye of stay. Both wire and foITUle 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 "B." 

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. 
Fi~e 3 shows eye having radii ''A" and "B" different from 

"C,' which is not allowed m foreign specifications and practice. 
Tests made on terminals having an eye formed as in fi_gure 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 f errulo had any influence in determining the efficiency of the 
stay, sample terminals having left-hand ferrules as in figure 2 and 
right-hand ferrules as in figure 4 were made with a perfect e_ye in both 
cases, tested, and compared. The left-hand fer"Ule 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 efficiency 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 clearlr, 
that the weak J)Oints of this construction existed at "B" and "A,' 
respectively, ana 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 engineers 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 origmatcd 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 efficiency 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 is 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 wed"'es are 
forced in by pressure on the connecting yoke which passes un~er the 
bend of the free end of the wire us this free end is drawn into the 
ferrule under strain. Average efficiency 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. Pressure on the wedges was supposed to be 
secured under strain by the drawing in of the loose end under strain. 
This result was not realized 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 3. The 

free end of the wire was wraJ>ped around the main stay wire and 
pushed in the wedge as initial slippage occurred. Averi~ge efficiency, 
84 per cent; range, 75 to 87 per cent. Fracture at "A" m 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." 
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Figure!.!. 
Figure 1~ again shows a <louhlc ,'.Yl' in ,,tay with a siugle wedge 

bPt,n·en wires on the PVP Pnd nf 11w fprruL'. As frrrulc is drawn 
down a••airn,t shouldl'r-, ;'A" and "'B '' tho W(•dgP is forcP<l in. This 
incn•a,.;(~ friction of wires aguin;-;t frrrule at ";~" an<l "ll," but not 
at ·· D" and" E." An1rngc Pllicil'ney, 85 pc-r cent; range, 80 to 87 
per Cl'll t. Fracture at "A.'' 

Figure 18. 

Figure 13 shows a. consLruction consisting of a. tlouhle eye in stay, 
a ,.;ingle WP<lgo under the eye, and an oval. spring wire frrrule tapered 
at, tho same angle as the wcdgP. In tlus case the pressure of the 
wPdge forces both wires throughout tho entire l<'nglh of the ferrule 
against the walls of the frnule and this increasPs friction on the ferrule 
uniformly as the strain incr!'a,-Ps on the stay and re<lucPs the strain 
at the weak points "A" and "B" proportio,iatdy. Fracture always 
took place at "E." Avcrngl' dTirn'IH'Y, 91 J)(•r cent; range, 92 to 95 
pPr cent. 

In figure 13 we have the most efficient terminal tested. It has 
none of tho objections of a sol<kred l<'rrninal. It is sim_ple, parts are 
inPxpPnsivP, stron~, and frw in numlwr. It is an idPal terminal for 
Pmr·r"<'ncy u,;p in tnP fil'l<l. 

~ .., 

Figures q awl l:i. 

Figurps 14 and 13 show moclilications oft.his type to overcome any 
objPl'lions whieh mi~ht, be raised to the double eye. The wedge and 
a 1-nhstrmtin,l thimble arc romhinPd in one piP<·r'. To spcurn more 
points of eontact, and conscqu<'nily gn'atPr friction, and also for 
grPnter flexibility, the tapPr ferrule is made of finer wires and with 
more convolutions. The WPdge thimble may he opPn or closed, as 
de:-;ired. Fracture took place at '' E." Average cfliciency, 94 per 
C('llt; r:rnge. 92 to 96 JH'l" l'Pllt. 
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,. B ,, ...... . 
,, 1\ ., - --- - .. 
''A''-----·-
''..:\'' ... -- - . 
"D" ..... . 
''A" ...... . 

''.A'' ...... . 
' •• \ J' ..• - . - . 
''E" ...... . 

Homarks. 

A meri,·an, sol<lere<l. 
Foreign, proper eye. 

Foreign, improper eye. 
Right-hand ferrule. 
En<lwrappedaroundstay. 
End tied to fermle. 
W e<lge under hook. 
Two wedges with yoke. 
Twowedgeswith washer. 
Two wedges end 

wrapped. 
Tloul,le eye. no we<lge. 
JJouhle eye, 1 wedge. 
Tapered fermle, double 

eye wedge. 
Thimtile wedge T. F. 

single eye. 

Kon:.-The~e test~ were made with wire h,iYiug- a dian:r·tcr of 0.102 inch and a 
strength oi l ,fiOO, I ,SOO, ::tll(l 2,:{<H) pounds. N 0 di1frre1we in efficiency of stay was 
found by using wire of any of thu~e strengths. 
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STANDARD WIRE FOR STAYS FOR AEROPLANES. 

Tho orirrinal objrct in tho manufacture of this matrrial was the 
securing of tho wire as strong as possible in order to reduce the weight 
as much a8 possible. This resulted eventually in the manufo.rture of 
a wire so hard and stron~ that difficulty was experienced in forming 
thr eyr and bend ovrr tne ferrule wtthout breaking the wirr. '1110 
rrsult of this was a lack of confidence in high-strength wirr, and in 
some casrs tho reaction extrnded to tho use of a wire whi<"h could 
properly bo classed as a soft wire. Tho process of soldrring trrmiuals 
on wire stays undoubtPdly lt(•lprd to a great extrnt in building up 
this prrjudicr. Nevertheless it is still true, as at first, that a strong 
wire which is serviceable permits tho possibility of rc•ducing weight 
and is thrrrfore desirable. The grrat numbrr of tests on wire and 
stays, which wrre nccrssary to drtrrmine tho propPrtirs of diffrrrnt 
types of terminals as <lcscribrd above, afforded a vrry rxcellr•nt 
opportunity to note conclusivrly the effect of using various grndrs 
and strengths of wire. "\V c dct,crmi11f'd that it was all important that 
tho wire Hhould he tough and dnct.ilo as well as strong. All bends 
should be made without danger of fracture. In addition to require­
mPnt for tensile strC'ngth, we foun,l it necessary to recommend 
r<'quirements for torsion and b0n<l. As the per cent efficiency of the 
stay due to loHs 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 rrprescnting suitable high-grade material for the purpose. 

St({nr/ard m•irrtor n·ire (tinned). 

Minimum 
Amerif"an Nearest Minimum Minimum number of Weight in ninmoter gauge 1racUon breaking torsion in bends through pounds per (inches). (Brown & of inf'h. strain. 6 inches. 90° over -h 100 feet. Sharpe). inC'h radius 

of jaws. 

-------

11.i 0. 204 ·I 64 C, 700 !) 4 11. 1,5 
.182 !i ' 5,500 10 4 8.84 TG' 
. Hi2 Ii ' 4,&00 11 ,5 7.01 ·n 
.144 i • 3,700 12 f, 5.56 TI 
. ]28 8 ¼ 3,000 14 8 4.40 
.114 !) i. 2,500 rn () 3.50 
. ]02 10 .......... 2,000 18 ]l 2. 77 
.092 11 -h l, 620 21 14 2.20 
. 081 12 I. ], 300 24 17 1. 744 
.072 le\ .......... 1,040 27 21 ]. 383 
.064 14 1

1t 830 31 2ci 1.097 
.057 '" -······-·· (j(j() 34 2'l . 870 
. 051 Ill -········· 540 39 34 . 690 
. 04,5 17 ' 425 44 42 . 547 TT 
. 040 ]8 ---------· 340 49 52 .434 
. o:rn HI ------···· 280 5,5 70 . 344 
• 0:J2 20 .'1 225 61 85 . 273 
.028 21 -········· ]75 70 10ci .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. Load should be 
applied uniformly at a speed not exceeding 1 inch per minute. 

Torsion.-Test sample should tic 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 betwem 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 one 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 ol strand. Breaking strenglh .\pproximate weight 
of strand. per 100 loot. 

-h 12,500 20.65 
¼ 8,000 13. 50 
n 6.100 l0.00 
-h { GOO 7. 70 

* 3,200 5.50 
½ 2,100 3.50 
tr 1, GOO 2.60 

* l, ]00 l. 75 
-h 7M l. 21 
-h 500 . 78 

7 tre} 18-5 . 30 

PLATE NO. 3. 

ROEBLINO 19-WIRE GALVANIZED AVIATOR STRAND. 

Roehling galvanized aviator strand consists of 19 fine wires of 
greo.t strength stranded together. On account of its small size the 
-h-inch diameter strand is made of seven wires. This strand is not 
very flexible and is used for stays. This strand is approximately 
one and one-third times as elastic as a solid wire of the same material. 

Thimble spliced in each end. 

Diameter of Breaking Breaking Efficiency Approximate 
strength of strength of weight per strand. strand. stay. (per cent). 100 feet. 

---

¼ 8,000 7,200 90.0 13. 50 
7 G, 100 5,500 90.0 10. 00 TI 

-h s1,GOO 4,180 91. 0 7. 70 

* 3,200 3,000 9:l. 7 5.50 
l ~. ]00 2,060 98.2 3.50 
tr l, GOO l, 570 98. 1 2. GO 

* ], 100 1,100 100 l. 75 
-h 780 780 100 1.21 
-h 500 500 100 0. 78 
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PLATE NO. 4. 

ROEBLING 19-WIRE GALVANIZED AVIATOR STRAND. 

Figure No. 1 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 had been tested 

to dPstruction in the testing machine. It will be noted there are four 
broken wires. This break always occurs at tho last tuck in the 
splice and novor around the thimble. 

Diameter of cord. Ilre.aking strength Approximate weight 
cord (pounds). per 100 feet. 

¼ 2,000 2.88 
-h 2,800 4.44 

* 4,200 6.47 

* 5,600 9.50 
t 7,000 12.00 

* 8,000 14. 56 
9,800 17. 71 

H l 2,500 22.53 
j 14,400 26.45 

PLATE NO. 5. 

ROEHLING 7 BY 19, TINNED AVIATOR CORD. 

Roehling tinned aviator cord is composed of 7 strands· of 19 wires 
each. This wire is made from the higliest grade of steel and given a 
heavy plating of tin. It is used principally for stays on foreign 
machines. This cord is approximately one and three-quarter 
ti.mes as elastic as a solid wire of the same material. 

Thimble spliad in each end. 

Diameter or Breaking Breaking Efficiency. A Erroxtmate 
cord. strength of cord. strength or stay. welg per 100 feet. 

A 2,000 1,600 2.88 
2,800 2,300 4.44 

-h 4,200 3,500 6. 47 
ti 5,600 4,700 Average of 54 9.50 
t 7,000 6,000 tests 83.6 per 12.00 
h 8,000 6,800 cent. 14. 56 
-h 9,800 8,200 17. 71 
H 12,500 10,400 22.53 
j 14,400 12,000 26. 45 

PLATE NO. 6. 

ROEBLING 7 BY 191 TINNED A VIATOR CORD. 

Figure No. 1 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 tho thimble. 
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PLATE NO. 7. 

THIMBLES. 

The eye splice in strand and cord should be protected hy 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 steel thimbles. 

For the 7 by 19 cord use brass thimble for 3/16 inch diameters and 
smallPr, and steel thimbles for larger diameters. 

PLATE NO. 8. 

SHOP CON.N"ECTIOXS, 

Figure No. 1.-BasP<l upon tests, lH'liPve the eye splice for the 
7 by 19 cord is the most satisfactory for all sizes, including ~ inch 
diameter, unless high('r pfficiPncy is required, in which case a socket 
attachment can be use<l for the larger diameters. 

Figure .1.Vo. 2.-The eye splice is very satisfactory for HJ-wire 
strand for diameters not excPeding -h inch. For larger diameters 
a socket attachment is necessary to get high efficiency. 

Figures Nos. 3, 4, arid 5.-The tapered forrule and wedge attach­
ment gives maximum efficiPncy, and we believe can be used to great 
advantage for singlc-v,,·ire stays. 

PLATE NO. 9. 

FIELD CONNECTIONS. 

The repairing of stays in the field has been given careful consid­
eration, and Figure No. 1 on plate No. 9 shows a very simple and 
efficient device for attachment of either 19-wire strand or i by 19 
cord. The efficiency is 90 per cent. 

The wedge "A" and ferrule "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. lOA. 

SOCKET ATTACHMENT. 

We believe the socket attachmPnt can be used to advantage in 
connection with 19-wire strand, espPciaUy 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. 1 not furnished with adjustment and Figure No. 2 

having adjustment. 
Plate No. JOA shows the sockrts uspcl hy the Glenn L. Martin Co., 

and it is stated their efliciency is 100 per cent. 
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PLATE NO. 11. 

ROEBLING 19-WIRE GALVANIZED AVIATOR STRAND. 

Figure No. 1 shows a 19-wirc galvanized aviator strand with end 
looped and soldered. 

Figure No. 2 shows the result of test to destruction in the testing 
marhinc. It will he noted that the break of the seven ,vires occurs 
at the center of the stay and never at the ends. In the series of 
tests made this connection showed an efficiency of 100 per cent. 

Sprcial attention is called to the protrctivc serving of the loop. In 
case this is not done a thimble must be used. The principal objections 
to this connection arc the use of acid and solder. 

Ends looped and soldered. 

I . I 
D" er I Breaking I Breaking Eflirirnc-y , Length of Serving of Approximate' 

mmet of strength of strength of wright per strand · strand. stay. (per cent 1. i lap. lap. 100 feet. 
--- ---- - i ------ ~·-----

¼ 8,000 8,000 100 ... be ... r IJ. t< '-' Ci'-' 
~ 6,100 (l, 100 100 

..., ·rt: 10.00 Q.) 

ft 4,600 4,600 100 s ;:: s 7. 70 o,-d ~'-~ 

* 3,200 3,200 100 :a§ 5.50 
! 2,100 2,100 100 0 "'O --d l ,,, ... 1o,1.-<t,ili:; ., ..., 
7 1,600 l,GOO 100 Q,;- VJ S II f 2.60 IT s--h 1,100 1,100 100 0,) a., .. 1. 75 ..... 0 s ... "' 
h 780 780 100 ... -~·~o 1. 21 
tr 500 500 100 0 ~ . 78 O'l 

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 both 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. 8 shows a 19-wire strand attachment where the strand is 
looped, served, and then soldered. Note the wire displacement in 
loop. 

No. 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 e_ye for solid wire, which makes it necessary 
to use medium steel to allow manipulation. 

Diameter of cord. Breaking strength 
of cord. 

A pproximute weight 
per 100 feet. 

-h 7,900 15.00 
¼ 5,000 9.50 
~ 4,000 7.43 
h 2,750 5.30 
h 2,200 4.20 
! 1,150 2. 20 
i. 830 1. 50 
h 780 1. 30 

I 
h 480 . 83 

1 400 .73 r~ 
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PLATE NO. 13. 

ROEBLING EXTRA FLEXIBLE AVIATOR CORD 6 BY 7 COTTON CENTER. 

Roehling 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. 

Diameter of cord. Ilreaking strength Approximate weight 
of cord. per 100 feet. 

-h 9,200 16. 70 
t 5,800 10.50 
1 4,600 8.30 TI 

-h 3,200 5.80 
-h 2,600 4.67 
¼ 1,350 2.45 
7 970 1. 75 TT 

* 920 1. 45 
-h 550 . 93 

* 485 . 81 

PLATE NO. 14. 

ROEBLING FLEXIBLE AVIATOR CORD 6 BY 7 WIRE CENTER. 

Roehling 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, making 
their use imperative, but in the final design the amount thus used 
will undoubtedly be the least possible amount permissible under the 
circumstances. For construct10n 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 n lesser degree, a lack of confidence must exist 
in such manufactured alloys as brass, german silver, or bronzes con­
taining relatively large r.roportions of two or more elementary metals. 
"Phosphor bronze," "silicon bronze," "aluminum bronze," or similar 
allo_vs containing a rcluti,cly high per cent of one clement (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 construct10n, if same 
W!'re made of all the nonferrous metals mentioned above, would 
in,olvc the publication of quite an extensive report. Confining our­
sdns to thn most suitable of these metals or alloys, phosphor bronze, 
aluminum hronzl', etc., 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 ultimatP 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 workmg 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 mcreased resistance to corrosion which the 
special steels, referred to above, afford, because of their density and 
uniformity, is more than duplicated by any drawn high-grade wire 
of the ordinary 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 strong}.)" 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 advantage'3 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 brittle at the temperature of hot 
galvanizin(J', and the next best coating available is, therefore, a tin 
coating. Both of these metal coatings should he further protected 
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~y frequent applications_ of paint. As a protection to the galrnniz­
mg, a coat of red-lead pamt should be applied after the stay i-, assem­
bled and the red lead protected by a coat of graphite paint. 

The care with which inspections are made from time to time and 
the effieicnt maintenance of the paint on the wires really determines 
the life of the eombination. This has been proven ahsolutelY by the 
,cry extensive use and treatment of galvanized steel on bo~mf ship 
for many years. 

Nickci plating is out of the question for wires to be bent or twisted 
into cable. Furthermore, nickel is absolutely injurious where the 
initial purely chemical artion on the intact nirkel surfnre ceases and 
electro-chemical action between steel and ni<'kel begins at such spots 
when Rteel is exposed. 

lVe believe, therefore, that tinning and galvanizing are to-day the 
most satisfactory coatings for steel wire that can he employetl. They 
do not actually represent the final and efficient protection whi<'h is 
necessary in aeroplane construction, as this is serurcd by the repeated 
application of paint. These coatings are, lwwcvcr, an eflicient guard 
against corrosion preliminary to service cornlitions in the plane and 
also serve to prevent corros10n and consequent dnmae1e to the steel 
cnbles and stays in scrvi<'e when the paint may have l>een accident­
ally rubbed off. 

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 cyps use figure 15. 

For field attachment use either figure 14 or L:i. 
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 strene1th, together with the nec­
essary ductility for manipulation, and is the result 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 effi­
cient, neat in appearance, and reliable. 

Plate No. 11 gives table of sta~r strength when the ends of the 
strand are looped and soldered. The effi<'iency 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 ~,_:i'.-inch diameter strand is the largest diameter 
used, Lut judging from present development larger diameter will 
be required and 1t will he found that the thimble eye splice, also 
the ends looped arnl soldered, will not give the same efficiency as 
the diameter increase" and we believe the use of sockets for %-mch 
diameter and larger may be desirable. 

Plate No. JO shows two types of sockets. 
For making terminal connection of strnnd 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 u,;;e of acid, solder, or blow torch. 

7 by 19 cord stays. 

Plates X o. 5 and No. 6 show the 7 hy 19 rope which is flexible, 
elastic, and lends itself readily to thimble splice, giving very uniform 
cfiic-iency and has the advantage of higher effinency for diameters 
betwern }8 and ½ ineh. 

l\"e ham (letermined by tests that the socket connection alone 
gin,-, highrr efficiency than the thimble eye spliee on 7 by 19 cord, 
but as a general proposition believe the thimble eye splice is entirely 
suitable fur stay construetion. 

For a field connection plntc No. 9 shows the most suitable type. 

CONCLUSIONS. 

The trsb as gi\·en show that it is possible to furnish efficirnt 
krminal eoanrctions for wire, strand, and 7 by 19 cord, and eliminate 
thr u,-,e of acid, solckr, and blow torch, and this report as a basis will 
allow :, murc thorough inw•stigation on similar lines. 

"'e arc u11nhlo to dctPrmine from aeroplane manufacturf'rs why it 
is nC'ce,-::-:ary to use the :mlid wire, 19-wire strand, and the 7 by 19 cord 
for stays. It is self-evident that the wire stay is less elastic than the 
19-wire strand, also Lha t the strand is less elastic than the 7 hv 19 cord, 
also the stren~th varies considerably, as can be determinC'd by com­
parison of tablC's as given before, and to allow a quick comparison we 
give brlow: 

Comparison of stay strength. 

Material. i 
I 

\ 
s 
7 

rire .............. :1 
trand ............ 
by HI conl. .... ·[ 

Piameter. Strength ot 
material. 

Inch. Pounds. 
"(-,; 5,500 ., 4.600 11[ 

* 4,200 

Strength or 
slay. 

Pounds. 
5,100 
4,100 
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 efficient 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 wi:-e, 
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. 

Respectfully submitted. 
JoHN A. RoEBLINo's SoNs Co., 

By C. C. SUNDERLAND, Enginar. 

(Investigations under direction of C. C. Sunderland, H. J. Horn, 
and D. Green.) 
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REPORT No. 4. 

PREIJMINARY REPORT ON THE PROBLEM OF THE ATMOS­
PHERE IN RELATION TO AERONAUTICS. 

UNITED STATES WEATHER BUREAU, 
lVashington, D. 0., November 9, 1915. 

GENTLEMEN: The particular work comprising the subject of this 
report has been undertaken puTSuant to an allotment by Dr. Charles 
D. Walcott, Secretary of the Smithsonian 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, Hll5, 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 Prof.s. 
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 ,vhich is briefly quoted as follows: 

The Weather Bureau is alreadv in possession of an immense amount of data concern­
ing atmoepheric conclitiona, ineluding wind movements at the earth's surface. Thia 
infomrntion is no doubt of distinct value to aeronautical operations, but it need9 to 
he collated and put in form to meet the requirements of aviation. The bureau also 
baa a considerable amount of determinations of atmospheric conditions in the free air. 
Most of these observations were made at Mount Weather, but others have been made at 
a iew points in the West, such as Huron, S. Dak.; Fort Omaha, Nebr.; Avalon, Cal.; 
and a few aboard the Coa9t Guard cutter Senec!l, 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 fra<'tion of the material needed to meet the requirements of aeronautical work 
throughout the United States is available, and that therefore much additional ob9er­
vation work is necessary. 

In considering the work that shoulcl he done along these lines, further cooperation 
is needed by the Weather Bureau with those actually engaged in e.eronautfral 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. It is proposed to utilize the fund made available by the SmithBOnian Institu­
tion to undertake a careful compilation of the data already available in the Weather 
Bureau records, this compilation to be along lines that will make the data available 
to ayicition; 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 apparatus as the work may re<l11irc. 
It may be proper to state at this point that the Weather Bureau is alrcarly cornlucting 
aerial im·estig,,tions of direct interest to meteorology, and that the new work herein 
proposed will be supplementary and in addition to the work the \Veather Burmrn is 
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alrc,idy performing. Embarrassment has been C'Xperienred in the progress oi this work 
since the European war on arcount of the inability to pro('ure serviceable rubber 
balloons. A manufaeturer in ( )hio has umlcrtakcn to supply these, an(! has submitted 
a consi<lcmble number of samplPR an<l full-sized balloonR. So far, howen•r. the results 
have bePn almo~t a complete failure, on account of the seeming inability to se('ure 
the necesRary strength an<l gas tightncsg at the seams. Work is still in progress, how­
ever, on the rrrnn ufacture of the balloons, and we are hopeful of more favorable 
results in the future. 

The following outline indicatrs approximately the subject matter 
of a mrtcorological charackr it is expectPd to include in the proposed 
publications: 

ATMOSPHERIC CONDITIONS IN RELATION TO AERONAUTICS. 

1. !NTRODUCTION.-Brief presl'ntation of a few fundamental 
principles and data relating to general atmospheric conditions and 
motions and forming a basis for the subsequent discussion of rdations 
of temperature pressure and motions of the atmosphere. 

CHAPTER !.-General meteorological and climatological data 
select.ed 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. 

CHAPTER II.-A discussion of particular and local atmospheric 
conditions as affecting aviation. 

CHAPTER UL-General presentation of free-air conditions ar­
ranged with rdation to surface conditions. 

CHAPTER IV.-Instruments with special reference to a,iation. 
CHAPTER V.-Miscellaneous useful material not otherwise in­

cluded. 
APPENDIX.-Formulre 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 
pilot and sounding balloons. A type of instrument of this kind has 
been designed and efforts are being made to secure the manufacture 
in the Umted States of a small sup_ply for the Weather Bureau work. 

Difficulti<'s arc still encountered rn procuring in the "United States 
a good quality of rubbPr balloons for atmospheric explorations. 

Mention is made at this point of a special form of camrra ada_pted 
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. 0. 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 arrang<'ments 
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. MARvn,·, 
Chairman, Subcommittee on the Atmosphere in 

Relation to Aeronautics. 
NATIONAL Anv1soRY CoMMITI'EE FOR AERONAUTrcs, 

Washington, D. 0. 
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RELATIVE WORTH OF IMPROVEMENTS ON FABRICS. 

By THE GOODYEAR TIRE AND RUBBER 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 possibly 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. 

App!Jing 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 Wis 

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 the control system which serves to correct the 

effects of heating, plus w' of the total running expense of the diri­u 
gible; where w' is the weight of apP.aratus saved. 

If cost is entirely eliminated it will save the ipterest and insurance 
on the fabric (exclusive of buildinO' up). 

If the moisture absorption is re~uced to zero, it will save the cost 
w" 

of apparatus to correct it, plus - of tho total running expense of the u 
dirigible, where w" is the weight of appar!tus saved. 
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Assumo now a modern nonrigid dirigible of 500,000 cubic feet 
capacity and speed of 40 miles per hour. Other data could be reason­
~bly expected as follows; 

lV=weight of fabric= 5,000 pounds. 
U = averi~ge 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. 
Reinfla tion 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), 

$20,000 per year. 
w' = weight of heat-control apparatus (planes, 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 

(planes and ballast), 500 pounds. 
The above data works into the following figures which-show the 

gross expense chargeable to each of the items named: 
l'er year. 

W C'ight ___ ........... _ ................................. _ ... _ $82, 000 
Diffusion .. __ .... _____ .. _._._._._. ___ .... _._ ............. _... 40,000 
Depreciation._ .... _._ .. ___ .. _ .. ____ . _. _. _. _ ... ___ . ______ ... _. 20, 000 
Heating_ ... _ . _ ... _. _. _. _. _. ___ ... __ .. __ . ___ . _. _. _. _. _. _.... 20,000 
Interest ancl immrancC'. _. ___ .... __ ............................ 15,000 
MoisturP 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, 
we get roughly the following: 

