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REVIEW OF THE DEVELOPMENT OF ENGINES SUITABLE
FOR AERONAUTIC SERVICE-ORIGIN, MEANS USED, AND
RESULTS.

By @AEIJ3S E. Luom.

Part 1 (a).-SERVIOE REQ~ FOR Aeronautic ENGINES-
;C#R VERSUS WEIGHT, RELIABILTI”Y,AND ADAPT~ FAC-

.

Transportation over kmd and water has been revolutionized by the
addition of engine motive power h vehicka and boats to a degree
that requires no study to appre~ide but the contribution of the port-
able power plant to aerial na

T
tion is even greater. It is funda-

mentally creative for without
be quite impossib~e.

e aeronautic engine air flight would
Not only does an engine constitute the essentiil

element of the air oraft, but the engine must be suitable for the
purpose; it must $ave cyrtfi characteristics never before required

H~Y$%&wedT””Success in flight and im rovements
t%es rests a olutely upon the success wi whioh the

engine and its acoessoriea that make up the po@able power Iant
1can be made to fnlflll the new requirements peculk to the ying

machine. Before someone flew, no one ocndd ecify just what the
%aeronautic motor should be able to do, except tha , of ooume, it should

be as Ii ht as possible and not stop m the air. Nor was there any
8demau for such m engine that would serve as an inducement to

engineers fszniliaz with engine roduotion to build one. k short,
{whalethose few experimenters w o were engaged in trials of balloons

and gliding planea felt the might be hel ed if they could secure a
? Ul%pro er light motor, no one elt sure it .wo

1’
be of service if rodmmd,

an of ooume no one could say how
Y

%tit should be, or w at other
chsractaristics should be incorporate , except that of reliable cm-
tinuous running during a flight. Formulation of some of these speci-
fications maybe said to date horn about the years 1901-2 when the
W~ghts, xm the one hand sad L

%_ e+= developed for other c
ey, on the other, /ound that

es of servioe were unsuitable,
the neareat approach bein -the automobile e “ e, then pretty uncer-

%
tain in o oration and V@ Yabout 16 poun per horse ower in the
lightest forms-a weight tha would not serve even-if he operator
were willing to risk Ins life on the ossibili~ of e

! Y
e stop~ e in

Yflight. It was apparent at once tha redesign form uced w~h per
horsepower was necessmy and the Wrights prooeeded to rebudd the
automobtie engine, whale !hknly boldly departed from any existing “

w
.

. .
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practice -and built-l+ five fied radial cylinder engine, both Manly

%OJ%%’’Q%%’%
the water cooling of the most successful ‘

oth succeede-d in reducing weight enough to
make flight possiile, the Wright

T
e producing a horsepower with

about 7 pounds and the Manly with a out 2.4 pounds of
T

e weight,
the former with a 1.2-horsepower,wd the latter with a 50- omepower

%
e “ e.

us was @ht initiated with engine redesign for w “ ht reduc-
tion and so has flight improved in r

Y
‘%e, speed, and s ety with

fur&er redeaig= of engine in the 13 or 4 years that have e~apsed
since that time, but the end is not yet in sight. The yro ess that

~has been made in engine construction, principal m Uropej is
{truly amazing, in view of the unique character of t e problem and

the short time that has elapsed; but-all this has only ?erved tp increase
the demand of the aaronautio
manufacturer so clearly and

h“
n 0“ ‘he>-e ‘T “dy ISthe prnwple =tabhs ed, that

?%
regress in

F
rests fundamentally on e . e improvement.

2ese ears o experience, however, have r
2

ted m some data,
der@e largely horn laboratory jes~ on the @aracteristics of the
engines that are most SUcce=hd m fkgh$ and ~ some more or less
accepted formul+tions of we so~ .of servm-reqmred of aero engines
and their eas@Jal @s m ad&tion to w~ht speeds, power, and
general reliabd@, & t might be classified as a~aptability factom.

An engine for whatever servkq must be suitable and its de+gn
%dmust, e b~ as much on the speodkations for suitaklity invol

Ythese adaptability faotorsj as on the fundamental principles o .
thermodynamics stress rmtwme and the proper-ticsof the materials
available, and tlkse adaptability factom must be derived from then
wars or o erators of the machmes before the .eng@e designer can

\interpret t em, repwatory to the incorporation do the engine

&l
Lroper of those s otural elements that will make it suitable. At

e present time there me available some conclusions along this line
of experience, a few of which wiJlbe quoted and summarized before
undert- to analyze the engine .@uc@re proper.

After nme years’ use of engme-dnven aero lams the engge
5structure was summed up in 1912 by Capt. H. . Wild, “Paris, S-S

from his own experience as folIows:
The compamtivd crude and unreliable motorthatwehaveatour&pwal at~e

$t timeiano oubt the caum of many of thq fatalities and accidenta be
?&%&dane. If one will look over the Yaccemmeattachedtotheaero engineo
to-da , ti @ be mtedwti&Lti&ep - clam of ever@ing peaible -whichwould
add {=3 mswkmce % arofthe aemengme iatooanxioua to
eliqinate w~t h~ deems urmece=wy parta in order ta reduce the weight of the
tmgmq-rmdnd so he often takea away the parta which help to strengthen the
durab& and&%ility of the motor.

Fewengined~em seem to apprwiate the iro ca qf efiminqting the l.-~ t$%Jg!thh;2p%t.end~ toward-on of angluarveloa orin
to drive a propeller. The efkzt of contin
is most detrimental to ita etW&ncy. ● * ‘*-h h-ont elevation an arec engine
should be ae compact aapwaible, w ae to reduce head resktance.

Additional specific requirements named include-
fu) oil tankof “

~b-m;&:::~~tihablepu’tiftif~ ,~bnati;
internal oil pl~ (b)-etandardu propeller hub and crank ehaft end, (c) heater for

Iinq (d) dual ignition and no 10CW~ e)
. exhqpt eilencq (j) eshayat.=b for stopping and com● * V&;;=#dg

-j (9) -e @ m~~j (W I=J ~ve ==@.

●
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generally Would Am do well to visit aviaticm grounde more frequently aud. @ take
moreinterestin the engimmwhich havp Iefttheirhan@ * ‘. ● .tho
- the a@atm does not leave thee 3!

%%RF%’L%%%WWOFE%!with the M13rent adjuatmente until
and placea the blzunewhere it does not bekmg. ● ● * The demand for a reliable
motor ie @ prominent.

Writing in 1912, Awsbert Vorreiter, Berlin, gives the principal re-
qtiemants which aviation-engines have to meet, as—

Fhat.Smallweightrefenedtohorwpower.
Second.Smallconanmptionof fue~ wa~, and oiI, m M to obtain the maximum

psible radiua of action with a givep quautity.
Third. Absolut+ reliability tice m thq cam of tbe dirigibl? engin? &dly any-in

the aerophme e
Y

e abaolutel no-reprura am be made @ring a
dIn the deman for low we- t per hormpower t.lfe %.~eqt ?f e lM fu~ ~d

oil conaurn@ion per here.epwer-hour are included amce to-day It m no longer a que+
tionofgettmg amachineto fly foraahorttimeo&, bu~tocwalxuctflyingmachinm
for mctical p

$T
wehavetofigure ona

-$=%d:~~~$k~~eae y.beehown ycalculatio nthatanengin every
requlr

3
an mc~ve amount of fuel and oil, may wtugh more per home wer when

thecw . t of fuel and oil are included than a heavy engine with low ?&d and Oil
consumption. It is true that the oil ameumption cute 1- of a figure because the

. ~tiwofotiw axtitifie fidbtiadtiad ee-mbtind
more than onstmth. Ae a mo9t favorable value for fuel conmm tion of an aviation
motor we may asmne 0.636pound per horsepower-hour,which v&ehae been repeat-
cdly reached in aeroplane engines. In dirigble engina figumaaelow ae 0.fL14pound
havebeenobtsined.

Himdinhagdwititiereliability goeathedemandf ordurability and continuous main-
izmarlce of h capacity. It i.a em that older comtructiona of aviation engines
mmetimea a down very badly. Only the continnom output which the engine is
able to qive ia to be eerioud considered in an aviation engine m distinct * the
automobde engine. While ~elatWia only very seldom mquird to giveite nu&

und.f&oad.
mum ou W-and then only for a elm-t time-the awiationengine almost alwayarum

●

Additional specific requirements mentioned include-

~%%zb.-- ~&~;:2-$.

(a) carburetor action aud engine erformm~ must be independent of bammetm
of tempaaturq, of dq d. of

M/
e, (b) @form turning movamen~ (c

=.OLT~=i&~wSz?&e.tiwT~~ZEf::zgivebe% ffiency at ep
aehalf, @proper cooling of engine to insure Iubricati.

E2WYGG$E%%MU%%%%%* aa?x%%$l
per cubic fat of chsplaqment aud I@ weight of metal of mlectd kind and am
FEcfion.

In a aper read before the instigation of automobile engineem
T(hmdon m 1912, Mr. A. Graham Clark summarize the qualities

arded as essential “or desirable in an aeronautic-al engine, as
f%ovnx

&~ZZ%eZZG&=,;=~~.%t=~Z~~Z

&
mofen maybeatbpdedW@ dieasbuuacomequences.

[) “ Whtmw:3 =p~-m fue andal:
&e /&rable becauseof theincrewedmdiueof action.

g Lowairre&ame: The importanceof airraktawe bemnm . . mark.
wi ti~tifie m~wtimww akbdbti~tin-w thecpbe
of the v&xi@. It maybe remarkedin this connedm that the ho

=b~t%topropel aflatplate 9feetindiameta thmughthe airiainmewed
over 16 byincrmeing the relative velociw of the plate to the airfmm 50 to 70roilea
perhour.

(6) Cuntrollabili@orflexiii~, althoughthereb nottie sameneedforit aswith
engine employed on automobfkw, is none @e lea a deeirable qnali~ since at low

#
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.

%%$g;%!%i%~%z+.d hence thepilotwi!lbedietoetartnp wi~
or Mve effort of the repeller fa insufficient to

out amktmce abotdd acumdancee necemitate M so dr$ug. Furthm, aa.the engfne
fs @ _$edeveIopdita. Ml power in horimniaf

~;%?s%ig%%%%off= OIL
Y’

t rmdwhenah$ting, the
descent fs certaidyp erable to the mu e method

&
(6 om fmm vibration: The neces3ity for elimination of vibrati M far aa

le willbe obvfoue w- the slender nature of the supporteupon whfch the
leclUridiE redi@ MVibradon ofadygerouechamder *maybe u;”
inthevarioue partaof%%%%ine.

(I’) AccesiMity: The e3tion of convenience of accem iq frequently overlooked
or, at any rate

‘ W$!s%%%%l%lf %s%u%a%’%%!m%%”%%x-%
XR’%%+nsideratiotialonej apfJ%o m the ack%m to the time during whi@

$%%%3%-.Q%%%%!3’IY”2%.R% s%x-Rg’lRt%2%&;
when the appliratiom of the aeroplamn are mom widely extended.

(8) Si@.m fe desirable in any machine umd for pleasure or _ p~, but
when it M intended for employment on military vnno@uye dutim It becomes of
inmaeing importance to be able to maneuver vmthout @vmg audibIe waning of
ap @ -y-at night.

fi)~X=Mmti?~tiof a-m& butith-etil-n~
tiee a du-ty a pearance M generaUy caused either by the cdl spIashed about during
hand oiling ~~y the exhaust, both of which are ob]ectible-the former becauee
the pat EUChattention ia apt at times to run

%
owing totheine@ari@of

the EUPP-riCanb aud the latter becqse it indica an open exhaust.

‘ Another contribution alon &dir lines worthy of reproduction
is that of Granvilk E. Bra&haw before the Scottish Aeronautioal
Society (Gkisgow), Decamber, 1913:

.

ThereiEprobablynoformof primemoverin *CO thatiemore “ @read
6r@t haea IODreshenu!ueMe * the Y%laaeand thereieunoutedlyno
enginethatb .smati * on tibfiv.?e aerolanezmfm@ctmr6’

tc-day&an lt everhaebeen%?$~
k-$$a~ =d?~~;y=%mities Who plUChM3 Wn’@aUE9 fm3
euch tprobabIy as much ae90 per cent of the factorewhich determine the meat BUC-
CGS4UImachine are governed directly or indirectlyby the weight eilidency and fuel
eilidency of the engine. By the former fe meant, of comse the numbs of pxxm% of

w
t for every horeepowtideveloped. That the engine h be exlremely reliable

Among the eswntiffi%-tury o~.ti~ymrooilwmmtitl ~OJl~OwJog&tefl
iEo ecmreetaken for

ci$2#2!%=e.T7h%%$of climb varfeadirectl~.e ~~ga~ml+an.~
indirectl~ asthewefght to be lifted- l’hattheaerop e
ti prtwuhu C+II@y be understmd whm one remer+m that iti capabili@ea of
evading deahwtmn from p~jwtilea depend to a

g+%l%J%J%Rgq2?
It must ako%%.%b%;~nk~%r%’%

m-round+ by tall trw which rpay.be necedated

it (~hibl~; a.
@

-vqg.$,%$%g%r%;%$%%%%$given height
e for a great dukance, iEaleo verned indfredly by the wdght

of the machine, and co T
cbinewithahmvypowm%tmwt~d edwfthalarger&surfamandmust

ently b the y-eight o the power lan~ berause a rna-

be”
%

rtion. With the same “ “ mrfaceand head radstance the
ang!!&%%L3 heavy+ngin~ti-ahfne .“ beeteepqr’thanthat of thelight

=X5!R!2%aF&ti%%%staJ% 2%~e&#%hk iOof
iroportmce and pne that aeroplme ~pstructom arq pa ‘~ probably s~t

ahncet entirely on the a.%ption of an extremely light and pmrerful &e.
~unt of attention to. The ca bihttee of a machme to y elowly w

PH emaddneisdesigne dforverghigh
*

aelowepeedieoxd pcdble by the
machine, and caneequentl the power plant eing very JigM
chwtmidca of Iiftand c?iftareak+overy im.rtant.

fiote.-The wing

(4) ItehaUbe mfetohandle inallwinda othwith andwkhonttheen$nefn
operation. AeroplmM have been built that will carry ae much M M to 20 pounda

1TheheavmnU3cl@gMelfast9r,not6t0aper.