Quality: Rclatim importance. 

~~~\\~~f ~;;~: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : i~ 
Durability- (dollarci per yearL ........ _.................... 11 
Low heating ... ____ ............. _ ............... ___ . __ . _ . 11 
Cheapness ..... _ ........... _ .... _ ............... _ .. _. _ _ _ _ 8 
Low moisture absorbtion.................................. 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 tnble 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 advcrsefy. To determine the 
degree of net improvement multiply the per cent improvement in each 
quality by its guality gauge number, and add up the _products. If 
the result is 1;>os1tive a net improvement has been effected proportional 
to the magnitude of tho 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 this particular scale of improve­
ments is strictly applicaWe 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 OJ?eration. It is only taken as a rough guide to present day 
dirigibles m 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 argued by some that the economic basis of design can 
not be afplied at all to military work. With this I decidedly do not 
agree. t 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 1s complete, 
1t may be put squarely 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 specifications a definite equation exists connecting all the 
major qualities of the fabric, from which the fabric may be rigidly de­
si@_ed with resJ?ect to maximum ultimate economy. 

The same prmciples af ply- to balloons and aeroplanes. For an 
80,000 cubic foot spberica balloon (the Goodyear), the following order 
prevails if used for passenger flights (1 day trips). 

Lightness................................................... 32 

Ei;t1~~f~g:::.-.·.·.~:::::::: :: : : : : : : ::: :: :: :: :: : : : : : : :: :: : :: : ~~ 
Cheapness................................................... 16 
Low moisture absorbtion...................................... 8 
Gas tightness............................................... 2 

For a 100 horsepower tractor biplane the same six qualities run 
approximately: 

Lightness................................................... 60 
Durabilitv.............................................. .. . . 20 
Cheapness................................................... 15 
Low moisture absorbtion...................................... 5 
Air tightness ...............................................• trifling. 
Low heating ............................................. - - Q 

AUGUST 17, 1915. 
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REPORT No. 6. 
PART 1. 

BALLOON AND AEROPLANE FABRICS. 

By WILLIS A. GrnpoNs and OMAR H. SMITH. 

NoTE.-Although usuully 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, arc 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 <:Jata is groupe1 somewhat differently in the appendix, without, it is thought, 
causmg any confusion. 

SUMMARY. 

The following conclusions are drawn from the results of our tests 
hcrcinaftrr drscribcd. It must, however, be remembered that they 
are based almost entirely 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 though coated with cellulose nitrate varnish followed by spar 
varnish. . 

(2) The ordinary cellulose acetate dopes do not make fabric fire­
proof, although themselves noninflammable. This applies particu­
larly in the case of fabrics doped, then coated with spar varnish. 

(3) Fabrics coated on one side with rubber witli the other side 
doped, would probabl_y give a satisfactory tightening 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 coatin~. 

(5) Stretching and teanng tests give valuable informat10n 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 samr_>les tested. 

(2) Tests made on fabrics with varying weights of rubber indicate 
that permeability is not directly proport10nal to the thickness of the 
layer. 

(3) Tearing tests show a great superiority of bias over parallel 
doubled fabncs. 

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 surf ace. 

(2) Varnished fabrics have nearly as low a resistance as plate 
glass. The resistance increases greatly as the surface becomes 
rougher from the presence of loose fibers. 

Part 1.-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 cehulose acetate, or less frequently cellulose 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 varnish, prefer­
bly a spar varnish, are applied. 

1. COATINGS. 

The cellulose acetate or nitrate lacquer is chirfly 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 hyaroscopic 
conditions of the atmosphere. The spar varnish protects this layer, 
which often shows a tendency to peel, and malces 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 t~e wings of a machine every fow wrrks, if the machine sees much 
service. · 

Anothl1r defect noted probably more by the United Statrs military 
branches than abroad, is that due to deterioration of the underside of 
the fabric from moisture and bacteria. The dopes owe their shrinking 
action to the fact that they are colloids, and as such, when applied 
to the cloth, do not renetrate but remain on one side. As the solvent 
evaporates, the gel decreases in volume. Tho most evident decrease 
is of course in tho 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 
tho common gummed label, which being unable to shrink, curls up. 
At Vera Cruz it was found that there was considerable tendency for 
tho uncoated side of the win!!S to rot, owing to this lack of penetra­
tion. On the other hand, those varnishes which pC'nctrate 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 docs 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 investigat10n 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 3¾ to 4¾ ounces per square 
yard, and have a tensile strength, 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 tlie 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. Tho 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 
tetrachlorethanc. 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 tho floor. 

Mention must also he 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 
su hstitu tc and used in the form of a thin, transparent, noninflamma­
blo sheet. These are used for wings instead of cloth, and are said 
to be very difficult to sec 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. 

---
Wei~ht (ounces Tf'ln~ile 

strength Thickness. per square (pounds per yard). irn·h), about-

----

10/1000 !l. 33 55 
64/1000 59 3:25 

Complete data are giyen elsewhere. 
While the thickest sheets are of course too heayy 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 hn,ged ·were made in two ways: 
(1) The method used in most cases, except when otherwise specified: 
The linen was stretcherl moderately on a frame about 3 by 4 feet, and 
fastened by tacking. The doJ?es, etc., were applied to this. (2) The 
second way (used only in special 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 hi"'her, about 40 to 60 per cent. 

(3) Tests made on high-grade flnen 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 im_portance. The first 
tests probably 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 loaa with coated fabrics than 
with the same fabrio 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 this 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) SJ.lar varnish slightly decreases the stretch. 
(4) Lmen 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 16½ per cent at 100 pounds. 

(5) Medium-grade linen, while it acquires a relatively greater 
strength increase due to coating, has both coated 11nd unco11ted a 
lower ultimate stretch. 

nreak. Stretch. 

Pounds. Per cent. 
High-grade linen No. 1 ................ 90-95 13¼ 
High-grade linen No. 1 coated with var-

nish 1877 .......................... 100 14½ 
Medium-grade linen No. 2 ............. 
Medium-grade linen No. 2 coated with 

65 11 

·varnish 1877 ....................... 78 1 10. 7 

1 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 ability 
will often by yielding reduce the stress, and so stand usage which 
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 curve. 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 reqmred to break a piece 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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cloth1 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 ,arnish coating is noncrystalline, and can really be con­
sidered in a sense a supercooled liquid, it seems quite likely that thero 
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 hicrher 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 be made to shrink sufficiently for use on a win~. From our 
small experiments it seems likely that it would be satisfactory. If 
so, 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. 

ID. ABSORPTION OF WATER. 

Samples were first weighed, then dried at 9,5-100° 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 wired off the ones that 
had soaked, after which they were weighed m 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 hy standing in moist air, and the amount 
of material washed out by soaking in water. The following results 
were obtained: 
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(1) Loss from soaking amounts to 3 to 7½ ounces of the weight of 
the samplP. 

(2) Compared with dried samples, fabrics exposed to saturated 
atmosphere showed o to 1;{ pc!' cent moisture. 

(3) Soaking causctl the samples to take up 30 to 60 per cent of 
water. 

( -1) CPllulose acetate coatings suffer more from soaking than cel­
lulose nitrate. 

(.'i) Fr:lJrics coated with rubber on one side, and <loped on the other 
side, sl:ow a smallrr absorption of water on soaking, nnd a smaller 
increa,;c in WPigh due to moisture taken up on stnndi111; in a saturnted 
atmosphere than unrnhherizcd fabrics. 'l'he effect of sp,tr 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 effect of the different coatings, and to investigate the possi­
bility of imprPgnation of fabric ,,.rith fireproofing materials. 

Mttliocl of test.-A strip of the fabric ¾ inch wide, was held hori­
zontally, coated side up, and the end touched to a Bunsen flame for 
a distnnce just sufficient to ignite. The time required to burn hack 
for a distance of 3½ inches was observed; in cases where the flame 
was extinguished before this point was reached, the actual distance 
was not<'d. Care was taken to avoid drafts. 

(1) All coated fabrics not otherwise treated were inflammable; 
that is, the piPce 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. 

(-1) Fabrics impregnated with ammonium chloride and ammo­
nium phosphate were more fireproof than those imJ)regnated 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 chloride 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 hy further investigation a thoroughly statis­
factory material may he found, which will m 11ke fabric fireproof and 
at the same time not injure it. 

Part 11.-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 fohric, is used to somo extent in France and Italy, when 
lightnPss is the most important feature. In Germany, it is usually 
considered dangerous, owing to its electrostatic properties. Its 

2;:.so2°-S.Doc.268,64-1--10 
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hi~h cost is another objection, when large amounts are needed, as in 
a Zeppelin type dirigible. 

Ramie has been used, but is reporte(l to lw unsatisfactory, owing 
to the difiiculty in rubberizing. • 

Linen has been used, with success, and on account of its grratcr 
strength possesses considerable advantago over cotton. Thr greatrr 
tearing n,sistancc of this material as compared with cotton is pa.r­
ticularlv important. On the other hand, as alrca(ly statrd, it is 
more difficult to obtain, made acconling to specifications, than 
cotton. 

In large balloons, ruhhcr is us0(l almost without exception. Otlwr 
materials arc\ less pernrnablo to hy(lrogc-n, but none p,1ssrss tlw s:,mc 
properties of a,llwsion, c:1sc of working, and flexihilitv. Sc!vnral 
layers of fahric c:m bn usc,d, thus inen,a:-;ing the strcngth :u,,l g:ts­
tight propertic•s of the material, whcrc-ns oilt·tl fahri('S are o;-ilinarily 
USP(l in a si1wle layrr, and to k<•t'p thi,; ticrht a thin closdv ,,·oyc•JJ 
fnhric nrnst 'hn usc~cL FurthPrmon·, oiktl fa h rics arc su hj l'('t to 
change from lwat and <'old and must he hancllml with carc. Thc-y 
arc, howc,er, cheaper than rnhberizcd fahric;;. 

lVe h:we ohtainecl various cotton fahri<'.S suitahlc for use in halloon 
cloth, arnl from the t(':-;ts on thPse, an1l nlso from pnhli:;,lwtl data of 
fosts made in Europe, ha,e endeavored to establish some rdat,ion 
between the w<'ight nncl maximum strength obtainable at that 
weiaht. Differences in testing conditions, suC'h as humiclit_v and 
mcilio<l of il•sting, not usually specifif'd, cau:-;e a certain ntrintion, 
so the rrohnb}e limits of strength of each wcight are giYen. 

Unti recently it was very diffiC'.ult to obtain a satisfactory fabric 
made in this country. Labor arnl otlwr conditions in Europe have 
permitkd a greater concentration upon the spinning and weaYing 
of sueh fohrics. The results have hecn that until recently no cotton 
fabrics comparahln to those made in Europe could ho ohtn.incd. 

Rcc0r1tly th(•ro have becn produced in this country fabrics which 
from the 'standpoint of weight and strength arc prohahly as good 
as those made in Europe. It is to ho hoped that tho same perfection 
in spinning and wen:ving may also he ohtained. 

In the formm opcrat10n cotton manufacturers usuallv :idmit the 
superiority of European material, hut probably in time· this can he 
met. This point is important, in order to get a fabric a"l free from 
flaws as possible. 

The mPan results of our tcsts and those from abroad would indicate 
the following: 

Weight ol fabric. 

Ou nu, per square 
yard. 
2 
2½ 
3 
3½ 
3¾ 

i Strength warp and 1 

filler. 

Pou~ per inch. 

30 
42 
53 
65 
74 
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II. STRENGTH AND AGEING TESTS. 

(1) FJfect of structurr.-Ordinarily balloon fabrics are made of two 
or more doth layers, one of t1wse mmnlly on the bias. A lay0r of 
rubber is bdwnnn each ply of fabric and a layer on the faco of tho 
fabric ,vhich com<'s in contact with the gas. The outside surface 
may or may not ho coated ,vith ru bbnr and is sometimes treated after 
tl10.balloon·is made with ccllulosn ncdatn varnish. Parallel fabrics­
that is, t\\·o or mon, bynr,: of fahrie with tho warp threads nll run­
nin;:~ in tlrn ,-anrn din•ction-han\ her•a used to some extl'nt in France. 
ThPy are Hl pp(1,-;n<l to hn st rongPr, hut tear more 0asily. Sincf' cot ton 
t<•ars quite <'a:,i]_y uwlnr ordi11nry cornlitions, it se<'ms highl)- desir­
able to adopt ;;m:1n Stl<'h lllPt1wd as hiasinr- to prPYPnt tearing. 
lv11ile thn hi:isc•d fohric'. dons not show so high ft trmsile strength test, 
it must hn l'<'J1l(•mhnrPd that tlw stresses na a dirigihlr, balloon which 
cause trou hln arc not. tlw simple OllC'S due to internd prc·s~ure, 
wcJB"ht of load, etc., hut thnsn l<l(':tlizod in one area duo to ;c;uddnn 
pulls on ropes, <,t.c. It, is important to have 11 fabric thnt will not 
contimw to ll'ar after a tear is once started. 

Tensile stn·ngth tests made on I-inch strips showed that the 
strl'ngth of a ~-ply par:ilkl fohrir\ was not necessarily t\vice that of 
tho singln ply (Jf uncoated fahric. On the other hand, douhln bias 
fa}Jril's show n grr•atc,r stn•ngth than that of the single ply of fabric 
when the stress is parallel, for Pxnmplo, to the warp of the unbiased 
piece. 

f;trength of fabric-, urn·oaterl warp ....................... . 
f;trength of 2-pl:-,· parallel fabric warp ................... . 
f;trength of fal,ric- :!-ply liiaR warp of unbiased ply ....... . 
Tensile ~trength by 1,ursting lC'0 t, 2-ply l,ia~ ..... _ ....... . 

nalloon cloth mad~ from-

Fabric No. I. F,,hric :-lo. 2. 

70 
125.5 
85 

100 

50 
92. 6 
66 
85 

Ageing for 13 weeks, the sumples being continuously exposed to 
tho 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 O to 6 per cent in the filling. The rubber was 
apparently unaffected. 

Ill. PERMEABILITY OF BALLOON FABRICS. 

The permeability was measured by the chemical method similar to 
that used at tho National Physical Laborator.y of Great Britain. In 
this method the fabric is held in a coll, which 1s divided by the fa bric 
in~o. tw_o compartmon_ts. Dry purified hydrogen at ~ pre_ssl!re of 70 
millimeters of water 1s passed through one side, while al.I' IS drawn 
through the other, dried and passed through an electric furnace, 
which burns the hydrogen present in the air from diffusion to water, 
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whirh is absorbed und weighed. Tho cell is kept ut constant tem­
pera iurc by immersion in a thermostatic bath. The permeability is 
cxpn's::;ed m liters of h_nlrogcn, lllNtsurpd ut 0° C., 760 millimeters 
prr ::;quarc meter of fabric per 24 hours. 

In France tho Renunl-Sourcouf balance is onlinnrily used. This 
mrasurcs the net ,olume of gas lost by diffusion throu.gh the fabric. 
It doo,; not in reality measure the loss of h_nlrn~l'U, since air passes 
in while hydrogen passes out. According to T. Grulrnm,1 the relative 
rates of diffusion of nitrogen, air, and hyllrogcn are as follows: 

D,jfusion through ru/,IJCr. 

:Kitrogen ...................................................... 1 
Air. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1. 140 
llydrogen .................................................... 5. 5 

With tho Renard balance, while 5.5 volumes of hydrogen pass out, 
acconling to the abo,e figures, 1.149 volunws of air pa,s in, giving 
a net chan~e of 4.351 Yolumcs. In oLhcr words, fur an apparent 
}o,.;s of 10 hters per 24 hours per sc}uarc meter, we shoul<l hnve an 
actual lo,-,s of 12.6 liters, as moasurcc by tho chemical method. (vY e 
ha,e not ha<l an opportunity to test fabrics measured by tho gas 
balance method.) The volume loss is of course important, and if on 
further investigation it is found that there is much variation in the 
ratios gi,cn by the Graham experiments for different kinds of rubber 
it would bo wrll to make both tests standard. In fact, the intro­
duction of auxiliary coatings of cellulose esters, etc., makes this of 
immediate interest. 

(lJ EFFECT OF VARYING AhIOCNTS OF RCBBER. 

The permeability decreases with increasing weight of rubber as a 
general rule, but docs not seem to be proportional to it. 

Weight ol rubber J>ermeahilit vat 15° between plies (ounces (by extrapoiation). per square yard). 

1. 65 50 
3. 11 9 
5.ll 9 

This is in accord with the observation of Austcrweil,2 who found 
that the permeability of two ruhher membranes, G18 an<l 1,675 grams 
per square meter respecti_vely, was practically tho same for the first 
100 hours. The rates drvergccl up to 400 hours, after which they 
WC'rc again constant. This, according to Auster.veil, marked the 
point when both membranes were saturated. lletwPcn 100 and 400 
hours the thinner membrane became saturated more rapidly than 
the other, and so shmn'd a greater rate of <liffusion. 

1 Phil. Trans., 1866, p. 399. • Die Allgewandte <.:hemleill der Luftfahrt, p. 67. 
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(2) EFFECT OF TEMPERATURE. 

Experiments conducterl in E:1glarnl at t1rn Xational Phys.iral Labo­
ratory I show that the permeability risf's rny>idl_v with the !f'mpera­
ture. For two samples they found the followin~ rf'sults: 

D. 11 l bl I I bb {1:; 5° C - 6 il l 1agor:;a y, nu e, , 3 ayers ru er ........... - . - .... :!2:1oc<-w:s41 

{
15.G° C.-U.3 1 Parallel <lonblc,I, 2 layers rubber .................... 22_ 1 o C.-Zl.G 1 

These figures show more than 9 per cent increase in permeability 
per de~rce. 

"\Ve ttavc made tests at approximately 20, 30, and 40° C., and found 
in every case a marked tempNal ure coefficient. If the values of 
permeability and temperature are1 plotted, it will be noted (fig. 9, 
appendix) that the curve rises more rapidly_ with increasing tempera­
ture. Our results show a temperature coefficient about one-half that 
given in the data just cited. It may he that the nature of the rubber 
compound ha.s considerable hearing. 

This high temperature coefficient is of yeculiar importance in this 
country, where the aeronautic activities o 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 ~ 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 
dc,,iccs arc usf'd. 

(3) EFFECT OF COATING CLOTH WITH CELLULOSE ESTER LACQUERS. 

It has been the rracticc in Europe for some time, apparently, to 
coat the outside o balloons with some sort of varnish. These are 
sold under various names, but in general are cellulose acetate lac­
quers. 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 cellulose 
acetate lacquers 1876 and 1877, respectively, the lacquer being 
ar.pli.ed to the cloth. In both cases the improvement in permea­
bility was definite, though small, amounting to from 1 to 1 ½ 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 tig'.1t coat, 
at least for a thin film. To Y<'rify this tP~ts we-re made with the same 

'Tech. Report Adv. Committee for Aeronautics, 1910-11, p. 60. 
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materials in the same amounts on the rubber side. The improve­
ment was very marked hcrP, amounting to ,50 per cent or more of the 
vaJuc 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. 
Unfortunatcly these lacquers are not suited for use on rubber surfaces 
since they peel off. It is to he hoped that a marked improvement 
may he made in them, since their use for t,his purpose seems VPry 
promising. The inflammability of cellulose nitrate is of course a 
drawback, but obviously a balloon filled with hydrogen must he care­
fully protected from fire, howc\rer noninflarnmahle the material used 
in its construction. It is, moreover, a simple maUPr to obtain cellu­
lose nitrate blended with oil to give a flexible coating. 

(5) EFFECT OF COATING RllBBim WITH GELATlK COMPOl:"NDS. 

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: 

( )rigin,il permeability at 2•i' t • .• l l litcrrl per "'111:Lrc mdcr per 2! h1rnr~. 
I'enm•ability after cvating with gelatin co,npounJ at 20° C., .8 liter approxi­

mately per square meter per :! l hour.s. 

Part III.-TESTS ON BALLOON AND AEROPLANE FABRICS. 
I. TEARING TESTS. 

To obtain some knowledge uf the behavior uf nPronnuLic fabrics 
umkr stn--,ses sornewhd similar to tho,e existin~ in al'roplarws and 
balloons, the test uscu. h.Y the Xational Physi(:al Lahoratury 1 was 
emplclyt>(l. 

Jfr//wt7.-A piece uf fahric is clan11wd in thL' jaws, a!l(l in tho center 
of thi-, a slit of deiinitc length is cut IH'fjll'lldi,,ular to the line of pull. 
"\Vlwn strl'S5 is applic>d, lhe cut opens, un,l if lhc load is incr('ascd the 
tear widen,:; in a direction perpendicular to tho ;;tress and tho sample 
finally breaks. The thrnads pnralld to tho line of stress hentl inward 
on citlwr side of the slit; tho_.;e pcrpcndi('ular to the strain bend away 
from the cut. The localization of slrn.in 011 the thread at the ends of 
the slit is evidently caused h_v the pull being transmittecl from the 
longitudinal threads to the transverse thwatls, due to the take-up in 
weaYinµ;. The general effect of stretching coated and uncoated fab­
rics is shown in the photographs takm of tests. (Appendix, Plates 
I-VI.) The wrinkling of the coated fahric 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 fahric. 

A fair in,kx of the ability of fabrics to rnsist tf>aring may he obtained 
by plotting the results for the point at which tho tcar starts to widen 
and whc-re rupture occurs again-;t the size of cut. The factor found by 
dividing the breaking load hy the width of slit gives a means of com­
parison which seems to have some value. (Seo appendix for data and 
curves.) 

(1) The load to break falls off more rapidly with increasing size of 
slit in the cnse of a doped fabric than with an undoped fabric. 

(2) Cotton is much inferior to linl'n. 

1 Tech. Report or Adv. Com. for Aeronautics, 1910-11, p. 72. 
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(:3) Parallel double balloon fabric tears more easily 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 
general 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 
parallel fabric in a balloon would be much more disastrous. 

II. SURF ACE 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 wide and 9 feet long so that its long edge is in the direction of 
the air flow. The following ed~e of the plate is connected with the 
balance, allowing tho 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 lino form. 
The wind passing the slot into which the leading edge fitted caused a 
diminution in pressure, giving the effect of a thrust on the plate 
against the wind. The wind caused a compression in tho slot in which 
the followi~ 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 both sides of the glass completely in each case, 
and the resistance measured at different speeds. 

Complete data will he found elsewhere, but the following general 
points may he mentioned here. Taking, for example, the resistance 
of plate glass as 1, at 70 miles pt!r hour, wo have the following com­
parative n'sistanccs at this velocity: 

Experi• A.t 70 miles ptr hour. 
ment No. 

1 Plate glass ................ , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1. 000 
5 Linen No, 1 (high grade). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1. 362 
2 Linen No. 1 (high grade), 1 coat varnish No. 1876 ..................... 1. 162 
3 Linen No. 1 (high grade), 3 c0ats 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 gradeJ, 3 coats varnish No. 1877, 1 coat spar varnlah .. 1. 081 
8 Linen No. 1 (high grade), 3 coats varnish No. 1877, 2 coats spar varnish. 1. 078 
9 Balloon fabric No. 3, cloth outsidP,, double parallel. ................... 1. 965 

10 I3alloor:. fabric No. 3, cloth outside, double parallel, freshly singed .•.... 1. 654 
11 Balloon fabric No. 3, cloth outside, double parallel, singed and coated 

once, No.1876 ..................................................... 1.345 
12 Balloon fabric No. 3, cloth outside, double parallel, singed and coated 

three times, No. 1876 ...•••......................................... 1. 107 
13 Balloon fabric No. 3, cloth outside, double biaa....... . . . . . . . . . . . . . . . . . 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 

bias... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1. 528 
16 Balloon fabric No. 6, cloth outside (specially woven fabric), double 

bias, freshly singed ..•............................................. 1. 372 
21 Aeroplane fabric, rubberized, No. 23 ................................. 1. 079 
22 Aeroplane fabric, aluminum coated, No. 24 ...••....................... 1.101 
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I. From these figures it will be seen that we may roughly divide 
surf aces 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, 
doJ?ed, varnished, and rubberized fabrics come in this class. The 
resistance does not exceed 1.20, glass being 1. 

(2) Those which have a discontinuous surf ace, 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 surf ace to which is added 
other roughnesses, such as arise from nap. Unsigned c8tton is in 
this class, and the resistance is 1.5 or more. 

II. It is interesting to note the great improvement produced on 
balloon fabric_lry the use of one or more coats of some sort of varnish. 

III. The dijf~rence in resistance between an uncoated fabric of 
class (3) and plate glass is very appreciable at high speeds, being 
about 0.013 pound per square foot at 70 miles per hour. This would 
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 iihe resist.ance 
until iii approximates that of glass. 



APPENDIX 
TO 

REPORT No. 6, PART 1. 

• 
(Containing details, data, a,nd 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). "'arp. Filler. 

I 3.67 65.0 54.4 
II 3.78 69.5 49. 2 

III 3.87 80.7 79.0 
IV 4.04 86.9 74.0 
V 4.09 90.2 82.7 

VI 4.48 82.9 100. I 
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 could be expected at a theoretical humidity of 
111 per cent. 

Tests on tramparent cellulose acetate sheets. 

(I) (2) (8) (4) 

No. Weight Tensile strength Maximum difference In 
Thickness. (ounces per (pounds per inch). tests ( in per cent or 

square 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. I 8. I 
3 24/1000 22.96 127. I 130 30.6 25. 2 
4 32/1000 30.35 178.6 187.7 21. 2 2.6 
5 64/1000 59.02 326 345.8 10. 7 .8 

Tests made on Riehle machine, I-inch strips, I-inch jaw, 3 inches between jaws; 
speed, 18 inchee per minute. 
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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 fnirly 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 ,vere made on a Riehle fabric-testing machine, and meas­
urements were made on an initial distance of 20 inches, so the 
results nre 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 fabrics 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 li~ht, load, up to say 20 pounds, then the "slack" having been 
removect 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 coatinf'O', The stretch of the coated fabric only be­
comes equal to that o 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 clue to wind pressure is very light. Ac­
cording to A.usterweil 1 even at highest speeds the load would not 
amount to more than 145.5 kilograms per meter, or about 8 pounds 
per inch. Ordinarily it would be much less. It would seem there­
fore 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 efficiency shown by the fabrics in Curves 
VIII-X, inclusive. 

1 Die Angewandte Chemie In der Lu!t!e.hrt, 179. 



AirnONAUTTCS. 155 

Stretch of aeroplane fabric. 

Stretch under load of (pounds per inch)- Effl• 

~-~-~-----------------, ciency-- - I ln(l-lnch 
byl2-inch 

IO 20 30 40 50 60 70 80 90 100 llO • trip) foot-
pounds. 

i' "ITO 

Fabric. 

L-in_'t_Vn-~-;~-.e-1a-, t-e-,1-j_} __ -- --; - I (
96

) 

t; :f~·a t ~·,j : {3" 65 7. 10 8. 3019. 35 10. 10 10. 65 II. 15 II. 55 12. 05 12. 35 _........ 8. 67 

vi~\:;ii,;:_!} u {::::;:I:~::,:: ,::1·;~:~~ ·;~:~~ ·;~:~~ :::::: ::::::::: ...... ;:;~ 
V~~t;i87~i .HO 1.68 1.8612.12 2.66 3.19 3.73 4.36 ......... _ ................. . 

W ........ '} III {1.171 3. 58 7. 50 9. 92 11. 50 12. 58 13. 50 H.12 14. 50 15. 00 .. .. .. .. . 9. 62 
F .... --- .. ' .75 1.58 2.58 3.42 4.11 4.42 5.25 5.62 6.00 ........................ . 

14.75 10.93 
Va:~:::?~} w (~ {

I. 75 4. 7 7. 42 9. 35 11. 25 12. 00 12. 83 13. 33 H.12 14. 50 

Varnish 1~75 

an:~::?:~: } V 

Varnbh H76 
and ~pnr-

W ........ } \"I 

l~ ......... I 

Varnh-h 1~77 i 
and ~par- i 

~:::::::::} \'II 
Linen :!':'o. 1. 

coater!, without 
prestretrh in g, 
coated with-

. 75 I. 75 3. 00 3. 50 4. IJO 4. 75 5. 25 6. 00 6. 75 ....... _ ................ . 

(95) 

{

1.17 3.42 5.92 8.00 9.33 10.62 11.50 12.08 13.00 14.00 ........ . 
(86) 

I. co I. 75 2. 75 3. 33 4. 25 4. 62 5. 33 6. 00 6. 50 _ ....................... . 

7.54 

i{l.101 3. 5 

' . 83i I. 75 

{
1. 751 4. 00 
I. 0-l 1.99 

fi. 421 8. 80 10. 30 

2. 7513. 75 4. 33 

6. 50 8. 75 10. 50 
2.85 3.55 3.81 

11. 25 12. 16 13. 00 13. 53 14. 00 ........ . 8. 75 
(96) 

4.92 5.38 5.92 6.37 7.00- .. -----· ·········· 

(96) 
11. 75 12.12 12. /!O 13. 00 14. 2 7.32 
4.08 4.60 4.86 ........... - .................. . 

Varnish 1S75- 1:n-23.67 
w ....... _l} {5.oo

1

6.8911.Hl5.3317.55 18.89 20.00 21.11 21.75 22.o1 23.33 
VIII (88) 

F ........ _, 2.2013.33 4.33 5.07 5.76 6.33 7.00 7.37 8.13 ........................ . 
Varnish l&,G-1 1:n-23. 83 

19.41 

W •.. -... -} IX -{3.lfi 7.8312.0015.0~17.08 18.08 19.66 20.42 21.17 22.00 22.50 19.11 
F ........ i · '2.00: 3.HO 4.77 5.2.5 6.00 ,6.37 6.50 7.00 .............................. . 

Vamishl 077-, I 
W ........ i ....... 2.8110.4315.0017.5018.75 19.75 20.43 21.0G 21.56 22.12 22.83 18.19 
F ......... I ....... 1.f,3 3.08 4.16 4.58 5.16 5.66 6.16 6.37 --·-·· ............... ·····••·•· 

Linen No. I: 
Rubberized-

W ........ :} Ill {'·4~11.2512.4413.44 1-1.06 14.56 15.06 15.56 15.92 16.50 ....•.... 12.89 
F ......... ' 2.2> 3.50 4.00 5.25 5.8 6.25 ..... _ .................................... . 

Rubberize.<I-
Vamish !875-

w ............. .. 
F .... ---·· ...... . 

Varnish 1876--
W ............. .. 
F .............. .. 

Varnish 1877-

I. 92 5. 58 8. 58 10. 92 I I. 66 
1. 92, 2. 81 4. 00 5. 12 5. 62 

2. 56 7. 25 JO. 37 12. 12 13. 19 
1. 37 3. 00 4. 00 5.12 5. 5 

13. 08 13. 92 
6. 37 6.50 

14. 00 14.6 
6.00 6.57 

14. 42 14. 92 15. 33 16. 25 11. 77 
7.00 ............ ··•·••·•· •••·•••·•• 

1:n-11. 25 
15. 19 15. 6 16. 19 16. 75 15. 16 
6.81 ............ ··•·•··•· ......... . 

W ............... 2.75 7.0810.5 12.2513.33 14.17 14.92 15.5 15.92 16.37 16.70 13.46 
F ................ 1.62 3.19 4.19 5.08 5.66 6.17 6.50 6.92 7.25 ......................... . 

Varnish 1875-
Spar-

w ............... 1.75 6.75 9.2511.5012.66 13.21 14.06 14.69 15.44 15.5 •········ 12.211 
F ................ 1.33 2.42 3.50 4.50 5.16 5.58 6.00 6.16 .............................. . 

Varnish 1876-
Spar-

W ............... 2.50 7.901.0612.8113.77 14.69 15.37 16.00 16.37 16.62 17.00 13.M 
F ................ 1.37 3.06 4.44 4.62 5.19 5.56 6.19 6.31 •••••.•.•••..••.•••••....•.•.•• 

Yamlshl877-
Spar-

w ............... 2.66 6.66 9.8311.5 12.92 13.83 14.58 15.08 15.58 16.06 16.5 12.66 
F ••...•.•...••... 1.33 2.42 3.58 4.42 4.92 5.33 5.50 5.87 ••.•.•••••••••••••••••••••••••• 
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Streich of aeroplane fabric-Continued. 

Stretch under loocl (pounds per inch). Elli-

Fabric. 

-~-- clency ID 
i, l~Jecle2 

Curve. II 

10 20 - -30 -40 50 

-M-edJ_u_m_--gra_d_e_l_in_en_ ----- --- I 

• I 1 inches) 
,o -80 1_90 :1_00 foot• pounds. 

GO 

No.2: I 
W, ............ } IM { 5.0R, 7.42 8.42, 
1'............ 3.75 1 5.00 5.751 

Linen No. 2: 
Vamish 1875---

'Y·••oo ••" ... } IIM { ].5); r ............ .6, 
Vamish 1876-

W ............ }rnM { 1.33 
F............ 1.17 

Va.rnish 187i-
W ............ }rvM { 1.oo 
F ............ · 1.42 

Vamish 1875 and 
spar-

W ......•.•... } VM { 1.17 
F............ 1.19 

Varnish 1876 and 

spw-:-:-.......... } { 1.50 

F ............ VIM I 1.00 
Vamish 1877 and I 

spw-:-:-.......... [} '{ 1.33 
F ............ VIIM , 1.58 

4. 16 6.42 
1.42 2.33 

3.08 5.081 
2.50 3.831 

3.92 5.92 
3.00 4.251 

2. 75 4.83, 

2.50, 3.581 

3.501 5.50 

2.161 3.17: 

I i 

3.331 5.00 

2.66\ 3.50 

' '1 

9.16 9.50 10.12 ....................... ,, 4.51 
6, 12 ...... 1 ...... I ........................ : ......... . 

I I I I I I I I 
8.67 9.921 10.62, 11.50 ...... , ............ , 4. 77 
3.16 3. 831 4.42, 5. 001 5. 12i 5. 50 ...... ! ......... . 

r,
4
, .. ,

9
ss
2

, 7. 50

1 

8. 33: 8. 75
1 

9. 50' ............ I 4. 56 
5.83 f>.50i 7.121"""i"•" ............... . 

7. 58
1 

8. 50, 9. 42 10.12 ".... .. .. .. .. .. .. 4.18 
5.67;

1

6.2.5' G.87• 7.50

1 

........................... . 

6. 33 8. 831 9. aR 10. 00 .. . .. . 5. 50 

56 .. 00921' 6.831 i.17, 7.751 ...... 1 ........ .. 

9. 251 (~5\l° · ..... '1...... 4. 82 

4.081 5.83, 6.00 ...... ' ............... . 

6. 58
1 

9. ir.

1

1 9 .• " 10. 25 . . .. .. 5. 68 
(7ii) 

4.83
1 

6.58
1 

6.7ii ...... '
1 

.............. .. 

7. 3.3 8. 75 
5. 75 6.421 

7. 75 
8.~I 

4. 75 5.20, 
I 
I 
I 

7. 75 8.501 

5. 42 G.08'! 

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 mches 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 li"'ht for the exposure. In the case of cotton fahrirs 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 actuui size, 
and show up the conditions of the threads quite clearly. 

The factor obtained hy dividing the hreaking load for a I-inch cut 
bv that for tho uncut fahric givPs some idea as to the relative tearing 
r~sistance of nirious materials. This, with the actual tensile, should 
furnish a good basis for comparing fahrirs ns to suitability. 
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I 

Tensile strength Tearing factor. 
(pounds per inch). 

Warp. Filler. Warp. Filler. 
-------------------------- --------
Linen No. 1, high grade: 

Unroated ••.........•........................ 
Doped .....•......•••••...................... 

Linen No. 2, medium grade: 
l:ncoated ................................... . 
Doped ...................................... . 

Cotton, light weight: 
Uncoated ................................... . 
Dop(•d ...................................... . 

Balloon fabric: 
Double p~rallel.. ........................... . 
Double bias ................................. . 

100 
106 

65 
85 

37 
45 

85 
65 

59 0.50 0.52 
86 . 29 .44 

45 . 67 .57 
75 . 58 . 58 

49½ .48 . 36 
45 . 38 . 37 

70 . 36 . 33 
. 66 

From the above fi~ures it will he seen that the lower grade of linen 
is relatively more <1ifficult to tear than the high grade. This is 
prohahly 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 tearing 
depends to a considerable extent on the strength of the individual 
thre:uls, 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 
t.en:-ile strength of the cotton is higher, but the effect of a cut much 
greater, giving the factors as shown: 0.36 for the cotton and 0.57 for 
the linen. 

Teariny (€sis on aeroplane and balloon fabrics-Load required to start tear, and to break, 
for slits of various sizes. 

Size slit. 
.. 

0inch. I J-lnch. I ½-inch. I 1-inch. I !]-inch. 

Fabric. 
- -- -

Load per inch. 

Tear. Break. I Tear. Break. Tear. Break. Tear. Break. Tear. Break. 
- --- --------------------

Linen, No. 1, 
uncoated: 

high grade, 

Warp ......•...•.......... 100 100 66¼ 74 48¼ 66 36 50 27 49 
Filler .••.................. 59 59 40 44 34 42 23¼ 31 18 29 

Linen, No. I~ high grade, 
coated, I 75 var.: 

i~u~L :: : ::::::: ::::: ::::: 106 106 74 90 49 70 31 45 26 43 
86 86 51 68¼ 37½ 45¼ 30 38 27 31 

Linen, ~o. 2, medium grade, 
unco~ted: 

}';~~------::: :: : : : : ::: : : : : :: 65 65 49¼ 51 32 50 28 44 21 42 
45 45 29¼ 35 26 30 20 26 17 25 

Linen, '.-i'o. 2, medium grade, 
coated, 1875 var.: 

Warp ..................... 85 85 ~7 74 41 64 23 50 21 49 
Flller ..................... 75 75 56 62 38 46 29 43¼ 25 36 

Cotton, !ight weight, uncoated: 

¥iii?::::::::::::::::::::: 37 37 16 18 1~ 18 10 18 9 1~ 
49¼ 49¼ 18 20 14 18 10 18 (8) (15) 

Cotton, light weight, coated, 
1875 rnr.: 

~;ft~~::::::::::::::::::::: 45 45 23 26 18¼ 22 15t 17l 14 18 
45 45 20l 22 15 16l 11 (17) 11 14i 

Balloon fabric, double, parallel: 

¥iii~::::::::::::::::::::: 85 S5 41 46 30 37 23 31 20 25 
70 70 34 36 23 29l 17¼ 231 14 20 

Balloon !abric,double bias •... 65 65 53 57 47 52 30 43 20 34 

2J302°-S.Doc.268.64-1--11 
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I 
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Te.G\,...- ·, ;n~ Te st Ol'l Li <;1h"t We,qhT ( z.~~ oi )Cotton lo.t,r, c 
____ n"""",~ 1',,\o_;-.t...""'--,.J... 
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COTTON 1"ABRICS. 

SC'a island or Egyptian cotton, pi'eferahly the former, should be 
us0d for fabrics intended for use~ in making balloon fabric. In gen­
eral the fabrics should be as 1warly as possible of the same strC'ngth 
in both directions. Ordinary fabrics intended for clothing arc, of 
coursP, usually much stronger in the direction of the warp than in the 
direction of the filling, h0cause the strain comPs mostly on the warp, 
and such fabrics arc softer. Anotlwr it0m is, of course>, the expense, 
since the fillers repre~Pnt a gr<'at<'r mnnufacturing outlay. 

It is difficult to establish any wry ~Pfinite rdation bPtwem weight 
and maximum strength attainabk, sl!lcP the methods of manufac­
ture play a ,ery important rule. A hra,y tightly wov<'n fabric may 
actually tPst much lower than onP appar<'ntly not so strong, probably· 
on acccmnt of a shearing or grinding action. 

The fabrics examirwd are in gc~1wral of single-ply yarns, the number 
of thrPads ,arying ht•twec'u 120 nnd 1-H per inch, depending on the 
weight and str0ngth. Tho data giY<'n rrprcs<'nt samples made and 
tested in this country, and also test published abroad. 

Weight 
Strcnl(lh (pounds per inch). 

(ounces ptff 
square yard). Warp. Filler. 

----
I 1. 60 27.0 26.0 

II 1. 85 24.3 24.5 
III 1. 98 31. 0 31. 0 
1V 2. 44 41. 5 49.0 
\' 2.67 40.9 49.2 

n 3. 51 70.0 67.0 
\'II 3.86 72.0 75.0 

VIII 4.05 81. 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 arc drawn as limits, with a mean 
or awragc value. Any fabric whose tests would place it within the 
area included by these curves would probably be about as good as 
could he expected in that grade. This does not mean, of course, 
that fabrics falling helow this area would be unsatisfactory. It sim­
ply gi,es a rough idea of the possibilities under best conditions. 
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Summary of varions tests on aeroplane fabrics. 

Fabric. 

" (pounds per ineh). Effect of Flre test. 
Water ~ 

:thsorp1 ion . .!::: 
~ Tensile strength I 
g exposure 
t;; 1----,----! (per cent ---1---- ~ 

~,,...:.. .·\fter 3 strength g "g C: ·ft, t,j, 
'"-o Or1· m· I w=ks' of ...., ·;:; Cl ~ ~ g a • ,.,,._, original.) .D E '9 ~ !:: 32 
~ r---. exposure. ..,..; ,E _ _ ~ 

2 ---------:! 0 'gt tl .SVl 
f, p. ::::,_~- c- ~ ~ ~ -g;;- ~ ~ E .s ·~~~~~a~~~ iYti 
~::: ::::~~~~,_:::Ji~ 

------------1-- ---- - - ----- - --!- ·-

1. Line:1 ~o. 1 (Ligh grade), varnish, 
I,i.,,i5 .......••••••••••••••••••••. 

Linen ~ n. 1 varnish: 
2. 1~75, and ~par varnish ....... _. 
3. 1: ,/(i ••... _ •. _ ..... _. --- __ ... -- _ 
4. 1,76, and spar varnish ...•..... 
5. 1~77 ........ -- ...............•. 
6. lt-177 and spnr v2.rnish ••.•.. _ ... 

7. Cotton (ii~ht \Yeight) varnish,lS/5 .. 
Cotton varmsh: 

8. 1875, and spar varnish ........ . 
9. 1876 .......•............•...... 
10. 1876, and spar varnish ....... . 
11. 1877 .•.•....••................ 
12. 1877, arnl sp:.1r varnish .•...... 

Linen No. 1, Am. chloride varnish: 

n: mt~~~I~~:::::::::::::::: 
Linen }:o. 2 (ru.e,lium gm.Uc) Y~rnL,;h: 

lt:. 1~75 ......................... . 
17. V,7[,, a~1d ~par._ ............. . 
lS.. 1,~0 ......................... . 
19-. 1.".;i(i, and spar. .....••......•. 
20. 1877 .......•........••........ 
21. 187,, and spar ............... . 

Linen No. 1 (rubberized) varnish: 
22. 1875 .•••.••..•...•••••........ 
23. 18i.\ nnd spar ...• _ .......... . 
24. 1876 .•.•.••..•..••••.......•.. 
25. 1 Si6, e.nd spar ••.............. 
26. 1877 ••••.•••••••.•••.......... 
27. 187i, and spar •............... 

Linen No. 1 varnish: 
28. 1875 •• •••••••••• .•••.......... 
29. 1875, e.nd spar •............... 

5.1~ 95 92 

5. 88 101 90 
5. 4c1 !CO 88 
6.18 98 92 
5. 24 106 01 
ti. 42 113 83 
3. 45 5~ GS 

4. f,2 51 59 
3. 43 50 G2 
4. 07 55 63 
3. 24 51 59 
4.18 51 53 

7. Hi 97 95½ 
f,, 11:1 117 100 
7. 57 107 96 

4.17 88. H 74.9 
5. 50 100 86 
4.1!", 92 79 
5. 50 91 77 
4. 23 78 78 
5. 39 91 82 

7. 37 121 104 
8. 44 116 99 
7. G3 120 94 
8.8\J 119 96 
7. 57 ]19 91 
8.94 119 97 

5.18 95 92 
5.&s 101 90 

(;2 Gu. 

75 72 
6~ 57 
71 70 
90 75 
~I 59 
2S 40 

3~ 40 
2! 23 
2'J 40 
44 H 
43 4:l 

52 ris. 
7U co. 
[ii.!. 5-1 

·····1···· 

G5. II 

5:l. E 
fi7. 5 
bl.2 

Inch. 
3;;.o ..... 

JJ(r j Ptr l'cr 
l't:,t_ 1 Ct:"'.. C( ,)[, 

12.~,~ 4 1.'.2 3.96 

80. 0 33. IJ . • • • . 1 ~- ~·, 43. f, I :i. 33 
t
7
\~.-~I, 2

2
1.t•, · .. ··.· .. -: 1,•.t11 .i:.;.n 5.47 

-- - 11. -rn
1 

3....,_ 2 .1. 27 
~2.51 3-.;_3i····· 1.J.7.:1, 51.~ 3.94 
n-~l 

2
y'
3
9.

0
c:·-···; 12.U, f.,1.\1 4.03 

Do.• • 1 · .... ! '· 7 ! 32. 4 • S4 

~6:[! 2~:~-:::::i ~::~ 11:~ :If 
fi3. 2 10. 01 ..... : 5. (11/ 3~. ;~ . 79 
74. 2 22. o, ..... ' ,,. 03 40. t • 96 
~2. 0 1,. :l'..... 7. 41' 42. I . 71 

~~J::) H::::::1::::. 

:!:::: .......... . ........... :::f::: ... _.:::::::::::::: 
9fi 78 

103 85 
105 74 
ll3 \16 

1111 87 
]15 1 84 

I 

79. 21 i5. 0 .......... ' 7. ,3! E~. 4. 34 

~!ti~J ::::: ::J l~}j ff ti! 
9.3. 2 95. 5 . . . . . . . . . :,., ')') [,\ 5. 92 
%. 51 8(,. ;- ..•. - ..... I t . l': 39. (Ii 5. 23 

~~:z
1 
iu ::::: ·:::.,:::::. ::::: ::::: 

NoTE.-Bamples Nos. 22 and 29 were exposed 2 weeks to weather; all others, 3 w~ks. \"arni,h, 1Si6-­
cellulose 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 fa bric is burned 
to water and weighed. 

Owing to the limited 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 
sliglit temperature differences were allowed 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 
temr>erature 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 thrmwh one side of the cell at a rapid rate 
for several hours at the start o? an experiment, to insure the expul­
sion of air. The proper rate for the passage of the air was found by 
experiment; it was noted that above a certain J)Oint, e,en with 
increased absorption apparatus, the total weight of water absorbed 
did not increase, indicating that the hydrogPn was swept out prac­
tically as soon as it entered the cell. ln the interval between tests 
on th"e same fabric, the air sid<, was continually swept out, to pre,ent 
the accumulation of hydrogen on tho air side. For this purpose a 
threc-wa:v stop-coek was mtroduced, and connections with trap­
bottles made so that the furnace and ccil could be swept out sC'pa­
ratdy with air. It was found that in sonw cases the furnace contained 
small amounts of moisture that had not hccn all rC'movcd during the 
ex_pC'riment, so at the expiration of the time hy tnrnin~ the cock the 
cell was swept out in prc>paration for the next run, while dr:v air was 
drawn from without through the furnace and absorption tubes for 
10 to 1.5 minutes. 

Specimen tests are shown. 

Permmbility ltsts on i-ariousfabricB. 

Fahric. 

No. 1 hal!oon fabric, 2-ply parallel (n.25 ounces JWr square yard): 
1.65 ounces per square yard ruhber he~wecn p1ies ....... _. _ ............. _ .. . 
1 ounce per square yard rubber on Inside face .............................. . 

No. 2 halloon fabric, 2-ply parallel (10.81 ounces per square yard): 
3.11 ounces per square yard rubber between plies .......................... . 
1 ounce per square yard rubber on inside face .............................. . 

No. 3 balloon fabric, 2-ply parallel (93.2 ounces per square yard): 
5.51 ounces per square yard rubber hetween plies ........................... . 
1 ounce per square yard rubber on inside face .............................. . 

Balloon cloth No. 3, 4 coats varnish No. 18i6 on cloth (about 2 ounces per square 
yard) ...........................................••...•...•••...•.•.......••... 

Balloon cloth No. 3, 4 coats varnish No. 1877 on cloth (ahout 2 ounces per square 
yard) ....•......................•••...••.••.•....••.......••......•........... 

Balloon cloth No. 3, gelatin compound on rubber (2 ounces per square yard) .... 

Balloon fabric No. 3, varnJsh No. 1876 (2 oonOIS per square yard), on rubber .... 

T'erm~nhil­
il y (lite.rs 

Tempera~ prf square 
ture("C.). mrterpcr 

2! hours, 
I 01 760/0"). 

21.2 
22.07 
2~.C.R 
30.01 
40.08 
40.00 

20.45 
21.65 
29.87 
30. 71 
32.27 
38. 58 
39.19 

20.04 
20.23 
39.48 
39.63 
40.14 

21.42 
21.91 
22.00 
29.99 
31.68 
40.51 
40. 75 

20.81 
20.85 
21.28 
30.51 
30.57 
39.09 
39. 74 
20.2 
a>.01 
21.29 
38.91 
38.95 
20.02 
20. 22 
20.46 
38.96 
39.24 

54.99 
56.37 
63.4 
65.3 
79. l 
79.4 

11.64 
11.29 
16. 8 
17.32 
18. 79 
24.35 
25.34 

11.2 
11. 7 
25.25 
25. 55 
26.37 

10.86 
11. 8 
11.34 
15.44 
17.11 
24. 73 
25.25 

11.18 
11.34 
11.5 
16.90 
17.15 
24.13 
24.22 

1.4 
.8 

1.4 
5.6 
6.6 
4.5 
5.0 
5.6 

10.2 
11.2 
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Permmbili 1y t,s!s on rariousfabrics-Cnntinued. 

Fabric·. 

Balloon cloth No. 3, varnish No. 1,;-;- (2 ounc,,s per square yard), on rubber ..... 

Balloon cloth No. 19 (12 ounces per s,1uare yard) ............................... . 

Tempera­
ture(° C.). 

19.n 
20. 25 
37. 45 
38.90 
'J~. glj 
20. 3 
21.1 

PPrmeabil•' 
itv (liters 1 

pe°r square · 
meter per 1 
24 hours, 
at 7li0,'0°). 

4.5.5 
4. 15 

10. 8.5 
11.35 
12. 7 
11.2 
11. 37 

(1) It will he noted that gelatin compound gives very low per­
meability. The use of grlutin on fahric for balloons was suggested 
by Julhe.1 Austerweil tried this and found 2 that at first there was 
practically no loss in volume, eYen a slight gain due to gases dissolved 
m the wntrr. After 35 hours the membrane was apparently satu­
rated nrnl lost gas at practically the same rate as the comparison 
rubber mern brane. 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 
permeability was only one-fourth that of the rubberized fabric alone. 
It is possible that in contact with dry rubber and dry gases, as in our 
apparatus, the membrune might act differently. 

(2) Another point of interest is the test on fabrics 2 and 3 compared 
with fabric 19. The first 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 coefficie11t.-This varies with the temperature and 
degree of permeability of the material. From our experiments we 
found tho following val m's: 

Hato o[increa...,e at-

lll-20' C. I 

Rubber fahrjr 0 permeability at 15' C................................ 4. 4 

I 
l'a cent. I 

Rubber fabric: coated with 2-ounce gelatin on rubber .... __ .......... ............ I 

21)-30' c. I 

l'tr crnl. I 
4. 6 
1. 3 

30--10' l'. 

----
Plr Cfnt. 

4 
3.4 

(,'i) Effect of Weathcring.-On account of tho limited time at our 
disposal for making this investigation, long weathering tests on these 
sampfos were not made. Aging by continuous exposure for one 
month caused no increasA in pt>rmcability; in fact, one of our samples 
S<'rmed· improved. The rubber layers were apparently unaffected, 
so this improvement was not duo to r0sinification which has bec,n 
notf'd in England, but was more likely due to a slight variation in 
samples. 

1 C.R .. \cad. Sc., 1912, Feb. 12. • Die Angewandte Chemie in der Lultfahrt, p. 90. 
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Surface friction of aeronautic fabrics at different wind 1·elorities. 

I Experiment No. I. Experiment No. 2. 

Condition and area 1-----------------1----------------­
(squaro feet). 

30 0.020 
40 .031 
50 .0-16 
60 .071 
70 .094 

Condition and area 
(square feet). 

-------
Xet 

:YiJC'::;; per correc-
honr. . tion, 

pound. 

---- ----

30 0.020 
40 .031 
50 .046 
60 .071 
iO • 094 

Condition nnd nrea, 
(square feet). 

Xet 
Miles per correo-

hour. tion, 
pound. 

---- ----

30 0.020 
40 .031 
50 .046 
60 .071 
70 .094 

Condition and area 
(square feet). 

Net 
Miles per correo-

hour. tion, 
pound. 

---- ----
30 0.020 
40 .O:ll 
50 .046 
60 .071 
70 .094 

0.3S4 
.637 
.969 

1.342 
1.768 

!'late glass. 

0.40-! ! 0.0079 

.G!iS I .01:a 
1.015 .01:m 
1.413 .0276 
1.862 .0364 

' 

Xet 
e~re~s. 

0 
•·• 

•·• 
........ 
······-· 

I 
! 

Linen :-.o. 1, 1 coat varnish, 18i6 
(area, 50.3ii). 

Re•,Lt-1

1 

Gro,_s I Xet r~~~- I Xet I, Resist-
ance for:·e, foTf'e. pound, I ce-:s r ance 

factor. (onnc!s.

1

pounds. s{~~e I ex ,. · 1 factor. 

____ , ___ , --- --- --- ----
ll 0.-lOS 0. 4~, i 0.0085 0. 0006 l.ORl I 

........ .(i79 .no I .Ol-ll .fJ/llO I.OHO 
········ 1. n.rn 1. (1~!2 

I 
.0218 . llOIY 1.098 

... 1. 4~.o 1.5[! .0:!09 .0023 1.118 
·•·•·•·· 2. O!O 2. 1:JI 

I 
.0124 .OOGO l.16l 

. - -----=------==--- __ -_--____ .. - ----- -
I 

Experiment Xo. 3. Experiment ~o. 4. 

Linen No. 1, 3 coats Yarnish, 18i0 Lhwu ::o. 1, 3 coats Yarnish, l~76; 1 coat 
(area, 50.35). .'-par n1rnish (area, 50.3ti). 

----

Xet Xet 
Gross Net force Resist- Gross I Xct forc-e X et I Resist-
forf'e, for;-e,, poun,\, Xet anC'e forC"e, forc-e, !(Hlll(t exre~s. " . ._ ance 

pounds. pounds. scinare fac·tor. pounds. pounds. ~q11nre ex_ Cl".· 
1 

factor. 
foot. fuot. 

! 
' --- --- --- ---.------ --- --- ----

0.394 0.414 0.00,22 0.0003 1.012 0. 3,,9 0. 1()9 0.00,1 0. rl!lf)2 
1

1 1.031 
.665 .696 .0138 .0007 1.000 .G-19 . {i~O .01:i.; .00'>-I j 1.034 
.9'.l8 1.0H .0208 .0009 1.0-!8 . 981 I. 027 .0201 .ocn; I 1.028 

1.410 1. 4Rl . 0~'95 .0019 1.007 1.376 I.Hi . 02~7 .onn 1.0.18 
1. 919 2.013 .0403 .0039 1.108 1.854 1.948 • o.1~7 .0023, 1.061 

I 

Experiment No. 5. 1:xperimf'.nt X o. f5. 

Linen No.1, uncoated (area, 50.18). Linen ~~o. 1, 3 coats varnfah, 1877 
(area, 50.l~). 

Net Net 
Gross Net forced Net Reslst- Gross Xet forced Net Resist-
forcd's force, poun , anC'e force, forre, poun, ance 

poun . pounds. s1~r 
excess. factor. pounds. pounds. sfo~~:e excess. factor. 

------ -------------
0.457 0.477 0.0095 0.0016 1.205 0.390 0.410 0.00S2 0. ()00.3 1. 034 
• 778 .810 .0161 .oo:m 1.234 .652 .683 .111:rn .000.j 1.040 

1.204 1.250 .0249 .0050 1. 254 .988 1. (134 .0206 . 0007 1.039 
1. 738 1.809 .0361 .0085 1.305 1.392 1.463 .0292 .0016 1.0.56 
2.395 2.489 .0496 .0132 1. 362 1.8,0 1. 984 .0395 .0031 1.085 

-

Experiment No. 7. Experiment No. 8. 

Linen No.1, 3 coats varnish, 1877; 1 coat 
spar Yarnish (area, 50.18). 

Llnen Xo.1, 3 coats varnish, 1877; 2 coats 
spar varnish (area, 50.IS). 

Net Net 
Gross Net forced Net Resist- Gross I Net forced Net Resist-
force, forre, poun , a.nee force, force, poun, anre 

pounds. pounds. square excess. factor. pounds. :pounds. s{~~~e 
excess. factor. 

root. I --- ---------------.---
i 

0.393 0.413 0. 0082 0. 0003 LOH 0. 3\13 ! 0. 413 0. 00,2 O.OOQ.3 1. 044 
.655 .6S6 . 0[37 • IXXlll l.0·19 : ~~~ I . 67,5 • 0134 • ()00.3 1.026 
• 977 1.023 .0204 .0005 1.028 1.024 .0204 • 04MJ.5 1.028 

1.3~4 I. 4.15 ,0288 ,0012 1.041 ') ·- I. 43~ .ll2~6 .0010 1.033 1. ''.h' 
1. 884 1. 978 . 0394 • 0030 1.081 1.~7-1 l.%R .0392 .002S 1.078 
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Surface friction of aeronautic fabrics at different wind i•elocities-Continued. 

Experiment No. 9. Experiment No. 10. 

Condition and area 1----------------1---------------­
(square feet). Balloon fabric No. 3, double par. cloth 

outside (area, 49.6). 
Balloon fabric No. 3 (same as 9), freshly 

singed (area, 49.6). 

:Net I Net I Net 
Miles per correc- Gross Xet force Net Resist- Gross I Net force, Net Resist-

hour. ti n force, force, pound, excess ance forC"e, force, pounu, excess snce 
pointl. pounds. pounds. square · factor. pounds.;pounds. square · · factor. 

I loot. I loot. 

---------- ------!--
30 0.020 0.672 0.692 0.0139 0.0000 I. 766 0.493 0.513 0.0103 0.0024 1.311 
40 .031 l.H9 l.lK() .0238 .0107 I. S22 .8S3 .9H .0184 .0053 1.408 
50 .fH6 !.7t\-l I. S!O .036.5 .0166 I. 838 I. 403 1.H9 .021)2 .0093 I.HO 
60 . 071 2 . .501 2. 57:l .0518 .02-12 I. 873 2.041 2.112 .0426 .0150 I. 539 
70 .094 3. 452 3. 516 .0715 .0331 I. !165 2.898 2.992 • ()/~)3 . 0239 I. 65~ 

Experiment Xo. II. Experiment No. 12. 

Condition and area 1----------------1----------------
(square feet). Balloon fahric .\'o. 3 (same as 10); I coat Balloon fabric Xo. 3 (same as 10); 3 coats 

Miles per 
hour. 

30 
41) 
50 
60 
70 

Net 
correc­
tion, 

pound. 

0.020 
.031 
. 046 
. 071 
.094 

Condition an<I area 
(square reetJ. 

Mlles per 
hour. 

30 
40 
50 
60 
70 

.:-et 
correc­
tion. 

pound. 

0.020 
• 031 
. 046 
.071 
• ll'J4 

varni.-;h, 1876 (area, 49.6). vami.-;h, 1876 (area, 49.6). 

I 

I 

Net I Net 
Gross Net force, Reslst- Gross Net force Reslst-
force, force, pound, Net ance force, force pound, Net ance 

pounds. pounds. square excess. factor. pounds. pounds. square excess. factor. 
foot. loot. 

0.44d 
• 783 

I. !'l9 
· I. 722 

2.332 

0. 466 o. 0094 0. 0015 ii 
• SH . 0164 . 0033 

I. 24.\ . 02.11 . 0052 
1. ,:,:i . n:rn2 . 00116 
2.-126 .0190 .0126. 

Experiment No. 13. 

1.180 
1.253 
1.264 
1.309 
1.345 

0.394 
.661 

1.009 
I. 419 
1. II04 

O.H4 
.692 

1.055 
I. 490 
1.998 

0.00.'\3 
.0139 
. 0213 
.OoilO 
.0403 

O.OIJiJ.I 
.0008 
.OOH 
• {~)24 
.0039 

Experiment No. H. 

1.036 
I. 063 
1.072 
I. 082 
I. 107 

_______________ ! ______________ _ 

llalloon fabric No. 3, bias (area, 48_88). I Bnlloon fabric No. 3, bias, freshly singed 
(areu, 48.&l). 

Net 
Gross Net force 
force, force, pound./ 

pounds.pounds. s{~~~e 

0. 6.31 0.651 0.0133 
1.078 1. !()\} • 0227 
1. 632 I. 678 .o:H3 
2. 3-13 2.4H .IH94 
3. 2'J~ 3. 3,.; .0694 

.. 

Net Reslst- Gross Net 
excess. ance force, force, 

factor. pounds. pounas 

o. 00,\4 1.691 0.483 0.503 
. 0096 I. 739 ,864 .895 
.UIH I. 728 1. 461 1. 507 
.0218 1. 782 2.157 2.228 
.0330 l. 902 3.043 3.137 

Ket 
force, 

pound/ 

s{~~~e 

0.011).'l 
.0183 
• o:J09 
.0457 
.0642 

Net 
excess. 

0.0024 
.0052 
.0110 
.0181 
.0278 

Experiment No. 15. Experiment No. 16. 

Reslst­
ance 

factor. 

1.308 
1. 402 
1. 555 
1. 651 
1. 762 

Condition and area 1----------------1----------------
(square feet). Balloon fabric No. 6, double bias, special Balloon fabric No. 6, double bias, special 

fabric (area, 49.34). fabric, freshly slnged (area, 49.34). 

Miles per 
hour. 

----
30 
40 
50 
60 
70 ! 

I --~-

Net 
correc­
tion, 

pound. 

----
0.020 
• o:Jl 
.046 
.Oil 
.0!H 

-------

I 
Net Net 

Gross Net force N Resist- Gross Net force 
lorcecls lorct pound/ exc!~ ance force, force, pound/ 

poun . poun . s{i:r · factor. pounds. pounds. sf~'." 
------ --- ---------------------

0. 468 o. 488 0.0099 o. 0020 1.252 0.423 o. 443 0.0099 0.0020 1.131 
• 858 . 889 .OHO .0049 1.378 • 744 • 775 .0157 .0026 1.202 

I. 343 I. 389 .0281 .00·,2 1. 414 1.170 1. 216 .0247 • 0048 1. 243 
l.9.i9 2. O:lO • 0412 . 01:rn 1. 490 I. iH I. 815 .o:J68 .0092 I. 331 
2.618 2. 742 .0556 .0292 1.528 2.378 2. 472 .0500 .0136 1.372 

---~ 
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Surfacefrfrtion of aeronautic fabrfrs at dijJere11t 11·ind 1·£iocitfrs-Oontinued. 

Experiment No. 21. Experiment Ko. 22. 

Condition and area 1--------------------------

(square feet). Aeroplane fabric, rul,herize<l, No. 23 A~roplau~ fal1rir, aluminum coated, 
No. 24 rure:.1, ➔ ".tJ). (are~, 4~ .. ,J. 

I X t I Xet I : . Xet ' 
.. e Gro~s Xet foref-l X HE>~i~,t-1 c;ro~s 

I 
XPt forC"l', X I He..,ist-

MUes per I 00.rrt~r- force
1 

forre, pounci/ ~ r~ atlC'e [on·r, 1 for('r, JXJUiul' :,.e:. 1 ence 
hour. i tw 1J_ pounds.'pounds. ~;quaro exce .. s. 1 factur. pounds.lpounch. squ~H(l ex ... e.: 'l. I fador. 

poun · , foot. I i : foot. - 1 

----------- _____ I__ _I ________ I __ 
30 0.020 0. 3~2 
40 .o:n .6:13 
50 • 046 I. 004 
60 • (1.S[ I. 379 ,0 . 0U4 I I. ,24 

0. 412 
.mm 

l.0cO 
1. 41\0 
1. 918 

II. OOR4 
. Ul-12 
.0'..:15 
.o~n9 
. OJl<:J 

I 

o. ()()()5 i 1. o;o 
.0011 1.0,2 
.0016 l.US3 
. 0023 1. O~l 
. 0029 l. 07\J 

II. :ll14 
• ti."i/ 
• p~,", 

l. :r;·r, 
1.~,j(j 

SURFACE FRICTION TESTS. 

O. 4H 
. fi~S 

].(l;J.j 
I. 4:,6 
1. u:io 

o. 011,..,;J I, o. r~ JOG 
. 0142 , J~Jll 
,!J'.,:l:}: .U,Jl4 
, 02~f9 ! , fl! i'.:?,3, 
• U·lUl j • 0U3, 

1.078 
1.osa 
1.073 
l.ORl 
1.101 

In the next t,o the last column of each C'_'cperiment, pages 43-4, are 
given under the heading "Xet excess·, the numerical difference 
between the resistance in pounds per square foot of the material, 
and the resistance of plate glass. In the last column arc given 
factors obtained by dividing the resistance of the material bv that of 
glass at the same \~elocity. • 

In general the resistance of an object to the wind increases with 
the square of the velocity. The general form is, for unit area: 

P= IC P. 
·when P = pressure. 

V=nloC"it\". 
K=a co11stant. 

It has been found by F'roudo and others that surface friction varies 
with ahout the 1.87 :powC'r of tho velocity. 

Plotting the loganthnm of the Yelof'ity ~~ninst the pressure, we 
obtained from our results, in pruetically all cases, a straight line. 
The n,lues at 70 miles per hour were a 1ittle off in most ca:-;es, indi­
cating the pressure of another factor, possibly duo to temperature. 

The logarithms ·were plotted and from the Yalues of the faired 
curves, the approximate exponent,-; ancl r•oplficicnts were obtained 
algebraically for some of the 1110,.;t interesting cases. 

Ge1wral equation P= X Fn. 

When P = pressure in pounds per square foot. 
F = velocity in miles per hour. 

n and K=constants. 
K N 

Experiment 1. Pia te glass ......... _ . __ ..... _ .. ___ . _ . _ ..... _ . . . . 0. 0000178 1. 84 
Experiment2. LinenNo.l,varnishNo.1876 .... _ ......... , .. _ .. 0000156 1.85 
Experiment 5. Linen No. 1, un,.oated ..... ____ ...... __ . __ ..... . 0000137 1. 92 
Experiment 9. Balloon fabric No. 3 .. ____ .. ____ . _. __ .... ____ . _ . 0000192 1. 93 

It will be noted that in general the rougher materials have higher 
exponents, approaching 2 in the case of balloon fabric. 



Fabric. 

High-grade linen No. 1, untreated, 
wei~t 4.6 ounces: 

\ arnish 1875 (cell. acetate) .... 
Varnish 1875 and spar varnish. _ 
Varnish 1876 (cell. nitrate) ... _ 
Varnish 1876 and spar varnish. 
Varnish 1877 (coll. acetate) .... 
Varnish 1877 and spar varnish._ 
Rubberized (one side) ........ . 
Rubberized, varnish 1875 •..... 
Rubberized, varnish 1875 nnd 

spar varnish. _ .............. . 
Rubberized, Tarnish 1876 ..... . 
Rubberized1 varnish 1876 and 

spar varnish ......... _ ...... . 
Rubberlied, varnish 1877 .•.... 
Rubberized varnish 1877 !l.lld 

sparv~h ........•.•...... 
Cotton (light weight): 

Varnish 1875 •...........•...•.. 
Varnish 1875 and spar varnish. 
\' arnish 1876 ••......•.••.•..... 
Varnish 1876 ond spar varnish. 
Varnish 1877 ........•.•........ 
Varnish 1877 and spar varnish. 

Balloon fabric, cloth outside (!½­
ounce double bias), No. 3 •••..... 

Balloon fabric No. 3 and balloon 
fabric No. 3 spot proof. ......... . 

Balloon fabric No. 3, proof No. 123 .. 

Absorption tests, balloon and aeroplanefabrio;. 

Moisture after 

Atmos moJSture. saturated Drv ~ 0'!rf1" fabric matenal 
N'!rmal suspension in N I Water held in I Weight of 

pheric., D_rv I M<;>ist I atmosphere. Atmos- DrI, Wet weight JS uro. after soaking. remov~d by 
weight we1gbt. wrught i---.---+---,.---l phenc ,P 1. t . ht after 

1
_______ _______ soaking. 

5. 52 
6. 26 
5. 71 
6. ,::14 
5. 61 
6. ~7 
6. 49 
7.63 

8. 80 
7.85 

9. 13 
7.83 

9.23 

3. 74 
4.86 
3.60 
4.28 
3. 46 
4. 47 

11.35 

11.60 
12.37 

OUilces Per O Per ing. ' 
· I weight. " 8 g · weig · soak- . 

· cent. Uilces.j cent. Ounces.I / •~ Ounces.I Per .!ounces.I Per 
---1---1-------,--------------- _______ ---~----- cent. I ____ cent. 

5.18 
5. 88 
5. 49 
6.18 
5. 24 
6. 42 
6. 27 
7.37 

8. 44 
7.63 

8.89 
7.57 

8. 94 

3. 45 
4.62 
3. 43 
4, 07 
3.24 
4.18 

10.98 

11.30 
11.95 

~85 
~~ 

~™ 
~~ 
~% 
~m 
~~ 
s.m ~-8.W 

mm 
8.W 

~77 

Lffi 
~ITT 
LM 
~30 
LW ~­
nro 
nm 
~m 

0. 3.\ 
. 38 
, 22 
.31i 
.37 
. 45 
,22 
.26 

.36 

.22 

• 24 
.26 

.29 

.29 

.24 

.17 

.21 

.22 
• 29 

.37 

.30 
• 42 

6 . .56 
6. 16 
4.02 
5. 83 
7.07 
7.01 
3. 51 
3. 53 

4.27 
2.89 

2. 70 
3.43 

3.25 

8. 40 
5.19 
4.06 
5. 16 
6.80 
6.94 

3.37 

2.68 
3.52 

0.67 
.69 
•. ~1 
. ii 
.72 
. i8 
• .59 
• 57 

.69 

.M 

.95 

.63 

.54 

.30 

.29 

.22 

.23 

.26 

.31 

.64 

• 46 
I. 25 

12. 94 
12. !JO 
10.01 
11.49 
13. 74 
12.11 
9. 41 
7. TJ 

8. 18 
8. 53 

10.69 
8. 32 

6.04 

8. 70 
6.27 
6. 42 
5.66 
8.03 
7.41 

a.83 

4.07 
10.ro 

s.oo 
6,()9 

5. 71 
6, 46 
5. 72 
6.64 
6.fi.'l 
7,62 

8.82 
7. 89 

8.82 
7.81 

9.19 

L89 
4.20 
3.36 
3.98 
3.35 
4.59 

ll.35 

1!.38 
12.28 

5.30 
5. ii 
5. 49 
6. 11 
5. :H 
6.20 
6. 41 
i.36 

8. 56 
7.69 

8. 51 
7.60 

8. 85 

3.58 
3. 09 
3.20 
3. 79 
3. 13 
4.29 

10. 68 

11.05 
11.8\J 

7.34 
7. ~)3 
7. 4fi 
8, 17 
7. 79 
9.57 
9.88 

11.51 

11.M 
10.72 

11. 49 
11.10 

11.69 

uo 
5. 74 
4.40 
5.05 
4. 34 
6.01 

1~52 

13.92 
1,;, 20 

,5.09 
5.52 
5. 19 
5. 91 
5. 13 
5. 95 
6. 16 
7.04 

8.28 
7. 43 

8.27 
7. 15 

8.14 

3. 55 
3.96 
3.19 
3. 76 
3.10 
4.23 

0.35 
,38 
.22 
.3:i 
.38 
.H 
.22 
.26 

.26 

.m 

.31 

.21 

.34 

.31 

.21 
• 16 
,19 
.22 
.30 

.37 

.33 

.39 

~M 
~M 
4.W 
~44 
~ffl 
~10 
L~ 
&53 

&03 
2.fil 

L64 
2.W 

LM 

!!.ITT 
~~ 
~00 
~w 
~03 
~00 

L~ 

LOO 
L~ 

2. 25 
2. 41 
2.26 
2.26 
2.66 
3.62 
3. 72 
4. 47 

3.26 
3.29 

3.22 
3.95 

3.28 

1. 15 
1. 78 
1.21 
1.29 
1.24 
1, 78 

3. 54 

2.87 
3. 31 

44.2 
43, 6 
43.6 
38. 2 
51. 9 
60.9 
60. 4 
63.5 

30.4 
44.3 

38.9 
55.3 

39.0 

32. 4 
45.0 
37. 9 
34. 3 
40.0 
42. 1 

32.3 

0. 21 
. 19 
.30 
.m 
• 21 
.25 
.25 
,32 

.28 
,26 

,24 
.45 

, 44 

.oo 

.oo 
,01 
,03 
.oo 
.oo 

&96 
L~ 
LU 
&27 
L~ 
~00 
LOO 
~34 

LV 
L~ 

2.~ 
~92 

~23 

.M -~ .M 

.rn 

.oo 

.ii 

~~J 1::::::::i:::::::: 
I I 

~ 
~ 
2j 

~ 
H .... 
Cl 
[I" 

.... 
~ 
01 
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PART 2. 

SKIN FRICTION OF VARIOUS SURFACES IN Affi. 

By \VILLIS A. GIBBONS. 

INTRODUCTION. 

The relation of skin friction or surface friction, to the relative 
velocity of a surface and the surroundino 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 s:peeds 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. 

V\r. Froude 1 measured the resistance for various surfaces of various 
lengths in a water channel, antl 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 J?OWer of the velocity for smooth 
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 
!esistance 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 ,alue of the resistance per unit area is less. 

4. The index decreases as the length increases for smooth surfaces. 
Zahm2 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 povrnr of the velocit,Y. Buckram 
with 16 threads per inch gave a high resistance and an mdex of 2.05, 
practically 2. 

He measured the resistance of planes of various lengths and 
obtained the following equation connecting the length of a plane 
with its velocity and surface friction: 

p ex: L -.01 v1.35 

When V = Velocity in feet per second. 
L = Length of planes. 
p = Tangential force per square foot. 

I British Assoc. Report, l:i72, 11S; 1874, 249. 

176 

• Phil. Mag., VIII, 58-{lf> (1904). 

(1) 
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Lanchester 1 shows that to express the resistance of a plane bring­
ing i~to account the linear size and kinematic viscosity, we have the 
relat10n-

Ra:.v0L' V, (2) 

When q+r=2 
v = Kinematic viscosity. 
L = Linear size. 
V= Velocity. 

The kinematic viscosity 2 v = ~ 
p 

When µ=Coefficient of viscosity. 
p= Density. 

The kinematic resistance, R = F, i. e., it is the resistance per unit 
density. P 

Lanchester points out that in terms of R, Zahm's equation (1) 
becomes 

Ra:. LL93 y1.85 ( 3) 

whereas according to (2) L and V should have the same index. He 
adopts the following for a smooth surface. 

Ra:.v·1L1.u p.u ( 4) 

Assuming, what we have found to he the case, that the exponent 
varies with the nature of the surface, we may put this in the form 

(5) 
whence 

(6) 

For any one surf ace it is convenient to neglect the length, and 
embody this and the p and v values in one constant, so we-have. 

(7) 

The value of K depends of course on the units.-throughout this 
paper F will he in lbs. per square feet, and Vin 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 K vary with 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, 1909-10, p. 34.. • Lanchester's Aerodynamics, p. 3G. 

25302°-S. Doc. 268, 64-1--12 • 
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EXPERIMENTAL. 

Throu~h the kindness of the Bureau of Construction and Repair 
of the Navy Department_ the excellent facilities afforde<:I by the 
wind-tunnel of the Washmgton Navy Yard became available for 
experiments on the frictional resistance of various surfaces. These 
experiments were made for the purpose of looking into the matter 
of surface friction with particular reference to smfaces of the sort 
which would be of most mterest from the standpoint of aeronautics. 

A glass plate about 91 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 edO'e of the plate. The ends of 
the/late were enclosed in slots in faired struts, which were :fi.."'{ed 
rigi 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 movcmeut of the plate. 
They did not ordinarily touch the latter, being set to allow a dear­
ance of 0.01 inch. Thus the plate was free to move within limits 
only in tho lino of the air current. 

Tho trailing edge of the plate was connected by a steel rotl 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 a faired curve, a set of corrections at 
different velocities was obtained. Both of these corrections are to 
be added since the air rushing past tho 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
portinO' wires, making 6 in all and measuring the force on the plate 
with these atlditional supports, then removing the original wires 
and measuring the resistance of the plate at different veloeitiC's 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 :woid masking, small 
wedges were used to holcl the added wires away from the glass, the 
adtled wire passing around under the lower edge of the plate in each 
case. 

SURFACES. 

Plate glass was used as a standard, or ideal surfaC'e, since it is 
probably as smooth as any surface, and can be easily duplicated. 
Tho various fabrics were attached to this by a nitrocC'llulose varnish, 
by whiC'h, with a little practice, we were able to obtain a surface 
practically smooth, so far as un(wcnness('S from wrinkles, etc., were 
concerned. The amount of varnish needed was so small and its 
colloidal n.i.ture such that it was possible to attach an unC'oated 
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-papered hdwrcn each coat. 

Where fohric,i were singed between tests, the singeing Wll.S done 
with a blow-torch. 

The surfaces tested may he grouped as follows: 
1. Plato glass. 
2. Fabric surfaces with nap. 
3. Fabrio surfaces without nap (linen and cotton). 
4. Varnished fabrics (cotton and linen). 
5. Rubber coated linen (plain and aluminum surface). 
The experiments were made at velocities of 30, 40, 50, 60, and 70 

miles 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 m 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 experrments 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 
resistance factor (R. F.) and the values of n and K are given in 
Table I. 

TABT,E T .-Result.~ of e.rperiment.~ on .mrface friction, in air, of various surfaces. 
[Tests were made in wind-tunnel, Washington,'.D. C.J 

NoTE.-n, k, and Fare values in equation F= KVn. F=lb./sq. It. 
l'=miles per hour. 

R. F.=Resistancefactor= P observed/ Fglass. 

30 miles/hr. 60 miles1 hr. iOmlles/hr. 40 miles/hr. j so mllesjhr. 

No. Natureofsurfaceexposed. 11. KIO'. 
F. jR.F. F. R.F., F. jR.F. F. ,R.F. F. R.F. 

----------------
1 Plate ;lass._ .. __ ...•.... 1.81 166 "'" •-7"-"'M , ... , ... ,.1 .... ,_,,,.I .... 0.036-1 1.000 
2 Flnelmen: 

1 coat aero varnish, 
.0085 1.081 .0141 1.0801.0218 l.008/ .0309 I.II~ 1876 .............. 1.84 163 .0424 1.162 

3 3 coots aero varnish, 
1876 .............. 1.89 129 .00822 1.0421.0138' 1.060 .0208 1.048 .0295 1.0,,, .0403 1.108 

4 8 coats aero varnish, 
1876, 1 coat spar 
varrilsh ........... 1.84 153 .0081 1.031 .0135 1.034 .0204 1.028 .02S'i' 1.03, _03q7 1.061 

5 Uncoated ........... 1.94 128 . 0095 1.20;, .0161 I. 234 .02491 1.254 
.0361 1.305 . 0496 1.362 

6 1 coat varnish, 1877. 1.85 149 . (XJ82 1.034 .0136 1.040 .0206 1.039 .0292 1.0,'io .0395 1. 085 
7 3 coats varnish, 1877. 1.85 149 .008.2 1.04-1 .013i 1.040 .0204 I. 028. .0288 1.0-ll .0394 1.081 
8 3 coots varnish, 1877, 

2 coats spar var-
nish .. -........... 1.84 1.57 .0082 I.OH .0134 1.026 .0204 1. 028 .0286 1.033 .0392 1.078 

g Ilnl!oon fabric: 

i No. 3, double para!• 
lel

3 
cot ton surface. 1.90 219 .0139 I. 761> '0231, 1.822 .0365 1.838 .0518 1. 873 .0715 1. 965 

10 No. , douLle para!-
lelt!ngecl ... _ .... 2.05 96.5 .0103 1.311 .0184 1.408 .0292 1.470 .0426 1. 539 .0603 1.654 

11 No. , double paral• 

}~-/l. ~~~ vurn~h '. 1. 95 123 .0094 1.190 .0164 1.253 .0251 1.264 . 036211. 300 .0490 1.345 
12 No.3,doublo para]-

lei, 3 coats var· 
nish, lk7H .•.. - . - . 1.85 153 . 008.1 1. 0[,6 . 013911. 063 .0213 1.072 .0300 1.0,2 . 040311.107 

13 No. 3, bius, cut ton 
. 049411. -~2 surface ........... 1.95 207 . 0133 I ). 691 .02271 I. 739 .0343 1. 728 .0694 1. 902 

15 
N~flai:1~~!rrfi;_i~:'.. 2.03 

I 
99. 7 . 0099 1.252 . 018.0 1. 378 .0281 1.414 .0412 1.490 .0556 1.528 

16 No. 6 bia.s1 special, I 

"t"" cotton, !--mgod .... 2.05 8~-5 . 0088 I 1.1~7 .0247 1.243 .0368 1.331 . 0500 1.372 
21 Aeroplane fabric: 

Hubber surface ..... 1.8.1 160 I· 0084 ! 1. 010 .0142 1.082 . 0215 1.083 .0299 1. 0.,1 .0393 1.079 
22 Hubber aluminum 

166 . 0085 
1

: 1. 078 
I 

surface .......... · ( A3 .01421 J.0!<3 .0213 1.073 .02991 1.0,1 0101; 1 101 
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RESULTS. 

QUALITATIVE. 

The great resistance offered by fnhries with nap on the surfaec will 
be noted. The cffC'et of the' WC'a vc is shown h.'' comparison of expcri-

men ts 9 and 15. Both fabries are high-grade cotton, but probably that 
used in experiment 15 is closer woYen and made of longer staple. 
Biasing seems to inercase the index, but the effect would probably 
not be noted except 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 varnish itself. The use 
of a finishing coat of s_par 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 pouncl,, per square foot (f!') we obtam practically straight lines. 
From their slope we find the index n. Figure II 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 m the index as velocity increases, due to 
greater turbulence. This has been predicted. 

Using the slope obtained by logarithmic plots and F= pounds per 
sguare foot1 V = miles per hour, we may obtain the constant K, as 
g1 ven 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 III) in the case of tin foil, varnish, and paraffin. 

The high resistance of fabrics having nap on the surface is note­
worthy. 

Fromle's results obtained with an 8-foot plane in a water channel 
were reduced to tho 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 1 the fa bric used 
by him probably liad 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 surf aces 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 ~anti ties, we 
plotted the values of Kand N as shown in Figure III. It will be 

• Brit. Assoc. Report, 1874, p. 249. 

• 
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note<l that the re,mlts of our experiments seem to show two distinct 
types of surf ace: 

1. Those having nap on the surface have hio-h indices and high 
exponents. They act somewhat similarly to calico and sand-coated 
surfaces inYcstigatcd hy Fromle, and may be classed as rough, 

relatiYely. The in<lex i:-; U) to 2, mmally nearer 2, and the coefficient 
K, 0.00002 or more. (Vin miles per hour.) 

2. Smfoces which are free from nal), and more or less continuous 
and eYcn. Fabric surfaces of fine t u·oads clo::;ely woven and free 
from nap (clue to singeing or natural great length of fiber, as linen) 
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are the roughest of this class. At tho other extreme we have coated 
and varnished fabrics, which may approach glass in smoothness under 
good conditions. 

Considering tho nature of the quantities n and K, the points for 
smooth surfncos lie remarkably close to a straight line, tho deviation 

amounting to not moro than 6 to 8 per cent, except in two cases, and 
these fall on oppo"ite sides of the line (Fig. III). 

Tlw ,alu('S found by Froudo for varnishes, tin foil and paraffin for 
an 8-foot plane in water are also shown (Table II), and foll close to the 
linr. On the other hand, "rough" surfaces, calico and roughened 
sund, do not come near the line. 
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TABLE IL-Results of Froude's experiments, calculated to air. 
[8--foot plane (600 feet per minute) Kin terms ol miles per hour. 

Surface. 

Varnish •.............. 
Paraffin ••............. 
Tin foil .............. . 
Calico .••••••.•........ 
Fine sand •••.......... 
Medium sand •......... 
Coarse sand .......... . 

"· 

1. 85 
1. 94 
1. 99 
1. 92 
2.00 
2.00 
2.00 

K.10'. 

156 
126 
101 
261 
209 
223 
255 

From these figures we may express the relation of n and K for 
"smooth" surf aces by the empirical equation-

whence 
K = .00007 46 - .000032n 

F= (.0000746- .000032n) Vn 

(8) 

(9) 

F being in pounds per square foot and Vin 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 
probably due to experimental error. The value of K depends on L, 
but this can be figured as already sHf>wn. 

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_ge seems to be in the opposite sense to what would be ex­
pected. The equation 

Rex v8 VP (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 
chan~e in Lor V. It is known, and our own experiments indicate 
that mcrease in V tends to increaser; 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 mterchangeability 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 
probably be so sma.11 for ordinary experimental differences as to be 
negligible. 
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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 the conclusions 
and recommendations will be found. The third part includes four 
appendixes 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 in collect10n, translation, and digestion of the material, my 
colleague, Prof. F. 0. Willhofft, has rendered most valuable service, 
which is gratefully acknowledged. 

CHARLES E. LUCKE. 

NoTE.-The third part referred to herein contains so much matter that haa 
apJ?eared in published form and so much ia in such form as to practically prohibit 
Bat1sfactory reproduction of essential illustrative matter that the committee has 
determined to preBent only parts one and two. Part three is in possession of the 
committee and may be inspected. 

H. C. RICIURDSON, U, S. N., Secretary. 
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REPORT No. 7. 
PART 1. 

REVIEW OF THE DEVELOPMENT OF ENGINES SUITABLE 
FOR AERONAUTIC SERVICE-ORIGIN, MEANS USED, AND 
RESULTS. 

By CHARLES E. LUCKE. 

Part 1 (a).-SERVICE REQUIREMENTS FOR AERONAUTIC ENGINES­
POWER VERSUS WEIGHT, RELIABILITY, AND ADAPTABILITY FAC­
TORS. 

Transportation over land and water has been revolutionizl'd by the 
addition of engine motive power to vehicles and boats to a degree 
that rc'quires no study to appreciate but the contribution of the port­
able powl'r plant to aerial navi(J'ation is even greater. It is funcln.­
mmtally creativeJ for without the aeronautic engine air flight would 
be quite impossible. Not only does an engine constitute tho essential 
elemmt of tho 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 machinrs rests absolutely upon the success with which the 
engine and its accessories t.hat make up tho portable power plant 
can be made to fulfill the new requirements peculiar to the flying 
machine. Before someone flow, no one could specify just what the 
aeronautic motor should be able to do, except that, of course, it should 
be as light as possible and not stop in the air. Nor was thPrP any 
demand for such an engine that would serve as an inducemrnt to 
engi1wers familiar with engirn1 production to build one. In short, 
while those few experimenters who wore engaged in trials of balloons 
and gliding planes folt they might be helped if they could secure a 
pro_pPr light motor, no one felt 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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practic(I and built his five fixC'd radial cylinder engine, both Manly 
and Wrights retaining the water cooling of the most successful 
automobile engines. Both succcedcd in reducing weight enough to 
make flight possible, the Wright engine producing a horsepower with 
about 7 pounds and the Manly with about 2.4 pounds of f'n&i1w w<>ight, 
the formC'r with a 12-ho].;';epower, and the latter with a 50-ltorsepower 
engine. 

Thus was flight initiat0d with engi1rn rf'd<'sign for wr·ight rC'duc­
tion, and so has flight improvC'd in range, :;;peed, arnl safrty, with 
furthC'r n·design of {'ngi1w in tlw 13 or 14 y<'ars that lrnn· elap,wd 
since that timP, hut the end is not yet in sight. The progr('ss that 
has been madu in C'ngine construction, principally in Europe, is 
truly amazing, in YiPw of thf' unique charactPr of thC' probl<·m and 
the ~hort time that has elapsed; but all this has only sernd to increase 
the denrnnd of the aeronautic engineer on th(• C'ngi1w <ksi,rner and 
manufacturer, so ck>arly and firmly is tlw principk Pstah1iJ1e<l, that 
1;rogrcss in flying rests fundamentally on enf('ine impron•ment. 
These years of experience, how{'YC'r, ha,c reswted in some data, 
dC'rivecf ]argdy from laboratory ksts on tlw characteristics of the 
engines that arn most successful in flight, and in sonw more or kss 
accepted formulations of the sort of service require<l of aero cngines 
and their essential parts in addition to wl'ight, speC'ds, powcr, and 
general reliability, that might be classified as adaptability factors. 

Any <mginP, for whatever S{'rvice, must be suitablP, and its d{'sign 
must be based as much on the specifications for suitability invol,ing 
these adaptability fadors, as on the fundamPntal prineiples of 
thermodynamics, stress resistance and tho prop<>rties of the materials 
availabl{', and these adaptability factors must bo d{'rivf'd from the 
users or operators of the machmes before th(\ engine df'signer can 
interpret them, preparatory to the incorporation into the engine 
proper of those structural elements that will make it suitable. At 
the pr{'sent time there are available some conclusions along this line 
of cxpcriC'nce, 11. few of which will be quoted an<l summarized bt>fore 
undertaking to analyze the engine structure proper. 

After nirn, years' use of engine-driven aProplanC's the engine 
structure was summPd up in 1912 by Capt. II. 13. Wild, Paris, as 
from his own {'Xperiencc as follows: 

The comparatively crude and unreliable motor that we have at our clisp•Hal at the 
present time is no doubt the cause of nrnny of the fatalities and aeciden18 befalling 
the aero_plane. Ii one will look over the accessoriPs attachC><l to the aero engine of 
to-day, 1t will be noted that it is stripJw<l dean of E•Yerything )?ossil.,le which would 
ndd head resistance or weight. The designer of the aero engrne is too anxious to 
eliminate what he deems unnecessary parts in onlPr to reduce the wl'ight of the 
engine, and in doing so he oftPn takes away the par1H which help to strengthen the 
durability and reliability of the motor. -

F(,w engine designers seem to appreciate the importance of eliminating the lea.st 
tendency toward variation of angluar velocity or in the torque, if the Pnh>ine ic re,1uired 
to drive a propeller. The effect of continually a(',·,·ll'rating a11cl rdanlin" a propeller 
is moAt detrimental to its etlkicney. * * * In front f'lP\'ation an "arc·o engine 
shoul<l be aB compact a.s possible, so aB to reduce hl'a<l resi~tancl'. 

Additional specific requirements named iudu<lo-
(a) oil tank of six hours' capacity with reliable pump for forced fee<l lubrir ation, 
internal oil pipes, (b) standardized propeller hub and erank shaft en<l, ( r) heatPr for 
carburetors and gravity feed of gasoline, (d) dual ignition and no loose wires, (e) 
exhaust silencer, (f) exhaust valve lifters for stopping and comrresHion release for 
starting, (g) engine speed indicator, (h) cool valve seats. * * Engine buildel'!l 



AERONAUTICS. 191 

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, so as to obtain the mn.ximum 

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 n<r-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 n. ques­
tion of getting a machine to fly for a short time only, but to construct flying ma<"hines 
for practical purposes, we have to figure on a running 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 hor~epower 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 lw<"ause the 
quantity of oil as compared with the fuel is small and in a good engine amounts to not 
more than one-tenth. Aij 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 in hand with the reliability goes the demand for durability and continuous main­
tenance of high 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 seriously considered in an aviation engine as distinct from the 
automobile engine. While the latter is only very seldom required to give its maxi­
mum output-and then only for a short time-the aviation engine almost always runs 
under full load. 

Additional specific requirements mentioned includc-
(a) carburetor action and engine performance must be independent of barometer 
of temperature, of dust, and of tilting of engine, (b) uniform turning movement, (c\ 
balance of engine parts, (d) high enough energy in rotating parts to produce fly-wheei 
effect to resist vanable propeller resistances and maintain engine speed, (e) propellers 
give best efficiency at speeds lower than are feasible in engines-in some ca.~es as low 
ea half, (f) proper cooling of engine to illBure lubrication minimum distortion of metal 
pal't.9, temporary or permanent, (g) locate exhaust discharge away from operator, (h) 
least 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 dcsimblc 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) Iligh 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 reAistance becomes more marked 

with increase 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 
over 16 by increasing the relative velocity of the plate to the air from 50 to 70miles 

pe(5~°C~~trollability 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, aa the engine 
is not required to develop its full power in horizontal flight and when alighting, the 
ability to vary the speed durin!i descent is certainly preferable to the crude method 
of switchin" the igrution off anct on. 

(Ii) Freecfom 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 
1s carried is realized, especially as vibration of a dangerous character may be set up 
in the varioll:s p~rts of the macl_iine. . . 

(7) A('cesITTb1htv: The que,it1011 of convemence of acceBB 1s frequently overlooked 
or, at any rate, disregarded on ar·count of the care and attention which is now given 
to the cbss 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 mav, under Rome circumstances, be of value, it 
would be an advantage to be able to read1ly examine or dismantle any part, espe!'ially 
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 rernnnoissance duties 1t becomes of 
increa.sing importance to be able to maneuver without giving audible warning of 
approach, especially at night. 

(9) ClC'anlmess is in the nature of a refinement, but it is none the leBB necessarv 
since a dirty appearance is gC'nerally cauHed eitht'r by the oil splashed about during 
hand oiling or by the exhaust, both of whirh are objectionable-the former because 
the part requiring Auch 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. 

AnothPr contribution along similar lines worthy of reproduPtion 
is that of Granville E. Bradshaw before the Scottish Aeronautical 
Society (Glasgow), DecPmber, 1913: 

ThPre is probably no form of prime mover in existence that is more highly stres~ed 
or that has a more strenuous hfe than the aeroplane and there is undoubtedly no 
engine that has greater claim,i on reliability. The aeroplane, manufa!'turers' cry for 
the extrPmely light engine i,, probably greater to-day than it ewr has been in the 
history of aviation. The d(•mands of the authorities who purchase aeroplaneH arc 
su"h that probably as much as 90 p<'r cent of the fa<"tors which determine the most suc­
ceHSful machine are governf'd directly or indirectly by the weight efficiency and fuel 
efficiency of the engme. By the former is meant, of course the number of pounds of 
weight for ewry horsepower developed. That the engine shall be extremely reliable 
is of course takt'n for granted. 

Among the cs.9ential featur<'s of all successful aeroplanes are the following: 
(1) It shall climb very qui,·kly. This depends almost entirely on the weight effi­

ciency of the engine. The rate of climb varies diref'tly as the power developed and 
indirectly a.9 the weight to be liitf'rl. That the aeroplane shall be very efli!'ient in 
this particular can easily be und.-r,tood when one remembers that its capabilities of 
evadmg destruction from prnj<'ctilcs dPJwml to a great extent on how quickly it can 
get out of range of such prnj,•diles. It must also be efficient in climbing in order to 
successfully rise from a small fidd surrounded by tall trees which may be necessitated 
by a forced landing during a ('ross-c·ountry flight over a populous district. 

(2) It shall have a good gliding an~le; or, in other words, that from any given height 
it shall be able to glide for a g«'at drntance, ia al,s(J governed indirectly by the weight 
of the machine, and conseqm,ntly 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 I than that of the light 
ma<"hirn>, a.9 highn sp('('d is IH'l'P.;sary to support increased weight. 

(3) It shall have a combination of fast and slow flying speeds. Thi9 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 
de1wnd almost entirely on the adoption of an extremely light and powerful engine. 
If the machine is designed for very high speed, a slow speed L9 only possible by the 
machin<>, and consequently the power plant, being very light. Note.-The wing 
characteristics of lift and drift are also very important. 

(4) It shall he safe to harnlle in all winds both with and without the engine in 
operation. Aeroplanes have bern built that will carry as much aa 15 to 20 pounds 

'The heavier machine glides faster, not steeper. 
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per square foot of supporting surface, but constructors nowadays a,,,CJTee that the lightly 
loaded 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 sguare foot. A heavily loaded 
machine depends to a great extent on high speed of flight in order to maintain it in 
the air. Rhould 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 aeroplane unless the nose is put down very quickly to increase the 
speed, fiounders about iike a log in the sea and generally ends in a side slip and one 
of these terrible nose dives that have depriwd us of so many of our best pilot9. The 
life of the pilot of the heavily-loaded machine is more dependent upon the good 
behavior oi the engine than is the life of the pilot of the lightly-loaded machine, and 
the latter r-ould probably go on flying in search of a good alighting ground with two 
or thrt'e cylinders not firing at all. 

(5) It ~hall be able to remain in the air for long periods. This depends chiefl,Y 
on the oil and gasoline consumption of the engine and without eflicwncy in th1.1 
respect, the extremely light power plane is practically useless, as flight9 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 absolutely 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 bv the British Government for 1914 com­
petition for naval and mi1itary aeroplane engines, all bearing on the 
question engine-service requirements: 

1. REQUIREMENTS TO BE FULFILLED. 

(a) Ilorsepower, 90-200. (b) Number of cylinders to be more than 4. (c) GroBII 
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 gMoline tank and pipes), all ignition and oiling appliances, startin(l' handle

1 all cooling appliances- e. g., fan guarding, air guides, and any water radiator ana 
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. 

The gross weight per horsepower is the total weight of the engine divided by the 
figure for horsepower, below which the output hllB not been allowed to fall throughout 
the six 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 m an aeroplane. 

2. DESIRABLE ATTRIBUTES OF AN AEROPLANE ENGINE. 

(a) Light total weight. (b) Economy of consumption. (c) Absence of vibration. 
(a) Smooth running whether in normal or inclined position and whether at full power 
or throttled down. (e) Slow running under light load. (f) Workmanship. (g) 
Silence. (h) Simplicity of construction. (i) Absence of deterioration after test. 
(j) Suitable shape to minimize head resistance. (k) Precautions against accidental 
stoppage-€, g., dual ignition. (/) Adaptable for starting otherwise than by pro­
peller swinging. (m) Acressibilitr, of parts. (n) Freedom from risk of fire. (o) 
Absence of smoke or ejections of oil or gMoline. (p) Convenience of fitting in aero­
plane. (q) Relative invulnerability to small-arm projectiles. (r) Economy (in 
bulk, weight, and number) of mirumum spare part equipment. (s) Excellence of 
material. (t) Reasonable price. (u) Satisfactory running under climate varia­
tions of temperature. 

In the recently issued specifications issued by the United States 
Navy Department a number of items appear bearing on engine­
service rcctuircmcnts which are abstracted and reproduced below 
for comparison. 

"They shall be well balanced and I?roduce no excessive vibration 
at any power. To he capable of bemg 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 

::!.,:m::: 0 -S. Doc. ::!GS, (H-1--13 
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per brake horsepower. Engine to be fitted with some type of com­
pression release as a means of stopping it. To be fitted with a 
practical means of starting from pilot's seat when installed in an 
aeroplane. All moving parts not lubricated by a splash or forced 
lubrication system to be readily accessible for inspection, adjust­
ment, and oiling. Ready means shall he provided for checking 
and making adjustment to the timing of the cnainc. To have an 
accurate and positive lubricating systC'm which will insure a uniform 
consumption of lubricating oil proportional to the speed of the ('ngine. 
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 ~nginc is turned upside down. A hand­
throttle le,er and connections to carburetor to be pron.d('(l that 
can be arplied for con,enient operation by the pilot. This lenr 