.
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foot of m porting surface but mnstructoranowadaye agreathat the lfghtly
~dv~eiatl!esafertohandfe andthemeraggloa~onthe~hea tito-daa
gemraIlyfntheneighborhoodof40r5 pounds msquareoot, A eavily load

9
machine depends to a great extent on high of fbghtin order to maintain it-in
the air. Sbmddthe speed ~uncarw

{ b ‘ie$’%THF%iRn2 XpoU?30yu-&m any othm c3use, the mntrol ecomw
Ianetmlem thenose ie put down very quickly toincreaae the

#onndm%ut h a 1 in the eea and gwnerallyends in a side Eli and on~
%“%&aterriblenosediwth a%ave deprivedusof eoman~ofonrbestp~te. The
life of the pilot of the heavily-loaded machine b more ependent upon the good
behavior of the mgine than ia the life of the pifot of the lightl -loaded machine, and
tilaitermddprobablygo onilyinginsearch ofagood~tinggrounclwi. two
orthreo linderenot finngatall.-

(6) It h be able to remain
&ti:f %:%? w%lo?x$%%$ s%%on he cdl and -line coneum

respec$ the exbemely light
~U~~@&~Wtim.t~elyti beofnmchnsafnserio. warfare.

wer plane ia practically umlem, ae flights of only a.

“P
enumerated and ~ly the last de

the engine being abso utely free from any bddo~ which pi%!sb%%’%%
withwit isnotadebatable one. TVeare all without doubt o one mind on this matter.

Finally there ark re reduced below some extracts from the Notioe
to Competitors issue1 b the British Government for 1914 com-
petition for navsl and ml “tary aeroplane engines, all bearing on the ~ “
question engin~tica requirements:

L ~Q~NTS TO BE ~.

wer,90-200. (b) Number of cylindere to be more than 4. $/GE
w$g%%rmpowar, calculated for 6’ixhoun3’ run not ti,excaed 11 poun .
fgoss weight in+ndea engine cym lete .ti~.carburetor davieeq connected-up (exclu-

~~%%p%~~~~~’= “d$~a~-%q handle, -air gmd~ an any watar radmtor and
water connectmna andan~~kftintie engine. ItwiUalm include aUfueland oil
m lied forsixhoure’ nmandal loilcxmtaineraandpipwtberefnm

?%ew-t~h-pwtitititimttib-e dfwided by the

P
for Iuxw3powertbelow which the output ti not been allowwi to fall &ut

eeixhoum’ ~-mthatolerance of9permnt ftmmnal.lvariations andmamumcy
of meammmenta. -

(d) Shape of engine to be suitable for fitting m an aeropkme.

1. DE~= ATl?Fm3UTESOF AN AEROPLANE ENQRiE.

(a Mi3t totfdweiijp (b)ROmny Of mnmmptiom (c) Absence of vibration.
(d) ?mmthrunning w ether mnormfd or inclined position and whether at fall power
or throttled down (e) Slow rnnning under light load. (# Worm. (9)
Silence. (h) Simplicity of comhvdon. (i) Absence of de domtmn after M
@ Suitable ehape to n@imize head rmistance. (k) Precantiom against accidental

3
“tion- It) Adaptable for darting Othq than by pl’O-rizgi‘1%.~em~~@e.~)hw—Absenceof maoke or tyectmns of

parte. (n) Frmdom -from nsk of ~. (o)

lane. (9) Relative mvulnerabili~ to small-arm projectile% ‘($ ‘iE%o~y~
~uk,.we@~ and number) of *um epare part equipment. (s) Excellence of
materlfd. (t) Reasmable price. (u) Satisf@my running under climate varia-
tiom of t%mpemhlm.

ec%cations issued by the. United St@s

‘$%e;=%’y;~%w 0’ ‘- ‘p#em be% ‘n -’servme rewmmenta -ivluch sre abstraote and repro uced below
for comps&om

“They shall be well balanced and produce no exoessive vibration
at any power. To be oapable of being throttled down to 20 per
cent of the revolutions per minute for full power. The weight of .
the engine complete with ignition system, magnetos, carburetor,

&pumps, radiator, coo watar, m+dpropeller not to exceed 5 pounds
253020-s.k * 6+1-13

●
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per brake horsepower. Engine to be fitted with some type of com-
pression release as a means of sto ping it. To be fitted with a
practical means of starting from

Y
8et’s seat when installed in an

aeroplane. U moving perk not ubricated by a spkh or forced
hbncation ~tem to be readily acc.wsible for inspection, ad”~b

Lment, and oding. Ready means shall be provided for chec
and making adjustment to the timing of the

v
e. To have &

accurate md positive lubricating system which “ insure a uniform
consumption of lubricating oil proportional to the speed of the engine.
Ml parts sub”ect to corrosion to be protected horn the effects of
salt watar. ~o be fitted with an a+proved attachment for obtain-
ing the revolutions per minute. o be rovided with means for

$preventing fie h case the engine is tune upside down. A hand-
throttle lever and connections to carburetor to be provided that
can be applied fpr conveg+mt operation by the’ @lot. This lever
to be desgned with a posdzve means of retaining It at the throttle
adjustment desired by the pilot. All bolts and smem without
any exception to be provided with m approved positive means
for reventiug backing out due to vibration. No soft solder to be

1use in say part of *e power plant.”
Among the ccndtiom for acceptamw tests the fol.lowin stipulation

&will be noted: “M@wr oh be run at fu~.power for on- hour under
conditions .appro=matmg operations m the aaroplane in a heavy
rainstmn~’

At the present time man
r

of the important conditions that an
aeronautic engine must fulii.1 are pretty well settled, at least in kind,
if not degree, but every day sees some new attribute snuounced as
desirable, so that while It csn h@ly be.s+d tha~ ~ service require-
ments for engin~ are now redu~ble to ~d spectica~ona they can be
formulated with enough precision to enable an engine &signer and
msmfacturer to undertake production with some prospects of success
or acceptance. In so proceeding, however, no designer or manufa~
turer can afford to ignore ast experience in engine construction nor,

$on the other hand may 01 constructions be slavishly reproduced, for
what wss accepta~le yestarday may not be tiy, and cartairdy will
not be to-morrow.

All these service requirements can be classified under three head-
ings for future more or l@s minute analysis.

If the engine complete with fuIl tank is “ ht eno~h it can be
Yused-and is most useful when most Iightl an this we~ht involves

many factors, each of which must be corwdared-some independent
of othem but many interrelated. The 10 or “the contemplated

%flight, the more change there must.be in the re tion between speciilc
fuel and oil consumption of the engine and the weight of the engine
proper; so in any consideration of this item 1

%
of flight must be

included. Not yet, however, has the engine or “ ht art reached the
point where it is prepared to 5X a minimum weight tho

T
each year

sees a daiini~ maxi+ium. k fact, one of the prob~emso the day for
is to discover means for lowering more and

~&~G&Y$#’ ‘WPW permissible weight that many can attain,
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and the mininum ossible attainable by only a few of the best-and
Iwith increasing flig t lengths this is becoming more and more a matter

of raising thermal efficienc., engine speed, and cylinder mean Mective
Pressure, with correspon& reduction of lubricating oil. On the
weight uestion, therefore, it is not the service conditions that

%specify w at is wanted other than tit it shall be m 1O-Wm powib~, . ‘
but rather the er@ne designer is pu~ on his mettle to say how far it IS
possible to go mth due consideration to the other two elements—
reliabili~ and adaptabili .

Reliability is demand3 always, but how much f Some writers
call for absolute reliability and others try to specify m numerical
terms a value for one or another of its elements. For example,
in the 1913 German tests, any engine that drop ed to S5 per cent
of its normal speed was rejectedl and this stipu? tion was retained
for the 1914 competition. Again, ●in We Bfittih mndi~io~., tie
only power rating allowed was the \east attained at auy tune m six
hours. Now absolute reliability M uupossible, for this would mean
continuous, uninterrupted o eration without variation in any res ect,

Aexcept at the operator’s . BNo such engine has ever been uilt
nor will it ever be built. Obviously what is wanted is as great a
reliability factor as the engine designer and builder can secure con-
sistent with other factors, so here again, as with the unit we” ht

%factors, the problem is one for the reducer b say how far there a-
!bility mm be assured, rather than or the user to specify and reject,

especially on laboratory tests. Howevar, rejection qn such grounds
is far more justifiable than acceptamx, for the

T
e so accepted

may fail on its tit flight, due to some accident or to aulty operator’s
adjustment. What is needed here is, fit, analysis of the reliabili~
facdti~iti~ts elements and by coo eration betweenmngine ales” er

T
Tcement on reasonab e values for each, so one x

promise,’nor t e other expect the impossible, but each underst~~
clearly the Iimita-and more important, the resson for the limit-
that means may be sought to eliminate the disturb cause.

TAbout the same situation is true with the third actor, adaptw
bili~, 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 am capable
of formulation, quantitatively, such for example as torque variations.
So far it has not seemed feasible to impose any such limits but b
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 stata of ailaira in the art is clearly due to its
youth and the necessity at present, and for some time to come, for
the maximum powiblq Wcouragement of rnventiont d “ , research,

Tand manufacture, untd d becomes clear to all just how ar it is pos-
sible to go in my direction after - “ all available resources of
talent, material, money, and plaut. en, after such a period, one
or more staudad typss of engine ore “ e parts-or evau of air craft

xitself-have been established, then - it be feasiile to specify more
particularly and numerically all the elements of each of the factom
of unit weqght, reliability, and adaptability.

lh the meantime the problem is one of review of engines produced
and an analysis o~ their construction and performance as a whole
and with it a similar analysis of fundamental posddities. This must
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include a more or less standard examination of each of the essential
parts of the engines and the relation of form and arrangement to
the perfection or imperfection with which the part performs its par-
tial duty or function. Even now, as Soreau, reporting-the French
te+s ~mts outz the relative impovance of low eng@e vv~~ht roper,

& Jreha~ ~ and Me and consumption of fuel and o~ o~ y con-
‘ sidered m this or&r, h= been reversed, experience rndmating that

the last is now first and the first last.

Partlob
.Ik-ai%f%d%%i%%,%w%il%% ‘P!%%ME”LE%”N%?

EMPLoYED. .

Any new art develops as fast as encouragement is offered or as
fast as the necem~ mesas are made avadable and intelligently
umd, and, of course, reversely ad 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 diflicukies incident to
the nature of the problem, or one that received, at least for the first
few yews, so little real encouragement and assistants as this one,
the aero engine. The initial step is one of commption, which must
be subse uently checked by construction and trial. This must be
foIIowed !

$
commercial perfection, which requires endless research

by test an computation-not only on the machines as a -whole but
to a larger de=gceeon each elemaut of the problem that amdysis indi-
cat@s to have separate entity, and on ~oups of elements that have
coordinate functioning. Construction N here again neccsssxy, not
on!y of the complete machine, but dso of variauts on each part and
of mstrumenta, ap lkmces, models, and apparatus that do not &em-
selves enter into & e result but are essential to its attainment. Fi-
nally, with commercial perfection, further construction work is neces-
s~ to create the means of rapid large scale re reduction within the

itits of dimensions needed for interchange ility of parts, i. e.,
establishment of the mw.mfacturin plant. It must be understood,

&however, that these- t@ee steps at must be uudertakqn in tlus
order on general prmc@es may not bb repeatad many tnnes qver
even when ccmwrned mth the same roduct, such as the aero engmg,
or that the earlier ste cemes when

&es
& e latter i9 inaugurated, for tlus

is not true. These st w or periods of development may, for
%the want of better terms, be esignated ~, tit, the yeriod of inven-

tion; second, the period of design- and, thin+ the pemod of manufac- ~
ture. Dwign can not be undertaken before invention, whether that
invention be of the patentable sort or not. Yet invantion undoubb
edly proceeds long after design has been firmly established and, of
course, while manufacturing may not be undertaken until both in-
vention and dQn have accomplished a reasonably commercial
perfect product, it goes without saying that both ~ventaon and design
wdl continue during the whole of the manufac

Y
period.