to be designed with a positive means of retaining it at the throttle 
adjustment desired by the pilot. All bolts and screws without 
anv exception to be provided with an appro,ed positiYe means for preventing backing out due to vibration. No soft sold('r to be 
used 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 it 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 o-f surress 
or acceptance. In so proceeding, howe,er, no designer or manufac­
turer can afford to ignore past 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 ser.ice requirements ran he 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 im·olves 
many factors, each of whi<'h 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 length 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, thou~h each year 
sees a definite maximum. In fact, one of the problems or 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 flight lengths this is becoming more and more a matter 
of raising thermal efficiency, engine speed, and cylinder mean effective 
pm,sure, with corresponding reduction of lubricating oil. On the 
weight question, therefore, it is not the senice conditions that 
specify what is wnntecl other than that it shall he as low as pos:-;ible, 
but rather the engine designer is put on his mettle to sa.y how fnr it is 
possible to go with due considPration to the other two clements­
reliability and adaptahilit_\'. 

Reliability is demnnclcd always, but how much~ Some writers 
call for abs'olnte relinbilit.v and· others try to specify in numerical 
term,; a value for one or :.rnotlrnr of it,g elements. For esample, 
in the 1913 German tests, any engine that dropped to 85 per cent 
of its normal spcecl was rcjeetecl, and this stipulation was retained 
for the 1!)14 compct,ition. Again, in the British condition'-', 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 resppct, 
except at the operator's will. No sueh engine has eyer been huilt 
nor will it ever be built. ObYioucily what is wanted is as groat a 
reliahility factor a;, the engine designer and buil<ler can secure con­
sistent with other factor,;, so here again, as with the unit wei~ht 
factors, the problem is one for the producer to say how fur the retia­
hility can he assured, rather than for the user to specify and reject, 
especially on laboratory tests. However, rejection on such grounds 
is far more justifiable thun n<"coptance, for the engine so aecepted 
may foil on its first flight, due to some accident or to faulty operator's 
adjustment. '\v1rnt is needed here is, first, analysis of the reli,1bility 
factor into its elements and by cooperation between engine de,-,igner 
and user, an a~reement on reasonable values for each, so one will not 
promise, nor tlrn other expect the impossible, but each understand 
clearly the limits-and more important, the reason for the limit­
that mo:u1s 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 for 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 far it is pos­
sible to go in any direction after engaging all available resources of 
talent, material, money, and plant. When, after such a period, one 
or more standard types of engme or engine parts-or even of air craft 
itself-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, us Soreau, reporting the French 
tests, points out, the relative importance of low engine weight proper, 
reliability and life, and consumption of fuel and oil, origmally con­
sidered in this order, has been reversed, experience indicating that 
the lust is now first and the first Inst. 

Part 1 (bl.-MEANS EMPLOYED UP TO THE PRESENT TO PROMOTE 
AERO-ENGINE DEVELOPMENT, INCLUDING POSSIBLE MEANS NOT 
EMPLOYED. 

Any new art develops as fast ns encouragement is offered or as 
fast ns the necessar_y means are made available and intelligently 
used, and, of course, mversely 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 by commercial perfection, which requires endless research 
by test and 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 is here again necessary, not 
only of the complete machine, but also of variants on each part, and 
of instruments, appliances, models, and apparatus that <lo not them­
selves enter into the result but are essentml 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 aero 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, tho l_)eriod of inven­
tion; second, the period of design; and, third, the per10d of manufac­
ture. Design can not be undertaken before invention, whether that 
invention be of the patentable sort or not. Y ct invention undoubt­
edly proceeds long after design has been firml_y 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 thnt hoth invent10n and design 
will continue during the whole of the mnnufacturinO' period. 

\Yith the exception of invention, which needs litt1e encouragement 
beyond a stimulation of the imagination, the primary factor in suc­
cessful development is money, for, with sufficient funds, tho necessary 
profrssional skill, labor, materials, and plant may be secured for carry­
mg out the steps of dc,-;ign and manufacture. Of course, money may 
lw, and usually is, mi,-;sprmt 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. Tho steam turbine had its invention stnge, 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 still laraely undeveloped, invention 
is still more active than design, and the a~ost microscopic, painstak­
ing research required to establish tho data necessary for drsign is 
almost wholly lacking, so naturally manufacturing in the tnw 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 or~amzation ordinarily only 
when a permanent market is clearly in sight and when the service 
requirements of the product are reasonably definite. In the case of 
the aero 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 ha,e reached 
even the degree of perfection so far attained, unsatisfactory as it may 
be, without other incentives or different sorts of encouragenwnt than 
the ordinary article of commerce receives as, for example, again the 
steam turbine. This special element in perfecting the aero engine is 
that of governmental md based on military necessity, a comparatively 
recent force in the situation but now a very strong one in Europe, but 
almost wholly lacki,w in America. The military establishment can 
purchase what it neccf-, in the market only when thero is a rc~a,-;onably 
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 be1 rational design and manufacture will be absent and must be supplied 
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 produotion. Such 
is the case, for example, with ordnance and to some extent with ships. 

For several years after the demonstration that engine-dri,en air 
era.ft eould make successful flights the only encouragement offered to 
development was that of adventurous sport. Men whose incomes 
were suHicient became purchasrrs 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 im_perfections 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. Mnn 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 subscription funds of France and 
Germany, all of which assisted in development. In many cases, even 
with these short flights, the en"ine was taken apart, cleaned, re­
paired, and readjusted before eacl1 ascent. Even as late as Septem­
ber, 1912, Mr. Earle L. Ovington, writing in the Scientific American 
reports: 

Csually every J.5 hours of running, and at moHt every 20, my mechanicH (skilled 
men I went through the interesting proceHs of separating every single Cl)mponcnt part 
of m~· motor, one from the other. The valves were reground and retimed, becauRe 
of valve-gear wear, new valve sprin~s were inserted, the tappet rods were adjusted, 
and the whole motor was given a rigict inHpection. The Gnome, in common with most 
rotary motors, uses castor oil a.~ a lubricant, hence at each cleaning great quantities 
of c.i.rbnn were removed. I chum that any <>ngine requiring such attention may rightly 
be ternw,l "delicate." How far woul,l v011 get in an autr,mobile if vou had to take 
the ern ire en.c:ine to pieces and readjust· pradi,·,lily every working part of the whole 
motor Pvery 15 or 20 hours of service'? 

In an article in the Auto Car of March 28, 1914, we find the follow­
ing statement: 

The tin11nh.~ CIJgine requir,•~ cleaning out uftPr ahout 2-i huur;-,,~ <'flntinouH running 
if it i~ to he kept in turn~. The Fren"h military rt>gulatinn,; d.-.malHI that the R(•nault 
be elmne,1 nut after 200 hour,' runnin;.:. Csc·rn of otlwr at•roplane e11gim·~ h,we told 
the writer thm deaning ('arl){)ll out i•: kmlly l'Y<'r rw,•ps,,ary. 

"'ith such nn u11eertain and caprieious market perfection of the 
aero cngi1w eould hardly be expected in n whole lifetime, e,-;1wcially 
as the umouuL of busi1wss in an\T Olll' eouutrv would sear!'dy suffice 
tu support one producing ustnblislrnwnt, all!l that Olll' unnblo" to bear 
the P:-.:pcnse of the high-snlnriecl t·ngi11et•rs compeknt to 8tqwrvise 
the "·urt and wlwn, nt the same tinw, 1lw stimulu,-; to the imagina­
tion L'l"L'aled hy the idP,t of the meelrnnieal Jlight. pr()(lu<"c'd thou,mnds 
of it1YPntions nnd inn·ntors, ca!'h seeking nnrl mnny finding financial 
s11ppnrt, undt·r the it1iluenee of tlw exeitl'mP11t of the time rather than 
from L:n· suund bu:-;ine--;s ha,;;is. FnilurPs 11eec•s,-,arih- must be nurrwr­
ou,:; und~·r such eor1clitio11,;, and cn•r_v fnilurc, whether of mechanism 
or finam·t•s, st·t 1rnek Llw art and di,wouraged the rest. 

During this period the military organizations of all the nations 
watl'heJ re,;ult.s and purchasl·<l a frw machirws for cxpL•rimental 
purpu.-;,•-;, out of whi!'h gn'W the conviction now so firmly established 
and su thoroughly demonstrated in tlw present European war that, 
howen•r imperfect the aeroplane, it is a military neees,:;ity an<l must 
be pnfected. Perfodion being impossible or too slow without 
gon·rnmental aid, plans wern formulated by the European nations, 
one uftrr the other, and, in a1l1lition to cn·ating a corps of flying men 
with :mitahle cooperation with the military c:-;La.hlishment, competi­
t.i,-e tests for aero engines were organized hy Germany 1912-14; 
Frnuee l:1U!), 1\Jll, and 1()\;{ in cooperation with the Ligue 
Natic•nnle .\.fricnne and tho Automohile Club dn France; ILaly Hll3; 
and England Inl-1, in which substantial mo1wy prizes were offered 
for suct-essful machines nnd in some cases buying orders given to 
wimHTS in the contest. It wns the intention to make each of these 
contl',;ts nn annual event so as to not only eontinue the devdopment 
of engi1ws under this incPntive, hut to show clearly the annual 
pro~t\•s,; by eomparison of the entries in successive years on the basis 
of tlwir pPtformance, in rdntion to thoir form, materials, a11d prnpor­
tions. The contests so far hdd 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 for brought to bear on the rational development of the aero 
engine, there are 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. 
Amon~ these private contests are to be noted in France Competition 
of La Ligue Nationale Aerienne, 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 aero engine the establishment of labora­
tories for testing engines alone or flying-machine supporting and 
control elements alone, or both en~ne and air craft, and reference 
is ma<le to the paper by Dr. A. F. t..ahm, May, 1915, reproduced in 
Appendix 2, with othor 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 en~ines. It is assumed that most 
of the laboratory work on engines so tar done is such as to be of value 
only to individuals seeking to perfect their own engine, or, believing 
it perfrctcd, seeking an independent test report to enlist capital for 
manufacture or to serve as an advertising inducenwnt 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 m addition to them, the distribution 
of sufficient cash prizes, whether ori~inating in governmental appro­
priations or private and institutional donat10ns. 

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 
attain0d, 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. N atur­
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 serv1ce 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 pre_paration and 
regular revision of these contest rules and conditions m 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 arc subject to measure­
ment and which require experienced cultivated judgment to inter­
pret into terms of engine goodness which often depends as much on 
mtangible things such as workmanship, ruggedness, simplicity, and 
the other factors of general adoptability. In this connection there 
is a most significant, though guarded, statement at the end of the 
second report of the Deutsche V crsuchsanstalt f iir Luftfahrt by Dr. F. 
Bendeman, January, 1913, the best document on tho subject in 
existence herewith quoted: 

The further development of the aeroplane and engine construction makes it oocm 
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 arran~ed, t~ contest exerts but an 
indirect effect on engine development, 1t results in a public statement 
of a judgment of the machines relatively considered with refrrence 
to the rules and to each other. The v>'inner 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 te,;t that 
measures only over-all results, whether of fuel and oil consumption, 
weight, horsepower, speed, unbalanced forces, torque variation, or 
similarly measurable quantities is faulty as a factor in direct devel­
opment of engines to perfection. The only sort of direct contribu­
t10n that can lead to true scicntificallv· sound advance is that 
generally termed research which involves the patient analvsis of 
not only over-all performance but more particularly of the ))(:rform­
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 arc to be followed by the applica­
tion of the promising prospective cures with test checks on their 
success. This sort of work r<'quires the highest class of training and 
skill and is to be carried out as much in the computing and drafting 
room as in the laboratory, but to do most good to a young art strug­
gling blindfolded to advance, every result must be not only con­
vincmgly 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 anywlwre 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 thi,, same 
ex2ense 1s sufficient reason for nonpnhlicitv. 

Research and _publicity of the data or research are far more 
needed than public contests and their r<'ports. ·while the latt<'r 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 of 
flight, of experiences, successes, and failures, of contests and over-all 
performances should be most thoroughly collected and recirculated 
m the form of collected papers.1 

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, Wrio-ht of 12 
horsepower, a converted four-cylinder, vertical automohi1o 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 different 
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 exten­
sively (for this art), and of several of these designs engines are availa­
ble in more than ono size. 

While most of these engines have capacities of 50 horsepower, 
moro or less, the number that reach or exceed 100 horsepower is 
steadily increasing, following the demand of tho aeroplane and made 
possible by greater experience in construction of the smaller sizes. 
It is worthy of note that the 1913 winner of the Gordon-Bennet cup 
race carried 200 horsepower and the Russian Sikorsky usAd in his 
17-passenger machine 400 horsepower in two engines. Tho latest 
Curtiss aeroplanes carry 320 horsepower in two engines, and the 
English Sunbeam catalogues a single engine of 225 horsepower. 
Whilo some types of engine construction give trouble in large sizes, 
there is no reason to believe that the limit of engine capaeity has 
been anywhere nearly reached, for even if a high limit of cvlinder 
diameter be found, which is not the case _yet, multiplicity of cylin­
ders can carry up total capacity. Naturally there is no limit to the 
number of separate smaller capacity engines that may be placed in 
ono air craft except that as the weight per total horsepower of two 
or more engines is always greater than of one engine of eg_ual aggre­
gate capacity. On the question of total power there is no high 
limit in sight, though tho normal is somewhat about 100 horsepower. 
Germany m 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 easily 
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. 

1 A more or less complete bibliography of aero engines is offered In A ppendlx 3 as a nucleus, a.s lull as 
the limited time available will permit/ and to show the character of some or these papers, a selected few 
are reproducer!. To complete this bib lography and republish these papers will be or ve.ry great service 
to tho art, especially II there he added a corresponding collection of patents in all countries either in full 
or in a bstrnct. 
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Speeds of engines arc all in excess of 1,000 revolutions per minute, 
most engines operating normally between 1,200 and I ,500 revolu­
tions per minute, with a few exceeding 2,000 revolutions per minute, 
tho highest being the Sunbeam engine, rated at 2,500 revolutions per 
minute. These, of course, are the speeds when carrying normal 
full load and therefore a reduction of load, such as would follow a 
change of propeller to one of lesser torque or such as results from a 
gust of air in tho direction of propeller uir diseharge, 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, though in all mean torque will decrease beyond some 
critical speed, clue 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, however, that, because in a 
given engine the high speed does not reduce the mean drivin~ torque, 
tho engine will not suffer from tho sf)eed. In foct, it is just hero that 
so many of the failures nre found, t 10 engines literally shaking them­
selves apart and pounding or grindin~ themselves to pieces. With 
due attention to the forces developed oy high speed, and to bearing 
friction eff octs of mpid motion over loaded sliding surfaces, and to 
tho suitable arrangement as well as proportions and materials for it, 
there is 110 reason why, from tho engine operation standpoint, tho 
present normal ranae of 1,200 Lo 1,500 revolutions per minute should 
not be exceeded if the service demands it, thouah the onO'ine designer's 
prohlmns arc oasior, tho lower the speed. ft must ho noted that 
there seems to bo no cs,;ential relation between propeller speed and 
engine spee<l if the operator has no ohjection to gearing, which in 
these days of automobile alloy steel gears can ho made probably the 
most reliable element of the machine. Testing of engines at excess 
speeds to limits of unbalanced forces, bearing frict10n wear, and 
mean torque would seem to be a rational means of assuring that the 
operating speed itself will not cause trouble howeYer much other 
causes might enter. Such a practice would be somewhat in accord 
with tho 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 horsepo,"er 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 havmg been rather 
concentrated on the reliability and adaptability factors with existing 
weights, instead of on further weight reduction, though this will 
undoubtedly come in time. There is, however, a rather marked 
division of unit engine 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 ens-ine weighs just about 3 pounds 
per horsepower, ranging from 2¼ tor 100 horsepower to 3t for 50 
horsrpower, while the vertical water-cooled automobile style and 
winner of the last Germau 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 arc 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 group occupying the upper portion of this range, 
the air-cooled, its lower portion. It 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 kmds of air-cooled engines, or that air cooling does not necessarily 
result in the lightest engine. 

vVhatewr 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 steel cylinder in one arrangement agamst 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 seem that cylinders set radially about 
a short smgle throw crank should yield an engine weight per horse­
power le-,s 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 
difTermces, but it is not clear whether a given output in four cylin­
ders will yield a greater or less weight than in six or eight similarly 
arran,,ed, 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 bet-ween the limiting weights of about 2½ pounds and 6 
pounds per horsepower and therefore cover a range of about 3½ 
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 !.-Weights of engines in pounds per horsepower versus type construction. 

Weight. 
Cylinders and cooling. Class construction. Engine name. Authority. 

Alone. Plant. 

Lbs. Lba. 

l
4cyllnderslnllne. Benz .............. Bendemsnn....... 3.57 4.20 
6 cylinders in line. Daimler .....•......... do............. 3. 75 4. 36 

Water-cooled fixed cylinder 8 cylinders In line. Sturtevant ........ Maker............. 3. 9 
12cyllnders U ..... Bunheam .............. do............. 4.0 
Radialstar .•...... 2-cycle-Javlator .... "Flight"......... 3.02 

Air cooled: 

j
8cylinders U ...... De Dion Bouton ....... do..................... 5.81 

Fi eel c 
II 

d r 12 cylinders U. .. . . Renault ................ do ..................... { :: J8 

x Y n e ········· Radlalstar ........ BrltlshAnzanl. ... Maker..................... 3.4 
4.1 

Special.. . . . . . . . . . . Ashmnssen .•....•.•... do............. 3. 3 ....... . 
lradlalstar ....... B.M.andF.W .•. Bendemann ....... 4.72 4.72 

{ 
3.086 

Rotating cylinder .•... 2 radial star....... German Gnome ... Maker............. . . . .. . . . 2. 4!l0 
2. 701 
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TABLE I.-Weights of engine8 in pounds per horsepower t'ersus type constructirm-Contd. 

Cylinders and cooling. Class construction. Engine name. Authority. I 
-----------l---------l--------·'--------I-A-l_on_e_. l'lant. 

I L~s. / Hs. r cylinders in line. Daimler .......... 1 Ilendemann ....... ; 4. 29 I 4. 92 

Water-eool,ed fixed cylinder .

1

: :~::::::: :: ::::: -~::;t~:~::: ::: : : : : : : 
1

• ~~~~:::::::::::: :::;{ i:t 1

! 

5

. ~ 
12 cvhnders U ..... Rausenhergcr .......... do ............ ., 3. 9 
Radialstur ........ Salmson ........... Soreau............ ........ 5.47 

Air cooled: I 

{

8cylindersU ...... Renault ........... "Flight" ......... ·........ :;_M 

!,~ixed cylinder .. - - . . . . Radial star.. - - . . . . n ·t. h \. . M k I J t ~ n 1s , nzam.... a er ............. 
1 

......... 

1 3
_ 
4 

Rotating cylinder ..... {l radje.l star ....... Gyro .............. Ilendemann ....... ' 4. 81 ·1 4. Sl 
2 ra,llal star ....... Le Rhone..... Maker............. .. .. .... ~. 9 

1

4 cylinders in Ilne. Daimler .......... I Ilendeme.nn ....... I 4. 7-1 
6cylinders inline . .Argus .................. do ............. ' 4.t.>O 

' { 4. L ~ 
Re.dialstar. ....... Salmson .......... "Flight" ......... : 3.12 

I 3, 3 

!:i. 37 
[i.23 

Water-eooledfixedculinder 8cylinders in line. Sunbeam ......... 

1 

Maker ............. , 4.1 

Air cooled: j ', 

{

8cylinders U •••••. , Wolseley .......... "Eng'y" ................. 14. 7 
Fixedcylinder ........ Radialstar •...... Edelweiss ......... ! "Flight" ......... 1 

........ { t~ 
Rotating cylinder ...... 1 radial star ....... ' Gnome ........... ·I Benderman n ' 3. 2G 3. 26 

Lu met. 

1{4 cylinders in line.I Daimler ......... J Benderrmnn .. 
Water-<:ooled fixed cylinder 6 cylinders in line. 1 Mul:i.~ ............. ' ..... ,lo .......... .. 

~ cylinders in lino. Clerget ............ 

1

1 '·Flight'' ..... . 
A Ir cooled: I · 

4. ,g I 5.1-t 
3. 2 . 

Fixed.cyliml.er ........ Radial star ........ j i;cyclo Laviator .. , ..... c!o ......... .. 
Rotat1ngcyhnder ...... 1

1

1 rad1alstar ....... 
1 

Gnome ............ 

1

. Bend em an n 2. 9:J : 
1 Lumet. 

{

4 cylinders In I ine. 
Water.coolodflxedcylinder Ocylind"rs in line. 

8 cylinders in line. 

Air-cooled: 

Daimler ........ .. 
Schroter .......... . 
La,iator ......... . 

Rotating cylinder..... 1 radial star....... German Gnome .•. 

Be1:~~'.'1~.~n::::::.J{ n~ II 

'J'li~ht" ........ ·1 3. 4S f 

Maker.................. ) 

====-c--~---~--~--'---=-c----'---cc~=~~-! ! 

f4 cylinders in line. 
Water-cooled fixed cylinder l" cYlinders in line. 

8 eylinders in line. 
Air-cooled rotating cyl in• 1 radial star ...... . 

der. 

Water-cooled fixed cylinder 6 cylinders in line. {
4 cvl inders in I ine. 

S cvlinclers in line. 
Air-cooled rotating cylin• 1 radial star ...... . 

der. 

1{4 cylinders in line. 
,,rat r-cool 1 fixed cylinder! 6 cyl~nders !n l~ne -

e- ec i, S cyhnders in llne. 

Air-eooled rotating cylin• I 1 radial star ....... 
dor. 

N. A.G .......... . 
Hall Scott ........ . 
Panhard Levn.ssor. 
German gnome .... 

N. A.G .......... . 
Austro.Daimler •.. 
,,rot~rley . ...... _ .. 
Le Rhone ...... .. 

Argus ............ . 
lh•nz ......... ~···· 
E. N. V ......... .. 

Cyro ............. . 

Rendemann ... . 
Maker ............ . 
"Flight" ........ . 
Maker ............ . 

Ilendemann ...... ·I 3. 771 
Maker.............. -!. I 
Alexandt•r Prize ....... . 

M~~::t~:: ........ ·I ..... --·I 

5. 52 
5. i7 

3. 05 
2. 93 

5. 72 
5. 28 

3. 439 
3.197 
2. 590 

4. 96 
5. 15 

2. 976 

4. 40 

Water-cooled fixed cylinder {4 cyl!nders in lino· 
6 cylmders m hne. 

Air~ooled rotating oylin• 1 radial star ....... 
der. 

Argus ............. ! Bendemann ....... 1 4.28 5.01 
Wright............ Maker ............. , 5. I .... .. 
Clerget ............ , " ~'light" ................. :,. 3-~. 7 · 

r 

l Without flywheel. 
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TABLE I.-Weight of engines in pounds per horsepower t'ersus type construction-Contd. 

Weight. 

Cylinders and cooling. Class construction. Engine name. Authority. 
Alone. Plant. 

Water-couled fixc,! cylinrler /\ cylin<lers in line. Si nrtevant ........ Maker •.......... __ 
· l\ti cylmders m lme .1 l,reen ............. MacCoult. •....... · 

~----~===-

Lbs. 
4.0 
4. 4 

{ 

3. 91 

Water-cooled fixed cylinder 4 cylinders in line. C'heno............. "Flight". . . . . . . . . t ~~ 
2.8 

Lbs. 

Water-cooled flxedcylinderl 4 cylinders in line.I Cle:get ..... -. - .... / "Flight" - - •· • • ---j{ t ~ I:::::::: 
Water-cooled fixed cylinder! 4 cylinders in line. I- Green ............. I Alexander Prize I -5. ~81 · 6. 8 

Report. 

These figures show a consistent weight excess for cylinders in line 
over radial, but no conclusions can be drawn 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
clusi"ons 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 
general arranO"ement, but _principally on the lengtli of the run. 
The fuel weig'i'it to be carried per horsepower varies directly with 
the length of run and inversely as the thermal efficiency of the engine. 
The oil weight, while varying somewhat with the lenO"th of run, 
pwhably is not directly in proportion to it and certainly 'fias nothing 
to do with the thermal efficiency of the engine, but rather depends 
on such factors as quality of the oil, mode of its application, style 
of engine, hearing temperature (l,nd surface pressure and speed. 
Watrr in any properly proportioned jacket and radiator system 
should not be lost, and 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 exammation of these weights of acces­
sories and supplies compared to engine weights to see that for short 
runs, engine and accessory weights arc moro important than supply 
weights, but that for long runs the supply weights, especially those 
of fuel and lubricating oil, will become the controlling factors in 
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plant WC'ight, and the longC'r the run, the greater the difference, and 
the more dPpendt'nt <lops plant weight become on thermal efficiency 
and on efficiPnty of lubrication. For example, the datl1 of the 
second GPrman competition showed that the wmning 100-horsrpower 
Benz water-cooled engine, weighing 4.2 pounds per horsrpower, 
consumed 0.472 po~m<ls gasoline (thermal C'fficienry, 29 per cent), 
and 0.042 pounds 011, or a total of 0.51 i pounds of both per horse­
powPr hour. The 70-hor,-rpowPr Gnom0 air-cooled engine mcn­
tio1wd in Brndcmann's rPport, arnl WPighincr 2.9 pounds prr horse­
powPr, consumr<l 0.805 pounds gasoline arnl 0.25:{ pounds oil, or a 
total of 1.058 pounds of both pPr horsrpowC'r-lwur. This bPing the 
case, the aggregate WC'ight of the engine and suppliC's for difIPrrnt 
lC'ngths of run up to 20 hours compare as follows, nrglerting ,aria­
tions in tank weights that should add a little more to the engine of 
high consumption than 1,o the more economical one. The radiator 
weight of the Benz engi1w is induded: 

Jreiyhts of cnyine, gasolfrie, and oil. 

For-

O hours. 5 hours. I 10 hours. 15 hours. 

Benz ............................. pounds .. 
Gnome .............................. do ... . 

u ---i·u1--1~-:1-i --~-i-:~-~ 

20 hours. 

H.48 
24.00 

Such relations as these-(Ben<lemann report shows the weights 
egualize in 1 ½ hours' O_l)eration)-lead 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
moted. Conversely, engines intended for long runs must be economi­
cal at all costs, almost regardless of weight. It may also be added and 
this seems most significant that reliability is of importance about in 
direct proportion to the length of run, assuming good con<li tion to be 
assured 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 considerable weight may be added to gain reliability. 

From the design standpoint, a broad principle of J>ractice can he 
directly derived, to the effect that aeroplane engines being intended 
for more and more widely varying types of service as to frrquency 
of flights, length of run, and load-carrying capacity, nePd not be of 
one design, style, or type, but that different ones are justified and 
good engineermg procedure demands the development and perfec­
tion to equal degrees, of as many different types and charactflristics 
as will best serve the varyin~ requirements of flight. From among 
these, a selection may intelligently be made for general service oI 
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 assumfl that all 
flights in all flying machi1H's are the same as far as engines are con­
ccrn<'d, which is 1ust about as true as the assumption that a aood 
pleasure motor-boat engine is the right thing for a trans-Atl~ntic 
ship, or that tho b<•st power plant for a trnmp freighter will pr.01wrly 
S<'rve a battle cruiser. To be sure tlH'rc are certain clements of 
service peculiar to flight, to which all a<'ro cngines must he adapt<'d, 
but this can not be int<'rpreted to mean that all aNoplano <'ngi1H's 
must conform to one another in arrangemPnt, performance, or even 
in materials throughout. 

Rdurning to the factors of plant weight, study of which leads 
to such important conclusions as the preceding, it is worth while to 
examine more closely tho 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 givPn nrnterial in kind and thickness. The rurpose 
of this surface is heat dissipation to the air, so the number o square ,11 
feet and its WPight will vary directly as thn jacket heat lo,-;s of the 
engi1w, and directly as tho mean temperature diffcrC'ncc bdwC'cn 
water and air, but inversely as the coefficient of heat transmission. 
The most rdiahlo data on this amount of heat to be dissiptttcd, 
in fact, the only data are given by Bendemann, who finds that 
contrnry 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, arro engines conform pretty closely to 15 per 
cent of the hoat of eombustion 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 chamber at all, passing out in 
exhaust gases instead, or, bc1ing taken in part by the watPr, is <lis­
sipakd 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 automobile 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 pC'r pound and the con­
sumption of the more efficient water jackefod engines as one-half 
pound per hour per horsepower the heat supplied per hour per horse-
power 1s 10,200 British thermai units, of which 15 per cent, or 1,530 
British thermal units per hour must be dissipated by the jackets. 
This guantity 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. 

It ia 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. 

'iVater 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 Ah,xander 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 
per horsepower. Other values for different engines are given in 
Table II to show the order of the magnitude of this factor. 

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 
thin~s b(,ing equal, that shape of tank will weigh least that has least 
weight per cubic foot of volume, and cylindrical tanks ore most 
economical of metal weight, needing no stays, so the ratio of length 
to diameter is an important factor, which, however, also affects wmd 
resistance, but these variations arc not of such an order of magnitude 
t.o 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-011 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 IJOUnds per gallon for 6 gnllons. Bendemann gives the 
round number of 0.2 pound tank weight per pound of gasoline or oil, 
which does not check the above figures. Tanks used in tests, he 
writes, are frequently too light for actual service, which indicates a 
necessity for standardizing tank-metal thickness, shape, nnd to some 
extent size, as large capacity may be just as well carried in several 
small tanks as in one lnrge one and with better weight distribution 
on the frame, as well as affording a measure of safety. 

Gasoline consumption for the bettt-r water-jncketed engines aver­
ages very closely 0.5 pound per hour per brake horsepower (B. H.P.), 
and for the rotating-cylinder air-coole<l 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, nnd speed. 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 e,en at speeds other than normal, or throttle positions other 
than \\7.de open. It is not possible from test data to even approxi­
mate the O"asoline consumption of an aero engine in actual flight serv­
ice, thou~h, judging from data on other classes of gasoline engines, it 
may easily be double this best ,aluc obtained by perfectly tuned new 
engines in competitive tests. We have many figures on total con­
sumption of gasoline and oil during competition flights, but horse­
pmvcr of course was not determine<f, n11d such figun•s must bo com-
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pared with each other to give a true picture of range 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 engme-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 N&=25 per cent and 
,2/--NIT = 15.6 per cent thermal efficiency referred -to brake horsepower. 
With the actual consumption of the Benz engine of 0.472 pound, 
Bendcmann 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 lb., which is the value used by Gtildner for European gaso­
lines. Other figures indicate about an equivalent difference between 
the .American and European fuels which could be accounted for b,Y. 
the prevalence of paraffins and olefins, respectively, in each, even 1f 
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 compensating advantages in engine 
wrights 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 othPr 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, pressure and temperature, air evaporation, combustion cham­
ber cai;bonization and cracking, and exhaust discharges. Beyond 
the more or less general adoption of castor oil to a void gasoline 
absorption in the crank cases of rotating-cylinder aero engines, 
and the use of most widely different systems of feed and bearing 
conditions, this is a practically wide-open field of research. In all 
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 plunger displacement. Nor do these figures aid 
in fixing the least value attainable after proper thorough research on 
the lubrication of a given engine1 whicli is rather more a matter of 
reliability and engine life than ot oil weight to be carried. In the 
German tests values were found ranging from 0.009 pound to 0.089 

2:i302°-S. Doc. 268, 6·1-1--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 engmes. Tlie only conclusions derivable 
from these figm:es are that there is a very wide variation-about 25 
to I-proving the need of study, and that on the whole the rotating 
air-cooled cylinders are much greater oil consumers than the fixed 
water cooled. 

The aggregate weight of all the units of the power plant, engine, 
engine accessories, and supplies can be represented algebraically or 
gra_phically with every element involved m correct relative magni­
tude. All of these weights are constants for each engine, except the 
gasoline and oil weights, which are products of consumption per 
hour and the length of the run. Accordingly, the graphic representa­
tion will be a series of straight lines or of the aggregate a single 
straight line. Algebraically the equation of that line v.rill 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 distmct 
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 smgleline for each engine used by Bendemannin the second German 
report be supplemented by a general eq_uation involving all the con­
stants and a table of values for each as derived from the tests. Such 
an equation will have the following form: 

Weight of engine alone per horsepower. 
Weight of plant complete with} + We~ght of g_aBOline tank per horsepower. 

tanks full for H hours' run = +We~ght of 011 ~nk pt•r horsepower. 
d r h r r ' +Weight ofrad1ator per horsepower. 

poun spe O sepowe · +Weight of water per horsepower. 
+Weight of muffler. 

+{Pounds gMoline per hour per horsepower}H 
Pounds oil per hour per horsepower · 

Symbolically this takes the following form with corresponding 
meanings from the former equation: 

W= We+ Wot+ Wot+ W,+ Ww+ Wm+(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 W for 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 naturally 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 cooled rotating cylinder engines in the same 
time of 10 hours more than quadruples tho weight. 
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TABLE II.-Wlights of engine accessories and complete plant weights per horaepower versua 
type construction. 

,; 

~ .§ 
"' "' 1 Name and authority. "' .El .El 0 ,. 

gi " 0 ~ C 
-- --

Average values, Bende-
mann ..••......•......... ...... (') (') 

4-cJlinder 100-horsepower 
enz, Bendemann ....... 3.57 0.944 0.084 

6-cDlinder !JO.horsepower 
aimler, Bendemann .... 3. 75 1.02 .076 

4-cllinder 70-horsepower 
aimler, Bendemann .... 4.29 1.01 .0941 

4-cllinder JOO-horsepower 
Bimler, Bendemann .... 4.29 .988 .080, 

4-clllnder 70-horsepower 
almler, Bendemann ••.. 4.74 1,006 .062 

~linder JOO-horsepower 
almler, Bendemann ••.. 4.60 1,056 .062 

4-cl1llnder 60-horsepower 
almler, Bendemann .•.. 4.89 1.002 .058 

'"'Bllnder 65 horsepower 
aimler, Dendemann •... 5. 09 .998 .120 

,I-cylinder 9f>.borsepower 
N. A. <l., Dendemann •.. 4.33 .970 .076 

4-Cylinder 5f:t.-horsepower 
N. A. o., Bendemann ... 4.36 1.038 .018 

4-cl'Hn<ler 95-hnrsepower 
rgu~, Dendemann ...... 3. 77 1.000 . 178 4-cl linder 70-horsepower 
r~s, Bendemann ...... 4.38 1.17G . 166 

6-cllmder 100-horsepower 
r~us, Bendemann ...... 4.60 1.172 .134 

6-cylmder JOO-horsepower 
Mula1, Bendemann ...... 5. 14 1.056 .042 

6-cylinr er !JO.horsepower 
Schr6ter, Bendemann .... 4.65 1.242 .094 

6-c~inder 12f>.horsepower 
( all-Scott mo.kersJ ...... 4.32 ···••· -····· Average or 6, British (An-
mnl, maker) ............. 3. 7 ...... ...... 

6-cylinder 87-horsepower 
(Benz, maker) ........... 4.0 ...... ...... 

6-cylinder f>O-horsepower 
(Wrigbt,maker) ......... 

1 

5.1 ·····- -····· 
Austro-Daimler "Flight" ··1· ..... ·····- -····· 
Groon,Alexanderte.st ...... 1 5.48 .f,.5 • 15 
Gnome, 1913, Lumet .•.........•. ::::::1:::::: Gnome, 1911, Lumet ....... 1 ...... 

' 

1 20 per cent of fuel weight 
• 20 per cent of oil weight. 
a Inns horsepower. 

.,, 
~~ .... -.s-
"~ ~ ·-" "'" "' "0 ~" !::: 

0.63 

.626 

.626 

.626 

.626 

.626 

.626 

.026 

.626 

.626 

.626 

,626 

,626 

,626 

,626 

.626 

.51 .32 

...... ------

...... , 138 

riiiti r:::: •.589 
5.474 
. 76 .56 

NOTE.-Plant \'\.'eights are given without muffler. 

[!l<!, t ~ .s ... ,O 
,Si • .,.~ 

i~ A 
'U 'cJ 1;l ... 

16~ .s~ .Cl .,,.s 
"'is 'g~ :a t §re~ 

e;i 
--,:,gj r A ~.Cl .,o 
~~-.:: ~"' ~- ia.Z 6 ::a E-< c:: c:: C s:: ----------

---··· . ..... ...... ...... ...... ...... ------
...... 5.224 0.472 0.042 2. 57 5.14 10.364 

...... 5.472 .510 .038 2. 74 5.48 10.962 

::::1:: .505 .047 2. 76 5.52 11.540 

U.324 .494 .040 2.67 5.34 

.. •.•• 6.434 .503 .031 2.67 5. 34, ll. 744 

12.33 ------ 6.344 ,528 .031 2. 991 5. 99 

...... 6,576 .501 .029 2. 651 5. 30 11,876 

...... 6,834, .499 .060 2. 79, 5. 59 12. 424 

...... 6.002 .485 .038 2. 611 5. 23 Ill. 232 

······ 6.042 .519 ,009 2. 64 5. 28 11. 322 

3. 11 6, 23 lilt. 872 ...... 5.642 ,534 .089 

...... 6.34 .588 .083 3.35 6. 71 113.058 

...... 6.532 .586 .067 3. 76 6.531113.064 

...... 6.864 .528 .021 2. 74 5. 49 12. 354 

...... 6.612 .621 .047 3.34 6.68 13. 292 

...... ...... .60 .03 ······ ------ ...... 

····-- ...... . 54 .164 ....•. ······ ...... 
.101 -····· .557 ,022 ...... ------ . ..... 

--···· ...... .53 ------ ······ ...... . ..... 
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7.f,O .59 • 175 ....... 7.65 15.25 
3.3fili .849 .25515.52011.04 14. 41 
2.88 .805 • 253i ...... :10- 58 13.46 

• In 90 horsepower. 
• In 130 horsepower. 

Typical arrangements of cylinders, pistons, jackets, frames, crank 
shafts, valves, valve gear, and typical structural forms of each, have 
been pro<lucc<l 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 he 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 t_ypcs classified by general arranaement. 

Most of the engines operate on the 1our-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 circulatwn 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, ea('h with its own <"rank, cylinder 

beads up. Air or water cooled. 
2. V type, two rows of cylinders of four or more each, inclined to each other, one 

('rank for each V pair of cylinders. Air or watN cooled. 
3. Radial star rotating cylinders, with crank shaft fixed, or rotating in the same or 

opposite direction. Air cooled only. 
4. Spena! arrangement or combinations of the preceding. 

Of these classes the first three 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 firms ropresented, as will be seen from the following 
list of names of engines and makers, Table III, arranged under each 
class heading. Tlus is not to be regarded, however, 88 a criticism of 
any of the oLher classes. 



I. 

Fixed In line. 

Water. 

Bem. 

Num- Revo-
Horse- beror Jutions 
power. c,r.11n- per 

min• ers. ute. 

1,013 ' 1,288 

Daimler. 

88.9, 
61 1,387 

TABLE III.-Aero engines by clasu1. 

Class No. 

n. III. IV. 

Cylinder crank arrangement. 

Fixed V, 2 cylinders per crank. Rotary. Fixed star. Mlscellaneous. 

Cooling. 

Air. Water. Air. Air. Water. Air. 

Engine or maker. 

De Dion Bouton. Curt!M. B.M.&F. W. I Anzanl. I Two-cycle !aviator. Ashmusen. 

Num- Revo- Num- Revo- Num- Revo- Num- Re'"o- Num- Revo- Num- Revo-
Horse- berof Jutions Horse- berof lutions Horse- ber of luii;;isl Horse- beret lutions Horse- her of lutions Horse- her of Jution1 
power. c,r.11n- per power. cJ;:: per power. Cd~- power. cvlin- per power. ';I~~--

per power. ';1i!" per 
min- min- mm- ders. min- min- min-ers. ute. ute. ute. ute. ute. ute. 
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I. 

Fixed in line. 

Horse-­
power. 

Water. 

Daimler. 

Num­
ber or 
cJir~· 

Revo­
lutions 

per 
min­
ute. 

---:-:;--4-1-I, 412 

[ 

Daimler. I 

TABLE 111.-Aero engines by clasaes-Continued. 

C!MsNo. 

n. II rn. II IV. 

Cylinder crank arrangement. 

Fixed V, 2 cylinders per crank. II Rotary. II Fixed star. II Miscellaneous. 

Cooling. 

Air. Water. II Air. II Air. I Water. II Air. 

Engine or maker. 

Wolseley. Sunbeam. Old Gnome. II Anzan!. Balmson. 11 
,1 

Num-, Re_vo-1 I Num-1 Re_vo- Num- Re_vo-1 Num- Re_vo- Num- Re_Yo- :[ I Num-1 Reyo-Horse-J her ol lut10ns Horse- ber of lutlons Horse- ber of luuons Horse- her of lutlons Horse- ber ol lut1ons Horse- her ol lutlons 
power. cvlin- J::. power. cylln- J:::. power. cylin- Ji~- power. cvlin- J:. power. cylin- J:. )i power. cvlin- J:. 

der.;. ute. ders. ute. ders. ute. ders. ute. , ders. . ute. 'I ders. ute. -11 ________ 1_
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__ _ 
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Daimler. Clerget. II Gnome. II Edelweiss. 

-:, 1-6 I 1
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TABLE III.-Aero engines by classes-Continued. 

Class No. 

I. II II. III. IV. 

Cylinder crank arrangement. 

Fixed In Une. Fixed V, 2 cylinders per crank. Rotary. Fixed star. 

Cooling. 

Water. Air. Water. Air. Air. Water. 

Engine or maker. 

Argus. S.H.K. I 
Num- Revo- Num- Revo- Num- Revo- Num- Revo- Num- Revo- Num- Revo-

Horse- hero! lutions Horse- ber ol lutions Hors,,. ber ol lutions Horse- ber ol lutions Horse- ber ol lutions Horse- ber of lutions 
power. c;r~~- per power. 1~: 

per power. ";J;:- p~r power. d,lin-
per power. cvlin- per power. cvlin- per 

min• min- IDID· ers. min- ders. min- ders. mm .. 
ute. ute. ute. ute. ute. Ute. 

--------- ------------------ --------- ----------------

102.1 6 1,370 ........ { 70 ~ }- ...... ........ ........ ........ ········ ----·-·· 00 ........ ........ ········ ........ ··-····· ········ 
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+ +~ 
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CLASS !.-Automobile class. 

Water cooled: 
American­

IIall-Scott. 
Sturtevant. 
Wright. 

German and Austrian­
~Icrce<les (Daimler). 
Austro Daimler. 
Benz. 
N.A.G. 
Argus. 
~Iulag. 

Water cooled: 
Amcrican­

Curtisa. 
Sturtevant. 
Ransenberger. 
~Iaximotor. 

French­
Panhard-Levassor. 
Clerget. 
Laviator. 

Water cooled-Continued. 
German and Au~trian-Continued. 

Schroeter. 
Basse & Selve. 
Flugwcrke Deutschland. 

French­
Clerget. 
Chenu. 

British­
Argyll: 
Green. 

CLASS 2 V. 

Water cooled-Continued. 
British­

Sunbeam-Coatalen. 
\Volseley. 

Air cooled: 
French­

Renault. 
De Dion-Bouton. 

British-Wolseley. 

CLASS 3.-Radial start rotatinf] air cooled. 

American: Frederickson. 
German: 

Kruk. 
Hirch. 
R. E. P. 
B. M. & 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. 
Esaelle. 
S. H.K. 

CLASS 4.-Specials. 

Squirrel-cage cylinders: 
French-Edelweiss. 

Radial fan: 
French-Anzani. 

Inverted automobile: 
German-Daimler. 

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 