With the .=ce tion of inveptionl which needs Ii e encouragement
2beyond a stm alnon of the nnagm~tion, the prim

3
factor m euc-

cedid develo ment is money, for, w_& SufEcientfun , the necessary
~rofessionals&l~ labor, materials, andplantma~beseouredfor carry-
ing out the steps-of dmign and manufacture. course, money may
be, and usu@~ H, misspent m these developments<,espeoiall when
the control E m the hands of persons lachng engineering & .d



●

I

mONAU!rms. 197

experience, so there should be added the requirement that organiza-
tion be associated with mone-g.

No better illustration of tlus situation can be given than that of the
steam turbrne, 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 underetauding of the service require-
ments that are not yet fd formulated for the flying machine, but

ialmost entirely because oft e differences in the means employed for
the development. The steam turbine had its invention st~ge, and
while invention stilI proceeds it is lmgaly superseded by rational de-
sign for manufacture, under s$illf+ guidance under pro er organiza-
tion, suitably financed and sa i 1’an amp e, well-un erstood mar-
ket demand. The aero engine is st 1 ely undeveloped, invention

-%is still more active than diwgn, and the OstIuimscoplc, painstak-
ing rewarch reqyired to establish the data n~ for design is
almost wholly lacking, so naturally manufac

Y
in the true sense

of the term B correspondingly nonexistrmt thoug a few individual
modeIs of engines are being reproduced m /air numbem.

The millions of dollars needed for rational perfection for manufac-
ture become available to i+e suitabl? orgamzation ordhmrily only
when a penmment market M clearly m s@t and when the service
requirements of the product are reasonably def3nite. 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 have reached
even the degree of perfection so f~ attained, unsatisfactory as it may
be, without other incentives or chfferentsorts of encoura ement than

?’the ordina~ article.of commerce rec+ms as, for examp e, again the
steam turbine. Tlus special element m perfecting the mro e@ine is
that of ovxent~ ad based on military neceswty, a comparatively

frecent orce m the @uation but now a very strong one in Europe, but
almost wholly lac

%
in America. The military establishment can

purchase what it nee m the market ord when there is a reasonably
rstrong civilian demand for the same artic e, strong enough to warrant

the fiancial investmen~ necessary f!r its perfection-and such is the
case with tip automobde and traction engine: On the-other ham$
when there m no such demand, however. active invention may be
rational design and manufacture will be absent and must be su plied

?by the Army and Navy tbro oh their own o anization and p ants,
3 3or{ as an alternative, reasonab y steady ann governmental appro-

priations for purchas”
?

~ sufficient quantities b the military de ~
Jments maybe made the ask of support for ci “ “anproduction. ~

is the ease, for example, with ordnance and to some extent with ships.
For several ears after the demonstration that engine-driven air

2craft could m e successful flights the only encouragement offered to
development ww that of adventurous s @. Men whose incomes
were @Ecient became purchasem of m& e9 for their own amuse-
ment and othem bought machines for making cmb.ibition “ ta before

T
pa “ Taudiences for the profit to be derived. Both sorts o operatom
took anca with the im erections of the machine in a int of ad-
venture or

2
f

%
ecuIation, ut practically all made short “ hts that

made no au demand on thee “ es as is now standard.
asEWel,andDeutschdelaMeashouldbementionedforth~fi$

,,

—.— . . . ... —— .-=. — .—, —+- ... -.. . . .. . . . ,. -.-,-. -,-:----- -.-—---- .--— — -————— ---—,.., .,. . ./ .,,.... .. . ,-. . .. -’.
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iriiutions of large sw of money for scientic imwstigations, not of
engines, however, and the national subscription funds of France and
Germany, all of which assistedm development. k many cases, even
with three short fhghts, the

T
e was taken apart, oleaned, re-

?
aired, and readjusted before eac ascent. Evan as late as Septem-
er, 1912, Mk. Earle L. Chington, writing m the Scientific knerican

reports:
Usuallyevery 15 houmof running, mid at most every 20, my mechank (skilled

men) went thruugh the inter@ing pro- of fwparatingevery .5m$e cqmpon.t part
of m motor, one tim the other.. The valyea were ~und an retuned, bymwe
of w$egear wear, new valve
dtiewholemtorw-aT&-ti=%n$~~Y~%=~#~m%
rotary moto~ H cfdor oil m a ub~t, hence at.qach clwming fpat quantities
of carbon wererprnoved. I claim that any ergge.mqnumg

‘*8P%%%%!%beet~hn “dc@ate2’ HOTVfar -wouldyou get m an automobde ti you

motore~%or20~oun30f mwicei’ -
e to ieces and read”uetpractically every working part of the whole

In an article in the Auto Car of March 28,1914, we @d the follow-
iqg statament:

TheGnomeenginere@res cleaningoutafterabout24hours’continousrunning
if it istobekeptm tune. TheFrenchmiLitary
be clad outafter200honre’

anv%!?%d=y’~~~themiterthatcleaning carbonoat is
With such an uncertain and capricious market. erfection of the

aero engge could hardly be expected in a whole J’ etime, especially
as the amount of business in any one country would scarcely suflice

‘OmppOfiOneFduc%
establishment, and that one unable to bear

the expense o the lug +mkried engmeem com etent to supervise
J’the work and when, at the same time, the +i.m us to the imagina-

tion created by the idea of the mechmkal
9

ht producad thousands
of inventions and inventors, each seeking an many finding financial
support, under the influence of the excitement of the time rather than
from any sound business basis. JlaiIuresneceswd must be numer-

{ous under such conditions, and every f ailure, whet er of mechanism
or fiances, setback the art and discouraged the rest.

During this period the military organizations of all the nations
watched results and purchased a few machines for experimental
P

Y
OS+ out of which grew the conviction now-so firmly established

au so thoroughly demonstrated in the present European war that,
however impetiect the aero lane, it is a military necesdy and must
be perfected. Perfection t eing im omible or too slow without

U?governmental aid, plans were form ated by the European nations,
one after the other, and, in addition to creating a corps of flying men
with suitable cooperation with the military establishment, competi-
tive tegt,g for aero engines were organized by Ge~~y 1912-14;.
France 1909, 1911, and 1913 in coo eratlon with the Ligue

kNationale A6rierme and the Automobile ub de France; Italy 1913-
and En@md 1914 in which substantial money prizes were offered
for successful mackes and in some cases buying ordem given to
winners in the contest. It was the intention ta make each of these
contests amannual event so as to not only continue the development
of engines under this incentive, but to show clearly the annual
pro ess by comparison of the entries in successive years on the basis

fof t eir erformsmce,in relation to their form, mattkials, and propor-
tions. ?h e contests so far held are summarized in Appendix 1,
which also reproduces the conditions and such of best results with

.,
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some discumiom and interpretations as are obtainable from pub-
lished re orts. Unfortunately the Euroyean war has interru ted

f d?repor@ o such testi as were completed u 1914 and prevente the
cmrymg out ?f others, so that the latest information of this @is
not now obtainable.

B@dea these overnrnental cont@a with cash prizes and pur-
%chasing ordem, w ‘oh are undoubk~y the b“ est single influence

Yso far brought ta bear on the rational dev o ment of the aero
$engine, there are some other coordinate factors to e noted, and these

are civilian contests conducted by organizations interested pro-
fessionally in promo~ the art orb individuals, reports of which are

%also given in Appenchx 1, with t e Govermnent contest reports.
ho these rivate conteata are to be noted in France Corn etition
of .a~ # %e ationale A6rienne, 1911- Automobile Club of ante,
1913;

T
and, Alexander coptest, ht for British-built engines,

190?, an second for any e
Y

e, 1912.
FnmJly there must be note among these influences for goodin the

rational development of the aero engine the establishment of labora-
-@iea for testing enghm alone or flying-machine supporting and
control elements alon~ or both e

Y
e and air craft, and reference

is made to the ~aper by Dr. A. l?. ahm, May, 1915, reproduced in
Appendix 2, mth other laboratory references in addition to those
contained in the contest reports of Appendix 1. Some of the results
obtained in these laboratory are not published and a parently
but IittJework has been done on

T
Iea. It is aqrned t at most

of the laboratory work on engines so m done is such as to be of vilue
. only to individuals seeking to perfect their own engine, or, believing

it perfecimd, seeking an independent test report to enlist capital for
manufacture or ta serve as an advertising inducement to purchasers.

As a consequence, the conclusion must be that the largest single
factor in the recent rapid development of the aero engine is govern-
mental, involving the establishment of official organizations te study

“the roblems, the operation of laboratariea to determine b ted the
J ime ts attained b des.ignem amd producem, especially w en large

and reggar pUK asing orders are involved to support civilian
develo ment and manufacturing establishments, or in the absence
of sd cient ordem, and perha s m addition to them, the distribution ‘
of sticient cash prizw whet er ori “g . ~~~gov~~td appro-priation or private aml.institution

Great as has been them influence for good in-aero engine develop-
ment, these contests have not yet been under way long eno h to

Thave accomplished more than a small fraction of what may e so
attained, nor can this contet means be r arded as either suiiicient

?or without faults. There is m inherent anger that the results of
such tests be misinterpreted, and in fact there is even a bare o@-

l+’bility that they may exert a retarding influence on the art. atar-
illy com etitors design engines and enter them to win a prize and

d!the con tions of the contest become the controlling factor m the
preparation of an engine for en . If thfqe conditions place undue

?weight on factors that are not o. rimary nnportance to the ewe
as It work in lace m actual

f
& t, it is easily yomie that not

only ma the est engine from the actual sermce standpoint be
%rejected . ut worse thau +att the bulk of thess workers who are

~ged ~ ~evelopment wdl be-led away from hues that me truly
le@unati m order that by following the Imes prescribed by the rules



200 AERONAU!LW-S.

they may secure the necessmy cash to continue. In view of this
possibility too much care can not be exercised in the preparation and
regular revision of thcee.acontest ruk and conditions m order that
the rescdt ma be what ISwanted and what is needed by the whole

?m-t instead o a perfect attainment of a merely hypothetical standard.
~ttantion is called to these ties in the appendix and especially

to the alterations in later German rule9 as compared with the earlier,
dl directed tiward greatm latitude and greater reliance on the
judgment of compekmt enginee~ -and proportionately leas on the
numerical values of those quantities that are sub‘ect to measure-

iment and vvhich req@e qerienced @ivated ju gment to inter-

ln

at ‘he ‘d “f ‘he

Thefarttmdevelopmentof thea.mplmeandengineconstructionmakesit mm
deskablethatin a $uti @mPetitionthe mginebe jndgsdmorsin its relationt6
theOfw@ng~ ofthemachine.

Even at best, better than et arranged, the contest exerts but an
rindirect ei7ect on engine devp opmentz It resdts.in a ublic statement

3
of a jud 3ent of the machmes relatively coniadere with reference
to the es and to each other. The winner is stated to be that en-
gine that has best fullilled the prescribed conditions” it is announced
as better than othem in this r

Y
ect and that is ~ Any test that

measures only over-all re+dts, w ether of fuel and oil consumption,
we- ht horsepcnver, speed, unbalanced forces torque variation, or
&~y measurable quantities is faulty as a \actor m direct devel-
opment of engines to perfection The only sort of direct contribu.
taon that can lead to true scientifically sound advance is that
generally termed research which involves the patient analysis of
not onl over-all performance but more particularly of the perform-

?ante o each part rn~endedfor the execution of every se arate func-
tion, the Faccumulation and interpretation of data for t e, diaggosis
not of the faults fpund but the determination of their causes and
discovery of remedws, allof which are to be followed by the applica-
tion of the proroisin prospective cures with test check on their’

fsucccsa. Tlus sort o work requires the high=t class of tmining and
skill and is to be cmried out M much in the computing and drafting
room as.in the laboratory, but to do most ood to a young art strug-

esJgling bhndfolded to advaucq, every r t must be not only con-
VillCl@ qnd

?i’hls
accuratd armved at but must be given wide ub-

licity. z zis the kin of development work that must be one
and has not yet been attempted anywhere outside of a few mtab-
lishmenti producing engines and in them is only carried on to a
small degree beqause of the heavy e eqqe, and naturally this same

% ~m~~~~~;h~$~?+~~~~rwem~ are far more
needed thm publm contests and their reports. While the latter are
in a way amexpr~on of the conclusions qf the former, they give no
clue to thp means found necessary @ bring them about no more
than the sight of a man cured of an Jlness b~ a phfician giva the
observer any idea of the physician’s diagnows and methods of cure.
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The advance of the rofession ok art is more important than an iso-
8lated case of perfec “on

However sadly lacking are the data of remarch on aero engines
whd literature there is d@miptiv-e of engines, of conditions oI
flight, of experiences, successes, and failures, of contests and over-all
performances should be most thorou@y coIlected and recirculated
m the form of collected papers.1

Pyol c .—GmmAL
W&

cHARAwEEtEmICs OF PRESENT AERo ENGINE’S:
SPEED-ENGINE, RADIATOR WA- GASOLINE AND OIL

TANK WEIGHTS-FUEL AND OIL CONSUMPTION, AGGREGATE
POWER-PLANT WEfGHTS WITH FULL TANKS FOE GIVEN LENGTH
OF BUN-ENGINE TYPES.

Since the period 1901–1903, with the two engima, W “ t of 12
Yhorsepower, a cqnverted four-cylinder, vertical automob” e engine

weigbmg for e alone about 7 pounds per horsepower and the
then novel . design of rad.kd stax fixed cylinder engine of 50

‘Lhoiie ower, weig
%

for engine clone 2.4 pomds per horse o-mm,
there as been produced m the interval more than a hundred &
d“

erant

T
that have survived the stage of first trial There me now

e market erhaps half this number of different engines being
~$uhwl re ro uced, each to some extant and several quite exten-
sively (Artlis} art), and of several of these designs engines axe availa-
ble in.more than one size.

Whale most of these engines have capaoitk of 50 horsepower,
more or less, the number that reach or exceed 100 horsepower is
steadil increasing, following the demand of the aerophme and made

.
f

fossib e by greater experience m construction of the smaller sizes.
t is worth of note that the 1913 whiner of the Qordon-Bennet cup

irace caxrie 200 horsepower md the Rumian Sikorsky used in IUS
17-pawenger machine 400 horsepower in two engines. The lateat
Curtiw aero lcnea 320 horsepower m two engines, and the
En@ah Sm%eam czo~es a single engine of 225 horsepower.
Whale some types of e we construction ~ve trouble m large sizes,

%there is no reason to b “eve that the tit of engine oapaci hss
%been anywhere nearly reached, for even if a high limit of c “ der

[diameter ,be found, which is not the case et, multiplicity o cylin-
SJ1’ders cm carry up total capaaity. Natur y there is no hmit to the

number of sepsrata smaller capaci~ engines that maybe placed iu
one air craft except that as the we~ht er total horse ower of two

? ?or more engines is @ways greater than o one engine o equsl
Tate capamty. On the question of total power there IS no “ h

L “t in sight, though the normal is somewhat about 100 horse ower.
$Ckrrmmym 1914 required for her latest army lanes 80 to 120 orse-

power and more for hydroaeroplanes, while t%eUnited Statea Na~
specifications of 1915 call for 100 to 160 ho~epower. It m-a easil
hap en that this trend toward larger engine capacities wJrA
m ~e elimination of some styles of yes which only operate well
in smaller units or what is more like y ds the number of ditlerent
types of air cralt increasw in the Imitation of angine type to flying
machine type.

&A&w&-ay~W#i!i!i~m w ofse-m
tk%+fobib‘&;~&:=+:~h+;5%2&;~;7+%Zs

~h~%&**~%ti%h addeda ~dfwm~ofwtihticmkhs eftiin~

●
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Speeds of engine9 are all in exces9“of 1,000 revolutions per miuute,
most engines operating normally between 1,200 and 1,500 revolu-’
tions ~er minute, with a few exceec@g 2,000 revolutions per minute,
the Iugh=t being the Sunbeam

T
e, rated at 2,500 revolutions per

minuta. These, of course, are eseedswhenc
?full load and therefore a reduction of oad, such as

change of propelhr to one of kser torque or such as results from a

r
t of air in the direction of propeller. air discharge, will accelerate

e.spw$ This is because the fdl throt~e, mean torque, of these
engines n about constant u -h speeds conmderably in ~ccss of their
normal Lrobably a proac m 2,000 revolutions per minute for
most o~ ~e~ thoug~ in all mean torque will decrease beyond some
critical speed, due to valve and port resistance on the one hand and
insufficient speed of combustion on the other. Below this critical
speed, which is partly d=@ of V~VCS~d oh, the

ihorsepower is directiy p al ti sped, and so spee incmme
is a natural means of re the light might per horsepower Pf “
engihe. It does not necess ollow however, that because in a

%
“ven engine the high a re$nw the mesa k “

“ ?tor~e engine will not sun eed. . k fact, it is ]u=f ere t at
so many of the failures are foundl

Y
e9literally shahg them-

%
selvas apart and ounding or grm “ “ t e.msalvesto pieces. with
due attantion to E e forces developed y hgh s eed~~~ b;%

&fiction eflects of rapid motion over loaded sli “
the suitable mrangement as well as proportions and materi~ for it,
there is no reason why, from the engine operation standpoint, the
present normal r

Y
e of 1,200 to 1,600 revolutions per @nute should

not be exceeded if t e service demands it, tho h thee
problems are easier, the 10WWthe speed. Yt mustw~~%~
there seems to be no essential relation between propellar speed and
engjne speed if the o erator has no objection to gee+ng, which in

fthese days of automo ile alloy steel gears can be made probably the
most rehable element of the machine. Testing of engines at excass
speeds to limits of unbalanced forces, bearing fiction wear, and
mean torque woold seem to be a rational means of asmring that the
opera% speed itself will not cause trouble however much other
causes ht anti. Such a practice would be somewhat in accord

2with the ydrostatiic test of 50 per cent excess of working ressure
%now standard with steam boilem and somewhat similar ecause

each ma in eme ency reach that excess, in the one case of speed
and m J Te other o pressure which may bause failure.

%
- e weights now attained, per horsepower developed, exclusive

of t , radiatcm, and su plies of aaoline,oil, or water, by the sev-
eral classeaor

T
esofmac~es at~eiromnormrilspeeds, havenot

been materially owered for so~e time, attention having been rat@r
concentrated on the reliability and adaptability factors with exis .
w “ hts, instead of on further weight reduction, tho oh this

Y %
3

un oubtedly come in time. There is. however, a ra er marked

%
div@ion of unit eng~e weights accq to system of coohng of
engine, whe.tier by au or by water, mv ving besides water vvwght,
that of *tar. For example, th? most-popular French rotating
star cylinder air-ccolsd Gnome e

B
er horsepower, Y ‘Yb 5wt about 3 ‘Om&

*v~s2~a~&-#$$~~~b$ ;~~~’~orsepower while
winner of tke last Gernm competition weighs 4.2 pounds per horse-
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power. (A number of tables and some charts of engine weights are
given in the papers in the appendix which are not repeated here, as it
would serve no ood purpose.) Attention is however called to the
fact that the hig est w “ ht re orted in the German
(second) is abou}6~o=. k is about the presan~~~fi?
while 2.2, the value or the Gnome 100 horsepow~, is the low limit;
the water-cooled

F T
the upper potion of this range,

the air-cooled, its oY: ~ow~n. t is most interceding to note that
the middle rsnge in the neighborhood of 4 pounds is occupied by both
types providing that water-cooled er@nes can be built as light ~
some$mds of air-cooled engines, or that air cooling doesnotnecwmily
result in the lightest engine. .

Whatever inthmnce in this unit weight of engine alone the general
arran ement may have is shown by a comparison of figur= for some

9
sic differences of mmngement or type. It ordinarily is of the

or er of a fraction of a pound and may be entirely oflset by some
other structural fealmr?,not a factor in general arr~ement, such as
the use of a steel cyhnder in one arrangement against a castAron
cylinder in the other, or a high mom effective pressure in one ~ainst
a low value in the other dpe to diilerent weights of active nuxture
taken in per stroke. It -wouldseem that oylindera set radially about .
a short single throw crank should yield. an engine weight per horse-
power less than the same number of cyhndem set in line slong a long
multi crank shaft. Also that a V arrangement of two lines of cylin-
ders should weigh less W a single line because of shaft and frame
difkrences, but It is not clear whether a given output in foqr Iin-
ders will yield a greater or less weight than in six or eight slnX“ mly

“%
ed, nor is lt clear ju+ what. difference in horsepow~, if any,

shotd be expected per umt of chsplacement per minute m water-
cooled as compsxed with air-cooled cylinders. b ointed out,
according to the general figures given the aggregate of $ such difkw

Y
aces lie between the limi “ weig~ts of about 2+ pounds and 6 ‘
pounds per horsepower aud t erafore cover a range of about 3*
pounds per horsepower for such engines as are no-iv in use and for
which test data are available. Just how much of this diflerem$eis
chargeable to one or auother of the factors of arrangement, detail
form, proportions or material, it is not possible at the present time
to accurately fkq ~ut as a first attem t the following @ares, Table I,

$’are given as demved from available ata:

‘lam ~.—~eightaof engines in pounds per hmpimer Vezsus typ mmhdiOn.

m% L&

{

4oylindminliu!3.Bmz .............. BOndemmn......&w
6oyUndeminlfne.Daimla....-...-.--...do............- Z76 %’

Watcmmledfkyicjlindm8oylindmfnline.atortavmt........ Maker............. a9 ........

5X5%%.:::::: !l%%%&::: -=&P”::::::::: :!3 ::::::::
AirCmlfa

~m=uti.-... ~~y.. .....di+................... ::
..... ... ........ ....................

1?&e.ioylindOr--- -*--

I
4.0

-. ..-. Britishhza.ni.... Milker................... %4

sperm-.... . . . . . . . Aammsau. . .. . . . .....do............. X3 ...... .
Imdlalstar.--.... B.3LandF.TV...Bmmmanu ...... 4.72

im
Rotating@hder.-...aladk.lstar....... Qamankome... Me&u.....-.-.-........... 2480

!lm

!
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l?mm I.—lf%i.ghtsof ~“nain pinnada per hmsepower versus type conab-udion-Contd.

might..

CyiMenaldcdfw. Ck9CodmdmL Ihrgklename. “ AatbrltY. Ah& Plant.

J1
I& mu.

4@nd0minlf.ne.Daffier.......... %damann.......4.fm 4.~
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{TVatmmlaiilmiayllnd8ogiindaminline.CnrtfSL..-...-..-.Mfwr............. $?
........
........

II*12 ~----- .*.- ....------‘ ~G
........

em u.....
Ea Star........ Sdm?lrL

........
.......... ............ ........ 6.47

Afromld
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{
Radirdntar-.....-.mMShklrlmL...--------------..-....- ~:

Bota@oylinder.-... m~-:-”-- ........... Mnd Emann....... 4.SI 4.m
...... $%%%”ine........ Maker..................... 29

4oylindemlnUna.Dahl@r.......... BendWE3mL...... 4.74 ;3J
60gundeminlkle-Argrm..............-..-do.............
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TAB= I.—Tei@t OJm“nes in poundsperhr8epowervereuatype conatnmtitinti

4

TVd@lt.
CylIndenaudadfng. CIossom@mMm. ti ~. Authority.

h

Alone.Plank

Zkz mu.
hutwant......-.MaMr............. 40 ........wataaokdfwhyund $~az~: ‘beam............. M&2cwlt........ 4.4 ........

{

a91 ........ “
Wnttr+m!odfisdoylhder4oyltrldminltrle.Cherlo............. “malt’’......... Em ........

3.97........
2.8 .........

L

W’aWcuoledflxeduyUnder4Oylhdemillllne-Clerge.t..-......... “Fli@lt’’......... L28 ........
%90 ........

TVater-umkltioylinda4oyllndersfnb. Amen ............ Ak&aIlmwPrim 6.48 &8

ov~~m,n.mnclti.m.....%.m ontherAtionsbdmwm
show a consistent we. ht excess for c linders in line

water vs. air cooling for eit@r fixed or rota “ linders. More
3Tdata and data in gqmter detad than are now m- ab e are necessmy

before such conolumons are possible. h later tables the es are
vanalyzed with referenm to other units and some desira le oon-

clumons me derived, but alwaya them 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’ p@s that are ,
permanent features built on or mto it, such as the magnetos oil .
pumpsz air fans, and water~oulating pumps there must be added
the wwghts of other parts to get the wwght 01 the power lant with

1empty tanks. These additional parts may .be. called t e engine
aoc.-essories. All such supplies, as fuel, lubrmatmg oil, and water
needed for a given length of run, will’ add more ?qght, the amount .
of whmh depends partly on .ra}e of consumption,

1!
artly on the

enerd am
b Y

ement, but principally on the lengt of the ~.
e fuel weig t to be earned per horsepower v.mea direotly vnth

the le h of run and inversely m the thermal efficumc of the engine.
Y fThe 0. weight, y-bile yarying so.mewhf$ with the. e * of rpn,

%probably w not chrectly m ~opotion to It aqd certainly as no
2 %to do wn$hthe thermal e cmncy o~ the engine, but ra~eq depen

on such factors as quality of the od mode of its apphcatlon, style
of engine, bearing temperature and surface pr-ure and speed.
Water in any properl proportioned jacket and radiator s tern

‘?%
rshould not be los~, an its w . ht ma therefore be regarde as a

fixed quantity entmely mdepen ent of t e length of run and additive
as is a iece of accwaory e uipment such as the radiator itself,

$ ?though 1 s might value E, o cc.ume, a function of the aggregate ,
internal volume of jackets, iping, pump and radiator.

JIt ineeds only a superiic. exarmnation of these w - hts of acces-
Yseries and supplies compared to engine weights to see t at for short

e and acmssory weights are more im ortant than su ply

37
w“ { xts, ut that for long runs the supply weig ts, especially t 0ss
of el and lubricating oil, will become the oontrollmg factors in. .