fack 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. 



REPORT No. 7. 
PART 2. 

AERO ENGINES ANALYZED WITH REFERENCE TO ELEMENTS 
OF PROCESS OR FUNCTION, ARRANGEMENT, FORM, PRO­
PORTION AND MATERfALS, AND THEIR BEARING ON THE 
POWER-WEIGHT RATIO, RELIABILITY AND ADAPTABILITY 
FACTORS. 

By CHARLES 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 process 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 kmd, 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 
pressures below atmosphere immediately calls for the condenser with 
its 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 
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understood in the steam-engine field can all be analyzed into signifi­
cant or indifferent from the 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. E,en 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 engines, while belonging to the now large and established 
class of internal-combustion engines, and to the smaller fairly well­
developed subclass of the gasoline carburetor internal-combustion 
engine, in which the farm, automobile, and boat types are most fully 
de,eloped, are themsdvPs still struggling through the development 
stagP, 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 ia not 
unnatural to find automobile practice being adopted for aero engines, 
when it is not yet clear that there is anything required of the aero 
engine sufficiently 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 a~ the 
borrowed auto or boat engine. 

In proportion as service reguirements on the one hand become 
better understood, and as engme 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 period 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 11 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 aer<HJngine 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 sto_p at all 
under these conditions, then the process requirements are m some 
way being violated by unsuitable mechanism, for if they were not 
the engine would contmue to run, and without change. AB 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 clements 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 intedere 
with the carburetor action and 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 subjected to the ordinary interference of actual use 
peculiar to air flight. 

Proper execution of ·the processes by mechanism that insures its 
continuity in kind, and the conI,tancy of every step, in degree, regard­
foss of any interfering conditions incident to normal or even extraor­
dinary aerial 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 var10us designers have accom_plished through their mechanism 
would require far more space than 1s 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 engme tests. While the details of design versus 
process are bevond 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. 

As the working medium is primarily an explosive mixture of air 
and the vapor of gasoline, the first broad process step is mixture 
making, preparatory to introduction into the cylinder unless it be 
made directly therem. This must be followed by the second step of 
suitable treatment of the mixture in the cylinder, including expuhion 
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 "()OWer gen­
era ting process, mixture-making, cylinder 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 supplv 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 m the cylinder by p_ump injection of gasoline, a method so 
wholly unsuited to the small cylinder high-speed engine, with such 
volatile fuel as gasoline, as to be rejected without further discussion 
not only on ra.t10nal grounds but on actual comparative experience 
with the now standard system of mixture making. This stan<lard 
practice that has taken many years to establish recognizes mixture­
making as a distinct function to be carri(•cl out external to the cvlin­
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 loss inaccurate name of car­
buret10n, to this mixture-making function because the principal struc­
tural element of the process is the carburetor mechanism, the process 
divides itself into (a) fuel supply; (b) air supply; (c) carburetion 
proper, which includes proportioning, mixing, and vaporizing, and 
(d) mixture distribution to cylinders. Each of these steps must be 
carried out without variation in spite of anything that mirrht happen 
beyond extraordinary fi('cidcnts, and tho apparatus, mec1rnnism, or 
equipment must be so constructed as to insure tho nisults desirc<l. 
This is 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 tho 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, is 9mte appreciable. \Yith 
the air intake opening pointing in the <lirPct10n of travel the ,elocity 
head is added to the static pressure of tho air and air flow neccss,uil\· 
varies with flight speed, though it should not. This might be avolded 
by suitably shaped entrance orifice, the plami 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 Yaries 
m temperature, in water vaporized, and suspended water such as fog 
or rain. Each of these tliings exerts separately and togctlwr an 
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influence on carburetion. Temperature, J)ressure, and moisture affect 
air density and hence tho flow through the air orifice under a given 
J)ressure drop. Temperature affects the vapor _pressure of the gaso­
line. (Absolute pressure affects air flow itself independent of the 
density change.) Vaporized moisture affects the accumulation of 
water in the mixture passagos due to reduction of temperature inci­
dent to gasoline vaporizat10n, 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 hardly be stated 
to be accepted as fundamentally important and as necessary dements 
for incorporation directly or indirectly into specifications for the air 
supply to the carburetor. The carburetor action should be made 
qmte independent of these variables and it must be sufficientlv 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 flight or wind, 
in barometric pressure, in atmos_pheric 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 pife, and the supply to the carburetor should be 
quite independent o 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 maybe due to not only ordi­
nary but even extraordinary or emergency turning, gliding, climbing, 
or temporaryfallingmovementsof the whole 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 a:ff ected, as to head, 
by every variation in angle and direction of inclination of the frame. 
Gravity 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 food from sup_ply tanks is forbidden by tho 
fire underwriters' regulations because of the possibility of drainage of 
the whole tank due to a leak in any part of the pipe systf'm. Air or 
gas derivable from fire-charged bottles, from pumps, from combus­
tion chamber relief valves, or from exhaust back fressure acting on 
the liquid surface in depressed gasoline tanks wil feed the gasoline 
from any relative posit10n 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 mam 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 return 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 tank 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, doing no harm if the leak is small, but stopping the 
supply without loss if the leak is larg!.1. 

The extraordinary changes of motion in direction and speed, both 
horizontally and vertically, peculiar to the aeroplane introduce liquid 
inertia and centrifugal pressures whic-h may ac-celerate or retard 
gasoline flow by raising or lowering the pressure at tlrn point of deliv­
ery to the carburetor. This is a peculiarity of the aero-engine 
service conditions which requires spec-ial attention. To cover all 
these influences an acl<litional specification may be added for the 
carburation system; the fuel tank, piping, and supply system must 
deliYer fuel to the carburetor at pre:,sures that do not vary enough 
to cause the mixture quality to vary bryond 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 velocityd 
and they must be such us to prevent fuel loss from small leaks an 
to minimize any spilling when overturned, preYenting 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 ancl especially of installing a small emergency reserve tank 
hol1liHg enough to insure a snfe landing after main tanks are empty. 

Wben supplied with atmosphrric air ancl with fuel under pressure 
or static lrnud, the carburetornrnchanism is supposed to make a proper 
explosiv!.1 mixture and through intake hoa<ler 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 quantity of mixture require<l hy the engine load or 
sprr1l and reganlless of any variation in air temperature, pressure, 
moisture. direction, aml velocity of flight or fud doliYory pressure. 
The possibilities of SUC'cess in attaining this mixturo-makmg ideal 
must, of course, clopeud on the definition of proper mixture, for in 
this is to he found tlw 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 explosin 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 is reached the 
engine may be operative yet operate badly. It is clear that any 
excess vaporized gasoline in the mi.xture can not bum, so it will 
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 tinie, such tinie 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 preigmtion 
and possibly short circuits and miss fires from collections on spark 
plugs if they are so designed as not to be self-cleaning. Carbon 
deposits will also cause piston rings to stick and leak and in1pair 
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 tne liquid state may be present when the Yaporized 
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part aul the air make a proper mixture, and such excess will partly 
dc<"ompose as above, but part will be dissolved by the lubricating oil 
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 combustion are neces­
sary in aero engines to pem1it 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 
ignition 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 puq>ose 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 
will 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 and hence 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-au-, 
kerosene-air, benzol-air, or alcohol-air mixture, in combining 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 mmgled or stirred, so that any fuel 
particle v.~ill he required to exert only the partial pressure of the vapor 
m 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 
tho charao, so that everything that contrihutrs to such must be 
promoted as much as tho preparation of cool and othcrwiso proper 

~:-.~o~'-s. I>o!'. :ws, G-1-1--lG 



226 AERONAUTICS. 

mixtures. This means in effect that the pressure drop between the 
air and the cylinder must be 11 minimum, but this is entirely a question 
of proportions of pass11ges. 

Finolly with reference to mi.xture qu11lity there can not be much 
excess mr, preferably none. Of course, excess air can not cause car­
bonization or lubrication trouble; in fact, it exerts 11 bmrnficial influ­
ence tending to burn accumulated hot carbon or lubricati1JO' oil 
vapor, and it permits of a somewhat higher compression which 
improves economy. But all the explosive mixtures of hydro­
carbon vapors 11nd air become nonexplosive in ratios very close to 
tho combining proportions on tho excess-air side, and with even a 
slight air excess the rate of combustion becomes prohibitively low. 
Summarizing mixture-qu11lity requirements, a mixture is proper when 
it h11s the least 11ncl prrfombly no excess of either air or fuel, when it 
is homogeneous, when it is dry after entrance 11nd 11s cool as possibly 
consistent with homogeneity and dryness, 11ncl when it is supplied 
at the maximum absolute pressure. To produce such mixtures is 
the function of the c11rhuretor. 

Carburetor mechanisms c11pable of making mixtures of such 
specified qu11lity under the previously noted conditions of air and 
fuel supply are practically nonexistent 11t present, 11nd improvement 
can hardlv be expected so long as carburetor production remains 
a separate business, and _purchasers buy on name instead of on per­
form11nce, 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 11nd testing appliances to prove fulfillment and to locate 
causes of nonfulfillmcnt of each separate reqllircment can the needed 
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 specified respects. In some respects the prob1em 
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 freq_uent changes in flow rates as arc the latter, due to automobile 
driving m 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 mcreasing 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 flight 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, while sucli a stoppage of an aero engine may 
mean a complete wrC'ck. It can not be too strongly stated that acceptr 
ance for use of standard carburetors 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 seC'ms to he no doubt after the years of experience in car­
buretor construction for uutomohiles and boats that the gasoline 
float chamber apparatus, with simultaneous vacuum flow of gasoline 
and of atmosplwric air, iR permanently established and mu,;t be re­
tained. Adhering to this principle of construction as the basis of 
proportioning and of the first stt•p in mixing, does not prevC'nt the 
addition of other elements to correct the faults inherent in the simple 
comhination. Mixture proportioning correctors in the fonn 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 available in con9i<krahle variety and some are fairly good, though 
even in the best them 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 carburetors now available are lacking; for example, to 
render the mixture quality independent of atmospheric changes, fuel 
supI>ly, pressure fluctuations, and above all independent of tlieir own 
cooing action. This self-cooling is due to vaporization of gasoline, 
the latent heat for which lowers the temperature of the mi.xture 
below that of the entering air. Heat must be supplied if liquids are 
to he 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 have the same temperature as the atmosphere and there 
will be neither vapor condensat10n 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 ~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 tak:e the air from a short 
exhaust-pipe jacket, which are the only means now in general use, 
is entirely madequate, as can be proved by simply taking the mixture 
temperature by a thermometer in the intake pipe or by observing 
the flow through experimental glass headers and branches. Of 
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 tho mix:ture from tho carburetor to tho 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 
problem of equal importance to that of correct mixture making and 
is intimately associated with it. If tho carburetor should yield 
correctly proportioned mixed and completely dry mixtures, this dis­
tribution header problem disappears and any form of branch pipe 
will serve the purpose in place of tho iong elaborately curved headers 
now in use. Such 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 
during entrance through the inlet valve and, therefore. the aero 
engine header may be expected 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 liq_uid, vertical pipes must 
be made so small as to produce skin friction forces surerior 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 liguid allowed to drain downhill with the 
illlXture 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 
point is constantly changing. The best that can be done is to use 
long-radius bends and flow paths to each cylinder of approximately 
~ual length and curvature, but this gives no assurance of equal 
distribution of liquid. The freg_uent use of two carburetors on six 
cylinders in line and eight cylmders V engines is evidence of an 
effort to reduce this trouble. 

The only absolutely reliable way to avo1d these s_pecial headers and 
the irregular engine action that results in two cylmders never doing 
quite the same work or remaining equally clean, is to completely 
dry the mixture by raising its temperature, accepting the higher 
temperature and lowered mean effective pressure in the interests of 
cleanly, steady, operation, securing shorter simplified headers and 
possibly makmg up lost output by a small increase in cylinder 
o.iameter or by raising the mixture pressure by blowers. There 
really seems to be considerable reason for the use of blower-supplied 
air for carburetors other than to compensate for loss of density when 
mixtures are warmed to dryness, which heating incidentally renders 
the engine more inderendent of variations of fuel quality than it now 
is. By suitable regulators the air blast can be controlled so as to 
give always 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 reiuiator, the friction effect of intake 
ports and small-diameter lmv-litt valves, v,·hilc remaining a <lircct 
engine resistance, will have no effect v,·hatcver on the weight of 
chargo per stroke and tho mean eff cctivc pressures. OthPr things 
heing equal, an initial pressure in the cylinder of 16, us compared with 
14 pounds per square inch absolute, an increase of 2 poun<ls should 
increase the mean pffectivc pressure and power onf'-seventh, o,Pr 14 
per cent, while adding only 2 pPr cent additional load (if the mean 
effective pressure were 100 pounds), a net power gain of over 12 per 
cent if the blower he efficient. The use of such blowers is not 
unknown in two-cycle engines, though four-cyde _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 tho place of a 
piston as a precompressor to prepare the charge for entrance into the 
motor cylinder when the port uncovers. 

All two-cycle enginPs and all rotating cylinder four-cycle engines 
with inlet valvcs in pistons have mixture quality and supplv con­
ditions somewhat diffl•rent from t,hosc of the four-cycle fixcd-c\·lindcr 
C'ngines, and among the latter the air-cooled differs somewhat from 
the water-cooled group. Tho cylinder heads of four-cycle air-cooled 
engines arc normally hotter than those that arc water cooled, so 
that the mixture entcring will receive more heat and may, thnC'fore, 
be more wet as supplied, provided distribution from the carhureter is 
not a tfo,turbing clement, as, for example, if each cylinder had its ovm 
separate carburetor. If cylinders are not too large and the air 
cooling is vigorous it is possible to get the walls of the air-cooled 
cylindrr quite as cool as tho water-coolc<l one but only with excessive 
power consumption for air circulation, the Renault, for example, tak­
lllO' 8 pPr ccnt of its output for only such cooling as is normally pro­
vi~ed. Most of the rotatin~-cylindcr four-cycle engines with inlet 
valves in the pistons, incluc1ing the Gnome, for example, t,ake thPir 
mixturps into the crank case at the shaft center. In this crank-case 
chamber, which is rapidly whirling, with J?istons churning un and 
down at the same 1,imP, 11 mm;t vigorous stirring and heating action 
takes place. It would he hard to conceive of a bettPr mixture con­
ditionrng apparatus than this Gnome crank case, provided therP wero 
some means of control of the tcmperaturo of the mixture, which in 
this case undoubtedly gpt.s too warm, though dryness and homo­
gPnPity arc practically perfect. Finally, two-cycle engines take the 
mixture from the carburetor into an auxiliary chamber for precom­
prpssion, located in the crank case as the most favorable mTn,n~c­
mPnt, or in a trunk enlargement of the main piston and cylinaer 
preferably, as, for example, in the Laviator engine. While, of course, 
this prccompression mixture lrns the evil effect of imposing negative 
work, efJuivalPnt to C'ngine friction, it is highly beneficial as to mix­
ture quality whC'n the prccomprcssion chambn is so located, as is 
usually the case, as to get and stay warm, because in this case t.he 
dw.mher is at once a mixtun\ stirrer and heating dryer, heating partly 
by wall contact and partly by comprnssi@n. 

Mixture treatnwnt in the cylinder af tcr it has been made and 
dC'livercd to the intukc port, hPgins with actual entrance and pro­
ceeds along_diff Prent lines in the two and four cycle engine, in some 
respects. NParly all a<•ro PnginPs arc four-cycle engines, an<l t,lwse 
tako the mixture in through a suction valve under the influence of 
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the lowered cylinder pressure nrninkiined by the piston outstroke. 
This admission should hP accomplishf'tl with the least possible loss of 
pressure and rise of tcrnperiiture. Loss of pressure imposes direct 
ncD"ative fluid friction work. the extent of whi<"h is measured bv the 
vP1)City of flow through the valve, and the shapP of the ope.ning, 
but even with small valves and badly shaped openings or ports, this 
loss may be, but not often is, very serious. Two pounds per squarp 
inch would be large and with mean pressures approaching 100 
pounds it would be equivalent to a littk over ~ per cent. How­
cvl'r small it may he, it can be controllC'cl hy valve and port di­
mensions and those, bt'cause of the high spC'cd of aero cnginl's, 
must be given far more attention than in any otlwr da.c;s. It 1s the 
tl'rminal pressure at the end of the suction that is one of the deter­
mining fartors in the weight of the charg<', t'aeh pound p<'r HquarP 
inch accounting for about 7 1wr cent loss of powPr. Since inl'rtia of 
the incoming stream tends to build up tlw t<>rminal pressure over tht• 
mean suction pressure, if valve closurP is cklayrcl the right amount, 
the value is so great that care must bn C'X<'reisc•d to secure- it, :md 
Winkler recommends a closure 40° aft.Pr dead ccntl'r. This dt>­
lavt>d in1ct valve closure' ran he spcurpd only hr mrchanical inlet 
valVC'S which also give host control over the nwan ~-;udion resistance, 
so that umkr no consid('ration should autonrntic inl(•t valves he 
Pmploycd, as thC'y han• bcC'n, to save valYC' gnu· WPight, hPcausc 
mm·p poWl'r is lost than would com1wnsatP for this W<'ight. Charge 
dcnsit ,, at the end of su<"tion is just as much u matter of t.rmpPrature 
as of ·rn•ssurc, :L rise of ahout .500° F. 011 entran(·c :wcounting of 
itself for about n 50 1wr ecnt rcdndion of charge weight and h('nc·e 
of power output, or approximatdy 1 prr e1'nt, for t•vcry 10° risP, 
wit.Ji the proh,ihilitr that th1' rist> :L,·Prn~es i11 wdl-c·ooh•d Pnginl•s 
sonu'whcre ahout 200°, or :20 per el'nt, anll m tlw lPss Wl'll-rnok•d ones 
ovl'r ;rno 0

, or 30 1wr cent, in g<•ncral round nnmlwrs. 
Reduction of suct,ion heating is partly a qupst ion of 1,rrnngcmcnt 

arnl partly of w:ill cooling hut to :mme rxtcnt tlqwnJs on U1e km­
pt'rnture of tlw hot gasC's h•ft, in tlw clP:mmce after the previous 
Pxplosion. As to arrangPmrnt, h1•1ul valves discharging mixture 
llin•etly into the eylindPr sPcm to he more ratimrnl than sitlc-porkC't 
niln•s, though no lhLta are av11iluhk to JH'OY<' that tlw former rPsults 
in lc•ss suction lwating than the hitkr. It also S<'<•ms likl'lv that air­
eooh•d h1•ads and valvP clmmhers unk:,,s vigorously air hfostl•d and 
of small chamber should llC'at the mixture more than watcr-cool<'d 
ones, hut no one has ev<'r dc•t.Prminl'd how small a diameter can be 
equally "·ell cooled by uir and w:itPr nor how much air is nec•ded. 
Nor <':111 it be stiid how much of the total suction lH':iting is due to 
exl\autt gas n~ixture in the dPamnce ,yit,h the fresh_ incoming ch_arge. 
It 1s mtt'rl'stmg to note that the air-eool<'d rndrnl fix<'d cylmder 
Anza11i gave in thl' tests 99½ pounds square inch effective pnissure 
refr_rn•d to brake horsepower, as mueh as most of the water-cooled 
eng~nes. 

Not only is it important that tho charge in the cylind('l' he as cool 
as po,,siblc for the maximum charO'e density r<•quired for high mPan 
pressures, consistent, of course, witl1 complete vaporization, for which 
120° F. is enough with gasoline if tho mixture is well stirred, but it 
is perhaps even more important as the controlling factor in the per­
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 hy 
thPrmodynarnic analysis and experimental data on all classes of 
internal-combustion C'nginC's. The highest comprC'ssion possible must 
he obtained at all costs, and since it is the ignition tcrnpC'rature of the 
mixture that imposes a limit the objective of the engine designC'r must 
he to so trNtt the mixturP as to get the maximum compression volume 
ratio and final pressure before the mixture bC'ing comprPssed reaches 
the ignition temperature which is a physical constant of the mixture, 
never accurately dekrmincd but probably very close to 935° F. This 
compression for the best water-cooled engine has been found to he 
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 mixt_ures is fixed by the 
initial temperature of the charge. The final temperature varies with 
the initial m 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 weir,ht pn cubic foot of suction must he a maximum, and 
so also must the comprc>ssion, if the mean effective pressure and ther­
mal efficiency are to hnvc the highest possible value, as they should in 
aero engines. All dTorts in this direction may be entirPly cfofcated, 
however, if there is any matl'rial leakage of the charge during com­
pression through valve scats or past the piston. It is of no value to 
secure maximum charge weights during suction if appreciable amounts 
are afterwards lost before the charge has a chance to do any work. 
Tightness of piston drpcnds on the piston rings, on the oil film between 
piston and cylinder, and on the maintenance of shape of cylinder and 
piston, neither of which may warp in any direction. .Valve leakage 
likPwisc is minimir.C'd hy providing nonwarping valve disks and seats 
with strong spring loads to keep the valve tightly against its seat during 
the first period of compression; at other times the gas pressure itself 
will suffice. These are questions of form and materials and will he 
taken up later, but they arc 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 precomprcss10n stroke, assuming 
equal negative work of suction in each. Suction heating effects on 
the two-cycle are hound 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 tlus two-cycle pump chamber 
charge will not enter the ,vorking cylinder nor remain there, for some 
will remain in the precompression chamber by reexpansion or failure 
of the pressure to drop durmg the open-port charging period to atmos­
phere. Some will escape through the exhaust port ,vith the exhaust 
gases during the end of the transfer period when both transfer and 
exhaust are open, regardless of piston baffles 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 it is inconceivable that a 
considerable amount of mingling should not occur with corresponding 
heating and expansion effects. These mixture-heatin(J' 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 cff Pct is 
inevitably a discharge of some of the fresh charge with the burnt gases 
unless special arrangements are made to prevent this, and then each 
of these introduces its own evil. 

Two methods of preVl\nting this fresh charge heating on transfer 
in two-cycle engines and consequent loss of charge are m use, one is 
to intentionally reduce the charge transferred to so small a quantity 
as will not escape, and the other to expel burnt gas0s by a bfast of 
fresh air, and then to expel this scavrnging air which, of course, is 
cooler than the burnt gas, by the frpsh charge. The formrr means 
intentionally reduced charge while the latter more than doubles the 
negative work of precompression which in 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 
CXJ?ulsion 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, but to accomplish this the charge must con­
tinue to enter after the 0xhaust port is closed, which requires an 
admission or transfer valve mechanicully operated and suitably 
timed, an extra complirntion. This is not common practice and no 
data are available on it, so for the present it must be 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
ooubtedly a lower mean effective pressure and thermal effieiency 
than ~n f?ur-cycle engines, and for _equally good design and con­
struction m each class the two cycle is unable to carry compn•ssions 
as high as tho four, proving higher tempPmtures before compres­
sion. Any engine takmg its ch11rge into the crank case, as do most 
of tho rotating cylinder four-cycle machines, or into a chamber con­
necting with the main piston, as tho two-cycle Laviator, is suhject to 
mixture quality impairment and equivafont charge loss, whPnever 
the main piston leaks under its high explosion pressures, bv the 
displ_aeement of tho fresh by the burnt gases. • 

While dealing with charge weights and volumetric efficiency of 
cylinders, tho 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 ho started from the intake header 
until the clyinder pressure is lower. At the end of tho four-cycle 
exhaust stroke the cylinder pressure is hrgher than atmosphere, and 
still higher than tho mixture-header pressure by the amount of the 
suction-header vacuum. Suction can not begin until tho cylinder 
clearance volume of gases has expanded enough to lower the c,~linder 
pressure (terminal exhaust value) to below that of the 111ixturo 
header. An appreciable _part of tho suction stroke is therefore usdf'ss 
for actual charging, tho loss increasing with higher terminal exhaust 
pressures and lower suction-header pressures. A similar condition 
exists in tho two-cycle procomprossion chamber; for there tho pres­
sure at tho time the transfer to tho working cylinder is complete 
must ho something hioher than atmosphere, and the higher tho 
speed the more excess ttcro must bo, because of tho limit<'d time for 
pressure equalization. This mixture must expand not only to 
atmosphere, but as much below as tho suction header or carlmrcter 
vacuum, even with a mechanically operated valve, an<l still moro 
with the more common spring closed automatic check ,al,e, hy the 
amount of spring tension and valve inertia, before real suctio11can 
begin. Tho clearance in such precompression chambers is large, to 
limit the maximum precompression pressure to something loss than 
10 pounds per square inch, and, therefore, the rooxpansion line ,vill 
be very fl.at, cutting off a considerable part of tho strok-e as useless 
before the pressure has dropped sufficrnntly for suction to st11rt. 
Many times the loss occurs here, as in four-cycle cylinders with their 
smaller cleamnces and steeper reexpansion lines, even with equal 
pressures at the start. 

No separate data are obtainable for aero engines on any one of 
these quantities concerned with charge weight and tho corres_ponding 
pressure and temperature changes, nor is there any indicat10n that 
such information has even been sought. Even tho over-all effects, 
as measured by volumetric efficiency, have apparently not hccn 
investigated, though all that is required is 11 measurement of air 
and gasoline or exhaust gas and a comparison with tho piston dis­
placement, tho ratio of volumes constituting tho true ,olumctric 
efficiency. Other things being eq_ual, tho horsepower per cuhic foot 
of displacement per mmuto should bo directly proportional to this 
volumetric effic:ioncy, so it is a little surprising that tho aero interests, 
which must have tho most powerful engine _per pound of metal, 
should have neglected to separately study each of tho prime ,aria­
bles. As already 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 on1y fail to give a light engine, but may even defeat tho 
ultimate object by making tho engine as structurally weak as it is 
weak in m0an effective pressure or thermal efficiency. It must not 
be understood that no good performance results based on proper 
execution of tho processes have been obtained; in fact, there aro 
some most remarkable successes; but, on tho other hand, these stand 
out so strongly as to prove that the procedure that has resulted so 
successfully 1s not the rule in tho art, and may even in the case of 
the successful engine he 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 early opening of the four-cycle enO'ine 
exhaust valve to drop the pressure to as near atmosphere as possible, 
at the ernl, and by uncovering the exhaust port of the two-cycle 
engine to get tho 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
sible on the compression stroke and is completed as soon as pos­
sible on expansion stroke, or, referrin~ to the shape of the indi­
cator card, when the explosive combustion lino is practically vertical, 
leaning, if at all, toward the expansion line than oppositely. Such 
a condition of affairs results in the Otto gas cycle, the efficiency of 
whieh is a function of compression only and the mean effective 
pn•ssure of which is a function, partly of the compression, but also 
partly of tho height of the vertical explosion line, which in turn 
dcpemls on the wei~ht of the charge or the volumetric efficiency. 
Should the comlmst10n line be not of this shape, results arc bound 
to he infrrior, as can he demonstrated thennodynamically, and yet 
the nrnintemmcc of such explo,.;ion lines in service operation so 
funclamentally related to results, is now as much a matter of hand 
adjustnwn t as of design. This is a strong reason for caution in 
applying speeinl frst n•sults obtained by skilled cnginemcn, to con­
clusions of aero 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 
cxertmg sufficient effort in design, to reduce to a minimum or elimi­
nate entirely the dependence of the operating result on such adjust­
ments as affoct 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 sufficirntly 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 aC'ro engines, or 20 revolutions per second, each revolution is 
complctC'd 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 hi~her speed engines of 2,400 revolutions per minute must accom­
plish tnc result in half the time or 0.002 second. In this short time 
the mixture must be ignited, and the flame communicated from 
partirle to -particle, till all the mixture has been burned even the 
part most distant from the ignitor. Assuming a uniform linear rate 
of flame propagation or flame speed and a 6-mch diameter cylinder 
about as large a one as any aero cn~ine carries, the flame must travel 
half a foot in 0.004 to 0.002 seconct, which requires a linear velocity 
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of .500 to 1,000 feet per second, or 30,000 to 60,000 feet per minute 
if a single igniter is used on one side. 

\Vhile no direct data on the possibility of attaining such rates·by 
normal propagation are available it is likely that from interpretation 
of indirect data, they are prohahly not reached, so the rates are 
abnonnal or maximum prnssures not attained. At any rate condi­
tions that could in any way improve this situation must he 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 carhuretion, and for the continuous maintenance of the exact pro­
portions found best, because even a slight change of proportions, 
such as would never he noticed in an automobile, may exert a 
powerful influence under the steady hi~h speeds of the aero engine. 
Next 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 ignit<>r plugs. It certainly should take less time to inflame the 
charge in an engine with valves in the head than in a tee-head fonn, 
for Pxnmple, if each had one plug, so the former shape is preferable on 
this score. It would seem as if one plug located in the cPnter of the 
hPad would ignite the whole charge in the time required for the 
flame to travel a distance equal to the radius and, therefore, that 
smh a location ,vhould halve the time required by one plug located 
at the ,,ide, yd no such dr,gree of difference has been f'stahlished. 
Morf'o\"('l', it ,vcmld seem that two plugs simultaneously sparking, 
and loeatc<l at opposite ends of one diameter vrnuld require more 
time to accomplish ignition than one in the center as each separate 
flame would have to travPl more than a radius to hurn all the mixture, 
and yet two >,uch plugH seem to give a quicker combustion than the 
one in tho cPntcr, instead of slower. This question of combustion 
rate YC'rsus spark plug location and number is still pretty well open, 
though clf'arl.,, of considerable importance in securing proper com­
bustim1 li1ws for most effective working. Reliability should 11lso he 
seryed as there is a better chance of avoiding failure ,vith two inde­
pendent magnetos and two sets of spark plugs than one, and this 
much has heen established as good practice, hut accurate simulta­
neous sparking of hoth plugs is absolutely necessary. 

There are two considerations 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 aero engine combustion chamber 
with head valves is a short cylinder in which the axis is short com­
pared with the diameter, ignition at the center will burn in the first 
half 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, avera~ng three to one in the second as compared to the 
first half, and it 1s the second half that is most important because 
here expansion is beginning and tending to lower pressures which it 
is the function of combust10n to raise. If the situation be re,wsed 
so that the higher rates occur in the early part of tho period arniluhle, 
then there will 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 of propagation or accelerated combustion, und 
recognizes that mixtures which arc agitated, burn much foster than 
those that are quiet. The a(lvancing combustion wave stnrtcd at 
any ignition pomt agitates the mixture beyond, somewhnt like a 
compression wave, and two ignitors may be expected to increase 
this agitation and so accelerate combustion, compared with single 
point. 

\Vlmtever the rate of combustion, it is necessary to start com­
bustion before the end of compression, and the slow!'r the com­
bustion rate, or the higher the piston sp!'ed, 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 excessin, friction, and is acc<>pted 
at all only as the lesser of two evils. It would s0Pm as if, with 
sufficiently high volumetric rates of combustion, and a sufficiently 
large number of ignition points, spark advance would be minimized. 
Manual advance might even be eliminated entirely as an o}wrntor's 
adjustment, if the mngnPtos and distributors usPd hac proper 
electrical charactPristics with speNl incrcas(•s to give earlier :oparks 
passage at higher speed. With wi<lc•ly varying throttle opt>nings and 
engine speeds, such as are typical of auto cn~nws, chancps of succrss 
are more remote than with aero engines where speed and throttle 
positions nre changed so seldom. 

W'hile it is possible to experimentally detennine the degree to which 
each process step importimt to the pmver ,veight ratio has been 
executed in an aero engine, and to measure the precise amount of 
disturbing effect of each interfering influence to he encountcrPd in 
practice and, therefore, experimenta1ly strnly processes with reference 
to reliability and adaftalnlity as well, no such work nppe::rs to have 
been umlerbken or, i it has, the results lrnYe not been n•conlcd. All 
that hns hC'C'll published with respect to the judging of procrss ful­
fillment has been concp1110d with !t few simple owr-all nwnsure­
ments of horsepower, speed, and fuel eonsumption from which some 
conclusions arc derivable, but not of such signiiieant vahw to designers 
and operators of engines as would be the ease with true im~estigation 
work of the analytical character that aceounts sPparately for each 
factor that enters into the result. As has ulreally bcC'n p/iinted out, 
these results are subject to some interpretation by comparison, one 
with the other, arnl each with thermodynamic stnndarcls. All the 
facts necessary for the latter arc not avallable, and must be assuml'<l 
in pnrt, so the conclusions will be correspondingly upproximatp and 
subject to caution in use. 

From the measured brake horsepower and speed, tho sp0ed can be 
eliminated by division and a quantity obtained which measures tho 
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 muffler, all mechanical friction, all fan, pump, and mag­
neto work; all negative work of precompression in two-cycle engines 
and the windage of rotating cylmder engines. For the most satis­
factory conclus10ns these included items of loss should be separately 
determined and certainly the motor cylinder work done behind its 
piston should be isolated from the rest, but up to the present the only 
separate factor thus embraced is tho windage of the rotating cylinder 
enginPs in the German tests. Comparison of these over-all competi­
tion test results giving the mean effective pressure referred to brake 
horsepower with ea.ch other is possible from Table IV. 



TABLE IV.-Mean effective pressures referred to brake horsepower versns engine classes. 
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I. II. III. IV. 

Cylinder--OmI1k arrangement. 
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TABLE IV.-Mean effective preasures referred to brake horsepower ver8U8 engine classes-Continued. 

Class No. 

I. II. III. IV. 

Cylinder-erank arrangement. 

Jj'ixed In line. Fixed V, 2 cylinders per crank. Rotating. Fixed star. Miscellaneous. 

Cooling. 

Water. Air. Water. Air. Air. Water. Air. 

Engine or maker. 
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TABLE IV.-Mean effective prearures referred to brake horsepower verBUB engine classea-Continued. 

Class No. 

II. III. IV. 

Cyllnder-<rrank arrangement. 
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Cooling. 
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Values of mean effective pressure exceeding 114 pounds per 
square inch, referred to bmke horsopower, reported for one engine, 
and in many instancos in excess of 100 pounds per square inch for 
wnter-coolod fi..xed-cylinder engines, warrant the conclusion that 
little betterment is possible in view of tho prevailing lower figures 
in engines of othor classes. Th<'SO attained values arc truly romarka­
hlc and can hardly be exceeded unfoss the initial pressures arc raised 
above atmosphere hy blowers. That some engines do not attain these 
values is proof of thPir inferiority of desi1sn, but tlwre is some question 
as to capacity for maintenance of the hign value after long periods that 
can be settle'd only aftPr very long trial runs. The contest figures are 
reliable and acceptable for tho conditions imposed, and if such values 
can be maintained in flight, little more can be expected. Such a 
high value as 127 pounds reported hy one mak!,r can hardly be 
credited, nor can so low a value of _14 pounds he rPgardod as good 
enough to be accPptahle. Air-cookd cyliml('r YnluPs are consist­
ently lower even for fixed cylindPrs and much more so for rotating 
cylindc'rs, which indicates a fundamPntnl inferiority. 

TlwrP is somP qnPstion of the Yaliclity of a comparison of mean 
effL·cti,e pressures for diffl'rent <•nginc>.3 :,t UJW(lual spe('ds, especially 
as rotating cylinder engirws n.re nc\'('l' r11n ov<'r 1,,500 revolutions 1wr 
minute while fixed cylinckr engint'S ar(' oiwratr·cl onr 2,000 revolu­
tions per minute. To diminato such an ohjC'ct ion nnrl at the same 
time 1wrmit of a judgment of the he:-,t spcPd at which to run an engine 
of given dcsio-n, the hor.-,epower-spe_'ed cun·e should be <lc(crmiaPd, 
or its cquivah•nt curve of mean torque• speL'Ll. c;t• of nwan dil'dive 
prc:-;sun• rd'c1Tl'd to Sj)l'•'lL It is ('Vident tbtt. if with nn in(T(•ase of 
spl't'd t lw nwau l'll,·cti \~e pre--;sun• rPmains <·cmsta11 t., 1 hen tlw horsc)­
powt>r will tw prop,Jrtionnl to spce<l, all(l tlw 1J:•st spc,,<l to use for n,·ro 
engi:w,-; ',Yill be the highe::,1. at which Llw i1wrtia or centrifugal forces 
an, n,i1 ,'x:c,,ssivc·, n-;surning prop,•r ht>aring <'onditions to he pnncid(•<l. 
This flt'st r,rn:,imum sp(•cd for Jixed cylind,·r c•11gines is un<louhtedly 
the spee,l nt which the inertin, forC'e of the reciprocating pnrts ut, the 
beginning of the outstroke is equal to tlw normnl maximum gas­
pressure force acting on the piston. For these conditions the force 
transmitted to the crank pin at the rnomc'nt of e.\:plosion will 1Je zt•ro, 
gradually rising th1·ow~h thc strolrn and will be maintained high 
until near the end of the outstroke dming the last half of which the 
inC'reasin,Y inertia fo1·c1·s nro H(lditiY(' to the kssening gas pressure 
forces. During tlw i(Ue strok,, of suction the i1wrtia force acting 
alone irn poses just the same crank-pin forces us woul<l tho c·xplosion 
when starting. An>' l,•ss inertia while reducino- tho transmitted 
crank-pin forces for i<lk strokPs inerc:ises thc'm at tho beginni11g of the 
working stroke. ~\.s the normal or most u:-:;rd SJH'Pd is less than the 
maximum and tlw maximum gas pre;.;surPs likewise, this normal con­
dition and not that of mnx:imum should be made tlin lmsis of sclPction 
of 01wrating speed for minimum weight of Pnginc, coupk<l with gim­
eral SL'rYiceahilitv. The sneP<l at which normal maximum gas pres­
sures will be balanced aga1nst reciprocatin~ inPrtia, which is a func­
tion of tlw square of the speed and of the WPight of parts directly, 
will, of eourse, depend on these w,,ig]n,;. 1 frayy reeiprocating parts 
may lw hest operated at lower spe,·d than light reciprocating parts 
which includP pi,;ton, wri:;;t pin, and part of tho connecting rod. 
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For a water-cooled engine of the automobile type Winkler gives 
350 pounds p('r square mch as the maximum explosion pressure. 
Accordingly from tho equation, rPciprocating inertia pounds per 

. h f . W ~· 1 k. lV al square me o piston = 0.00034 - J.v 2r, an( ta mg - = 0.5, c -
a a 

culn.tcd fro~ tho ~,eight distribution figures givrn by Winkler, the 
speed at wlnch this ,voul<l liecomc equal to 350 pounds p('r square 
. l . l . . (N ll' me 1 1s 2,640 rcvo ut10ns pPr mmute. OTE.- - = pounds rccip-

a 
rocating weight prr square inch piston, N = rtwolution per minute, 
r = radius of crank in feet.) The rotating cvlin(for engine intro­
duces a different condition, for here tho recrprocating parts always 
exert a centrifugal force varying from a maximum at out center to 
a minimum at mnPr center and such as will keep tho connPcting 
rods always in tension if speed and reciprocating weights are large 
enough to develop cPntrifugal 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 
pressurPs, and this is the contro1ling 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 a second high limit to be considered in conjunction with that im­