-—. —,..,-— - .r-—— ------ .— .,- --. F--- .,. ;., .— ---.—- -.—.—— -—-, -

. . -,

,,.

,., ,, ..’. ‘. . .
. . ..“. -. .-. .
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plant weight, and the longer the ~, the greater the dithrence~ and
the more dependent does plant waght become on thermal efficiency
and on efficiency of lubrication. For examplel the data of the
second German competition the w-mung 100-horsepower
Benz watercooled e 4.2 pounds per horsepower,
consumed 0.472 poun sJ efficiency, 29 per cent),
and 0.042 pOtmdS of both per horse-
power hour. The 70-horsepo-iver ooled engine men-
tioned in Beridemarm’s report, and w 2.9 pounds per horse-
power, consumed 0.805 ounds gas 3 pounds o~, or a

$total of 1.058 pounds qf oth per horsepower-hour. This being the
case, the aggregate w

T
t of the engine and supplies for different

lengths of run up to 20 ours compare as follows, neglecting varia-
tions in tank weughtathat should add a little more to the engine of
~h consumption than to the more economical one. The radiator
w@t of the Benz engine is included:

W$iglltaof engine, gasoline, and oil,

For-

Ohom-a.I ,homa Imhorm. IMhcmm Izohoum.

B@ncG............-...._.....pounds.. 4.2 11.91 14.48
.-....--....-.....--........-do.... 29 w i% la77 24.U6

Such relations as thwe-@endemann report shows the weights
equalize in 1+ hours’ o eration)-lead to that most important con-
clusion derivable from k the competition tat data.in existence, viz,
bwes~tendedfor short-must be}hemselvcs ht and need not

T
ecmlly econormcal d, by sacriii

Y
%economy .ghtness is pro-

mota . Conversely, engines intendedfor o runs must be economi-
cal at all costi, alm6stregardlessof w ht. ~t may alsobe added and

%this seems most significant that reliab “ty $ of importance about in
direct roportion to the langth of run,

$
good condition to be

~e before staxting in each instrmc , again on the ~wounds
of reliabili~, short run angines must be light even if less reliable,
mewed by eriod of unmterru ted operation, while to long-run

T
d! %es consi erable we. ht may e added to gam reliability.

7om the design stan
E

oint, a broad rinciple of ractice can be
1’ %directly derived, to thee ect that aerop sne engines eing intended

~ more and more widely varying types of service as to frequency
hts, langth of run, and load-carrying capacity, need not be of

9one esign, style, or
9

e, but that chllerent ones are jus~ed and

%
ood engineering proce ure demands the development and perfec-
“on }0 equal degrees, of as many diflerant

9-
es and chmachistica

\ 5%:!!!E::;iiPa:TE:;d: ‘zF*’p:$~~fore and knowledge of lts capabfitms
and limitations. AU this agrees tith engineering practice in other
fields for there are to-day not only more difbrent steam en@es
than ever before, but in any one group, such as locomotives there is

2
greater vaxie than there ever was; why, therefore, should anyone
expect to fin a single aeroplane engine or plan the development of

.



AEBOITAUTIOS. 207

one type to the exclusion.of others ? To do so, is to assume that all
flights in d fl~ machines are the same as far as enginw are con-
cerned, which is just about as true as the assumption that a good
pleasure motor-boat engine is the right t “ for a trans-AtJantio

%ship, or that the best power hmt f or a tiamp eighter will properly
%serve a battle cruiser. To e sure there are certain elements of

service peculiar to ~htj to which all aero engines must be adapted,
but this can not be interpreted to mesa that all aerophme engirm
must conform to one another in arrangement, performance, or even
in materials throughout.

Returning .to the factors of plant w-eigh~,study of which leads
to such important conclusions as the precedmgj it m worth while to
examine more closely the separate influencw of the several com-
ponent f actmmof accessory and sup ly weights.

Radiator weights must vary WI& the amount of sheat metal,
cooling surface of given material in kind and thiclmesa. The urpose

!of this surface is heat dissipation to the air, so the number o s uare
?feet and its weight will vary directl as the jacket heat loss o the

engine, and directly as the mean L
%

erature difference between
water and airl but mvemaly as the coe cient of heat transmission.
The most rehable data on this amount of heat to be dissipated,
in fact, the only data are given by Bendemann, who finds that
contrary to most internal-combustion augi.mw,including the auto-

. mobile clam, which give up betwwm 30 and 40 per cent of their fuel
heat to .acket water, aero engines conform pretty closal to 16 per

A {cent of e heat of combustion @Wn to and carried by t e water to
the radiatdr. The difference 15 to 25 er cent, is either not taken up

{by th6 water from the com~ustion c amber at d passing out in
exhaust ~ascs instead, or, b,e.

Y
taken in part by t~e water, is dis-

sipated dwectly from acket an -ivater~ipes to the air. h formulat-
ding the rules of the ermau com etitloq, the radiator weights were

2as.wmhedto conform to automob” e practme aud 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 calori.ficvalue of “gasoline at the
round numbei df 20,400 British thermal units per pound and the con-
sumption of the more eflicient water jacketmd engines as on+hdf
pound per hour er home ower the heat su plied per hour er horse-

5
%“ % L fower E 10,2oo rdmh t erm~ units, of w ch 15 er cen , or 1,530

$ritish thermal units per hour must be dkipata b the jacketa.
JThis uantitytith the constant of 0.4 pound per 1,000 ritish thermal

%unit cturswould mike the radiator we. ht 0.61 pound, er horse-
% $power of engine. Compaxing this with t e radiator W@ t of the

61.6 horsepmver Green (British) engine, wiuner of the Alexander
prize com etition, which had a total weight of 46.9 pounds, the

!actual uni weight of radiator and connections becomes 0.76 pound

&
er horsepower of engine, a fairly good check, considering the wide
. erences of design and circumstances. W*er puts radiator

we” ht between 0.40 and 0.55 pound per horsepower.
If is perfectly well lmown how fundamental dependent on the

%flow conditions of the air, on the air side, and on t e 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, especiall when it is considered
&that the mean temperature difference, ano er prime variable, is

itself subject to considerable control. This will account for such
diflerencea in radiator weights as exist and is responsible for the
belief that very material reductions may be expected in radiator
weights folIowing proper research or arrangements f@ securing rates
of heat transmission and on thin noncorrosive metal inclosum.

Wabr weights are, of comae, directly under control of the designer
within certain limits, as the jacket spaces maybe long or short, wide
or namowj pipes short and small or long and =mde,and the water space

-
in the radiator itself, almost an In the same 61.6 horsepower
Green engine, winner of the Alman e~prize, the whole waler we” ht

?was 34.1 pounds, or 0.56 pound per engine horsepower less than he
radiatir weights. Wtier laces this bebmen 0.2 and 0.3 pound

er homepowar.
$

2Other v ues for diflerent enghk are given in
able II to show the order of the magnitude of this factor.
Tank for gasoline and oil will we~h more for large than for small

sup Iiea but not in pro ortion to their volumw, as shape, thickness,
an&in~ofmaterialw&determinethesqmirefeetofmetalandwe~~
of the twk per cubic foot of capacity as much.as the volume.

‘v %-
being e ual, that shape of tank will we h least that has least

%welg t ~er CR lC foot of vol~, and cylin “cd tan@ are most
eionormcal of metal -weight,needing no stays, so the ratio of length
to diarnmkmis an important factor, which, however, also affects mnd
rwistmmejbut these mwiations are not of smih an order of magnitude
to warrant detailed study here. The above-noted Green engine, 61.6
horsepower, +d a ~ohne tank of 70 gallonq weighing 39.7 pounds,
and a lubricatmg+xl tank of 6 gallons weighm 9.2 pounds, so that

fthe net weights are, gasoline tank ‘0.65 poun and oil tank 0.015
po~~ er engine homepower, or 0.57 pound per gallon for 70 gallons

.!4
U&l

ounds per gallon for 6 -gallons. Bendemann gmes the

whih does not che~ the above figures. &=mksused in tests, he
round n or of 0.2 ound tmk weqghtper ound of gasohne or oiI,

write9, are frequently.qo light for actual service, which indicate9 a
necessi~ for standarihmg.tank-meti $iclmessj shape? and to some
extent mze, as @ge ca acn$ymay be @ as well earned m several

?small tanlm as m one m e one and with better weight distribution
onthefrwn.e, asweIlas a%ordin a measure of safety.

%Gasoline consum tion for the ettw watm-”acketed en “ es aver-
! 11ages very closely O. po~d per-hour er br~ orsepower

?
8. H.P.),

and for the rotatingyyhnder W-COOed engines about 0.8 pound for
full load, the@.= nught.be expe~~d, iihereare qo$.ewide variations
with type of engine and ?ts conc$tion as to cleanhpess adjustment,
load, and speed. There m practically no data avadab~e on the rise
of consumption with poor adjustment of carburetor, ignition, leaky
valves or pistons, gumming bearings, carbonized combustion cham-

.her, or even at ape+ other than normal, or throttle positions other
than wide open. It n not -yowil$e liom test data to even. a prosi-
mate the ~oline consum tion of an aero engine in actaal d t serv-

from ta on other claEse9of gasoline engine9,it
?~z%”u? %y be dou e this best value obtained by perfectly tuned new
engines in competitive tests. We have many figures on total con-
sumption of gasoline and oil d

Y
competition flights, but horse-

power of course was not determine , and such figures must be com-
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pared with each other to give a true picture of r
%

? of poasible
variation. Even here, however, the o erators are
their mettle, so they maybe expectad ~ better ordin~=$
flight consum tion. These engm~test figures may be

%
ate

into thermal e ciency approximate] by. taking the av~age cdorific
%3value of Americ+ gasohne at 20,400 rdmh tharmal umta per pound,

making the
T

e heat consumption for the two typical classes
10,200 British erm.alunits and 16,320 British thermal units pSr
hour per brake horse ower e
w ~ % ‘ e’w=25per”nt”’=15.6 er cent ermal e aency referre @brake horsepmver.

1 the “ac consumption of the Benz engine of 0.472 pound,
Bendernann reports a thermal efficiency of 29 ercant, which requir-

?that the asoline used have a calorific value o 18,900 British thermal
5units per b., which is thp value used by Gilldner for European gaso-

lines. Other @urea inchoate about ~ equivalent difference between
the American and Euro ean fuels whwh could be aqcounted for by
the prevalence of par& and oleiins, respectively, m each, even ti
of equal density.

Such a thermal efli.ciency as this high value is truly remarkable,
and under the condition of operation and size of aero engines can
hardly be bettered, judging horn other experkmcm and from funda-
mental conditio~ to be examined kiter, but the low Vfdl10is tOO10W
to be tolerated wdhout adeq~te compensating advantages in en ~ e

% &weights for short flights “and in the rel@b “ty and adaptab
factors. Ac@al test values for speciiic e

T
ea and tda are reported

in the appendm and need not be detailed are,but attention is a ain
called to the pr@cal im ortance of consunq$ion.data on other

1
L

these best comhtipp ~ - ow not opl -hpw @h. It may be in service,
&but also hyw senmtiveIt E to each m wdual adjustment and operat-

in ~ndhon t+at may exp.rtan influence.
%d consum tion ~ a thing tit seems to follow no pytkular law,

however mu& may be known about contriiuto
x

clrcumstwlces,
such as chemical character, viscosi$y, mode of app cation, surface
speed, rwaure and *pera@, am eva oration, combushon oham-

%bar car onization and craclnng, and A US$discharges. Beyond
the more or lees general adoption of w+tor ox to avoid ga@ine

%
abso tion in the cm+ cases of rotitmg+nder aero e~ea,
and e use of most wdely diilerent systems of feed and b

Yconditions, this is a practically wide-o en field of research. In a
ithe competition tests the oil ~nsump on haa been made a subject

of measurement, but no ana@ns of causes of consumption has bean
made, nor are there any data on the relative consurcghon of difEerent
oils or of dHerent oihng systems for a “ven engine. The flgnres

3must be taken for no more than they re y represent, viz, what was
used, but it cm be sesnrn~dthat they are no guide whatever to the
@ hat will be consumed m a@al service, except when consnmpti?n

in fixing ieleastv$ue atti!i~%~~m~i~~~rs~%!
IStied b a pump lunger

tie lubrication of a given engine which is rather more a matter of
ireliability and engine life than o oil we” ht to be tied. In the

%German teds valuea ware found ranging om 0.009 pound to 0.089 -
2.63020+4k 20S,041-14
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, pound per hour per brake horsepower for the water-cooled engines
and from 0.145 to 0.253 ound per hour per brake horsepower for the

$rotating air-cooled oylin emengum. The on-l conclusions derivable
ifrom these @ures are that there is a very wi e variation-about 25

to 1— rovin the need of study, and that on the whole the rotati.n
aira$ed ~k ders are much greater oil consumers than the fixe%
watar c-oole .

we aggregate w~ht of all the units of the power lant, e “ e,
acwsories, and supplies oan be represented

ad

a$/ebrai~or
“call with every element involved m oorrect r ative magg-

of these weighte are constants for each engine, exoept the
asoke and oil we” hti, whioh me ~oducts of consumption per

% 3 bour and the length the run, Aeoor y, the graphic representa-
tion will be a series of straight lines or of the{
straight line.

Ybti*&:he ‘quation ‘f ‘ha%yA;::2ktio oonstanta, eac of wlu M.the sum of ymilar constants, one rep-
resenting interoe ts on the am of zero tune and the other slopes.
JRorder to keep L e various elements of the

T%
e ate weight distinct

and to bring out olearly the big f actors of weig t o engine proper and
of gasoline weights, it ~ desirable that the exoellent
a smgleline for cache

Y
e used by Bendern~in the

report be supplement by a general e uation involving all the con-
‘%stank and a table of vahmafor each as erived from the tests. Such

an equation will have the following form:

might of plant complete with ‘W”f ‘*”nep”h-pmr”

}[

+ @t of gaeohnetank per horsepower.
_ MI for Hhoure’ ~ - +~?@tofod~p=h~m.
poundEpmhomqmwer. +TVe@t of radmtorper hmwpower.

+Weight Ofwaterp= hormpovm..
+Weight of muflfer.
PoundEgasoline per hour per horsepower Ho

‘{poti oilperhourporhomepoww },

Symbolically this takes the following form with cormponding
meanings from the former equation:

w- w.+ w~+ WOt+w,+ W.+ W.+(G+O)H

Ih the follo “
Y

mTable II are given some typiord values for these
seven constants, erived from the tests and for the total IVfor Oand
10 hours. The gasoLine and oil weights are added for 15 and 20
hours, but the plant we” ht can not be so “ven because of the uncer-

$
dtain of the tank we” ts, which na

atio to content weig ts.
y are not directly propor-

It k interesting to note, however, that
in 10 houm the plant weight is doubled—that is, the sup lies for that

ftime eqmd the weight of the lant empty for water coo ed iked cyl-
$inder engines. The air coole rotating c Iinder engines in the same

{time of 10 how-a more than quadruplet e weight.
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TABLE 11.-W%i@taOJ~“m aws90f% and mph pknt weights pa horsepower VCT6US
typemnstmction.
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Nm—Pkmt mightaareglveutithontmufiler.

$ ical sxrangements of cylinders, pistons, jackets, framea crank
8 ts, valves, vslve gear, snd typical stictursl forms of eac~, have
been produced in great variety and in considerable numbers. Of
these a fair number have recemed more or less development work,
but the majority of them must be regarded as hardly more than
interesting propossls, or experiments in need of develo ment work to

Fdefhitel reject or retain them for use. I?eatuma o dew will be
ftreated ater in the course of the malysis of the engine after a review

of the types classified by genersl arr
Y

ement.
Most of the en@nes operate on the ouratroke cycle, though the

two-cycle system ISre resented, both air snd water cooling is used,
1’and of the air-cooled c ass there are representatives of self-cooling by

rotation of cylinders, by fan circulation and by propeller blast, or
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free air currents over iixed oylinders. All engines axe mtdticylinder
four or more, and generally more, and while nearly all use horizont~
shafts with direct or spur ear propeller drive, the vertical shaft with

3bevaLgear drive of prop er is represented.
These types, classified by cylinder and crank arrangement, are as

fonows: . ●

1. Automobile typ~ four or more cylinders in line, each with ita own _ cylinder
heada up. Am or water cooled.

2. V ~ two ram of cylinders of four or more each, inclhmd to each other, one
crauk for each V pair of cylinders. Air or water ccaled.

S. Radial ~ rc@ting cylindeq with crank shaft ikmd, or rotating in the earne or
oppcmte duectmm Air cooled only.

4. Specialmangementor combination of the preceding.

Of these. class-esthe first three axe the most typical of the aero
-e ~ m POmt Of n~be~ Of reP-@ativH~ =OUPt of devel- ~
opment work done on them, and of stading in the

T
ebuild$g

industries of the firms represented, as will be seen from t e follo
X%list of nanw of engines and makers, Table IU, arranged under eac

class heading. ThJSie not to be regarded, however, as a criticism of
any of the other classes.
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FixedloIIm Flxdv,2@fndmwmIlk. Rotary. Fix03star. wlmmmle.

Cmltllg.

Wnta. Mr. W’star. Air. Mr. water.
I

Mr.
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DdJllkx. II

1,6WI ml 212@l

--i+=$-
W.2 4 1,m ........ ........ ........ w 8 2’,ox

m 4 4 1,248........................ w 8 1,m

Engineorrook.
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monm

60 ...............

; ......!. ....? T&l 6
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7 1,Ml........................ 7 1,Im
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I I S.H.K, u I II

Nam-$&Nom- l:M-MH- bcu ofNnm-I:twg pom b~~f
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OLASSl.—AutomobiLI ti.

Watercooled:
AmeLican—

Hall-scott.
Sturte’vimt.
w&M.

Germanand Aushian-
M3rcde9 (hinder).
Austru Daunk.
Benz.
N. A. G.

%hf.

‘iVatercooled:
AmeA3n-

-
Nmrt%wmL
Ranaenberg%r.
Motor.

l%=m-h--.—
Panhard-Iavamor.

Watercooled-Ckmtinued.
G~W~&Auskian-Ckmtinued.

Bwe & fib.

FIugwerke Dentschlad

(nerget.
o-helm.

BritidI-
~_K e

0LMs2T.

An&an:Frederickmn.
Cknnan:

mrdL
R. E. P.
B. M.a F.W.

French:
Gnome.
Olerget

W’a~titi~d~ntinued.

Ehmbeam-htalen.
Wokeley.

Air Cc&d:

Renault+
De Dion-Bouton.

Bfitiah-Wolseley.

(kASS 3.—Radial 8tai7 rotating air cookd-

Radial=al&xedcylinders:

SalnM!q water Ccwld.
Laviator, two cycle.

Opp~=~~@imJem_

Frenchch4@i.nued.

Burlat
Helium alar.
Demont.
D’Henain.
E. J. 0.
tielle.
S.H. K.

maa 4.-@scials.

Squirrel+mgecylinders:
French-Edelweim.

Radial fan:
Frenck-Anzaui.

InvmJ.edautomobile:
erman-Daimler.

Mmy engines appearing in older lists are omitted bemuse of the
belief that tlmy are now supnwded or abandoned, and likewise
some new

T
1es now in emstenee are not mentioned beoause o

lack of nera awe tame as commercial. It may b?, and is quite
likely* 8 Bat errors ave been committed in these insertions aud
omknons, but this is inevitable without personal visits to the engine
shops, which, in the present instance, were quite impossible.

.

. . ..
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REPORT No.

PART 2.

AERO ENGINES ANALYZED WITH RRFERENCE TO ELEMENTS
OF PROCESS Ol? FUNCTION, ARRANGEMENT, FORM, PRO-
PORTION AND MATERIALS, AND THEIR BRARING ON THE
POWER-WEIGHT RATIO, REIJ.ABILITY AND ADAPTABILITY
FACTORS. .

By @AR.LES E. Lrrom.

●

Part2 (a).-AERO ENGINE PROCE3SES AND FUNCITONS OF PARTS VER-
SUS POWERVVEIGH1’ RATIO, ~, AND ADAPTA-
BILITY FACTOILS.

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 newssmy it may be to have the
mechanism adapti~ in form, proportion, arr

%
ement, and materials,

to its objective proyesa, success of the m “ e is fundamentally
dependent on the process itself. Most machine processes am really
combinations of a series of se~mate individual recess steps working

Ftogether, just as the mechsmsm parta theme ves coact, and these
proceaws are commonly said to be similar when they consist of the
same partial steps executed in the same order m a series, and machines
executing them are regarded as belonging to the same class, or as
similar maohines. There are, however, very great diilerencea to be
found in these similar machines which, therefore, maybe vastly dis-
similar from other standpoints. In the fit place the prows s@ps
ma diiler widely in degree though being identical in kind, and thm
d“ erence in degree m?y be in turn responsible for very considerable
differences in mechamsm No better illustration is available than
the common piston steam”engine in which one basic step is expnsion
of steam after admission and before efiaust, yet experience has
develo ed a whole succession of valves and valve geam some adapted

fto mo erata and others to high
‘%

ansion ratios, whil’e ansion to
T~ressuresbelow atmosphere imme ably calls for the con enser with

lts elaborati series of auxilhwy appliances and pum s. Differences in
Jmechanism may be akost iniirute even though e same procwa is

executed, and to the same degree and the steam engine will again
serve as an illustration. Such dif#erenceamaybe significant or not.
They must be regarded as significant when some good purpose is
served whether the difbrencea are those of detail parts form such as
the shape of a piston; of arrangement of the same

F* L&’such as the locomotive engine as compared with that o the s am-

ali 8
shi ; of proportion of arts, as diameter of cylinder or thiclmwa of
w ; or of material. uoh differences as are now accepted and well

219
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undemtood in the steam
T

“ e field can all be analyzed into signifi-
cant or indillerent from t e standpoint of service requirements.
These service requirements require years of experience to be appre-
ciated to a degree that permits of a reduction to standards of practice
in arrangement, form, proportions, and materials of the mechanism
and its parts. Even after the establislqnent of such e erience
standards of practice for machines ~erfo

=~’
a definite tie service

there will ahvays remain very conmderable erencea of the mdifFer-
ent or nonessential order.

Aero engines while belonging to” the now large and established
class of intern~~mbustion

Ydev~lop?d subclass of the gaso
“- es, and to the smaller fairly mll-

e carburetor intend-combustion
engine, m which the farm,
develo ed, are themselves

3stage, ue to the youth of
s ite of all that might be
& 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 h not
unnatural to find automobile.practice being adopted for aero engines,
when it is not yet clear that there is snything required of the aero
engine suiliciently difFerenthorn what the automob~e or boat engine
camsupply, to make the latter uusmtable for the sermce of the former.
At the same time there is eqmilly strong evidence that in some res ect

ithe dMerences in service requirements have been exaggerate or
misinterpreted with the result that totally different engines were pro-
ducad unlike anything before built, and yet just as unsuitable as the
borrowed auto or boat engine.

In proportion as service re@mments on the one hand become
better understood, and as engine capabilities or limitations, on the
other handz are recognized and utilized so will the aero engine as a
type come mto full growth Review o~ the en#nes so fm~p?se~
budt, and tried out, indicate-s a strong tren in some
but just as surely proves that in most wsentids the
blind $

eticohdo%

r
ping at every possibili

%
whether rationally efensiblo

or not, asnot yet come to an end. e 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 tlus, 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
diilerence.

Most of the rational development so far accomplished has been
devoted to forms of the

T
e parts, to their grouping or generaI

_ement, and to ecia matacials for their construction, rather
than to the processes Xa t are fundamental to the gasoline carburetor
type of internal combustion engiue. Ae_e designers being so
intend absorbed in the problems of am

T %
ement of parts, adapta-

tion of orm ox arts, reduction of metal thi
&

- and application of
Inateiials of elastic limit or low spetic gravity, have in some
instances, though fortunately not all, been divertad from thought of
the process steps to be execute~ in kind and degree. This becomes
cilw by comparisons, first of aero engirm 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 stm~.~~tio~
engine ghw a materially higher mean effective pressure
or a lower specific fuel consumption, then some elements of th;
thermodynamic process have been violated by the mechanism of the
inferior machine. It is. also true that if the thermal ticien ob-

3tied is a smahr fraction of the thermodynamic tit of posq” ili~
than in an auto engine, for ecmmple, then. sin something has been
incorporated in the aemengine structure 3 erior to its cmmterpmt
of the auto engine structure. To a ksser degree similarly, if aero-
engine sto pages not due to seizors of bearings or breakage of parts

Eare more equent than in auto engines, or even if they stoy at all
under these conditions, then the process requirements are m some
way b@g violated by unsuitable mechanism, for if the were not
the engine would continue to rgn, qqd v@hout change. L a matter
of f~t, the whole qu@ion of reliabfity ISone of maintenance or con-
tnnuty of the process m every stage, of -coumezan a@ence
of the pure mechanism troublw of b es or bearing fmhues.
Likewise, some of the
those of reliability or of
w!th the process, for,
with the carburetor a

en

Proper eycution of the processes b meohmism that insnrw its
fcontinuity ~ kind, -andthe ~nstap~ o every step, in degree, regard-

lem of any.mterfermg conchtiom mxdsnt to normal or even exhaor-
- aerml use, E a necessary prerequisite to the @h mean
effectm-eprwsure and high thermal dicien~ that tegether make for
low power plant weight per horsepower for any length of @ht. It
is just as essential to the continui@ of operation and output that
constitutes reliability entirely inde endent of .whateva wmtibution .
may be obtained to t~e swne end, %’0m variation of general

7:ment, md detail dwign of arts as to form or thiclmess or tim
selection of speeial materi&

The procmws are comparatively simple and easy to state, though
a thoro~h analysis of the relative or absolute perfection of execution
that various designers have accomplished through their mechanism
would require far more space than ISavailable here. Such an analy- ‘
sis must ~oreover be based on far more test data than have even been
made avadable anywhere. Judging tim the literature of the sub-
ject and from some fsmilimity with general practiws not so recorded,
It can be stated that practically no work has bean done excapt by a
few large

3
tie building concerns who kee the~ results secret, and

2compsrativ y speaking, no data obtaine b
Y

@-ectly on the
execution of the recess steps] and the ~ect of ewgn on process,

%for aero engines, t ough some mte rptation c-anbe based ?n the few
ovendl rem.lts of engine testi. % e the detads of desgn. versus
process are beyond the scope of this report, it is possible even from a
statement of the pw.esaes and their fuMllment conditions, to derive
some general specdications for the parta of the apparatus that, taken

. . . ------ ..—. . ..— -—. — ___ .—T-. —...’..,’ “..,”, ., ... ... ., ., . . . . .
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@get@r, make u the power generating part of the engine, as dis-
$hed tim ose .arta that merely transmit or support.