posed by inertia. The best procedure is undoubtedly tho selection 
of such proportion of gas pt1ssages1 carburetor, and ignition condi­
tions on the one hand, and reciprocating parts weights on the other, 
o.s will bring the critical speed equal to tbe inertia speed limit. Cur­
vature of the horsepowcr-speC'd curve is due partly to increased 
losses of charge at tiie 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 ploU.ing the volu­
metric efficiency-speed curve beside the horsepower-speed curve. 
If the latter departs from the straight line before the former, it is 
clearly not due to insufficient oharge. In such a case enlargement 
of valves 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 curo 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 pa brake horsepoweT-hour) and thermal efficiency 
va sus engine classes. 

Class No. 

I. lI. Ill. IV. 

C'yllnder-<,rank arran~oment. 

Fixed in line, 1 Ii Fixed V, 2 cylin-

1

11 
cylinder per crank. J der per crank. 

Water. Water. 

Baru. r Curtiss. 

Foal. Effl· Fuel. Effl-
ciancy. ciency. 

Rotating. 

------

Cooling. 

Air. 

E nglne or maker. 

B.M.&F.W. I 

Fuel. Effl-

I ciency. 

------ ------ ---

-=1 i{ o:~ 0.22 
} 0.845 0.472 0.29 .25 

,525 .24 

Authority. 

B. Maker. B. 

Daimler. Sturtevant. Gyro. 

Fixed star. 

Air. Water. 

Aruami. I Solmson. 

Fuel. Effl- Fuel. Effl-
cieucy. clency. 

------ ------
{ 0.58 0.23 

} 0.53 .57 .24 0.25 
.57 .24 

I 

Maker. Lumet. 

Aruanl. 

0.610 I 0. 7851 0.17 { o. 4g I 0.27 
}-- .••. ---1-----····-0.27 0.511 0.24 .53 .25 

• 51 .26 

B. II Maker. I 
B. 

II 
Maker. 

II 
Daimler. Sunbeam. 1911 Gnome. lQll Nieuport. 

0.5051 0.27 0.51 0.25 0. 7871 0.17 0.8051 0.17 ·······--·1··--·-----
B. Maker. Lumet. Lumet. 

Daimler. 1911 Gnome . 1911 Aruani. 

o. 4941 0.28 . - .• -.... -1--- -...... o. 8051 0.17 0.6681 0.20 ···--··---1·-·-------

B. Lumet. Lumet. 

Daimler. German Gnome. 1913 Anzan!. 

0.5031 0.27 ···-------1-----···-- 0.66141 0.20 o. 7111 0.19 ---·---·--1·········· 
B. \I ii Maker. Lumet. !I 
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TABLE V.-Fuel comumption (pounds per brake horsepower-hour) and thermal effici,ency 
versus engine classes-Continued. 

Class No. 

I. II. III. IV. 

Cylinder-crank arrangement. 

Flxo<l In line, 1 II Fixed V, 2 cylln• 
oylinder per crank. der per crank. Rotating. Fixed star. 

Water. Water. 

Daimler. 

Fnel. 
I 

Effl• Fuel. I Effl• clency. clency. 

0.528 0.26 

}·········I·········· .501 .27 
.400 • 27 

B. 

Bem. 

Cooling. 

Air. 

Engine or maker. 

Gnomeh average or 
six 46- orsepower 
engines. 

Fuel. Effl• 
cloncy. 

0. 7108 0.19 

Lumet. 

Gnome, average or 
twelve 63-borse­
power engines. 

Air. Water. 

Fuel. Effl• Fuel. I Effl-clency. clency. 

.......... .......... 
··········I·········· 

0.5371 0.25 ··········1·········· 0. 73541 0.18 ··········1·········· ··········1·········· 
MIiker. II II 

Lumet. 

Maker. II I Lumet. II I 
N.R.G. - -'1~11-~1~ 

0.485, 0.28 ~··········1····················1··········1==f= 
B. 

N.R.G. I II I 
-0.-5191-0,2-611 .-.. -...... ----,-·1·····-·····I ·········-1-·······•·.··•·······1·········· ···•••••·•1·••••••·•• 

B. ii II 
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TABLE V.-Fuel comumption (poun<h per brake horsepower-hour) and thermal efficiency 
versus engine claases--Continued. 

Class No. 

I. II. III. IV. 

Cylinder-crank arrangement. 

Fixed In line, 1 II Fixed V, 2 cylln• \1 Rotating. 
cylinder per crank. der per crank. I 

Fixed star. 

Cooling. 

Water. II Water. Air. Air. II Water. 

Engine or maker. 

Argus. ! 

Fuel. 
I 

Efll.- Fuel. I Efll.- Fuel. 

I 
Efll.- Fuel. I Efll.- Fuel. 

I 
Efll., 

clency. clency. cloncy. clency. clency. 

0.53• I 0.26 ··········1·········· ··········1·········· ·········+·······••: ··········1·········· 

B. II II II II 

Mulag. I ___ ,/ 
0.528 J 0.26 ··········1·········· 1·· .. ·····+··· ...... !-........ ~ .. 1 .... -...... 11 .......... 1 ......... . 

B. II II II II 
Schroter. 

~ ~ ········ 1·········1····1·· .... 0.621 I 0.22 

B. 
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TABLE V.-Fuel consumption (pounds per brake horsepower-hour) and thermal efficiency 
versus engine classes-Continued. 

Class No. 

I. II. III. IV. 

Cylinder-<:rank arrangement. 

Flxetl In line. 1 If Fixed V, 2 cylln• 
cylindor per crank. j der per crank. Rotating. Fixed star. 

Cooling. 

Water. Water. Air. Air. Water. 

Engine or maker. 

Hnll•Scott. 
I 

----

I I I I 
Fuel. I Effi- Fuel. Effl- Fuel. Effl- Fuel. Effl- Fuel. Effi• 

ciency. clency. clency. clency. ciencJ. 

---

0.6 I 0.21 I i I .......... , .......... ······ ... -1 .......... 1··----··--1···------·1 .................... 
Maker. 

Austro-Dalmler. 

0.521 0.26, ········--1----·--··· .......... , .......... I .. ........ 1 .......... 
I --········1··--·----· 

Government 

ii II I II 
Acceptance Test. 

1911 Lsbor•Avls-

1

1:::::=c=I .. +---1 
tion. 

0. 6171 0.22 ----···--·1·········· ······----1--·--·--·· 
Lumet. II II II 

NoTE.-For Continental engines a cslorltlc value of 18,900 British thermal units per pound has been 
1188umed, for American and British engines 20,400 British thermal units per pound. 

Fuel consumption of less than half a pound per brake horsepower­
bour, 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 engmes, and judging 
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by the performance of other classes of engines and by the thermo­
d vmtrnies of limiting possibilities, little more can be expeoted. ·what 
n1u;;.t he sought for here is, therefore, not an imJ)rovement of the 
best, but a general raising of the poorer ones to level of the hest, 
and the mamtenance 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 merPly indicates which is the better, and may 
throw some light on type ayailability, as, for example, the fuel con­
sumption of two-cyole engmes must always be gn•ater than four­
cycle, if each is equally well designed; or again, air-cooled engines 
may or may not have as high a mean effective pressure as water­
coo1ed. 

Thermodynamic standards of comparison do indicate goodness 
more absolutely, and these are now in general use in engineermg prac­
tice. Accountmg for and eliminating operative conditions, such 
absolute standards illuminate the goodnesa of the machine with refer­
ence to the execution of its basio 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 
tliermal 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, and given by the following equa­
tion, in which the subscript (b) refers to the condition after, and (a) to 
that before, compression: 

E= 1-(t::y-1 

= 1-(;:y~l = 1- ~: 
Comparing this with the thermal efficiency of an. engir..e of known 

compression results 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
press10n, 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 ne[ative work and suction heating 
or volumetric efficiency. As these enects 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 mi.'l::tures measmed at 32°, and one atmosphere, this factor 
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disappears as a variable, and hecomeA a constant 103 British thermal 
units. The equation then takes the following form: 

(m. e. p.) =5.4 x 103 x[1-(;:}1~]= 556.2 x E 

Comparison of this computed rcsulL with that measured by test 
gives the diagram factor,, of Table VI, including all ]osses due to every 
cause. Comparison of the diagram factor with the efficiency factor 
for each engme indicates whether or not the interferences affecting 
one arc 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
oiency. 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 rotating 
cylinder heated crank case sort. 

TABLE VI.-Diagramfactors and efficiency ratios. 

Cla.ss No. 

I. II. III. IV. 

Cylinder crank arrangement. 

1 cylinder. Rote.ting. Fixed star. Fixed In line of II Fixed V? • 2-cyltnder crank. 

----------------------~----~----------
Cooling. 

Water. Air. Water. Air. Air. Water. 

Engine or maker. 

Benz. B.M.&F.W. Nleuport. Salmson. 

P. E. P. E. P. E. P. E. P. E. P. E. 
------ --------------11---1----f---l---

Dlag. 
fact. 

Effici­
ency 
ratio. 

106.9 I 0.29 
.353 .630 

Daimler. 

103.5 
102.0 

.345 
• 340 

o. 27 
.ZR 
. 587 
.608 

Daimler. 

Dia Effie!- Dia Efflcl• 
g. ency ,g. ency 

fact. ratio. fact. ratio. 

} ............... ~ 
} .......... ··-· ........ ·I--·· ... . 

Dlag. 
fact. 

66.6 
.222 

Effici­
ency 
ratio. 

0.16 
.348 

Gyro. 

76.9 

.256 

0.17 

.370 

I 1911 Gnome. 

_f_lrr_J~-O-J-~-1!} ....... / ....... r··· .. · ........ 111{ ft~ } 0.17 

•. 33-:77 ·~~? } ....... _....... ........ ........ ..2"2.135} .370 
• ;) .{Ju.J I I I 

Dlag. 
fact. 

Effici­
ency 
ratio. 

...••••. 0.17 
.370 

1911 An&anl. 

79.6 

.332 

0.20 

Dlag. 
fact. 

78.2 
.260 

Efflcl• 
ency 
ratio. 

0.224 
,487 

. ....... , ....................... . 

....... -! --.... -. -........ --...•• 
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TABLE VI.-Diagram factors and efficiency ratios---Continued. 

Class No. 

I. 11. III. IV. 

Cylinder crank arrangement. 

Fixed In line of II 1 cylinder. Fixed V?, 2-cyllnder crank. Rotating. Fixed star. 

Cooling. 

Water. Alr. Water. Alr. Air. Water. 

Engine or maker. 

~.A.G. 

P. E. P. E. P. E. P. E. P. E. P. E. 

--- ___ ! --- --- ------ --- ---

Diag. Effici- Diag. Effie!- Diag. Effici- Diag. Effici- Diag. Effici-1 Diag. Emel-
ency ency ency ency ency ency fact. ratio. fact. ratio. fact. ratio, fact ratio. fact. ratio. fact. ratlo. 

II ---~--- ----'-----1----,----1-------

;~:::~~: ::::::::1::::::::1:::::::: 101.0 
94.0 

.337 

.316 

0.28 
.26 
.608 
.565 

Angus. 

106.5 
107.0 

.355 

.337 

0.26 
.23 
.565 
.500 

Austro Daimler. 

-······· ·······- ········1········ 
................. ········1········ 

·········1········$···············Jis··············· ·········1········ ........................ ········ 
·········,········ ........................ ········ 
-----···· ................ ········ ............... . 

94:g1 I o:~ ::::::::!:::::::: ::::::::!:::::::: :::::::::J:::::::: ::::::::/:::::::: ::::::::!:::::::: 
---~---, 

Cheno. 

103.6 
106.5 

0.229 
.253 

Wright. 

80.2 I 0.182 ········I········ ········I········ ......... 1 ........ ········I········ ········I········ .267 .417 ········ ········ ........ ········ ·········1--··---- ........ ········ ....••.........• 
---~---

Green. 

77.0 I .258 5.23 . ·······I· .............. ·I···· .......... ···1··· .......... ···\· ······· ········l· ...... . .504 ··•··••• .•••..•...•••....•••..•. ·········1········ ............................... . 

Non:.-E. Is thermal efficiency referred to brake horsepower and P. Is mean effective pressure pounds 
per square Inch referred to brake horsepower. 

On e.ccount of lack of sufficient data for individual engines, 11, compression ratio of 1 :4.5 has heea assumed 
ror all engines, equivalent to an air card efllciency of 46.0 per cent 11,nd theoretlc11,l M.E.P.-!!00. 
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These figures, which should throw so mucn light on performance, 
arc, 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 flmd. 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 fu turc tests such data will be obtained as to make _possible the 
determination of both diagram factors and thermal effictency 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 c{)oling 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 parts must be held to a low limit of 
temperature, which requires a definite heat conducting and dissipating 
capacity in proportion to the heat receiving capacity of the part. 
This limit of allowable temperature is imposed not only by the re­
quirements 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 
rca1Tangements, becomes troublesome. Cylinder lubrication is also 
depC'nclent 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. 

Heat is received by all metal parts in contact with the hot gases 
and thC'se parts include the cylinder head, inlet and exhaust valves, 
the walls of any valve pockets, the i~iter plug, the piston head, and 
the whole intC'rior of the cylinder wall exposed at the end of the out­
stroko. Tho heat received by the cylinder proper is greatest for the 
part exposed during the first part of expansion just following explo­
sion, and C'XtremPly hot gases arc in contact with the whole interior 
of the clearance space. In addition, heat is given up by burnt gases 
escaping through the exhaust valve and ports to the 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 aero engines, though frequently used elsewhere, is the boiling 
water jacket, noncirculatting, with an air cooled steam condenser and 
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 is the case is unquestionable, not only on 
rational grounds, but by experimental dem~mstrations. 

\VheneV<'r heat is to pass between a fhnd and a body of metal, 
it has been established that a layer of fluid adhering to the m<•tal as 
a film acts on the heat flow as an insulating layer. The thickness of 
this dead fluid film, and therefore its thermal resistance, depends on the 
condition of fluid motion, or, as it has been termed, on the scrubbing 
action. High v-elocities 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 liqmd 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 
]llcket or pipe. Each of these clements 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 se-rnral 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 re~istance. 
The resistance of any one part of the path is inversely proportional 
to the conductivity of the substance, 1s directly proportional to the 
length of path in the direction of heat flow, and is mversel.v as the 
cross section of path at right angle to the heat flow. Accordingly 
the temperature drop throu~h a gas film is 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 he ahout 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 hlnstrcl over surfaces and very 
much more in turn than the resistance of films of liquids circulating 
over those exterior surfaces. Of nll the temperature drops, hy all 
odds the least is that through the thin cylinder walls ,vhen the· flow 
is 1lirect. 

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 of 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 m 
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 coolmg, 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. Extens10n 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 hquid. 

Difficulties of cooling begin only on the irregular parts and increase 
with their irregularity or thermal isolation from heat dissipators. 
The first irreguhtr element met is the cylinder head or side valve 
pocket. This receives heat over the who1e 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 liq_uid 
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 cylinder heads or valve pockets are normally 
not cooled sufficientlv. 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 stems should have a large metal 
cross section, and the metal should be of as high conductivity as 
possible, while the joint from valve stem to disk should be of 
long curve and the disk of increasing thickness toward the center to 
further promote conducting capacity. The stem bearing can hardly 
be too big or long nor too well cooled by sufficient 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, it should be added to replii.ce the present two diameter stems 
now in use for this purpose. It requires only a casual survey of the 
illustrations of aero engines to see how different 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 
parts may occur, due to unequal expansion, resulting possihly in 
breaka~es but certainly, when valves and seats are involved, in seri­
ous lcaKs which, once startecl, especially at exhaust valves, rapidly 
increase hy 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 armi of the cylinder bore circle at least, and more if arched 
upward or dished down, as may properly 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 
piston barrel, thence across an oil film to the cylinder walls. By 
mcreasing the metal thickness of the piston head regularly from 
the center outward in proportion to the square of the radius, its 
heat carrying ca:r,acity could be made proportional to the receiving 
surf ace above. fhen by suitably thickening the upper barrel the 
axial heat carrying capacity can be made great enough to take what 
is dcliv<'red 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 letJ.St 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 
grasp of the problem. An exception to the overheated piston is 
found 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 reason, should thick 
metal pistons prove objectionable, why air blasts should not be 
introducrd directly under the pistons except the consequent evap­
oration of lubricating oil. 

Piston heads that are very unequally heated or very highly heated 
are suhjf'ct to a consideraf)le expansion and to oxidation as well, 
besides being responsible for decreased volumetric efficiency and 
prPignition 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 cylinder clearance. If sufficiently cut away to give relief, 
leakage is promoted, which defeats lubrication, 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 n.t the top than along the barrel, is necessary, but the less the 
better, and the better the cooling of the piston head whether hy 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 watPr jackets with steam or air pockets, or to the 
impact of the air blast from tho propelfor on the front side of a for­
ward cylinder. Rotating air-cooled cylinders and, in fact, even 
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 baffies 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, Is ingenious, prob­
ably more so than cff ective. There seems to be no hope whatever 
of air cooling ever being made as uniform as with water, and there­
fore more distortion effects arc certain in air-cooled engines even 
though, by the use of excessive quantities of air and fan or windage 
powc•r, the walls could undoubtedly be kept as cool as with water, 
It could not be a uniform cooling, and hence not as desirable. In the 
German test rPport the windage of the Gnome rotating cylinder 
en~ine is given as 8 per cent of tho output, which checks exactly the 
value given by ,vinklf'r for the Renault fixed-cylinder engine fan 
power. 

\Yater gives control of temperature in degree as well as uniformity, 
for with sutficif'nt radiator capacity the water temperature entering 
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jackets can be kept only a few 1kgrec>s above that of the free air. 
By sufficient circulating-pump capa('ity the <klivrry kmperature 
from the engine jackets can he kept as nrar the inlet trmpc>rnture as 
mav he dcsirc>d. On the otht'r hand, should the engine he found to 
woi·k hctkr with warnwr watc>r, or if radiator size is to he minimized, 
and the advantage be regankd as grcat<'f than a warmer engine, 
this can hn accomplished hy r<>ducing radiator size with corrcspond­
inrr rise of tempt>rature of water inkt to engine without in any way 
affecting the uniformity of heat ahstraction from the engine nwtal. 
The limit of this occurs when the jacket ,rntrr is allowed to huil, as 
in tlw Antoinette, in which case the Tadiator }wconws an air con­
dcns<>r and ,ery small h<>cause of high temperature difference ht'tw<><>n 
stc>am (212° F.) and the frre air. Highrr tcmpt>n1tures than this 
can hr sccurc><l bv the use of oil in jackds, as is done in some farm 
tractors to furtht:r reduce radiator size, and such oil has the atkan­
tage of not frc>c>zing. 

Piston-cooling effectiveness is mon1 or lrss mc>asured by tlw limit­
ing diameter that is operativc>, a.nd the kndrncy to use multiple cyl­
indc>rs of small diametc>r, especially in the rotating air-cookd engine, 
which go as high as 20 i:ylinders per engine, and_ to keep their cylindt>r 
diameters less than 5 mches, can be traced d1rectly to this. Ev<'n 
with water-cooled c>ngines a limit is reached, dPpendent entirely on 
this piston-cooling factor, ancl larger cylinders than are no"· used 
require bettrr cooling of the piston by the methods indicatc>tl. 

Temperature c>xpansio_n stressc>s added to those impost>d by gas 
prPssurrs and mass mot10n forces ha,c np~er yet. hc>c>n successfull.v 
attacked by the stress analyst, but even 1f thc>y could he treated 
mathematically it would help but little when the temperature in the 
various parts of the metal structure are unknown. No cln,;s of 
machine except the large in.temal-comhustion 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 diffirnlt problem mus~ be attacked patiently and systematieally 
by experimental research if any but accidental or haphazard results 
arc to be attained. Pending such needed fact data on temperatures 
and temperature gradiPnts and on the effects of mean tempt>rature or 
temperature differences on volumetric efficiency, on limiting com­
pressions, on metal expansion, on per1nanent 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 rnPtLll trm­
perature. This undoubtedly involves the use of liquids as lwat 
receivers from the metal walls, but just as surely demands proper 
arrangement of metal parts for promotion of heat transmission as 
unifom1ly as possible through the several parts. 

Lubrication as a process is of considerably greater imJ?orti,nce and 
significance in the aero engine than in any otner, for while it has hut 
little direct relation to the power weight ratio, it has an indirer·t 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, especiu.lly cylinder versus piston, adopted 
for reduction of metal volume, and bringing cast iron and bronze 
against steel, and evt>n steel against Rteel. 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 
rC8istance to ft proper value, but loss of which results in overheating 
of tho p11rts that arc thus thermally isolated. Not only is the lubri­
cation of tho aero engine peculiar m these two respects of unusually 
difficult metal<; to be lubricated, and hent conductivity function in 
addition to that of lubrication, but in other re,;pccts ns well. Maxi­
mum compnct,1wss in the intNcsts of low ,veight leads to the use of 
small bearings nncl us high bearing pressurPs t'.S mny be feasible for 
the V<'ry high Hpeeds in use. In the case of rotating cylinder Pngines 
ftny change in angular velocity produces piston side thrust loads, not 
f<~lmd in any othC'r machine and these may be C'Xtremcly high, so 
l11gh as to even bend th0 cylindern as cantilever be:tms if the nccelera­
tio11, positive or negative, is large. All aero engines have closed 
crank cases and theHe nrnst H<'ccssarily get very warm, largelv from 
heat receiv<'cl from the und0rsidc of pistons, but nlso from the whole 
side of the piston barn'l all<l the expose<l cylindPr wall. The cdinckr 
wall is hot by reason of the heat hcmg conducted through, so tha.t tho 
viscosity of tho oil on it is reduced just about to the limit. In the 
hottest region near l)ist.on heads, and even in some cases in other 
parts as well, the cy indcr oil suffern decomposition changes, due to 
the heat, ns is proved b.v the progressive loss of lubricating vnlue of 
oil in circulati11g return systems. Not only is the oil subjected to 
variable and high temperntures, but it must be of such character as 
will not leave excessive carbon residues in the combustion chambPr 
wh<'n it works past pistons, hut must vaporize on the hot surface with 
least carbonization. Coupled with these high interior tempPratures 
of the aero engine arc possible excessi,ely low temperatures of the 
surrounding nir, 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 exceed 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 standnsd mate­
rials of internnl combustion engine practice, i. e., cast-iron piston on 
cast-iron cylinders, 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 case.s 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 cnse naturally raises main and crank pin bearing temperatures 
to some vnlue higher than the crank case mr, fixed by the heat gen­
erated in them by friction, and 130 reduces oil viscosity correspond­
ingly. This would seem to be sufficient reason for using lower bearing 
pressures or larger surfoe<'s than in auto engin<'s, 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 crank pin 
bearings, the aero engines so far clcn•loped usually have equal or 
smnll<'r 01ws than automobile or hont engines. No matter how 
elaborate the oil-feeding s:n,tem nor how can,fully the grade of oil 
may be sekcted, this practice can llOt ho accepted until it has bc>cn 
more folly dcmnnstrntt>J than h:':, yet hPPll dOJH', that it is ncccss;1ry. 

Piston and wrist pin lubrication prcsmt still grrnkr <liflicultirs, 
and no new methods of lubrication are availabfo lwyond tho supply 
of excPssivo quantities of oil to these "mrfac<'S. As· already pointod 
out, aero-Pngine pistons arc hotter than those of other cngirws because 
of the higher specd and consequent grnakr lwat quantity per minuta 
taken up hy the pistons, all(l nl,;o lweamrn thPsP am of thimt!'l' rnotal 
and so can not dispose of their hrnt so n~adily to the cylindPr walls. 
Thi3 is furthcr aggriwatPd by tho shortnnss of the pistons, which in 
some cn.si:>s are hardly more than two-thirds of a diameter in kngth, 
though ·winkler recommP1Hls 1.1 dianwter, ,vhile stationary-engine 
pistons arc n~garded as n•quiring a !Pngth of two diametrrs. Such 
short pistons reduce the h1•at dissipating cylinder contact surface, 
but also increase the sid<'-thrust pr<'ssurp,;, ThPy tend to cock side­
wise, especially when made loose to rPlievn expansion, and so concen­
trate side thrust at the <•nds instead of distributing it over the already 
too small surface. In the rot,ating cylindl'r engmes additional side 
thrust of almost any amount may rPsult from variations of angular 
vdocity if sudden. Under such hi(J'h tPmperatures and high sida 
pressurPs, perhaps badly distributPd, the viscosity and lubricating 
value of mo;;;t oils falls very low and the d<\composition conditions 
arc approached with production of light coustitui>nts that evaporate 
and of tar or carbon constituents that stick. Yet in spite of this the 
speed of the rubbing surf aces is so very high as to require lower sur­
face pressures and temperatures ratlwr than hi(J'lwr. Mean piston 
speeds arc never under 1,000 feet pPr minutr1, a high limit for good 
stationary-engine practice, and CV<'ll exceed ::?,000 feet per minut!'. 

To still further aggravate this {>iston-lubrication condition, steel 
pistons have been introduced a(J'amst cast-iron cylinders, steel cyl­
mders with cast-iron pistons, andsteel pistons against steel cylinders, 
again in the interest of reduction of nwtal volunw, though nowhme 
in engineering practice has there bePn any success in lubricating such 
surfac<'s, especially when very hot. 

The fact r<'mains, however, that thPsc aPro Pngin<'S do run, but the 
absence of sufficient rdiablc data extt>nding ovPr years of experience, 
commensurate with that on which present standards of internal com­
bustion engine practice rests, makes it a source of wonder whether 
tho lubrication of aero engines at pres<•nt is wrong and bad, or whether 
on the other hand they have taught old practice something new. 
About all that can be said at presPnt, howevtir, is that mauy aero­
engine faihm•s traced to laek of lubrication are r<'cor<led; that tho 
oil comsumption of these enginPs is vPry high, in some casPs renching 
half tho W<'ight of fuel; and finally that the greatest c.aution should 
ho oh:--eTTl'd in following present method:--. At the same time, the 
construction of engi1ws to op<•rnte cooh'r nt lower bearing smft1,ce 
pressures and with parts of sue<·<•:s:oivcly differPnt materials should 
be undertakPn for test d11ta. Ead1 1ww combinat,ion should, lw 
experimentally tested to destruction with decreasing quantities of 
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selecte<l hut different oil!, to dPfinitPly scttlo this quPstion in the 
lahoru tory. 

As to ddailR of method of application of oil, there sC'ems to havo 
hPen developed some more or less general pructicrn,. All rotating cylin­
ders are lubricatPd by crank-case sprays, which in the case of those tak­
ing the charge throu(J"h the crank-case involves the carrying of uppn'ci­
able guantities of oiY into the combustion chambPrwhNe it hums, at 
least m part. This is practically equivalent to thf1 splash systpm for 
fixed cylinders, which for auto cngnws has prov<id only modPratcly 
successful and for aero engine's is quite unsuited. All fixt>d-cylindcr 
engines use forced lu hrication for main and crank-pin hParings, 
through hollow or drilled shafts and cranks, the pn•ssure !wing 
developed by pumps, many of which have failed even during com­
petition tests. Normally tlwse fixPd-cylin<lPr Pngin<'s have crank­
case oil tanks at the lowpst points, oftm, though not always, currying 
here all the oil supply for a full lPngth run of 10 hours or more', as 
a means of preventing solidification of oil under low-air t('lllp<'ra­
tures, and with all or most of tho distribution pipes inside tho crnnk 
case for the sumo reason, sometimps substituting con•d or drillPd 
passages in the casting for pipes. ThPsc pump-forccd f<'Pds arc so 
far all of the central system, one pressure supply, som<'tinws with a 
duplicato in n~serve, being provic!Pd with multiple outlets, whieh has 
an element of danger, because tight bearings ne<•ding most oil rocPive 
least in proportion to tho loose bearingR which, offf'ring l<'ss rp;;istance 
to oil escape, tf'nd to take it all. ThPrc arc throe typical pump 
systems: Fm,t, complete circulation of tho whole supply to h,"nrings 
with gravity return to sump and pump; second, dirPet frr•d of frpsh 
oil from pump with no return; and tlmd, combinations of this with 
two pumrs, one for fresh and one for circulating oil, disehargiug into 
common bParing tubl's or into separate ones. Any cireulating oil 
system rPquircs a cooler, and the cxpos<'d crank-ease sump surfaco 
is sometimes relied on, sonwtimPs Rupplemcnted by air-circulation 
tubl's or hy carryi11g the oil supply to exterior cooling surfaces, and 
as a rule this oil cooling is made compkmentary to carburetor mix­
ture or air warming, hy passing one in th<>rmal contact with the other. 
As a rule cylinders and wrist pins aro lubricated by thl' oil f'Seaping 
from main and crank-pin bearings, but consi<lcrable modification of 
details is found, and reference is made to tho papers and rPports 
reproduced in the appendix. Among these that of BPndPrman, 
reporting on the second German ocmpetition, is so good that it iR 
worth quoting. 

Lubrication.-The amount of lubricating oil required is aff<'ci<'d by 
the system of lubrication and the circulation of the lubricant. The 
lubricant of an aeroplane engine should not only reduce the friction 
between the parts which arc in sliding contact, and not only remoye 
the frictional heat, which is considerable, due to high bearinR prPs­
surP, hut in many cases it also has to cool the piston hPads. flrn oil 
is largely lost without doing any work. It works fHtst the piston 
into the combustion chamlier and tlwre fouls spark plugs and valv<•s. 
This, of course, can not be avoided altogether, but it may he minimizrd 
by guards at the cylinder ends and by positively feeding the oil to the 
wrist pins. Much oil escapes in the form of vapor ana fog through 
the ventilating funnels (lircat11C'rs), which equalize pressure or -vacuum 
in the crank case without allowing the oil to squirt out or dirt to 
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entC'r. If these breathers are mad0 long an,l C'xposC'd to the air blast 
the oil vapor will conden-;c in th0m and distant plac0s, 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 numher and 
kind of the joints. Esp0cially the gmdcs of the valve tapp0t rods 
throw out a great deal of oil. It will, tlwrefore, be wdl to ke0p th0ir 
diameters at the _place where tlwy emerge, small. In one motor the 
tappets arc nearly surrounded by the wntilating pipes (breathers), 
which direct the oil coming back to the crank case. 

The lubricating qualiti0s of the oil decrease with increasing tem­
perature. Therefore rapi1l circulation of the oil in the b<•arings sub-
3ect0d to high pressures is required; abo sufficim t cooling in a spa­
cious oil pan, preforahly with cooling tubes. At high temperatuws 
as tables 5 shows, cnstor oil is considerably more viscous and effective 
than good mineral oil. It, therefore, so far ct1n not be done without 
in air-cooled engines. For water-coolc<l engines one of the two min­
eral oils mentionC'<l was always satisfactory during the competition. 

The most simple system of oil distribution is the so-calk·d splash 
system (.ery imperfect). The fr<'sh oil suppli1•d from outside or the 
storage oil collecting in the crank case i:,; whirkd arournl by the rotnt­
ing and reciprocating parts and is thus intend('.] to get to the proper 
placP:-:. Tlus means that considcrahln exccsc; of oil is rcquirPd; the 
lo,-scs arc considerable. Engines luhricated in this way mmally have 
a smokv exhaust. 

More· advantageously the oil i,; positivd_\· cowluckd hy a distrib­
uting lino to the fixed lwnrings, and fr,,m then! ns far as possible 
wit!wut loss conducted to the c111mc'eti11g rod (•11d:-; and to the rub­
bing surface of the piston. This i:-; ])(',;L l'fL·ctPd hy full oil throw 
ring:-; on the crank and a pipe co1mPctiun lw1v,r·r•n the ends of each 
connecting rod. In somP c:1sl's tho oil throw rings nrc only partially 
exec-ntl·d and ai·e partially n,place<l hy turne1l grooves in tlte side 
of tlu• ernnk. Those catch the oil, which, after lP11Ying tlw lwurings, 
runs along the side of tlte crank. 

In othl'r cases the oil conduck<l to the crank bearing i,, forced into 
the inkrior of the crank shaft arnl from th('re under the influence of 
centrifugal force runs to the cmweeting ro<l ('nds. On the way into 
the shaft it has to ow•rcome centrifugal force. That requires Vl'l'Y neat 
bParings and at tinws high oil JH'<',-;sun's. Piston force pumps in this 
case arc to be prefrrred to g(•nr pumps. The positive supply to the 
wrist pins permits the most complPtc utilization of the oil. The 
luhrir·nting oil consumption is n·du<·c>d nnd a supply for several hours 
may be provided in the moderntd_v cnlargl'tl crank case. If ~he 
crank case should he too small, tt pulllp for fr0sh oil has to replemsh 
the supply from without. Tlw frn.,h-oil pump may either discharge 
into the circulation line or nrnv foed a spPcial distribution not, sep­
aratC'tl from the closed-circuit line. This, howev<'r, is hardly advan­
tageous. since the requir0<l small make-up of fresh oil, should the 
closed eirc.mit fnil, docs not suflif'n to kPl'p the engine running for 
auv kugth of time. Spel'ial att<·ntion must ho gi, 0 011 to the fact 
that the oil in eold w0ather lJe('()l[ll'S so thick in exposed pip<·S that 
a dang0rous LH•,k of oil will he tltc n•,-,ult aud tho bearings will melt. 

The circulating oil becomes poliut<'d by Hwtal dust and deposits 
of combustion. Small particles, however, <lo not matter; larger 
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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 hearing 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 co,cre<l 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 he avoided. 

Part 2 (b).-GENERAL ARRANGEMENT, FORM, PROPORTIONS, AND MATE­
RIALS OF AERO PARTS-POWER-WEIGHT RATIO, REUA­
BILITY, AND ADAPTABILITY. 

If in every cylinder the same mean effective pressure wl're ohtainl'd, 
and if all cylinders weighed the same number of pounds per cubic foot 
of displacement per stroke, including their attached valves, rods, 
pistons, \Hist pins, and connecting rods, then the weight pC'r 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
mC'nt. If at the same time the thermal efficiency of all engines were 
the same, the added weight of fuel and tanks per horsepowC'r would 
be the same for all. Differences in weight per horsepower of engine 
proper and of engine, oil, fuel, radiator, and tanks taken together 
arc considerable, the heaviest being more than twice the Wl'ight of 
the lightest even for short runs, and the excess is more than this for 
the longer runs. 'l'he basic causes for such differences can he reached 
only by analysis along these lines, and such analysis will indicate 
that as many of the clements of actual difference arc accidental or 
incidl'ntal as are essential or inherent in arrangement, form, pro­
port,ions, 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 limiting 
speed, on the mean effective pressure, on thC'rmal efficiency, or on the 
Wl'ight 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 arrangement are more bold and numerous in aero 
engines than in any other class, and some of them are quite unlque, 
yet with these truly remarkable differences that are quickly grasped 
by a reference to the illustrations in the appendix, the surprising 
thing is not that the weight per horsepower varies considerably with 
arrangement but that it does not vary even more. This is an indirect 
proof of the existence of these compensating factors, and shows that 
arrangt>ment 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 mean 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
mC'nt, must have skcl <"ylinders to avoid the unC'ertnmty of casting 
soundness in resisting the gr<'at cC'ntrifugal forces, and so must use 
cx<"essivc quantitiC's of oil, which has to be carrird. 

Ignoring for the pr<'s<>nt those C'Ompensating differC'nces and con­
centrating attention on the dfeets of arrangement alom', it is clear 
that two similar cylinders S<'t side by side, each developing the same 
power and of equal thPrmal efficiency, will not rt'<tuire shaft and 
frame weights twice as great as one. Adding a third rn equivalent to 
placing between the frame and shaft ends an intrrnw<liato _piece 
without ends, and hence of loss weight, but each <"ylinder added, be­
ginning with tho fourth, adds exactly the same frame and shaft 
w<'ight as the third, and therefore has vPry little influt>nc·o on weight 
per horsppower, unless other modificat,ions arc introduc·ed, such as 
casting two cylinders en bloc, removing main bearings between alter­
nate cranks, and thickC'ning of frame and crank shnft to nw<'t the 
strC'SSC'S introduced by incrcasC'd k,ngths. 'l'hC'rC'foro multiplil'ation 
of similar <"ylinders along one line reduct's WPight per horsepower fast 
at first, and beginning with tour rapidly kss, und }wyond a certain 
number of cylindrrs the weight reduction is more or !(,ss equolizr<l or 
overbalanced by the nceessity for greater metal l'ross-sedions per foot 
of lrngth in shaft and frame. To illustrate the point, a ginn style 
of boat <'ngino having the snme cylin<lt>r on engines of one, two, 
three, four, and six e}':iinders in line is selected, ns no other class of 
engine covers such a ,vido range of number of identical eylinders. For 
one size of cylinder the singlo-eylindrr engine weighs 472 pounds, and 
the two-cylinder engine (i2(i pounds, the second cylindC'r having added 
154 pounds, or 33 per cent.. The third three-cylindC'r <'nginc W<'1ghs 716 
pounds, so that the third cylind<'r has addPd 90 pounds, and each nd­
ditionnl cylinder also adds the snme 90 pounds up to six, the weight of 
which is dwrefore that of the two-C'ylinder engine, 626 pounds, as these 
are retained for Pnds, togr.tlwr with tho weight of four cylinders of 90 
pounds each between, or 3f\O + 626 = 986 pounds. The eorresponding 
weights p<'r horsepower have tlrn followmg n,lation, taking that for 
one-cylinder engine as unity, the numbers rPpn'senting 1, 2, 3, 4, 
and 6, resp<'ctivcly, nr<' 1, 0.52, 0.40, 0.3:35, 0.274. The fart that 
eaeh intermediate cylinder has ndcl<'d exnctly the sanw W(•ight in this 
engine indicates that shaft and frame WP1ghts per foot have nhm 
remained constnnt, hut in some cnses, and proporl~', these are made 
heavi<'r in passing, for example, from four to six cylinders, so that the 
small rcduetion m weight p<'r horsepow<'r above 5 p<'r C'<'nt of the 
W<'ight of tho single-cylinder engine is lost mtir<'ly, and tho sb,­
cylirnkr would be no lighter than the four 1wr horsoyowPr. 

Furth<'r weight reduction by arrangement alone 1s availahlo with 
multiplication of similar cylinders, not in lino axially in a plane 
pa...,sing through and including the shaft, but radin.lly about tho shaft 
m a plane at right angles to it. 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 tho right-angled V engme, 
add no frame weight for the second cylinder over what the fir."t 
requires. It really reduces it by the metal required to cover the bore 



AERONAUTICS. 265 

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 grratrr gain in 
weight per horsepowrr than two cylinders in hne, but when the second 
cylinder is added radially in another plane and has its own crnnk it 
should rrsult in a weight exactly the same as for t\vo in line, lwcause 
the difference is merely one of rotating one cylinder with rrference 
to tho 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 as the 
cylinders remain fixed there is no reason why each cylinder in any com­
bmatiorr should not weigh the same and give the same mean effective 
pressure or thermal efficiency as any other. In this cMc the weight 
per horsepower of engine and plant is less the more the CTlinJers are 
multiplied and the more the multiplication takes place raJia.lly around 
one crank rather than with separate cranks, up to the point where the 
shaft and frame thickening must be so great as to compensate for 
reductions, which begins to be appreciable at four cranks arnl is very 
markPd at six, except as other details may modify tho result. 

Fixecl-cylincler multiplication radially about one crank presents 
no object10nable fratures until the cylinders become inclined differ­
ently to the normal horizontal plane, when there enter lubrication 
difficulties on cylinder-piston surfaces, espccmlly when cylinder 
heads arc lower than the crank shaft. The tendency for oil to work 
past the _piston into the combustion chamber, fouling spark plugs 
or carbomzing the interior and requiring more oil to keep the f'urfoce 
properly wetted, is strong cnou&h 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 beyond the horizontal opposed 
and the 90° to 45° V, set with equal angles to the horizontal. Any 
more than t\vo radial cylinders compose unegual angles and involve 
diff rrent tendencies to oil flow toward heads m each, so while multi­
plication in this dirrction promisC's grratrr weight reduction than in 
line with a crank to each cylinder, the latter has been carril'll fort.her 
in point of general aclo_ption. 

The four and six cylindrrs, each with its own crank, arc standard, 
and douhling the rows of cylinder axes in line without changing tho 
cranks gives the 8 and 12 c_ylindPr opposed, the formpr usrcl a httle, 
the latter not at all. It also gives, when axes are inclined, the 8-
cylinder V, a much used standard, and the 12-cylinder V, but little 
used so far, but possessing advantages that arc promising. 

Radial dispo3ition of fixed cylinders which should give the grratest 
pos,;ihle weight reduction in frame and shaft has a few rPprcsrntations, 
notably the air-cooled Anzani, which usrs three or five cYlindrr3 in 
one plane on one crank and then duplicates on successive cranks 
until the 200-horsepowcr engine is reached, which has 20 cylindrrs in 
four planes of five stars each, an<l five cranks. It is the 01wration of 
this and similar pngines and of the bold dPparture of the Grrman 
Daimler inverted c_ylindcrs (Bcndcman report), with heads directly 
under cranks, which makes it doubtful that the old concluc:ion that 
such arrangrmcnts must lead to fouling is really valid. This latter 
engine did not foul in the competition, and it will he worth watching 
in service to see if it continues to keep as clean as do cylinders with 
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hea<ls 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, thi.~ arrangement offers further opportunities for 
weight reduction over the now standard multicrank form. 

Even here, however, there is a limit to the number of cylinders that 
can be radially placed about one crank, a limit imposed by their 
intersections, and 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 poun<ls per horsepower, an<l for two sets of five 100 horsepower 
and 330 pounds, or 3.3 pounds per horsepower, the reduction of 0.7 
pounds per horsepower, or 17 ½ per cent, being the effect of using five 
mstead of three per star, all cylin<lers being of same size. Similarly 
the effect of <loubling the number of rows is shown by comparing the 
10-cylind~r 100-horsepower with the 20-cylinder 200-horsepower, 
both havmg 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 cylinders, 
which themsPlvcs weigh 3li3 _pounds, and showing nearly proportionate 
addition of weight per crank added, the actual addition bemg 88 per 
cent. The gain is of course greater in pa.'lsing from a one crank star to 
a two than from two to four cranks, as might be expected from the study 
of cylinders in line. This is shown hy the figures for the 3-cylinder, 
30-liorsepower, 121 pounds, compared to 6 cylinders (two sets of 
3 50-35 horsepower, 200 pounds), the second row adding 79 pounds 
to the first 121 pounds, which is only 65 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. ldeallY. 
the weight reduct~on by multiplication of cylinders would be zero 1f 
the shaft and frame weighed nothing. This is clearly shown by the 
ficrures given by vVinkkr in Table VII for the proportionate weight 
of the various parts of fixed auto type and rotating radial cylinder 
engines. To these ficrures are added some pound values for the parts 
cmnruted from Winkler's fractional weights and assumed typical 
tota weights. 

TABLE VII. 

[~oTE.-The table is based on Winkler's figures for weight distribution in diflerent types or engines. The 
first three enginl'fl are or the fixed cylinder in line type; the last is an ordinary Gnome engine. The total 
weights have been assumed.] 

: I I ' 100 horsepower 4- 1· 55-f-O horsepower 4- 150 horsepower & 
cylinder engine. cylinder engine. cylinder engine. 

-------------1-----,-,-
Per cent. i Pou nds. Per cent. Pounds. Per cent. Pouruu. 

Crank case, complete... . . . . . . . . . . . . . . . . . . . 23. 75 9 
Cy tinders. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2ll. 00 10 
Pistons.................................... 5. 75 2 

5.00 19.00 49. 40 23.00 126. 50 
4.00 30.00 78.00 28.50 156.80 
3.00 8.50 22.10 7.00 38.50 