T the workin me
f

lu.m is prunarily an explosive mmture of air
and -the vapor o gaso~e, the @ broad ro~ step is mk@re

&mprfmtiw b ‘Wd””on ‘h ~e ‘kder ‘w 1’ beeo y therein. ~ must be followed by. the second step of
suitab~ treatment of the nuxture m the cylinder, including expulsion
of burnt products. F’inaIly, as combustion develops heat in contact
with metal walls continmty of operation or th? maintemyme of a
steady state in ~ respects r uircs heat abstz-action and dissipation

3toadegree andatarate~ to that of heat reception, so the third
broad recess step is coohng.

Eac# of these three broad divisions of the general power gen-
erating prows, mixtur-making, cylinder treahnent of nuxture, and
combustion chamber cooling is itself a prows, and is in turn sub-
divi.sible into more detailed or subprocewes, each definable to some
%. as .ta degree o? range that it ISdesirable to n@ntain.

mxtore-makmg procss @rts at the point of supply of
gasoline and air and ends at the retake port of each cylinder. The
one exception to this used in a few engines is the m- of mixture
directly m the oylinder by u “m.ecti?n of gasolinq, a m?thod so
wholl unsuited to the sm~ q%nd!!
vokad fuel as gasoline, as to be reject~;%~~e~~ ~~~$
not only on rational grounds but on actual comparative experience
with the now standard system of mixture making. This standard
prac~ice that ~ taken m~ny years to @ablish recognizes mixture-
malang as a chstmct.function to be earned out external to the cylin-
ders, so as to enmt of some control of ths independent function

Lwithout the m erence that must result when it IS combined with
others in a single apparatus part.

Applying the common but. more or Iws inaccurate name of car-
buretmn, to this mixture-m

%
function beeause the principal struc-

tural element of the recess is
?

e carburetor mechanism, the process
dividw itself into a) fual supply; (b) ~. supply; (c) cqburetion

l’)
roper, which includw proportioning, ~c, and vapomzmg, and
d mixture dihiiution to oylinders. Each of these steps must be

carried out without variation in spite of anything that ht happen
3beyond extraordinary accidents, and the apparatus, me anisrn, or

ui ment must be so constricted as to insure the results demred.

!!$!k;$;~=d~~~iilitim
as will appear from even a superficial andy-. .

Air must be taken from the atmos-
phere through which the m&e is moving at a high, tho h not

Yconstant speed, a speed so high that the ak pressure equiva ent to
the veloci@, or velociiy head of the airj is qmte appreciable. With
the air intake opening pointing m the chrection of lravel the velocity
head is added to the static pressure of the air and air flow neceswuily
varies with flight e~ though it should not. This might be avoided
by suitably shap2 enhce orifice, the lane of which E in the direc-
tion of f@ht, but this is no saf

r
%ardwenturning or inside ts.

YThe first requirement of air int e must, therefore be imbpen ence
of flow of airwith reference to direction and speed o~motion. Atmos-
pheric air Varies.rnabsolub prwsure with altitude aud likewise wrica
m temperature, m watar vaporized, and suspended water such as fog
or rain. Each of these thmga ex~ separately and together an
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irdhence on carburetiofi. Temperature, ressure, and moisture dlect
$

+
air densi

L
and hence the flow through e air oriike under a given

resmre
Fm F Temperature aflects the va or remme of the aso-

!s2 f“ e. (Abso &e pressure affects air flow i e independent o the
density chmge:) Vaporized moisture affects the accumulation of
water in the rmxture pqs.mges due to reduction of temperature inci-
dent to gasoline vapormation, and both vaporized and suspended
moisture affect the ac~ulation of main th? mixture assages,unless ~
heat be added in sufhmut degree: These t

9
{need ardly be stated

to be wpted as fundamen@ly ~portant an as necess
Y

alement9
for incorporation directly or mdmctly into specifications or the air
supply to the carburetor. The carburetor action should be made
qwte independent of these variables and it must be suflkieutly inde-
pendent to prevent changes of mixture quality beyond the allowable
working range. Therdorel howevar great a vaxiation may be encoun-
tered during actual iligh~, m direction and velocity of flight or wind,
m barometmc pressure, m atzno heric tam erature, in atmospheric
moisture va .orized or suspend

&
3 as well, 8

beketwi
e mixture quality must

$
the two limits to be determined as newss~ to con-

tinue engine performance.
Gasoline must be carried in a closed tank aud must be fed to the car-

buretor throu h a pi e and the supply to the carburetor should be
quits indepan%ant o~he direction and a#e of inclination of the
whole structore. It positively mud be un ected by such changes of
relative position of tank and carbureimr,asmaybe due to not only ordi-
nary but even e@mrdinary or emergauc turning, gli “ , climbing,

r %or tern oraryfdlmgmovements of thewho e machine. II e machine
1’shoul completely fdl and upset, the gasoline should be prevented

from running out on the hot exhaust pipe as this is likely to cause a
fie. Gravity feed from tank to carburetor is dfected, as to head,
b every variation in,angle and direction of inclination of the frame.
d ravity feed tamksmust have an @r vent and so if overturned the
vent becomes a spill hole unless a special check feature be added. In
stationary p@rds gravi~. feed from sup 1 tanb is forbidden by the

/’tKfire underwmters’ regulations because o e possibility of drainage of
the wh@e txmkdue to a leak m any art of the pipe system. Au or

8gas derwable from fie-charged bot es, from pumps, horn combust-
ion chamber relief valves, or horn efiaust back ressure sc on
the liquid surface in depressed gasoline tanlm d %feed the gaso” e
from any relative position of tank and carburetor. If reasonably
high pressures are used in com arisen with the normal static asoline
head, the delivery pr~.ure ~besubstantially constant at ~lincli-
nahon angles and spdhug will b? confined to the small carburetor
float chamber as the myn tank IS closed. This system is in quite
gener~ use m auto practice. I’ump feed from a mam depressed tank
with w yent to a sm~ atiaq gravity tfmk with overfiow return
directly above ths carburetor, m the standoardstationary system.
Recantly autqrnobde practice has adapted tlus to its service require-
ments, replac

T
the pump md overflow return b a vacuum lift

&system operate from the suction header beyond e throttle, but
retaining the de ressed main tank with air vent and the small auxili-
ary gravi~ d without air vent, which being so close to the car- .
buretor can supply it at dl times at substantially constant head.
These two systems of pump md suction header lift maybe operated

.- Y,... . . . . . - . --- ~ . ------ . . . . . . . . . . .—-,.. .
._. .— . . . . . . . ----—
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with a closed main tank if slighti mod.ided and m the event of a
.

%l@ry pi e no loss or fire can o~ ecause+insteadof gasolinq esca -
J~ air OWSin, do”

Y
Jno harm ti the leak ISsmall, but stopping e

m ly without 10s “
E

the leak is large.
e exh-aordinary ‘changes of motion m direction and

horizon
9

TeedhbOpmd vertically, peculiar to the aeroplane intro uce qwd
inertia an centrifugal pressures which may accelerate or retard

* “ gasoIine flow by raising or lowering the pressure at the point of deliv-
ery ,tQ the carburetor. This is a peculiarity of the aero-engine
sermce condition which requires ecisl attention. To cover all
these influences m additional

3
%sc cation may be added for the

carlmration system; the fuel t , piping, and supply system must
deliver fuel to the carburetor at pressures that do not wry eno h

Yto cause the mixture quality to vary beyond the Iimiti required or
the proper steady operation of the -e regardless of angularity
of the machine or of changes of its motion as to direction or velocity
and they must be such as to prevent fuel low horn small leaks and
to minimize any spilling when overturned, preventing whatever spills
touching hot parts or reaching electic sparks. References to the
literature m!e made for actual tank arrangements which require no
comment here except the approval of the practice of using more than
one tank and eapecdly of mstaUin .a mnaUemergency reserve tank

Lholding enou h to insure “asafe lan
%

after main tanks are empty.
When sup “ed with ahnospheric air and with fuel under prcmure

alor static he , the carburetor mechanism is supposed to make a roper
Xexplosive mixture and through intake header and branchea to eliver

to e@ of thg several inlet-valves id~tical ch es of that mixture
f:~f~y$~ ~Q;:@.. ~:~:$$!$’:;~;~g:;

speed and ~egd es of an variation in air temperature, pressmre,
&moisture, d.uection and ve city of flight or fuel deliv~ pressure.

The pomiiilities O{ success in attaining this mixture-makmg ideal
mustl of course, depend on the definition of proper mixture for in
this m to be found the allowable range of variation from absolute
constancy of quality.

Mixtures that enter the cylinder with too much gasoline for the air
to support in combustion will not be explosive if the vaporized fuel
excesslsl e enough amdwith such mixtures the engine is ino era-

Y 0$tive. hng efore such a great fuel excess as this m reach the
engine may be operative yet operate badly. It is clear that ~
excess vaporized gasoline m the mixture can not burn, so it A
decompose or carbonize depositin carbon all over the combustion

fchamber, inchding spar~ plugs an piston head, and show in exhaust
as smoke. Such a mixture wdl be operative for a time, such time as
it takes for the carbon to accumulate in ~ayers thick enough ~o glow
on hot spots, such as piston heads~ ca

7bs2Ri’%ilr:Rfs-and possibly &Ort CirCtitSand mISSfires
lugs if ~e are so designed w not to be self-cleaning. Carbon

$
‘%’

Osits -ml also cause p~ton
Y

to Stick and leak and impti
lU rication when it collects on cy. der walls and betwem rings. ~
To be Sureza certain amount of just such carbonization can be traced
to lubricating oil fiat works past pistms, but this is an independent
matter to be se arately treated by oil selection and su ply system.

& $Ex~ fuel in e liquid state may be present when e vaporized
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$art and the air make a proper nixtur?, and such =cess will parfly
ecompose as abov:, but part will be chssolved by the lubricating od

and defeat lubrication besides being a dead loss.
Excess vaporized gasoline in the mixture should be prevented,

fit, to prevent carbonization but also to avoid the slow combustion
that results when the excess N too great. A small excess gives the
highest rate of combustion and high rates of combustion are neces-
sary in aero engines to permit of attaining the highest initial cylinder
prmsures with the very high mean piston speed9 in use, none of
which are below 1,000 and some in excess of 2,000 feet per minute.

~::::pa::%fl%
compression and more than a single point of

rate of combustion appears to be obtain-
a Ie 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 sod and load, and positively must not contain enough

Tto cause car on accumulation, measurable fuel waste, or interfere
with lubrication.

It goes ilmost without sa “ that mixtures of air and fuel must
%be homo eneous and uniform

K
oughout; that is, the constituents

must re y be tied. On reading 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 we” ht
as re@red for combustion reaction will not serve the p

%
%0s0 if e

gasohne is in liquid form, or even if it is vaporized, but concen-
trated in one corner of.the combustion chambe~ with pure air in some
other corner, such as H sure.to happen with chreot injection or with
more unvaporized liqyid admittid past the inlet valve than can be

A
va ori.zedwhile entarm .

$
Subh nonhomogeneous and wet mixtures

“ both carbonize an cut lubrication even if total weights are
correctly related, so the second and third requirements of mixture
must be hornogene~ty, and dryness at le~t after adrnission.

Other thm being equal, a cool rmxture carries more heat per
Tcubic foot an henoe more work ca aci than a hot mixture of the

f?same fuel and air. But with Iiqui fue , mixtures that me too cold
are no mixtures a! aU, any more than a brook running thro h the

Ycountry can be wud to be qu.xed .-mth the atmosphere thpug rain
by a sqe~h of the ~agmation ~oht be, and a fog reahy E, tho~h
not so mtunate a nux@re as va onzed moisture. Any asolin~am,

% %kerosen~air, benzol~mr,. or rdco ol-air mixture, in com ining pro-
portions may be ~ed d the temperature be high enough and the
temperature re.qured .wW be l?ast fo~ the fuels of greatest vapor
pressure of them he~mest constituent d they are solutions of heavy
and light arts, aa IS the case with the petroleum distillaks. For
any one & el the re uired dry@ temperature is least the more

3intnnately the air ~ fuel me mmgled or stirred, so that any fuel
particIe md.1bp req~ed to exert only theepartialpressure of the vapor
m the final m@ure, instead of the full nmdmre presure of one atmos-
phere that IS necessary without true

%=~~?:$:therefore, be as tmol as possible consistent mth
mum permissible moisture is that which will vaporize on entrance.
The lugher the rmxture pressure the greater the work capacity of
the oh e, so that everything that contributes to such must be

Ypromote as much as the preparation of cool and otherwise proper
259020-S.Dot,2SS,&l—10
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,

.