Connecting rods........................... G.50 2 
Cronk shaft............................... 15. 00 60 

6.00 5.00 13.00 9.00 49.50 
.oo 14.50 37. 70 13.00 71.50 

Cam shaft................................. 3. 25 1 3.00 2.00 5. 20 2.00 11.00 
Valve rods,etc.. .. ..... ................... 5.50 2 
Valws, springs, etc........................ 3. 25 1 
Pump, including connections.............. 1. 50 
Carbureter, throttle, etc................... • 50 
Magneto, etc.............................. 7.50 3 
Oiling system............................. • 50 

2.00 4.50 11. 70 4.50 24. 75 
3.00 2.00 5.20 3.50 19.25 
6.00 2. 75 7.15 1.50 8.2.5 
2.00 1.50 3.00 .50 2. 75 
o.oo 7.00 18.20 6.50 35. 75 
2.00 1.25 3. 25 ··----···· ·······--

Rest...................................... 1.00 4.00 2.00 5.20 1.00 5.50 
------------

Total..... . . . . . . . . . . . . . . . . . . . . . . . . . . . 100. 00 , 400 
! 

.00 100.00 260.00 100.()() i 550,00 
I 

-----
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TABLE VII--Continued. 

Rotating-cylinder I 
engine. i 

7 cvlin- 50 horse- '1 

dcrs. power. 

Per cent. 
Crank case.... . . . . . . . . . . . . . . . . 20. tHJ 
Cylinders..................... 27. 50 
Pistons....................... 7.00 
Connecting rods.............. 6. 00 
Crank shalt................... 8.00 
Cam shaft and drive.......... 2. 00 
Cam·sliaft casings............. 3. 75 
Tapi,ctsand rods............. 4.00 

Pound.,. 
30.00 
41.:!5 
10.50 
D.00 

12.00 
3.00 
5.625 
6.00 

Rotating-cylinder 
engine. 

7 cylin- 50 horse-
dcrs. power. 

Per cent. Pounds. 
M!'~eto...................... 7.f,0 11. 25 
O1hng mechanism............ 2. 5u 3. 75 
Carburetcr, including throttle. 1. 25 I. 875 
Frame.... .. .. . .. .. . . . . . . • • • • . 9. 50 14. 25 
Rest.... . .. . . . . . .. . . . . . . . . • • • • 1. 00 1. 50 

Tot:1I. ................. . 100. 00 150. 00 

These figures arc most interesting, but must be used with consid­
erable caution, as the ·winklcr fractions arc gen<'ral averages and 
when applied to a given engine may give pound valu!'s that are 
somPwhat in error. One instance of this a1?1)Cars in the value ob­
tained for the magneto in pounds by applymg the general average 
fraction to a given overall cn~ine weight and which works out in the 
tahle as 3S pounds for one anct 18 for another. While of course there 
really may be this difference, it is not fundamental nor is there any 
accr•ptance of its accuracy. The really valuable parts of the table 
arc those items for the principal parts, such as cylinders. crank case, 
piston;;, and shafts. 

Radial disposition of cylinders does not suffer from inequality of 
oil flow to combustion chambers only when cylinders and frames arc 
rotated about the crank shaft, but here the tendencr toward head­
flow is increased by the centrifugal force on the 011, which is far 
greater than pure gravitation and which apparently is at least a con­
trihuting 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 w1lll temperatures than of centrifugal 
flow, as such en~ines arc always air cooled by reason of the difficulty 
of making movmg water joints and of controlling water flow with 
the centrifugal forces acting in jackets and J?ipes, but everything 
points the other way. Inverted cylinders havmg 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 conclus10n. 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 88 

an incentive to its substitution for the old standard cylindPr material, 
cast iron, in the fixi•d cylinder engines, with corresponding WPight 
reduction pPr cylinder iu that class. The effect of this weight re­
duction must not be exaggerated. Steel pistons, for instance, are 
only 12 to 15 per cent light.er than cast-iron ones, since bottom must 
not be too thin on account of the danger of burning through. Fur­
thermore, piston,, weigh only about 7 per <·cnt of the total engine 
weight. Gn•ater cffects arc possible wlwn stccl cylindns and shcet 
jackets arc substituted for cast iron, yd, even here the gain is rather 
less than might be expeckd, because of the lwads, and the suhstitu­
tion is wmrankd more on grounds of assunwd soundrH'ss of forged 
rollPCl or drawn st.eel comparPd with cast-iron, whieh may huve hidden 
defects such ns blow holes, cold shorts, or bad shrinkage stresses. 

In this brief review of the effects of general arrang<'ment of cylin­
dern uncl cranks on the weight per horsepower, it was assumed that 
otlwr factors remained fixed, such, for example, as the Wl'ight of 
cylinders per cubic foot of displacement per stroke. Varintions in 
dPta,ils of construction of the cylinder complete with valws and 
valYe 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 
matc>rial, the resulting unit weights of the compkte cylinders follow 
no simplo law. A type construction of few parts that woulcl tend to 
lightness may employ a heavier mat.eria,l 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 lightPr construc­
tion and material together, cooperating Lo produce low unit WPight, 
is also found, but unfortunately this is usuall v ofi\et by lmn·r mean 
effective pressure and dficienc•y or by a less favorable general 
arrangement. 

The object sought is the lightest combination of form and material 
for cylindPrs, 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 WPight. 

It sePms pretty clear that designers and inventors of Uf'ro engines 
hani starkd with some favorite general arranrrements of cylinders, 
cranks, and frames and then have selcct.ctl detail part forms and such 
mat.Prial for cylintfors and pistons ns was either essential, ns in the 
rotating cylinder engines, or as would bring the net re,mlt into suc­
cessful competition with previous engines. To put it otlwrwise, 
tlwre is no combination of the various factors that contribute to a 
low weight 1wr horsepower ratio invofring the most favorable value 
of each fartor. This would require the largPst numlwr of cylinders 
thnt could be disposed radially about one crank, followed Ly further 
extPnsion in line on other cranks, as to general cylinders-frame-crank 
arrangement. It would also require the use of the simplPst pi,;ton, 
cylinder, valve, and connecting rod construction, all of st<>el, opPrat­
ing at t,he highest speed, and processes, and producing the higllC'st 
mpa,n effective prPs,mre and the lowest fuel and luhricaiing oil 
consumption. Such a combination has so far been impossihh• and is 
mentioned here to accentuate the position of the factor at present 
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under consideration, that of weight per cubic foot of displacement 
per stroke of cylinders, ineluding all attached parts. 

Lightrn,,;~ of metal part;; may ho H<'CUt'C;tl hy the use of large_ volume 
of low dellstt v ma tcnal of low strnss rn,;1,;tnnco such ns alununum or 
hy a small ~-olumo of mctnl hnvii:g high stress rcsi;;brncP but of 
greatc-r <il-1,;,it_\", such as sfrd, or some compromis(\ such as cast 
troll. 11' the matPrial wrre rn1p1i"('<l to Jwrform the stn'ss resistance 
functio,~ alo]!(i, the modern stcds which rnn lrn cou11tc1l on for 
upwnnl of 175,000 pournls per square i11ch elastic limit and some 
15 p1•r cent elongat1011 with an ultimate tensile strength approach­
ing :200,000 pounds per square inch, arc so superior that nothing else 
could be considered. That other materials arc use1l at all is due to 
the fact that the material of some parts must have otlwr properties, 
caC'h contributing to a different function than that of stress resist­
ance. Piston and cylirnlC'r material must have good conductivity, 
csnPcialh· the former. Pistons and exhaust valves especially, but 
to~ some ·extent tho whole combustion chamber, must n's1st oxidation 
under high temperatures and water jackets must resist hot water 
corrosion. All heated parts should have the lowest possible coeffi­
cient of exfaasion to minimize the thermal stresses of unequal 
h<mting, arn 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 motal have 
a higher coefficient than cylinder metal. Permanent distortion of 
metals under the heating conditions of operation is not permissible 
in cylinders, heads, valve seats, valves, and pistons, so some commer­
cial allovs, including some steels, are barred on this account. Finally 
tho metal of these two parts, cylinder and piston, should have such 
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 properly have piston-cylinder materials 
that ignore this, compensation being secured by large oil consump­
tion which adds little weight. But long flights will add enough oil 
W<'ight to more than offset the weight reduction obtained by making 
both parts of stool, as compared with both cast iron, or one of each. 

About every combination of stundard ferrous materials forged, 
cast, drawn, and rollod for the heated parts that could be produced 
has lwl'n tried, and is even now in use, so it can he definitely stated 
that practice in ferrous materials is not vet established, which means 
that there are insufficient data at hand on the differences in their 
behavior and practically nono on the nonferrous. Here is a field for 
inv<'stigation that is of most fundamental importance practically 
untoucherl mdnllurgically, and solution of which requires scientific 
rescnrch urnh•r the comhmed efforts of enginemen familiar with tho 
requirements, of ml'tnllurgists familiar with alloy production and 
propPrtiPs, an<l of shopmen familiar with the processes of forming 
an<l fitting. 
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X o metal equal to cast iron on cast iron has ever been found for 
the pistons and cylinders of intBnrnl-comhustion engines in nil the 
desired properties except one, that of metal weights for a given size. 
Casting, as a process however, is most uncertaiH; the known defec­
tives amount to almost 50 per cent while the unknown possihilities 
an<l hidden defocts are responsihle for large factors of safety antl the 
use of excess metal. This excess is quite prohibitive an<l fruitlPss 
in rotating cylinders with the enormous centrifugal stresses thnt 
come from speeds exceeding 1,200 revolutions per minute, hecanse 
each pow1d excess metal adds its own equivalent centrifugal stress 
and so fails to add to the certainty of safety as in fixc<l cdilllkrs. 
Excess thickness adds to the resistance to heat escape through cylin­
<kr walls. It ,vns in these rotating cylinders that the first <lPparture 
from the older internal-combustion engine rractice took plncP, from 
shePr stress resistance rt'quirements regar<Uess of other properties. 
The sted cylinder machined from a forgnd-skel billet was <lcnluped 
hy the French rotating cylinder engine builders, and with cast-iron 
pistons it operatos successfully. 

Some builders of fixed cylinder engines encouraged by this demon­
stration adopted stool for cylinders with cast-iron pistons. Ernn 
steel pistons, were tried and in some cases adopted for use in hoth 
steel and castriron cylinders, apparently without gain, in the former 
case hecauso of increased lubricittion requirements and in the latter 
from rc,ersell <'Xpansion coefficients or permanent distortion. Some 
of these stoel 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 
ports are most readily formed. The most radical of all these steps 
1s undoubtedly that undertaken by the German Daimler Co. in con­
structing cylinders, heads, ports, valve seats, and jackets, all of 
sheet steel welded together by the modem oxygen flame method. 
Only experience can tell how successful this may prove in practice, 
though rn the competition rests 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 oil and in oil application methods, so it is inconclusive though 
interesting. 
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TABLE VITI.-01/ consumption versu.~ engine type and cylinder piston materials. 

Materials. 

Cyllnders and Class constmction. ,-----~----, 
cooling. I 

W o. t e r-coulrd , 
fixed cyJin- I 
dcr. · 

Cylinder. ' Piston. 

4 cylindrrs in line .. fast iron .. Cast iron .. 

fi cylinders in Jlne ... .,do ......... do ..... . 

{ 
.. do ...... 

Steel. ..... 
Steel. ..... 

{
Cast iron .. {< nst iron._ 

-:.C,·linder V ........ ..do...... Steel. .... . 

12-eylindrr V .......... do ......... do ..•... 

, Radial Rtar ........... do ......... do ..... . 
Alr-c'."Jled fixed {S-cyl_ind~r V ••••••...• do ...... ! ·ast iron .. 

cylmder. 
1 

Radm~ Star ........... do ......... do ..•... 

Air-cooled ro- {1 Radml Rto.r ....... Steel.. .... Steel. ..... 

~:~.ng cylin- i 2 Radial Star .......... do ......... do .•.•.. 
I 

! 

Engine name. Authority. 
011 
per 

HP.­
H. 

100-horsepowor Bondemann .•. 0.042 
Hrnz. 

100-h ors e power .. . . . . .. .. . . . .. . . 031 
Daimlrr. 

90-h or se power Hrndrmann... . 038 
llnimlrr. 

,\ nst ro-Daimlrr... Maker......... . 027 
140-hori-rpower ..... do........ .0-15 

~tnrtrYant. 
150-horsepower ..... do ............. . 

S11nl1enm. 
22,5-horscpower ..... do .•••••... 03 

Sunheam. 
Salmson.......... Walker, 1912 .. 
Hmm.ult. ............... do .•••••.. 
British Anzani.... Maker, .\\".of 

6. 

.054 

.045 

.164 

8-hor~epOW('ir Ger­
man Gnome. 

Maker......... .167 

160-horsopower ..... do .•••••.. .167 
German Gnome. 

114 cylinders in line.. Cast iron._ Cast iron._ j 71-h ors r, pow er 
W o. t er-cooled • . Daimler. 

fixed cylin- 6c)hndersinllne ..... do ......... do ..••.. 100-horsepower 
Argus. 

der. 8-c ll d V d { .. do ...... Curtiss .......... .. 
, Y n or · · · · • .... · o .. · · • · Steel. ..... Wolseley ........ .. 

B ........... .. 

Maker ........ . 
Walker, 1n~ .. 
Lumet. ....... 

.047 

.067 

.045 

. 041 

.255 Air-cooled fixed Radial star ........... do •..••. Cast iron .. Anzanl.. ........ .. 
cylinder. 

Air-cooled ro- {1 Radio.I Star ....... Steel.. ....... do .•••.. 
tating cylin-
der. 2 Radlal Star .......... do .••••.... do .••••. 

W ate r-eooled 
fixed cvlin-
der. . 

A lr-eoole<l ro­
tating cylin­
der. 

{

4 cylinders in line .. Cast lron .. l Cast iron .. 

6 cylinders in line ..... do ......... do .••... 

8 cylinder V ........... do .•••••.•. do •.•••. 

} 1 Radial Star.. • . . .. S tee!.. . . . . S tee]. ..... 

Water-cooled }4 cylinders in line.. Cast Iron.. Cast iron .. 
fixed cylin-
der. 6 cylinders in line ..... do .•••..... do .••••• 

100-horse power Maker ....... .. 
Gorman Gnome. 

1 

200-horscpower 1···--do •••••••• 
German Gnome. 

100-horsepowor 
Daimler. 

100-horsepower 
Muiag. 

Hall-Scott ........ . 

n ............ . 

Cle.rk, 1912 •••• 

1911-Gnome ....... Lumet •..••••. 

70-horsepower 
Daimler. 

90-h o rse power 
Schroeder. 

B ••...••••.••. 

Air-cooled ro- } 
tating cylin- 1 Radial Star ....... Steel. ••... Steel.. .... 1911 Gnome ••••••• Lumet •••••••. 
der. 

Wat er-cooled •}• cylinders in line .. Cast iron .. Cast iron .. 
fixed cylin-
der. 6cylindersin line ..... do •••••.... do •••••. 

60-h ors epo we r 
Daimler. 

125-horsepower 
Ho.II-Scott. 

B ••.......••.. 

Maker ••••••••• 
I 

Air-cooled ro- '} tating cylin- ! 1 Radial Star ....... Steel. •••.. Steel ...... 1913 Gnome •...•.. Lumet •••••••• 
der. I 

W a t e r-cooled 
fixed cy !in­
d er. 

Air-cooled ro­
tating cy lin­
der. I 

in in C C Jr 
{
66-horsepower} 4cyllnders I e .. astiron .. ast on .. 87.borsepower 

6 cylinders in line •..•. do ......... do...... Benz. 

1 Radial Star...... Steel...... Steel...... Gyro, 1911 •••••... 

B ....•••••••.. 
Maker ••••••••• 

Clark •••••.••• 

.171 

.171 

.040 

.021 

.106 

.212 

. 031 

.047 

.253 

.029 

.030 

.255 

.060 

.022 

• 017 
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TABLE VIII.-Oil con.mmption rersus engine type and cylinder piston materia/s­
<'untiuued. 

Materials. 
Cylinders nnd Class construction. cooing. 

Cylinder. lJiston. 

Water-cooled r cylinders in line •. i Cast-iron .. rast iron .. 
fixed cylin-

6 cylinders ln !lne •• l ... do ..••.. dor. ... do ...•.. 

Engine name. Autborlty. 

lCJO.horsepower n ............. i 
N.A.G . 

('1!11,k ••••••••• l 11)().horsepower 
Cbeno. 

Oil 

rf!,'.. 
H. 

0. 038 

.005 

--- --

wu.ter-cooled ll . . . . ! I I . I I ~-fl'::ed c;lm· l4cy!mdersmlme ..... do .•••.. ,

1 

... do .••... g,.hors~power n ............. . 009 
der. I N. A.<,. 

---- ---- -

~~\~,''.{-c~?1\~~ l}tcylindersln!ine .. ! ... do .•••.. 1 ... do ...... ! 96-horsepower I B .••••••..•... 1.089 
der. I I ! Mgus. 

Wa tcr..:,ooled ~{!>--Cylinder V ....... 1. C"n.st iron .. Steel •..... 1911 Labor-A via- I Lumet ....... . 
fixe<l cvlin- ' 

0 
I t10n. . . 

der · - 1:x,yllnder V ·····<···do .••••.... do .•.... 1911 Avmtic ............ do ....... . 
· j nadial Star •....... : ... do ......... do ...... Green ............. ! Clark ........ . 

.073 

.054 

. ll 

Tlwre 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 oil 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, i11-
volves the use of liners for cylinders and of sleeves, or even a separate 
barrel for pistons, made of 11 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 unneressary. 

At present the standard material for fi."l:ed 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 c_vlinder involves 11 head complication in shop practice, 
solution of which is now in course of development. Heads must have 
irre!rular forms due to ports and vnl,e stem guides, which are most 
easily and satisfactorily cast. Surh a cast head requires a joint to 
connect it to a drawn-steel cylill(for. As altcrnativPs the following 
arc used, cast-steel cylinders with hPads in one piece and cylinder 
and head machined from a forgcd billet or finally the complete sheet 
metal wddPd Daimlc•r construction. 

StcPl is tho adopted stanclard matcrinl for conncctina- rods and 
crank shafts and always is a very high knsion alloy such as nickel 
or chrome nickel, which permits thc:::;c 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 rotating 
cylinder engine through cast steel, cast iron, and aluminum, with 
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°-s. Doc. 268, 64-1--18 

.. 
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TABLE IX.-Materials 

Engine or makers' 
name. 

Cylinder and crank arrangement 
rotating part. 

Cooling medium 
and system. 

Horse­
power. 

Num• 

~~r ;~: R. p. m. 
ders. 

--------1---------------1---------'·--- --- ---
Benz ................ Vertical fixed separate .............. Water, C. P ..... ·-'{ 

Hall-Scott. .............. do ................................... do ........... . 

,~ } 
108 
l.'iO 
125 

Frederickson, 2-cycle Cylinders, rotating shaft, stationary. Air ....................... { 

Sturtevant.......... V-type, L head, cast in pairs ........ Water, C. P ...... . 

Sunbeam ...•....... V•type, Lhead, en bloc .....•............ do .....•...... { 

Austro-Dalmler ..... Vertical fixed seplll'ate ................... do ............ { 

BO 

150 
225 

90 
120 

Le Rhone........... Rotating cylinders, shaft stationary. Air ............... { 1:l8 
British Anzanl.. .... Fixed star ..•....................... , ..... do ............ 25--200 

Rausenzerger....... v-
1
~Y\'i'!'ad~parate cylinders, valves 

Argyll ....••.•.•.•.. 

Wright. ...•.•...... 

Sturtevant. ......•.. 

Curtiss ............. . 

Vertical fixed, sleeve valves, sepa• 
rate cylinders. 

Vertical fixed, separate cylinders, 
beads screwed in. 

Vertical fixed cylinders en bloc, T 
head, 4 valves per cylfnder. 

V-type. separate cylinders, L head, 
4 valves per cylinder. 

Waler ........... . 

..... do .......••••• 

Water, C. P •••.•.. 

Wat~r ......•••••. 

....• do ..........•• 

Chenu ......•....... {''fi;.~d.fixed cylinders In pairs, } ..... do ........... { 

Cler,;et . ............. t J'!rs:~~~~~~ f:;~'!,.~~parate cylin· 1} .... do ............ { 

{
Rotary cvllnders, valves in head, } . { 

Do.············· mechanically operated. Air············ .. · 
De Dion Bouton.... Y·type, separate cylinders, L head ....... do ........... . 

Edelweiss ........... t~~/l~gs~~~:: pistons, recipro- }· ... do ........... _ { 

Lavl·ator ............ {V·ht~1'd".• separate cylinders, valves In } { ~ Water. ........... . 

P11Dhard·Levassor... V•type, cylinders en bloc, L head ........ do ........... . 

Salmson ............ Fb:ed star, valves 1n head ................ do ............ { 

Wolseley •..••....... t·~11'.i.separate cylin<;lers, valves in 

Green............... Vertical fixed, separate cylinders, 
valves in head. 

NOTE.-I-lntegral head; C. P.=centrlfugal pump. 

'{Combination wa- { 

1 

ter. 

I Water. .......... . 

150 

120 

60 

100 

200 

65 
90 

100 
850 
50 

100 
200 

50 
so 
80 

i5 
125 

RO 
120 

100 
90 

135 
200 
300 

82 
130 

100 

{ 

1 250 
6 1'.2so 

1, 2.f,O 
6 1,300 

8 2,000 

1~ } 2,000 
I 

f, I, 31l0 
6 I, 200 

9 1,200 
1, 1,150 

3-20 1,250 

12 1,200 

6 

6 1,400 

2,000 

8 1,500 

4 l,SOO 
4 2,300 
6 l,fifXJ 
G 1,500 
4 1, 4.',0 
4 1,300 
s I, '.lfKI 

1, If-fl 
i 1, lk(J 
s 1, k(XJ 

6 1, 3,,0 
10 1, 3:,0 

8 1,200 
8 1, 700 

~ 1,500 
7 1,250 
9 1, 2f,() 

H 1, 2r,o 
9 1,2110 

l,f.;,CI 
1, 21l0 

6 
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Cy Under Head 
jackets. jackets. 

Materials for-

Pistons. Valves. Connect- Cmnk 
Ing rods. shafts. 

275 

Frames or 
crank case. 

Upper. Lower. 

}Cast Iron .. I. ......... { ~r.;:,•l~ 
welded. J~r1i~. }·········· .......... ==:==~~ 

I........ Cast Iron. Tung- I-section Chrome Alum- Alum-... do ...... ! .......... J ....... . 
stensteel. chrome vana- hmm lnnm 

nickel dlum alloy alloy. 
steel. steel. 

··.do ..... · · I·········· · · · · · · · · · · · •· · · · · · · · ···do ..•.. • { ;1iJ;y } ~::1~
1 ~~l~l 

rocking. 
..• do ...... Cast Iron .. I. ................. Semlsteel. 'fung- H-seo-

sten tlon 
chrome 
nickel 
steel. 

Chrome 
nickel 
steel. 

{

Cast Iron with 
nickei•steel 

rings shrunk 
over . 

Aluminum 
alloy. 

I ~j~~ I High } ... do .....• J .....•.... I. ....... I ........ Steel............... high tensile 
tensile steel. 
steel. 

Do. 

} .. do...... I ...••••... { ~~~fr';,rl ~~~irol } 17~:~•l~d } ........•. ·· ................ . 
dep. dep. 

{8fElr1i~ }r .................... ·········· Steel. ............•..................... 

Cast iron .. J •••••••••• •••••••••••••••••••• Cast Iron. Nickel J.section Nickel 
steel. nickel chrome 

... do .....• I .•...••.•. Spuncopperpress- ... do .•............•. 
ed on and locked 
by steel rings. 

Forged . . . . . . . . . . . . Sheet steel, welded. 
steel. 

Cast Iron.. Cast Iron.. I........ I........ Cast iron. Ye.Ive 
heads, 

cast iron. 

steel. steel . 
H-sec- Chrome 
tjon vans. 

nickel dium 
steel. steel. 

H-seo­
tion 

chrome 
nickel 
steel. 

Chrome 
nickel 
steel. 

... do ...... J ....•..... I. ....... !. ...... . Semlsteel •.....•..••.••••.••••......•.•. 

... do ...... I. ........ . Mone! 
metal, 

welded. 

Mone! 
metal, 

welded. 

Tung• 
sten 
steel. 

I-68Ctlon. Krupp 
steel. 

}·.do...... I.......... I........ I. ................................•.•.••......•••• 

}steel.. . . . . I. ......... r~~~1;.•J~ctroi de- }- •................•..............•..•••• 

} ~~:!T~ } ........................ ······· ............................... ·········· 
Steel...... . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . Steel. ......................•...•.•.•... 

Nickel 
chrome 
steel. 

Chrome 
vana­
dh1m 
steel. 

Do. 

Do. 

Do. 

Do. 

Do. 

Steel. 

Do. 

Do. 
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Form of cylinder 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 arc not similar the diff crcnces in form 
must account in some measure for total weight diffrrences. That 
form that gives the leost metal volumes evidently should be lightest. 
On this basis air-cooled cylinders with their radiating heat dissipating 
ribs, casin~s arnl ho.files arc heavier Urnn water-cooled cylinders of 
the same oore, stroke, material, and similar valves. This excess 
weight of the air over the water-cooled cylinder added to its fan 
weight, when subtracted from the ,vcight of ra<liator, pipes, pumps, 
and water, measures the excess ,veight of the water-cooled cylinder 
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 ~omplctc should 
weigh materially less than the water cooled. A,; a matter of fact, 
the actual difference itsl'lf is small, even "·hen all contributing factors 
in eaf'h case am not P<[uall_v well sdedrd, as appPitrS from the com­
pari,-;on of the weights of some well-known eight-cylinder V engines 
given in Tahlc X. 

TABLE X.-~rmnparative u·e(1ht8 per ruhir font riisplacerncnt r/ oir ond u-r1ter cooled 
8-r·vlinder lr engines. 

Engine or makers' 
name. ~ 

I
...,,;, 1-, ~:,.. 

;:: t :: ~ ~t 
r, ,:., __. 

i ~ ~] ·_f_:1. ~~ -E .s r • :.-8 •~-~~ 

I : ¾ i {H i.~ 'id l 
, ' 

Remarks. 

! i I~ ~ :5·' ;'·I;;]"~! 
I I-

{ 

75 L IIJO l. 0') "· 00 'I 0. 2' .. l!2 :JQI) 1. l);lO ; 
Curtb:, .. - . . . . . . . . . . 11)0 1. '2,J() 4. ~.) 5. 00 . :s:.!h\) :HO 1, O,H • 

lti/J l,lt~l 5.00 7.00 .1;:,7() 700 1,100 
Sturternnt......... Hll 2.IJ/lO 4.00 5.5 , .321 5;,o 1.,1., ! 

{ 
150 9 ()(X) 3 • 1 , 01 '{ . ~71 tilO 2, 2;,; I Wu tor cooled. Waler­

Sunbeam ...... · · · · · :!25 -, · 0 ~- I . •Wi 90,? 2, 21.) : c0oleri en;:dnes give 
Rausenberg:rr .. _ .. _I l.'iO 1,200 -l. 12;') H. 0 . /).51 5UO 1. 011) ' ,\·pights without radi­
Clerget............. :.!00 1.:~00 5 .. il2 tl.:!9~) 1 .,·.0.) fitO ~21 

1 
atorwal6r. 

La 
. { ~o 1, :mo a. 9:r;- :>. 11 ~ 

1 
• ~:-:~j :!7.5 u.i:! , 

viator........... 1:;o 1,:200 4.~,'\.~ ti.:.?'.IU r .rn.j 41~ L♦OO I 
Panhard-Lernssor.. I Oil 1, 51111 4. ;J31 5. ~, 12 . :!72 ,J Ill J, I,;; 
Wolseley........... no J.200 5.0 7. 0 .•J:!7 7110 l. 100 
DeDion-l.luuton... SO 1,800 4.173 4.724 ,;io;J 4!i,j 1.:;:i:; Aircooled. Weightgiven 

include..-; 2 exhaust con. 

Renault ........... . 
Wolseley .......... . 

70 
82 

1. 800 
I. ti,50 

3. 780 
3. 750 

4. 7'..!4 
5. 500 

1 Wilhont flywheel. 

I. 700 
1. 370 

nectors; also fan. 
Do. 

Cylindor barrels. Alr 
cooled. E x h a u s t 
rnlves. Water cooled. 

-----~---·-- ---

NorE.-Engine weights ta.ken from Table l 1 v,rhcrn sources of information are gi\·en. 

There is a somewhat surprising range of weights here and one 
that bears close study as directly relate<l to design, form, and material 
quite independent of sp<>c<ls and moan effective pressures. The 
lowest value is 900 ancl the highest 2,245 pounds per cubic foot of 
suction stroke. There seems to be no douht of the superiority of 
head-nilve construction over side-pocht 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 viPw of the 
consistent inferiority of air cooling with reference to mean effective 
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, wlwn the valves aro placed in the head instead of m 
side porkot-,, so in the interost of cylinder lightness this arrangement 
must bo adopted unless it appears that the compensating factors, 
which will he rcfeJTed to later, overbalance the extra pocket, metal, 
but this is not the case. Thero are, however, several successful aero 
engines that follow tho standard automobile practice of locating 
valves in side pockeLs mostly of the L-head form. One arrangement 
has the valves side hy side, both stems pointing toward the crank 
casfl, both seating down in a wide pocket. The other loratl,s the 
two valves axially in lino, one stem pointing up, while the other 
points down, and seating on opposite sides of a narrow pocket. 

The comrensating weight olements referred to in connection with 
the head valvo as compared with the side-pocket valve arrangement 
are those of valve gear. Two side by side valves in one vtide pocket 
are ordinarily driven by a pair of push rods. Placing one valve 
abovo the other in a narrow pocket reduces tho 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 (exce_pt when welded of 
sheet metal as m the Daimler experiment). The added cast iron 
due to pockets in combustion chamber and jacket wall will weigh 
more than the steel rocker arm and the push-rod extension. The 
we_ight difference in favor of tho 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 m 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 tush-rod drive one cam shaft can 
serve both rods, and this is one o 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 SJ)ite 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, especially when the water space is lar"e, and the foundry 
can not make a sound jacket ensting as thin as 1uck of stress would 
warrant. Accordingly, while the cast jacket is retained in many 
aero engines in accordance with automohile rractice, this can hardly 
be acrepted as the best aero engine practiee, which seeks weight 
reduction by legitimate removal. Sheet metal of copper, brass, 
aluminum, or steel in sheets, in drawn tuhes, spun and die 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 difficulty originally encountered in automobile 
practice, where such a mechanical' discouragement was sufftrient to 
cause rejection in view of the slight importance of the weight relation 
to automobiles, especially as the cast jacket is chearer. With aero 
engines the case is different because the need of savmg 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 mdicated the necessity for expansion pro­
visions to avoid overstressing of the joint when 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 
spaces, which when cored 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
heatmg. 

At least three openings to the combustion chamber through the 
jacket space are necest:mry for insC'rtion of inlet valves, exhaust valve, 
and igmter. The outer ends of the8e passages mu8t be joined at the 
jacket wall by the jacket itself and the U8e of sheet-metal jackets 
calls for joints at these points. These offer no <lifliculty if welded 
autogenously or accomplished by electrolytic deposition, though 
con8iderable pressure joints are apt to be troublesome. Expan8ion 
is pro-vided in three separate ways, (a) the slip joint, packed by a 
rubber ring as in Green (Ilritit>h), (b) corrugated bellows, (c) the 
elongation of a thin jacket of suitable metal provided the joint is 
weldPd as in the Benz (German) which seems quite satisfactory. 

Jacket water spaces are usually made narrower on aero engines 
than others but the w-idth may properly be even further reduced 
to hardly more than a water film as the corresponding high water 
velocity is beneficial to heat ab8traction 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 piston head. This is not as satisfactory as a 
longer Jacket even if the space be narrmv, especially as the cylinder 
,vulls 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 whore the jacket starts. 

Provisions for valve insertion and removal, to facilitate inspection 
and regrinding, arc used in the very best large internal-combustion 
engine practice but would add weight to the aero engine if adopted. 
Inlet valves arc carried in cages, which, with their fastening and the 
necessary additional guide walls, add several times the weight of the 
valve. Through 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 stems are opposed in line as in the Mulag. In the parallel con­
struction it is accomplished by two covers, one over each valve, 
as in Sturtevant. It 1s also attained in the head valve arrangement 
without cages by the separate or removable head which in aero 
engines is objectionable for many reasons. This problem has been 
boldly 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 thm 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 
m the guides to dispose 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 en~nes are amply well cared for in this 
respect. Valve material is mvariably 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 possibility with as yet no realization in sight, though the 
case is by no means hopeless. 

A gcncral comparison of water cooled cylinder weights with 
various constructions of jackets, valve location, and driws, per 
cubic foot of displaccmcnt per strokc, is giv0n in Table 11 to show 
limiting effects of various structural details, but unfortunately in an 
inconclusive way for cylinders alone, as shafts and frames are included. 



TABLE XI.-Weights of engines per cubic foot di.~placement (per stroke) rrr.m.~ type construction of parts. 

Cylinders and cooling. Clas.s construction. 

I
' Cylinder 

material. 
Valve 

location. 

1
suction 
vu.h'f', 

.\. or M. 
'.fame. Dore. Stroke. 

Revolu­
tions per 
minute. 

Weight per 
cubic foot. 

--------------4----------'----1 
4cyllnderslnline ••••..•••.. 1 Castiron •. l{ir~ei:::: tL:: I I I 

6 !In {· ... do .... {Head ...... M ..... cy ders In line............ 

1 

Pocket.... AL .•. _ 

Bena ............. 5.180 7.0S7 1,288 l,Oi5 
Rturte\·ant ........ 4. 5 li. 0 2,000 778 
Daimler ........... 4. 724 5.512 I, 315 1,418 
Mulsg ............. 4. 3:!1 6. tl03 1, 3-Hi 1,536 

I 
Steel. •.••. Head ...... M .... . 

8 !Ind {Cast Iron { · .. do.···.. M .... . cy ers, V ............... , •• Pocket .... M ... .. 

I 
Steel. ..... Head ..... _ M •.. 

12 cylinders V {Cast irotL . Pocket... . M ..... 
Radlal tar' ··············1 ~~';1\·r~n·· ¥:iet ..... i .. ···1·j·.;{.j~i,;··· ........ , ............ , ............ , ............ , ........... . 

8 ••••••••• ......... I Steel. ... :: Head •• :::: i.C:: S~lmso::.::::::::: 

Water-rooled fixed cylinders ................ . 

Air cooled: 

Daimler. ••........ 4. 1:l4 5. 512 l, 3fi7 1,301 
Curtiss ............ 4. 00 5.0 1,100 1,030 
Sturtevant ••...... 4.00 5.50 2,000 1,718 
La via tor ••..••.•.. 3.9:37 5.118 1,200 952 
Sunbeam .......... 3.54 5. 91 2,000 2,225 

3.t);q 5.118 1,300 1, 115 
4. 72! 5.512 1,250 9H 

Wolseley ......... . 
De Dimi Bouton .. 

::::~::::::::::: I{ 
Ashmusen •.•..... 
B.M. & F. W ... .. 

German Gnome ... !{ 

ll
" c Im" d- V d '{· ... do .••. · 0 Y -.g, •·············· ····• 0 --·-· 1 Pocket •... 
12 cylinders, V.... .... .. . . . . Cast iron ....... do .... 

Fixed cyllndeu ••••••... ················1 
I Radlalstar ....................... do .... Head .... .. 

I 
Horizontal oppooed cyllnder . . . . . . . . . . . . Pocket ... . 

I {
1 radial star... . .. .. . . . .. . . . . S tee!...... Hood .... .. 

Rotating cy Inders ..................... .. 
2 radial star ...................... do ••. l .... do .... . 

M .... . 
M .... . 
M .... . 

A ... .. 

M .... . 
. \ ... .. 
. \ .... . 

3,750 5.500 1, fi50 11,:no 
4.17:l 4. 721 l,F:ilO 1,.535 
3. 7i<O 5. 512 1 WO I, 511 
3. 51 4. 72 } 1: 250 { 

837 
3. 54 5.12 806 
4.13 4.92 81'5 
3. 75 4.5 1,800 1,000 
4. :l31 4. i24 1,0::1 625 
4. :l3 4. 72 1,200 53G 
4. 72 4. 72 1,200 436 

Water-<:ooled Oxed cylinders: 

, !ind . II I C t . {Head ..... . , cy ers m ne........... _as iron .. Pocket .. .. 

l 
do {Head .... .. 

6 cylinders In line ........... · ·•• .... Pocket ... . 
Steel...... Head ..... . 
Cast iron {·· .. do ... ·· 

8 cylinders, V ••••••••••••••• , • • Pocket ... . 
Steel...... Head ..... . 

12 cylinders, V •• • .. .. .. • .. .. Cast iron.. Pocket .. .. 

M ..... 1 Daimler .......... . 
M ..... Chenu ............ . 
M ..... Argus ............ . 
M ..... Chenu ............ . 
M ..... Green ..•.•.•...... 
M ..... Curtiss ........... . 
M ..... Sunbeam ......... . 
M ..... Ladator ......... . 
M..... Rawenberger •...• 

4. 721 I S.:il2 1,H2 1,375 
4.3:H .5. 118 1. ,no 1,468 
4.921 5.11~ 1. 3i0 1,394 
4.:i:n S.11~ 1.GOR 1,527 

5. 512 l 5. 9SI 1. 2•,11 AA', 
4.25 fi.00 I, 2.'>0 I, 034 
3. 54 5. 91 2,000 2,245 
4.888 6.299 1,200 000 
4.125 6.00 1,200 1,060 

1 With flywheel removed. 

NOTE.-Englne weights taken from Table I where source of Information Is given. 
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TABLE XI.-Weight.s of engines per cubic foot displacement (per stroke) versus type construction of part.s-Continued. 

Cylinrlors and cooling. Class construction. 

Air cooled: 

Cylinder 
material. 

Valve !Suction 
location. valve, 

A.orM. 
Name. 

. . 1{8 cylinders, V •••...•.•...... Steel ...... Pocket .... M ..... Renault ........... , 

Radial star.................. Cast iron.. Head...... A..... Am.ain .......... . 
Fixed cylmders.......................... '{ 

R 
. 

1
. l{lradia.lstar ................. Steel ........... do ..... A ..... Gyro .............. l 

otatmg c, mders....................... { 
2 rndial star ...................... do .......... do ..•.. A ..... German Gnome .. . 

i 

\Yuter•rooled fixed cylinders ..•............. 

4 cylinders in line .••••••.••. Cast iron .. lr~ei::: :: 
. . Head .•••.. 

6 cylinders In lrne ................ do .... Pocket .. .. 

. { do Hood •••... 
8 cylmders, V ............... •·•• .... Pocket .. .. 

Steel. ..... Head .... .. 

M. ..... Daimler .......... . 
M ..... Chenu ........... .. 
M ..... Schroler ......... .. 
M ..... Chenu ........... .. 
M ..... Curtiss .......... .. 
M ..... Panhard Levasson 
M...... Wolseley ........ .. 

Air cooled: I I I I I I{ Fixed cyliI. 1dors .......................... Radial star .................. Cast iron ....... do ..... M ..... Edelweiss ........ . 
n tot· ,, r ·l" 1 . {1 radrnl star ................. Steel. .......... do ..... A..... Gnome ........... . 0 m", m,ers ....................... 2rndialstar ...................... do ......... do ..... M. ..... Le Rhone ....... .. 

,\'ater-coole,l flxed rvlinders ................. 
1 

{~ cylinders in line........... Cast iron .. ! Head .... .. 
Aircoolc,l: · i ticyhnders1nhne ................ do .... l ..... do .... . 

Fixed cylirnlers .......................... 

1

, Radial star ....................... do .......... do .... . 

ltotating cylinders ....................... I radialstar ................. Steel. ..... j ..... do .... . 

M .... ·/ Daimler .......... . 
M...... Hall-Scott.. ...... . 

~1~10 
A ..... 

Laviator ......... . 

Gnome ........... . 

""at er.cooled fixed cylinders .. _____ ........... 1{4 cyl\nders !TI 1/ne ........... I Cast iron. ·1 Hood ..... . 

I
, 6 cylinders m !me ................ do ......... do ••••. 

Air.cooled rolating cylinders. .. . .. . .. .. . I radial star................. Steel. ..... ..... do •••.. 

M .... . 
M ... .. 

A ... .. 

Daimler ........... 1 

Austro Daimler ... : 

German Gnome ... '.{ 

I 

Dore. 

3. 780 
4.13 
4.53 
4.13 
4.299 
4.88 
4.88 

5.512 
4.331 
4. 882 
5.900 
5.00 
4.331 
5.0 

4.528 
4 .. 522 
4.33 
4. 13 

4. 724 
5. 

3.937 

5.118 

4.331 
4. 72 
4.33 
4. 72 
4. 80 

Stroke. 

url} 6.10 
5.52 

Revolu• 
tious per 
minute. 

Weii;htper 
culnc loot. 

1,800 

1,250 I{ 
l, 700 

825 
811 
801 

4. 748 
5. 51 
5.91 

i·····;:~·R········m 
5.900 
5.118 
6.299 
7.Ri4 
7.00 
5. 512 
7.0 

4. 724 
4. 724 
4. 724 
5. 51 

5,512 
7. 

5.118 

4. 724 

5. 512 
5. 51 I 

4. 72 } 
4. 72 
5. 51 l 

1,373 
2,300 
1,252 
1,500 
I, 100 
1,.500 
1,200 

I 350 
1:350 
I, 194 
1,150 

1,343 
1,300 

1,200 

]. ],)ti 

!,:JOO I 
1,:ioo I 

1,200 :{ 

I 

1,310 
1, 4tll 
1,010 
1,270 
I, 100 
I, !&l 
I, 100 

I, 052 
863 
569 
646 

1,500 
I, 132 

912 

467 

1,564 
I 060 
'613 
563 
534 

~ 
00 
t,Q 

> 
t,j 
!:d 
0 z 
> 
~ 
~ 
0 
:Jl 



"". tor-c led fi ed c ·Jin lers 1{4 cyl!flders !n l!ne •..... ·····1 Cast iron. ·1 liead ..••.. l M •... ·1 Daimler ..•.... ~ .. ·I 
·' 

00 
1X ) ' ••• ••·•· · •••••••• 6 cylinders Ill !me •............... do ........• do ••••• M ••..• Anstro Datmlor .. . 

Air-cooled rotatin~ cylinders .... ·:· .. ·:·..... 1 r.-.dlal star................. Steel. .......... do .... A..... nerm:m Gnome .. . 
4. 7241 5.12 
4.88 

W·t r•c ledfi· 1 ·I" d 1{4cyllnderslnllne ........... l Castiron .. l Head .•.... l M ..... I N.A.G •.......... I 
•1 c 00 -""' cy m ers. · ···· · · ·· ······ · 6 cylinders In line ................ do ........• do..... M..... Ben,, ............. . 

Air·cooled rotating cylinders................. I radial star................. Steel. .......... do ..... A ••. . Frederickson ••.... 
5.3151 1.17 
1.50 

"·. ter•cooled Ii eel c !ind rs 1{4 cylinders In line ..•........ l Cast Iron .. ! Head ••••.. l M •.... I N. A. 0 ........... 1 
·1 x Y e •·· · ··· ··· ... ··· · 6 cvlinders in line •.•.....•......• do ......... do ••... :r.L .••. Wri~ht ........... . 

Air·cooled rotating cylinders................. I radial stat................. Steel. ..... 
1 

....• do .••.• M..... Le Rhone ........ . 
4. 7241 4. 375 
4.13 

Wster-cooledfixedcyllnders ................. 14cyllndersinline ..•.. : ...•. I C~lron .. l Head •..... l M ..... I Argus ............. l 
Afr·cooled rotating cylinders................. 1 radial star................. Steel. •........• do..... M .... ... Clerget .... ~ ....... { 

5.5121 4. 7~-1 
4. 724 

Water-cooled fixed cylinders ............... ··I 4 cylinders In line ......... ··I Cast Iron. ·I Head ..... · I M .... ·I .Argus •......... ·J 4. 921 I 

5.5121 l,:lOI I 6. R!J l.~lkl 
5.01 1,200 

6. 2'.14 I 1,:! 11 ·~ ,- I 
. ni I··• .. '.:!~:· 

4. 7241 1.~s 1 4. 5 1,mo 
5.51 1 1,200 

: 

5.5121 1,3681 4.721 I, JSO 
5.006 !,ISO 

5.ll8 I 1,3121 

1,518 
975 
507 

1,265 
1,251 

680 

1,272 
1,300 

691 

1,205 
588 • 
513 

1,385 

> 
ttl 

~ 
z 
> q 
j 
C 
:fl 

1:-,:) 

00 

'° 
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Here, again, the superiority of the head over the pocket rnlve 
arrangement, and the indifference of air vernus water cooling, are 
demonstrated, but in addition the steel cylinder is slmwn to lw supe­
rior to the cast iron. As to arrangement of cylinders with rdcrl'nce 
to crank shaft, comparing the four and six in lrne, the 8 and l :2 cylin­
der V, there is nothing conclusi,e demonstrated, though for the latter 
ther-= are im;t!fficient figures availahle. Radial star a_rran?l'mcnb are 
con,;1skntly lighter than the aboye, not as much as m1ght lle expected 
for fixed cylinders, but quite markedly so for the rotating, which in 
round numbers weigh only hnlf as much as the line arrangements. 
It is the consistent use of sted for cylinders in the rotatin9 against 
the cast iron in the fixed star arrangements that is responsible for the 
weight differences reported rather than rotation versus fixity. 

Cylind<·r weight must havP some relation to the ratio of borP to 
stroke for oqua1 displacements, and the variation of stroke per unit 
of displacement must affect as vrnll the shaft and frame weights. 
The thickness of the cylinder walls should vary directly with the 
diameter for explosion pressure stress rPsistancc, while displacement 
varies directly !18 the squnre of the diameter, and directly as stroke. 
The actual rntios of stroke to bore will he hetween 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 difforcnce 
is so small in view of shop limits and the small diameters that it 
can be n~~lected. Even allowing extra thick1wss, 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 offsetting 
is quite generally practiced, though it is by no means universal, and 
weight reduction possible by this means is small. 

Cylinders 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 for 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, tho jacket consisting 
of two senucylindrical and two tangent fiat plate elements for the 
barrel, and two semicircular and one fiat 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 incr!'ased ben<li1!S 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 univerilally. Aero-engine 
practice followPd in part this au to and marine practice for cast 
cylinders of making two enbloc, so that the four-crank engine has 
three and the ,:;ix-crank engine four main bearings. 

Cylind!'r removal is facilitated by separate cylinder castings, because 
there arc less parts to be detach!'d, and the weight to be lifted is the 
least. Separately cast cylinders arc better adapted to sheet-metal 
jackets, so aero engines departed from automobile two enbloc practice 
111 casting such cylinders separately and leaving a bearing between 
each crank. The four crank engine thPn has five, the six crank, 
seven bearings, and the whole en~ine is symmetrical. This is per­
fectly sow1d and good practice, tor 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 sccurl'd, with least deflection at crank :pins, and the extra shaft 
and frame length is worth the small cost 111 weight, for the weight 
increase is very small. Steel cylinders are always separate and can 
be substituted for the cast cylinders with sheet-metal jackets on this 
type of frame and shaft without any alteration whatever, as may 
also air-cooled cylinders, 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 
nrnlticrank engines, because the more direct the stress resistance, the 
less the metal required. As evolved from old stationary and marine 
steam engine practice, the main bearings support the shaft from 
below, the caps being removable upward, which requires a two-part 
frame. The lower frame member consists of a cross web to carry 
each main bearing, au<l these are tied together by a longitudinal web 
just out of reach of the crank throw, so for a multicrank engine this 
lower frame member becomes essentially a semicylindrical box with 
a semicircular cross partition for each main bearing. The upper 
frame member tics 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 J?lane of 
the crank path. Thus the stress which is alternately tens10n 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 speeds on idle strokes may introduce a compression eqUivalent 
to the double-acting steam engine. Aero engines are necessarily light 
and their parts abo, 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 simplifies the frame which need not be 
more than a short cross web hanging betwepn cylinders under a hori­
zontal flat plate with hoks for each cylinder. This cross web, if east 
of aluminum, can be formed for compression resistance as a column, 
and steel tension rods inserted to rPlien it entirely for thP tension 
stress it can not resist. The substitution of st.Pel shapes welde(l or 
riveted for the aluminum casting is perfectly frasihle 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 diff Prent 
cylinders or cranks, is easily resisted hy side plates in thP cnst 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 subjpcted to no 
stress whatever, but formed solely in the interest of an unstrPs,wd 
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 rPtain the 
bottom web, leaving a hole where the more serviceable upper direct 
web should be. There are no structural-steel frames. Rt>ference 
is made to the illustration in the appendix to frame constructions 
which should be judged in this light. Modifications of frame,; 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 equiYalPnt wc>ight 
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 bPPn employed. The thrust 
bearing, which is peculiar to aero as compared to auto engines, be­
cause the useful effect of all power clcYPlopPd liPs in propPller 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 lwar­
ings, but reasonably steady an<l ahrn vs in one direction, this offers 
no difficulty. The longitudinal side p1atPs connecting the rnuin hear­
ing webs, to make the frume stiff as a hcam, are equally serviceable 
in making it serve as a column loaded by propeller thrust, if the end 
plate be suitably stiffened. This enll-plate stiffening is all the frame 
modification rel\Uired to receive the thrust hearing. 

Aero-engine pistons follow almost univffsally the practice in auto 
engines as to use of cast iron as a rnatcrinl, but varv in practically 
every other respect. They are invariuhly shorter ancl thinner, hc>ing 
machined all over as nearly as pin bossPs pPrmit, in an pffort to 
reduce weight, which in many cases has b<'rn curried entirel, 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 prPs,mres. 
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 w~ht reduction over a smaller number 
of larger ones of equal area. vvith the exception of the brass L sec­
tion smgle 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 internally 
projecting web, which is an excellent feature and should be retained, 
however heads and upper barrel are increased. Flat heads, being 
structurally weak and 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 m the making. Downward curving or concave heads being 
in tension, must likewise yield to the convex upward or domed r.is­
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 pms arc properly made hollow in some cases to reduce 
weight, while leavmg enough metal to resist undue stressing and 
securing the maximum bearmg area for the rod end. ThPy 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/ractice in having the ,Hist­
pin end solid forged, bored, and bushe , with the old split-marine 
form 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 universallyi I section. The special rod forms 
are confined to the rot!lt~ cy inder e~gines with many roda per 
crank, where each engme 1s characterized by some arrangement 
peculiar to itself, all involving, however, a single bearing embracing 



288 AERONAUTICS. 

the crank pin, to which the other rods are movably attached to allow 
the small relat,ive 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, either of similar rod ends side by side or one 
straight nnd the other forked, as the master and shoe results in lower 
mean pressures and less friction than the double direct. 

·weight of engine proper pPr horsppower i'>, ns pointed out, not to 
be secured by reducing engine metal alone or by raising sreed alone, 
but may follow a rahiing of mean effective pressures without any 
change in metal or speed. It may also be secured with the same 
metal by maintaining mean effective pressures with increasing speed, 
or even hy lPssening mean effective pressures at increasing speeds, 
provided the latter increases faster than the former decreases. It is 
therefore important to return to the question of mean effective 
pressure and examine it in the light of such arrangements of engine 
as may affect the weight of cylinder complete 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 temperatmes. 
The former affects the weight of charge by pressure drop and the 
latter by suction-temperature rise, but the latter also limits the 
compression, which is the other factor in mean effective pressure. 
Mean efrective 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 yield equally high mean effective pressures 
by the use of suitable proportions and dimensions of passages and 
chambers. Forms 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 radial groups 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, und can not be regarded as inherently characteristic of the 
grouping, though, of course, mean effective pressures referred to 
brake 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 tho suction-pressure-drop effecta 
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 fi..xed 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 ha:ve the lowest mean effective pressures, 
indicated and brake, more so lwrause the windage is added to me­
chanical friction. 

Automatic suction valves whether used in fixed cylinders or in the 
pistons of rotating cylinders, must always oppose suction by greater 
pressure drops th an mechanical valves, each suitably designed, so 
such engines should have ]ow<•r mean pffcctivo pressures. 

'l'hick-wnll<'d cvlindPrs 11))(1 thin-walled pistons should run hotter 
than thin cylinrlors and thick pistons, so differences in mean effective 
pressure may be expected in these directions, ulways subject to 
proper selection of proportions in other directions. 

Speed limits should inh<'rentlv he tho same for all fixed cylinder 
engmPs, no matter how disposed, so that with proper proportions 
there is no reason why any arrangement should suffer a greater 
falling off in moan dfcclivo pressure with speed increase thnn any 
other, hmvever mueh tho constant high value for one may differ from 
that of iu1othor. Rotating cylinder t•nginos are, however, subject to 
lower spoPd limits than are fixed cylinder machines, on account of 
centrifugal forces, though there is no reason why one kind of rotating 
cylinder en~ino should not run as fast as another, nor why all should 
not suffer ttie same rate of decrease in mean effective pressures with 
speed increase, as <lo fixed cylinder engines except as windage may 
cause greater lossl's, referred to brake horsepower. 

Any one type of cylinder and piston will run hotter the larger its 
diameter, so a given piston area in a large number of cylinders should 
result in higher mcun effective pressures from the reduction of suction 
heating and the increased compression made possible by tho cooler 
interiors. Therefore an eight-cylinder V should be better than four 
or six cylinders in line of equal displacement, and the rotating 
cylinder engine of several rows and cranks should be better than equal 
displacement in one row and one crank. 

Similarly a large stroke bore ratio, favoring smaller piston diam­
eters for equul displacements, should yield higher mean effective 
pressures than a small ratio but this difference 1s necessarily small, 
as reduction of cylinder diameter from 6 to 5½ 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 fi~es for thermal 
efficiency which controls the weight of fuel to be earned. This, while 
slightly affected b,Y valve resistances as is mean effective pressure, is 
dependent :primarily on compression for indicated efficiency, and on 
engine frict10n 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 efficiencies are less than those between mean 
effective pressures. 

25302°-S.Doc.2G8,64-1--19 



TABLE XII.--Mean effective prestrure and thermal efficiencies vertruB type construction of part,. 

Cylinders and cooling. Clas::; coru;truclion. 

I 
Cylinder 
material. 

------------

Valve 
location. 

il4 cylinders in line ........... Cast iron .. Head ..... . 
do { .. do ...... . 

6 cylinders In line. . . .. .. . . . . .. · · · · .. · Pocket ... . 
Water-<>ooled fixed cylinders .. I {Steel. •.... Head .•.... 

S cylinders, V .......... ..... Cast iron .. {r!,tei:::: 

Air cooled: 
12 cylinders, V ................. do .......... <lo ...... . 

Suction 
valve 
A.M. 

M ...... . 
M ...... . 
M ...... . 
M ...... . 
M ...... . 
M ...... . 
M ...... . 

Name. 

Benz ............. . 
Daimler .......... . 

~~.'rii.,~::::::::::: 
Curtiss ..... . 
Sturtevant ....... . 
Snnbeam ......... . 

Fixe,I cylinders ........... ! Radial star ..................... do ....... Head ...... A.... Anzani.. .......... { 

{

lradialstar ................. Steel. ........ do ....... A ....... R. M. & F. W .... . 
Rotating cylinders···· · · · 1 2 radial star .................... do .......... do....... A....... German Gnome ... { 

'{-! cylinders In line ........... , Cast iron .. , Head 
Water-<>oolerl fixed cylinders .. 

1

: 0 cyl'."ders in line .............. do .......... do.:::::: 

A. I d. S cylinders, V .. ·: ........... ... do ... -•.. {r!,te·t·· .. . 
lTC'OOC , .•.. 

M ...... ·1 Daimler. ......... . 
M ....... Argus ........... . 
M ... .... Curtiss ........... . 
M ....... Snnbeam ......... . 

Bore. 

5.180 
4. i24 
4.331 
4.134 
4 
4 
3. 54 

3. 54 
3. 54 
4. 13 
4. 331 
4. 33 
4. 72 

4. 724 
4.!121 
4. 25 
3. 54 

{ 

4.13 

4.13 
l-'ixed cylinders...... .. . I Radial star ................. ·1 · .. do ..... · 1 Head . . . . . A....... Anzanl............ 4. 53 

Rotatmg,·ylindcrs ...... 1{~:~:::::~:::::::::::···--· .S~~:
1
:::::: .::~::::::·· ·::::::::: :::::::::::::::::::: ::::::::::::({ 

. _ -- - - . l{-1 cylinders !TI line ........ ···I Cast Iron. ·1 Head .•.•.. 
"ater--cooled fixed <'yhnders .. 1 h cyl~1ders m ltne ........... .. . do ....... .. . do ...... . 

S cyhnders. V ............... '. ... do .......... do ...•... 
Air cuoloo rotating cylimlers. · 11 radial star ................ · I Steel. - ......• do .••••.. 

M ...... . 
M ..... .. 
M ...... . 
A ..... .. 

Dai~ler ..•........ 1 

Schrober. ........ . 
Curtiss ........... ·1 
Gnome ........... . 

5. 512 
4. SS2 
5 
4.331 

Stroke. 
Revolu~ 

tions per 
minute. 

-~~- -· 

7. (187 1,288 
5. 512 1,315 
o. fi93 1,340 
5.512 1,387 
5 I, 100 
5.5 2,000 
5.91 2,000 

4. 72 } 
1,250 { 5. 12 

4. 92 I 
4. 724 I, 031 
4. 72 1} 

1,200 i{ 4. 72 I 
I 

5. 512 I, 412 
5.118 I, 370 
5 1.250 
5. 91 2,000 

5. 71 } 6.10 
5. 52 

1,250 { 

-t. 718 9[>-l. 
5.51 } 5. !Jl 

I, 2(X) { 

Mean 
effective 
proosure. 

Efficiency. 

106.9 
107 
101.3 
114. 4 
IU7. 7 
100.3 
126. 8 

76. 2 
7~. 5 
7ti. 9 
66.6 
Iii. 9 !} 
67. 2 

103. 5 
IOI. I 
111.7 
126.5 

83. 2 
80.1 
K6. 2 
7t>. 9 
1~. 1 I} 
1,,,.2 I 

~~ 
.~ 
.w .~ .~ 
.~ 
.~ 
.~ 
.~ 
.u 
. 16 

. 21 

~~ 
.~ 
.~ 
.2~ 

.~ 

.25 

.m 

.17 

.m 
----·: =-=---.--. 

5. 900 
t).:!\l'J 
7 
4. 724 

1. 373 
1,:1;):! 
l, 100 
1.194 

10~ 
71). 2 

10~. 7 
75 

0.28 
22 

.24 

.17 

t.o 
(0 
0 

> 
~ 
~ 
0 z 
> q 
H 
~ 

0 
~ 



x ers. ·· 6 cylinders m line ............•. do ..••...... do ....... M ••.••.. Hall Scott ........ . Water•rooledfi edcylind•. l{~cyl!nders!nline ..... ~ .... I ~~lron .. l ~ead ..... l M ....... ,-Dau::i~ ... ~.~·····1 
Air•cooled rotating cylinders .. / 1 radial star................. Steel ... ·_-__-_:~o ...... -_ A....... Gnome .•.......... 

Water-cooled fixed cvlinders .. l{4cylinders)nline ..•........ Cast iron .. Head .•••.• M •••••.. Daimler ........... . 
· , 6 cylinders m line ••••••••.••.•• do ••••.....• do....... M....... Austro-Daimler .. . 

Air-cooled rotating cylinders.· 11 radial star................. Steel ......... do....... A....... German Gnome ... I{ 

Water-cooled fixed cylinders. ·1{4 cy[!nders !TI line ....•.•.•• ·1 Cast Iron. ·1 Head ..•••. l M ••.••. ·1 Daimler .. ·.•· ..... ·I 
6 cylinders m line ...•...•...... do .......... do ..•••.. M ... .... Austro-Daimler .. . 

~\ir-cooled rotating cylinders.. 1 radial star................. Steel ........• do....... A....... German Gnome .. . 

Water-,,ooled fixed cylinders .. 1{4 cy\!nders In line. ··········1 Castiron .. l Head .• ~··1 M ...... ·1 N. A. G •.. =····1 
6 cyhnders m line ..•.••........ do ..•••..... do ....... M .. ..... Benz •............. 

Air-cooled rotating cylinders. ·I .1 radi!u star~ .......•........ Steel ........• do ..••.. ~·._.... L. C. Rho_n•···__:_:_:_:_ 

Water-cooled fixed cylinders .. /{i~y~a~ !nf~e.=. ... , ~a.st Ir: .. , Head .•••.. , M •...... , N. A.G.· .......... , 
y ers m e •.•..•.......• do ..••...... do •••.... M ....... Wright ••••.•....•. 

Water-cooled fixed cylinders. ·I 4 cylinders In line ••••.•••••• , Cas~lron .• , ~~.~~:If ·~Argus ••.••• ~.~····1 
water-cooled fixed cyllnders •. 1 4 cylind~ lnline •.••.•...•. 1 Cast Iron. :LH....;.=1M ....... 1 Argus ••..• ~~····1 

~· 7241 
5. 118 

4.331 
4. 72 
4.33 
4. 72 
4.88 

4. 7241 5. 12 
4.88 

5.3151 4.17 
4. 13 

4. 7241 4,375 

5.5121 

4. 9'21 I 

~· 5121 
4. 724 

5.512 
5.51 
4. 72 
4. 72 
5. 51 

5.5121 6.89 
5.91 

6.2991 5. 91 
5.51 

4. 7241 4.5 

5.5121 

5.1181 

I, 343 ·1 1,300 
I, 156 

1,396 
1,300 
1,200 
I, 200 
1,200 

1,3941 1,200 
1,200 

1.344 I 1,250 
1,200 

I, 4081 
1,400 

1,3681 

1,3421 

107.1 I 92. 75 
71.3 

10"2. 8 

it 9 I} 67.2 
78. 7 

93 I 93 
65.2 

0.27 
• 21 
.17 

0.27 
.26 

.21 

0.27 
.26 
.21 

m.51········~:~~ 
&5.6 ••••·••••·•• 

94.91 83. 7 

106.51 

107 I 

0.26 
.23 

o. 26 

0,23 

NoTE.-Values for mean effective pressure taken from Table IV, where source of information ls given. Efficiencies calculated from fuel consumption values in Table V, where 
authorities will be round. 
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There aJ)pears to be no consistent diffor('Ilce between the per­
formance characteristics of steel comparC'd with cast iron, as com­
bustion chamber materials, when mcasurP<l in terms of menn efkctive 
pressures or thermal efficiencies. The same is true, as might be ex­
pected, for fixed cylinder-crank shaft urrang0ments of four or six in 
line compared with 8 or 12 cylinch,r V, or star, though the fi~rcs for 
the latkr do fall off a little. As indicated before, the funclainc·ntal 
difference is in air versus water coolin~, and fixed versus rota ting, or 
cmnk case versus din·ct admission o! chargP. Fixed cylinders are 
always superior to rotating, other things being e9.ual, din·ct charge 
admission to crank case admission, and water coolmg to air cooling. 

Reliability of the engine as uffcetcd by arrangenwnt, form, propor­
tions, and matcriuls is partly a process qrn•stion and partlv one of 
endurance of structure. So long as the mixtur0 is made reguiarl:v and 
properly received into the cylinders, and then treated always the same, 
which includes ignition and cooling, then the mean effeetive pressure 
and thermal cfficwncyshould remain the same, and the engine continue 
to run indefinitely. This is the process port of rPliubilitv. It., is 
equally n0cessary, however, that no part shall break or ft1stcnings 
loosen, and that bearings shall neither s0ize nor ,vear 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 is no excuse to-day for any gn•nkr number of breakages of 
aero engine parts than of similar 2arts of other engines, providP<l 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 nny other i,,; suffi­
cient reason why the breakages should be even less than on any oth0r, 
and should not exceed those that could be called pure accidents be­
yond the utmost skill and care. It is, however, undoubtedlv a fact 
that stress analvsis, skill, and material data, for operating c011ditions, 
are far less genrrally aJ?plied to aero engine design than to other im­
portant classes of machmery. This is partly because the youth of the 
art has kept the inventor in the foreground and the computpr behind, 
but largely through lack of rigidity of requirements by purchasprs and 
lack of financial support of the business. If the business of arro en­
gine/roduction were large and regular, or Government supported, it 
coul not only afford to pay experienced stress analysts, metallurgists, 
and material investigators, but would be forced to do so. 

Breakage prevent10n is therefore almost entirely a question of 
money, and of realization that design is not purely invent10n. 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 docs occur, through pure accident. An illustration 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 Wl'll, 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 11 British machine in flight and causin~ tho death of 
the two passengern. Pn rtinl ruptures such as cracks in piston and cyl­
inder are preventable by proper cooling, but the substitution of steel 
for cylimfcrs directly contributes to this result, as does arching of 
pistons, tho former a contribution of materials and the latter one 
of form to structural permanence. Complete ruptures are probably 
more common in valve stems and other small parts than in the main 
elements of frame, shaft, cylinder, piston, and 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 vaJve and stem, or of 
the whole structure. Testing to d!'struction is the very best way to 
accel!'rate experience without danger to anyone. As m the case of 
the other illustration oited, 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 val,e seat slightly over one side of the cylinder bore 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 cylmder shoulder instead of on top of the piston, which 
smashes it or itself, provided the break is hi~h enough upon the stem 
so the stem does not emerge from the guicte. Otherwise the result 
is quite the same as if the shoulder were not present, except that a 
larger diameter of valYe is possible than witliout such extension of 
the bore. This valve trouble 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 slidinO' over on the 
piston under the influence of a suction stroke, cspecia1.iy if the flat 
bridge inclines downhill, as it usually does in single cam shaft V 
engiiws, 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 a 
pure technical mistake, not to be excused by the addition of elaborate 
forced systems of pump oil supply. Bearings should be large enough 
to not need elabomte special oils or oil-a})})lication systems, but these 
should be added to make assurance douoly_sure, in short; as safety 
attachments, not as essential elements. Weight reduction securea 
by cutting down main and pin bearings is too dearly bought to be 
worth the price. Cylinder and piston bearing wear, while mvolving 
the same elements as main bearings, have to endure the additional 
difficulty of high temperature, but this is not serious if due attention 
is paid to the prinmples of heat abstraction. Violation of these 
principles, coupled with a rise of side thrusts, aggravated by side cock­
mg that follows undue shortening of pistons, 1s another oase 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 sfecial remedies can 
be suggested, only one of which is excessive use o lubricating oil and 
the last to be ado_pted instead of the first. 

Seizing of runnmg parts at bearing surfaces is entirely a question 
of relative size or of clearances, and its prevention a qurstion 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, thou0 h it might well be, and which in cylinders and 
pistons is their tig problem, material selection is most important. 
Some materials have low relnfrve frictional coefficients for their 
lubricated surface and are properly related as to thermal expansion. 
Nothing better than the soft-metal lined or bronze can he 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 oy lowered oil ,iscositv tends to become lrss 
effective. The boxes must, however, be stiff enough to really dis­
tribute stress. Piston and cylinder bearing surfaces are somewhat 
more difficult., as the outrr 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 greatrr than in the 
case of the standard box on the pin or shaft. It 1s, therefore, more 
necessary to care for these clearances. This is done when the ma­
terials are the same, cast iron on cast iron, bv makina the initial 
clearance high, far higher than would be feasible on s'Iiafts. This 
tends to promote side knocks and leaks at part load. For equally 
good coolmg the steel cylinder with cast-iron piston gi-ves about the 
same expam,ion 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 impro-ved antifrictional results, perhaps 
even equal or superior to cast iron, after proper research. Tlns seems 
to be a mtional and promising line of development, especially if the 
cylinders are kept symmetrical, as they can be with head ,al-ves. 

Reliability so far as carburation, ignition, mixture distribution, 
and cylinder treatment processes are concrrned, has already brPn 
discussed. Any derangement whatrvrr here lri~ds to impairrd 
power output or increased and perhaps very mueh increasrd fuel 
consumption. Serious drrangemrnt of these procrsses moans stop­
page even though the whole engine structure be prrfcct. :Most 
operating troubles are direetly tnwrahlc to thrsc procPss drr:m~P­
ment..s, which if sufficient in degree, mean stoppagr, and evc·n if slignt, 
constant tinkering and anxiety. 

Adaptability of an internal-combustion rngine to aeronautic service 
is promoted by certain fraturrs of the engine that play no part in 
metal reduction, in mean effective pressure and effieiency inr-rrases 
or in its reliability, though of course low weight of rngine and of fuel 
per horsepower are themselvrs adapti~hility factors, as is also any 
element of rcliabiJity. 

GPneral external shape and position of points of attachment are 
subject to a far wid<>r range in aero than m auto enginPs. In one 
resprct arro adaptability imposes a dirrC't requirement, that of end 
shape for least head rrsistance. Engines dirrctly exposed to the air 
or their casings when covered have a relative movement always 
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approaching, ancl somrtimrs 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 arc. In this respect the rotating-cylinder engines are by 
far the worst and the sinale line of cylinders of the auto type of multi­
crank engine is best, neaJY. twice as good as the V engine for f'Xample. 
Air-coolc•d enginf's if similarly arranged to water cooled offor more 
head resistance Pxcrpt for the radiator of the lattf'r which may be 
Vf'ry highly resistant hut is not necessarily so. But apparc'ntly the 
requirements of low head resistance is losmg in import1mef', at least 
for war machines, since in these the fm,Plage is roomy enough gen­
erally to accommodate any type of engine. 

Ease of starting ancl a control of spPNl arc also required of nPro as 
of automohile and boat engines, but with Home elemf'nts of difference. 
Electric self-starters with generator-motor and storage batt.Prics are 
prohihited by wciaht limits, for even if the craft could earry tlwm 
their weight wouldhe mu<"h better disposed in the <'ngine by ndding 
either more horsepowc·r of the same unit weight, more fuc·l for the 
same engine to make longer flights, or for equal flights and engine 
power by using a hcavif'r built and therefore less sensitive engine of 
longrr life. '\\7ben st1irting from the ground a starting crnnk on the 
sh1ift end often would be inaccessible and even if it were within n·ach, 
engines of large power could not be hand rotated against their normal 
com_pression. It has hccn a gcnmal practice to start these engines 
by hand turning of the propeller blades, a practice that is most 
dangerous, docs the hladrs no good and ccrtamly requires an extra 
man because at the moment of starting the operator must hr in his 
seat. All hand-starting difficulties are removed if the compression 
is relieved and the accessibility of a starting crank can be nwt with 
equal case by a ('hain and sprocket having a sclf-rC'lcasing ratchet 
and hand crnnk on n short auxiliary shaft, near the opPrator's seat. 
It may therefore be regardrd as necessary thnt af'ro engines, cer­
t1tinly the larger ones, and this means most of 1111 if not all of those to 
be built in the near future, be provickd with compression-rrlPase cams, 
equivalent to those so long used on hand-stnrted stationary engines 
and lever operatP<l from the scat. This snme compression rC'lease 
gear will serve as a speed control, should speed varmtion he neces­
sary, by permitting escape of part of the charge though, of course, 
with waste of gnsolinc. It SC'rves as a supplPment to the throttle 
vnlve of the carbureta, and which is not so wasteful of fud. Speed 
reduction by spark rctardntion should not be practiced on aero 
engines, thou~h 11 starting retard is necessary, automatic or manual, 
bcc:ause of the Herious OVl~rhe1iting effects that follow, and aero 
engines at best arc hard enough to keep cool at their high spC'eds. 

)foilling may he regarded as a necessity, however much free 
exhausts have hcf'n used in the past, and whatever unfavorable 
wPight and power dfccts arc imposed must be regarded as warranted. 
Noise from the exhm1sts of so many cylinders operating at high 
speeds beeomcs a loud roar. There are at 1,200 revolutions per 
minute from the 20 cylinders of the Le Rhone engine, for example, 
600 X 20 = 12,000 air impacts pPr minute, and at 2,400 revolutions 
per minute the eiaht cylinders of the Sunbeam engine give 1,200 X 8 = 
9,600 impacts. \Vith such a disturbance clorn 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 ahsrmt. To dPtPcL engine clc-focts by the 
noise changes in the machine before they become serious is absolutely 
impossihk, though this is the main reliance in or.crating any other 
kind of machine. Free exhausts must be elassc( , thPreforc, not as 
annoyances but as preventers of engine-trouble detection, no matter 
what the tyre of machine, and for military machines they are the 
finest kind o approach signal to the enemy, being audible long before 
the machine is visible. 

Mufflers can be made, due to automohile 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 pressures. The weight increase is almost negligible, 
being between one-tenth and two-tenths of n. pound per horsepower. 

Just as soon, however, as mufflers are demanded as a necessity the 
rotating cylinder engine must be changed or n.bandoned, as normally 
the exhaust valve is placed in the center of the head, usually hrld 
in place by an open cage screwed to the cylinder, discharging directly 
into the air. To attach a muffler ,,,ill require a change of the cage 
to a dosed form with pipe attachment aml additional cooling to keep 
the now inclosed valve as cool us tho open one. The muller would 
have to be disposed symmetricullv about the shaft and inwardly 
nl.llinl pipes held against centrifugal force at the muflfor, fitted to the 
exhaust cage by slip joints. These pipes must, moreo\~er, he circum­
fcr011tinlly supported to prevent tlistortion hy ntriahle angular 
veloeities, nnd they will impose 1uldi1io11al windage rt'sistance. The 
net dfeet will be a grratPr rc<luct ion of pow,'r n.mi a greater increr.se 
in weight (,han mulfiPr attachment imposes dB fixl'Cl cylinder <'ngines. 

It gol'S wiL110ut saying that no aero e11gi1w with tanks n.nd connec­
tions complete is adaptell to its purpose if tilting rven to vrry con­
sill<'rable degrees interferes with its op0rntion, and if it stops on 
tilting to any angle that is remotl'ly pos,.;ible in 1·c\al flying it certainly 
must be rejected us foilin~ in adaptability. There is considerable 
uncertainty as to the angle and direction of tilt that aero-engine 
adaptability requires, but the L"i 0 required in the German and British 
contests se0n1S to be a very modPst rrquirpment. No one will deny 
that the "Teater t_.he angle of tilt and the more independent of direc­
tion, the Y)Cttcr 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 curns developing centrifugal 
fon·es in all masses as well as in the lubricating oil and fuel feed 
systPm. Therefore, in considering engine independence of tilting, 
rapid change of motion as to speed nrnl direction, hut especially 
direction, must he includP<l. 

Any changes of dirnction of motion Llrnt the plnIH's could withstand 
can ltan' no appreciable rffect on the motion or friction of the moving 
mas,-cs, but the effects on lubricating oil in tlw crank ca,rn or separate 
tank ur pipes and on the gasoline in the ('ttrhurl'tor float chamber, 
tank, and pipes may easily ho ns great as in extreme tilting. It is 
quite possible to imnginl' u rnsistnnce to flow, for example, purely 
grnsitational or purdy ('('!l(rifugal, or hoth, gn·at <'!Hmgh to cause 
engine trouhJ,,, in the• onP case from hilure of the <·:u·hurdor and in 
the other from overheating of hearings 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-circulat10n system be similarly deran~ed 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. If an 
engine could so be designed that it could work on end, lying on its 
sidC', or even upside down for a short time, but preferably indefinitely, 
this would he the ideal. No such possibility is in sight, though 
engines are now operating in machines moving in curves and circles 
in horizontal planes, turnmg the engine on its side, but centrifugal 
force replaces gravity and no flows are disturbed. Similarly, looping 
or circle flying in a vertical plane turns the en~ine so that it operates 
first on end and then upside down, but, as before, the centrifugal 
force rC'places 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 (md angle. Crank shafts and pin bearings must receive new 
and end thrusts which are not difficult to handle if thev all are 
properly j ournale<l. • 

Crank-shaft torque that is most uniform is best adapted to pro­
pdlC'r drives, as these propellers being made of wood for lightness may 
be broken by sudden torque changes. Such changes also reduce the 
average propeller efficiency and produce reverse rocking forces in the 
machine frame. Any engme with insufficiently steady torque for pro­
peller safety and for maintenance of high avera(J'e efficiency may be 
adaptC'd by addition of sufficient fly-wheel efl'ect between engine and 
propeller.· The same fly-wheel effect increases the crank-shaft tor­
sional distortion and crank deflection and adds to engine weight. 
Eno-ines that can give sufficiently uniform torque for the pur:r>ose 
witf1out fly-wheels must displace others, and while the four cylinilers 
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, because the gas-pressure effort 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 tho 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 s~arated by the same 
anflcrles as their cylinder axes in the former. When, however, these 
cy inders in line have cranks parallel in _pairs, 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 lme, 6-crank arrangement, in which the torque never 
drops to zero, is quite uniform enough for practical work, and the 8 
and 12 cylinder V arrangements are progressively better. There is 
no reason for adopting the radial arrangement if, U8 is the case, 
other objectionable elements are introduced, because the above is 
good enough and anything better not worth another disadvantage. 
Comparison of tuming efforts for any arrangement of cylinders and 
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cranks is easy if they be plotted to a crank angle or crank path 
base by the usual standard methods. Many of these curn's have 
alrendy bec>n ,vorked out and may he found in the literaturP, ineluding 
the inertia as well as gas-pressure force effects, and for such rcfrrrnce 
is made to the bibliography in the appendix. In no case may a fly 
wheel be introduced in aero engines to dampen torque Ynriations 
because of weight limitations. 

Balance of reciprocating parts in ,·iew of the light and fl<>xihlr r:har­
ackr of the engme supports which are part of the flying-machine 
strncturo, is probably the most important c;f. the a(laptahility fac­
tors, hccausc lack of balance means free shaKmg forces or monwnts 
on the whole system, and these being regular and prriodic may 
periodically synchronize with the natural periods of win•.s, struts, and 
beams, and so cause displacements of such increasing amplitude as 
may be responsible for rnpture. In no other engine, including the 
automohile, motor boat, and evPn the light slwll of the rncing hoat, 
which comes nearest, is tho support so frail and of such small mass 
capacity for absorbin()' vibration forces. 'L1wrefore, all unlrnlanced 
forces or couples and the full displaecnwnts or vibration of the 
engine us a unit arc communicated directly to the flying-machine 
stn1cturc practically without any modificnt,ion. ~foreon'r, arro 
engine WPight heing so small in comparison with other Pngines, its 
own mass resists displacement hv its free un hnlnnc('(l forecs nnd 
couples less than any other. For these reasons good balance is 
essential to aero engines, but absolutely perfect bala11ce is not. 

Shaking forces and moments in engines are due to both re"ipro­
cating and rotating masses, and Yihrntion or rocking is tlw result of a 
failure to balance these forces and momnnts. Shaking forcrs due 
to rotating masses can he balanced f,<'rfcctly l>y other rotating 
masses disposed on opposite sides of L10 shaft. c<1nter ,,·ith proper 
numerical relation between centers of grnYity, radii, and ,n,ights. 
If the plane of rotation of the original rotating mass is not the same 
as that of its halance weight or weights, tlwn there will he an unl>al­
anccd couple enm if the centrifugnl forees an, in balance, unless 
balancing masses be disposed properly in sl'para to planes, themsPlves 
properly related. Due ohsorration of thc·se simplP nncl well-known 
relations make it a perfectly easy nnd simple matter to balance 
rotating parts of an engine bv adding suitably clisposed extra mt.11ing 
balance rnassns. Such dead bnlance wr,ighhi an;, howeY<'l', l>l'Oiiil1ited 
by the serY~ce requi~e>nw11ts of le>ast w,•iglit pPr h"rsPpo,,·c•r, ,-;o the 
actual rot.atmg working parts must thcrnsdYPS he so ch,-pospc] as to 
balance each ot,her. These parts include t,lw cranks, crank pins, and 
rod ends principally, but also such small parts us the c ... ms. If 
cranks, pins, and r<Hl ends are babnr:c•d, othc·r minor rotating parts 
may be neglected, though they set up i11c•1·itahly ,-ome small sl,aking 
forces, ef<pccially 11s the speeds uro so high, arnl thc,-;n forces nir_v with 
the square of the speed. 

Accordingly, to balance centrifugal forers and cou_plo.s, due to 
cranks and their attached rotating masses, of fix(•d eyhmler rusincs 
f<imilar cranks must be suitably disposp,l with rcforen<'e to the first. 
To avoid unbalanced couples with balaneed forces more than two 
such cmnks are necessary and in diffor!'nt 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 anv multiples 
of these four and six crank arran~ements will also yield su"c,h balance. 
This indicates a condition of interiority of the fixed cylinders star 
engine with many cylinders circumferentially disposed about each 
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 balance. This would impose on such 
fixed star cylinder engines an excessive number of cylmders, unless 
crank counterbalance weights were introduced, with consequent loss 
of the weight advantage otherwise due to the star arrangenwnt. 

Rotating cylinder star engines are peculiari because with fixed 
cranks all parts of the engine are rotatm~-cy inders and frame's in 
purely circular paths, pistons and wrist-pm ends of rods in a sort of 
oval path, while crank-pin ends of rods are fixed. According to 
this the cylinder and frame are in force balance when axis angles are 
equal, and all being in one plane there is no unbalanced moment. 
The centrifugal force due to tho rotation of the piston is a maximum 
and radially outward when the piston is at outcenter, and a minimum 
at the incen ter position with regular symmetrical gradations between. 
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 so long as 
the speed is constant. From the balance standpoint, ther<'fon1, the 
rotatmg star is superior to tho 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 ristons, 
wrist pins, and an ar.propriate part of the connecting rod, develop 
inertia forces for umform 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 tlrn 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. These 
reciprocating forces and the couples due to them must be balanced 
perfectly if possible; 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. 
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Balance of main reciprocating forces is possible only by opposing 
equal and opposite mass(•s of equal simultaneous acceleration, or by 
arranging reciprocating massPs 11l ~roups, so that the vector sums of 
thPir mertia forcps become zero. 'I here is, however, 11 partial balance 
possible by the use of crank counterweights or otherwise disposed 
rotating masses frequently usc(l on stationary and locomotive engines, 
but normally prohibited on aero 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 axrnl and a right-angle component. This axial component 
may be made equal to tho first-per10d inertia force, and, being, of 
cours0, opposite, it serves to balance this force. Tho right-angle 
compo1wnt is, however, left and of equal intensity, and so, of course, 
are all higlwr period inertia forces. Such countcnveights arc there­
fore quite us0less alone for flexibly supportPd 0ngines, though when 
used with one particular combination of pistons and cylinders they 
bct"ome sPrviceahlc without very great ,vei!;':ht increases. This special 
case is that of two cylinders set Vat 90°, tor hero there are two fir,.;t­
period i1wrtia forces at right angles, whirh arc in balance with one 
countenniight, of mass equival<'nt to one of them for first-period 
fon·(•s, though higlwr period forces arc still free. 

As first-period i1wrtia forres are similar to tho axial componPnts 
of rotating rPntrifu[al forces, a similar grouping of multiples snvcs to 
prmluce balance eltects. Su('h, for exarnplo, is the case with tho 
four paralkl cylirnlcr four-crank arran~ements in which, without 
balance massps, the first-period inertia torcos are balanced, and, of 
cour,;('. also in the 8-cylinder V, which is a duplication of similar parts . 

. All coml>inatious of arrnngements of reciprocating parts for 
paralld, fix(•(l star, all(l rotating star cylindNs can be exnmi1wd 
malhernaticully or graphically, and most of the proposed arrange­
ments lrnYc been so studied and arc n•ported in papers and books 
noted in the bihliognphy of the app('!Hlix. Of these perhaps the 
most, d:1horate is that of Kolsch in his book puhlislwd in 1911, where 
conclu,:;ions arc reproduced on mass balance of both rotating and 
reciprncating parts. Engines thnt are in complete mass balance 
without introduction of balance weights include the fued cylindc1-s 
6, 8, 12, and 16 in a row ('ach with its own crank, the 12 and 16 in two 
rows V with two cylinders per cmnk, the two cylinders oppospd 
axcs in line ,vith two cranks and its multiple, and all rotating star 
cylinder arranaemcnts having four or more cylinders per star. 
Those that are balanced for rotating masses and for the first period 
reciprocating mass forces but not higlwr ones, without balance 
w0ights, include the fixed cylinder engines of the four parallel cylinder 
four-crank arrangement and its twin or 8-cvlinder V. 

Introduction of balance mnsscs giYes c~mplete 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 V 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 ; 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 tho cn~ine. Tho rotating cylinder engine ordinarily 
has one connecting roct heavier than the others which itself makes 
perfrct balance irnpo;;sible. 

More cylinders and cranks than arc necessary to give the required 
torque constancy, or the required balance, or the total power within 
the cylinder diametrr limit can not be acc<'ptod. Each additional 
individual cylindrr CRrrirs with it sources of adrlitional trouhlo 
and increases the chancc-s of unreliabilitv, however nrneh thP eon­
SNIUPnCPS of failure may be rc,rluced. 'the kast aUowahlc number 
on this basis appr1ns to ho 4 fixed rylindrrs in line or radial fixed or 
rot,ating. The maximum should he 6-cylindor 6-crnnk in linP for 
balance or 8-cylindPr V for torque, both advantages bPing Pqual 
in the 12-cylimlcr V, or twin 6. Of course the rotating cylimkr 
engine of equal number of cylindrrs and symmotrienl pnrts is just 
as good in torque and balance, and even a kssor nurnlH'r down to 
four equal in balance, though deficient in torque, but tlH'se rotnting 
cylinders are in no way superior to t,he above arrang<mll'nt. Stnrs 
fixed cylinders of egual number aro equal in torque to the same 
number rotating if similarly disposNl, but inferior in balane<' unlrss 
rotating counterweights are introduc<'d, in which case <'quality 
results. 

CONCLUSIONS AND RECOMMENDATIONS. 

In tho following brief statement of recommendations and con­
clusions, which are presented in tho form of a list, no effort is made 
to develop arguments in support of each because it is belie,ed that 
the text and appendices of the report themselves S<'rve as sufficient 
support. No specific type of encrine, form of part, material, or 
design constant is recommended, because it is believed that atten­
tion at this time must be dir<'ctod mainly to methods of proc('(lure 
that will lead to improvement. Naturally specific recommenda­
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 ns 
of proven acceptability as to weight per horsepower of engine and 
thermol efficiency, but which require considerable work to perfect 
and standardize m detail and material without any further inventive 
work than I?roperly constitutes part of the normal routine of research 
and designmg engineers. These types are the 4 and 6 cylinders 
in line, each with its own crank, the 8 and 12 cylinder 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. Thero have also been developed a very large number of spt0 cial 
designs of engine, which in some mstances have heen built and used 
but in others remain mere suggestions. Each one of these is prac­
tictilly an invention in itself, the precise practical value of which 
remains more or less in doubt. To properly develo'() the good points 
of these and other inventions to come, and to reJect or eliminate 
unfavorable elements that are always present in new maohines that 
have not yet stood tho test of time, much work must still be done, 
quite independent of the research work so necessary for final perfoc-
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tion and standitrdizatiou of the no,v acc<'ptablc nnd more or less 
largely U:'<'d types noted above. 

3 . .Direct governmental aid is an ahsolute necessity to the art, 
both for the perfection ,md standnrdization of accepted tYP.es and 
for encouragement of further invention. Private contributions 
should also be encouraged, whethPr for use in connection with the 
governnwntal establishment or imkpendently. 

4. 'l'hPre should be a regular buying program providing for the 
purchase of a fixed minimum number of aero engines yearly, to en­
courage existing engine builders to spend the money necessary to 
produce what is wanted to meet aviation specifications, because the 
best shops will not enter the field without some definite assurance 
of a fixed amount of business, for which they are, however, quite 
willincr to compete. 

5. fhe avitition encrineers should standnrdizc service specifications 
for engi1ws, limiting the specifications strictly to those items that bear 
direct,ly 011 S<'rvice, so dcsi~ners and huildcrs 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 regular annual test compe­
titions of engines on rules to be prepared' and widely published at 
least 10 months in advance, and revised yearly immediately following 
the closing of the previous contest. For those engines that make the 
best records, substantial r<'Wards must be provided in the form of 
cash prizPs, or buying orders, or both. Th2se cash prizes may be 
proYided by Government appropriation, by private contribution, or 
both together. 

7. There should be established a standardization research labora­
tory with a permanent staff of engineers 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 curry on tests for design and perforniance data of every 
engine of the accepted class noted m No. 1, but of no others. Other 
enginPs arc to he admitted only on the rpcommendation of a second 
laboratory staff devoted to development of invention noted in No. 8. 

8. ThPre should be established a laboratory for df\velopment of 
invPntions submitted by anyone, when those inventions seem prom­
ising. This staff must be quite independPnt of that of the standard­
ization research laboratory noted in No. 7, and should preferably be 
locatPd in quite a different place. Its engineers should be, in ability 
and tempPrnment, quite different us well. When in this laboratory 
an engine, engine part, or accessory not in the accepted class, has 
been brought to a condition wher.:- its performance is equal or superior 
to what is in the accepted class, then it may be recommended to the 
standardization research laboratory for further study and perfection. 

9. In at least 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 ships, 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 
this competition. 

10. Oflicers and enlisted men who may he charged with the care 
of 1wrn enginPs in SPrvieP should be ass1gncd to duty, first, in the 
Gon•rnmP11t, :wro c'nginP shops, then iu both the standardization 
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research and the invention development laboratories, and finally in 
the cnp,im·ering office noted in No. 11, for instruction. 

11. flwre should he established a staff of supervising and designing 
enginePrs for internal combustion engines. This staff should prepare 
all purchasing specifications, prPpare engine test competition rules, 
recri-,,e and u,c;c all standardization data from the laboratory, exercise 
gerH•ral direct ion ovl'r both the laboratories, and prepare detailed 
drawings for the shops. 

12. Tlwrc should he established the closest possible relation be­
tween aero-engine development and that for other classes of internal 
combustion engines in wluch 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 engines, and stationary electric generation sets for wireless, 
minR firing, searchlights or general service. The same designing 
staff, lahoratori0s, and shops that should be established for aero en­
gines can also aclYantageously 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 
sorvice to the others. Similarly, officers and enlisted men of those 
other branches of the service can be given adequate instruction by 
temporary assignments to the shop, laboratories, and engineering office. 

13. Publicity of data should be promoted by governmental 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 grea,ter 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 papers and official reports of 
value should he translated and republished. Whenever data is 
reganled as bein~ strictly military in value and where publication is 
therefore deemPcl inadvisable, such material can, of course, be with­
held, but i.t is believed that in general both Army and Navy have 
more to gain than to lose by publicity of engineering data on engines. 

14. It is regarded as of the utmost importance that advantage be 
takPn by the Government of the senioe of such civilian engineers as 
have given special attention to the stud:y--l commercial development, and 
use of internal combustion engines of au classes, and more particularly 
those not engaged in manufacturing, though not excluding those of high 
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 reeommendation 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. 

NoTE.-Part 3 omitted. Sec note on Preface, page 187. 
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