.
. This means in effect that the pressure drop between the

air and thq cylinder must be a minimum, but this ikentirely a question

&&
of ~o ortl.oD9of asages.

0$y with r erence to mixto.re quality there can not be much
excws em, preferably none. Of course, excess air can not cau9e car-
bonization or lubrication trouble; in fact, it exerts a beneficial. influ-
ence tanding h burn accumulated hot carbon or lubrica oil

%vapor, and It permits of a som”kwhat higher ~ompression w “ch
im roves econom .

\ J
But W the e losive

T
of hydro-

oar on ~apom an air become nonexp osive in ratios ~ery close to
the combining proportions on the excess-air side, and with even a
slight air excess the rate of combustion becom.a prol$iiitively low.
s

~-?ti?rq-m”” ‘-e”z:p:c?;it has the least.and pre crab y no excess of either w or
is homogeneous, when it is dry after entrance and as CO?las’possibly
consistent with homo eneity and dryness, and -when It is supplied

5at the maximum abso ute pressure. . To produce such mixtures is
the function of the cmburetor.

Carburetor mechankc.s capable of making mixtures of such
specilied quality under the previously nokd conditions of air and

, fuel sup ly are practicallynonexistent at present, and improvement
%can har y be expected so long as cxuburetor production remains

a separata busin-, and prehasera buy on nmne instead of on per-
formance, as is the practice, sdling on name onl~, at present in the
motcmcar and motor-boat industries. Not uutd the aero-engine
producer develops carburetor speciiicatzons m terms of mixtures
produced and tes~ ap liances to prove fuMllment and to locate

!causes of nonfulfWnaut o each separate re uirement can the mwded
mixture-miking carburetor be obttied. %rider these conditions it
matters very httle -whether the aero-engine builder m.~es his own,
or buys on guaranty of erformsmcelindependent of ewe operation.

Very great pro
F

L been made m recent years m carburetor
d

T
for automo ile and marine engines, but the epd has not been

reac ed, because all data point to a failure to maintam the quali of
Tmixture in all the specified respects. In spree respects the prob em

is less dMkult with the aero engine than mth the auto, as the former
& not subjected to as wide a range of flow rates nor to such sudden
and frequent changes inflow rates as are the latter due to automobile
dri.

3
m dense MC or over country. rpads wit$ constant qhanges

of
“ c-”’ ‘d %TO’”r~ ‘nti”om ‘P-redclosing of the throttie. act K responsible for the general prac-

tice among aero engine builders of buying stock automobde car-
buretor 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 ~ha~flow rate-fluct@ons will not be so great and so
cause lms variation m m ortzons,lt E also true that the normal con-

~e#throttJe wide open ornemlyso produces adition of flying with e
more intensive temperature drop, reducing vapor pressur? and
decreasing the degree of gasoline vapowation or increasing nuxture
wetuess and condensing or freezing more water. It5s also true that
far stronger .yariptio~ of fuel. and air sppply conditions must be
encountered m am ~ht than m road m. What is still more
@-t, however, ISthe fact that the amator has no such oppor-
tunity to make hand adjustment as has the chaufleur, nor are the
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consequence of auto-e
%

~ e stoppage due to bad mixture hardly
more than sm.noyance w e such a stoppagg of an aero engine may

~ It can notbetoostrongly stated that accepkmean a complete wrec
ante for use of standard carburetors on their names, or even repu-
tatio~ is not a satisfactory practice for aero engines. They should
be designed or purchased to specifications of maintemmce of mixture
quality under all variations of working conditions within possiile
ranms to be met with in service.

‘J!hereseems to be no doubt after the yearn of experience in car-
buretor construction for automobiles and boats that the gasoline
float chamber apparatus, with simultaneous vacuum flow of gasoline
and of atmospheric air, is perrmmentl establish~d and must be re-
tained. Adhe “

Y
fto this principle o construction as the basis of

pro ortioning an of the first step in mixing, does not prevent the
d!ad tion of other elements to correct the faults inherent in the simple

combination. $fixtme proportioning correctom in tlie form of com-
pensatcna @ ree}~o;$ natural tendenq- for gasoline to flow m
exess at

T
acuum when the ratio is correct for low, are

now availab e in considerable vaxie and some me fairly good, though
3even in the best there is considers e room for improvement. These

compensators constitute the principal diiferencm between modern
carburetors.

It is in control of mixture quali@ in other rqects than propor-
tioning that carburetor now available are lac ; for example to

9render the mixture quality independent of atmosp eric chang~, kel
sup ly, pressure fluctuations, and above all independent of them own

Lcoo “ action. This self-cooling is due to vaporization of gasoline,
the latent heat for which lowers the tem erature of the mixture
below that qf the entering air. :Heat must e supplied if liquids are
to be vaporuzed, and no amount of human ingenuity can overcome
this law of hysics.

%
If the latent heat of vaporization be supplied

from waste eat sources for so much of the gasoline as can vaporize
in its air au plied at atmospheric temperature, then the resulting

{mixture will ave the same temperature as the atmosphere and there
mill be neither vapor condensation nor water freezing on the intakes.
Such mixtures especially when the air is cool are not suilicienti dry

%and certainly are variably dry, dryness varying W@ atmosp enc
temperature. To produce even this much effect reqmr~ a consider-
diie amount of heat from either 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 trammission and provide sufE-
cient heating surfaqp of suitable form. To simply surround the body
of the carburetor mth a water jacket or to take the air from a short
pxhaush ipe “acket, which are the onl meam now in general use,

“J i 5ISentu y ma equate, as can be poved y simply
Y

“ the mixtyre
temperature by a thermometer m the intake pipe or y obs

7the flow thro oh experimental glass headers and branches.
%course such wall eatem wiIl revent any adhering frost, but they can

not prevent its formation as E ee snow to be drawn into the c Kndew.
This problem of mixture m

?
“ ~ by carburetor is one of J e most

im ortant of ill the elements o the aero engine stracture and the
\car ureter proper its most important apparatus, on which much work

has been done, but mQreremains, espemdly of the adaptation order.
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(In this connection the paper by Dr. Karl Buchner on carburetion,
dich is one of the best, is reproduced in foil in the a pendix.)

Distribution of the mixtore from the carburetor El the cylinder
inlet vibes without change of quality in transit, tmd in such a way
as to insure a su ply of nuxture of equal quality to each cylinder, is a
problem of equ3 importance to that of correct mixture making and
m intinmtdy associated with it. If the carburetor should yield
correctly roportioned mixed and completdy

% v
mixtllmx, this &

tribution eader problem dimp ears and any orm of branch ipe
will serve the

83
F %ose in place o the ~ong elaborately curved hea em

now in use. u mixtures are too warm to deveIop the maximum
pcmible mefin di!ective resure.

L
To get the greatest power output

L
er cubic foot of piston “ placement per minute requires a tampe~

lower thm corresponds to complete dryness, probably corre-

%’
ending to just such uanti~ of moisture as can be eva orated

&* On*ce thro the relet valve and, therefore. t%e aero

T
e header may be expected to carry some moisture.

uch mixtures have a tendency to separati the liquid, whioh resists
difilon eqmdly smong the branches, and where vertical flow must
trike place there is a tandenc

{
for the li uid, which always flows

alo
Y

the walls to drop back y grayity, % accumulate, and then
sud edy carry over ss a wave, ca

T
a miss, espec~y at low-

engine capaci~. To prevent lagging o. li uid, verhcal plpea must
%be made so small as to produce skm friction orces superior to gravity

at the lowest flow rates. E this is done then, at Iugh flow ra~, a
considerable drop in pr~ with cons uent 10ss of power will

‘1result, unless, as is often the csse, the car ureter is located at the
~h~p~enm~lthe Iiquid allowed to drain downhill with the

5
On rewhing a bend the liquid flowing

along the side walls ~~$mbllecti on the inside w the air strewn
imp-

?
es on the outsidp, while at a Y or branch the liquid may choose

ahnos any path and B quite beyond conlzol, for wherever the mix-
ture valouty is locally lesst then the Ii uid concentites and this

r
Oint is constantly changing. LThe best at can be done is to use

ong-radius bends and flow paths to each cylinder of approximately
equal length and curvature, but this gives no ~ce of equal
chstriiution of liquid. The frequent use of two carburetcns on six

linders in line and e“ ht cyhndem V augimx is evidenca of an
% 1%ort to reduce ,$histrou le.

we onl absolutdy reliable way to avoid these speciaI headera and
the

+
ar engine action that remihe in two cylinders never doing

&
Uite e same work or remaining equally clp~ is to com l$aly

hthe mixture by raising its temperature, accepting the er
temperature and lowered mean ?ffectme pressure in the interc9t8 of
cIeanl , staady, operatio~ sec

T Y
shorter sim@ified headers and

posd y mahug up lost outpyt y a mdl increase in oylinder
diametm or by rwsing the ressure by blowers. There

~1’really seems to be conaderable rwon or the use of blower-supplied
air for csrburetim other than to compensate for loss of densi@ when
mixtures are warmed to dryness, wluch heating incidentally renders
the engine more inde endent of variations of fi.d quali@ than it now

&is. B suitable re
J

ators the air bl~t can be contrcdled so M to
give ways the same absolute premure at. the cmburetor intake,
regmdkss of barometer or flight speed and direction. With suoh an
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auxiliary blower and pressure r tiator, tlm friction effect of intake
aports and small-diameter low-” t mihs, while remaining a direct

engine resistance, will have no effect whatever on the -iveigh~of
charge per stroke and the mean eflective pressures. Other

3being equal, an initial pressure in the cylinder of 16, as compared wi
14 pounds per square mch absoluh, an increase of 2 pounds should
incresse the mean eilective pressure and ower one-seventh over 14 -

$per cent, while adding only 2 per cent a ditiomd load (if t’he mean
effective remure were 100 pounds), a net power gain of over 12 per
cent if & e blower ba eflicient. The use of such blowers is not
unknown in two-cycle

?
fiea, though four-cycle engines have not

employed them as yet an the N. E. C. (New
%

J e Co.) two-cycle
engine is so equipped, the blower in this case ta the place of a
piston as a recompressor to prepsre the charge for entrance into the

$motor cylin er when the port uncovem.
All two-cycle engines and all rotating cylinder four-cycle engines

with inlet valves ~ istons have mixture uality and su ply con-
ditions somewhat dl# 1 ferent from those of the our-cycle fixe -cylinder
engines, and among the latter the air-cooled differs somewhat horn
the water-cooled group. The cylinder heads of four-cycle air+ooled
engines are normally hotter than those that are water cooled so
that the mixture entering will receive more heat and may, theref’o~,
be more wet as su plied, provided distribution from the carburetor B

Jnot a disturbing ement, as, for example, if each cylinder had ita own
separati carbureter. E cylinders are not too 1 e and the air
cooling is vigorous it is

J
Tosaible to et the walls o the air-cooled

cylinder quite as cool as ?e waterao ed one bu’t only with excessive
power consumption for air circulation, the Renault, for example, tak-

s er cent of its output for only such cooling w is normally ~ro-
%edp Most of the rotat

%
.sylinder four-cycle engines with relet

valves in the pistons, inch the Gnomej for exam ~e,take their
Lmixtures into the crank case at the shaft center. ~ t crank-case

chamber, which is ~apidly whirl.ipg,with @~ons churn@ up and
down at the same tune a most vqgorous stmrmg and heating action
takes -place. It would ~e hard to conceive of a better mixture con-
ditioning appardus than this Gnome crank csse, provided there were
some means of control of the temperature of the mixhme, which in
this cwe undoubtedly gets too warm, though dryness and homo-
geneity are practical perfect.

{
Fimdly, two-cycle engines take the

mixture horn the .csr ureter into an auxiliary chamber for precom-
pression, located m the crank csse as the most favorable w e-

Yment, or in a trunk enlarg?mmt of the main piston and cylin er
prefwably, w, fox example, m the Lamatpr engine. WM@, of course,
this precompresmon mixture has the evil effect of im osmg negative
work, e

%
R“valent to engine friction, it is highly bene cial as to @x-

ture qu .ty when the precom reasion chamber is so located, as is
usually the -e, as tq get ani stay Warmzbecause in th@ cwe the
chamber is at once a nuxture stirrer and.heatmg dryer, heating partly
by wall contact and partly by com resmdn.

!/lMixture treatment in the cylin er after it h~ been made and
delivered to the intake port, begins with actual entrance and pro-
ceeds alo different lima in the two and four cycle engine, in some
re3pects.% early all aero engines are four-cycle engines, and these
take the mixture in through a suction valve under the influence of

I
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the “lowered cylinder ressure maintained by the piston outstroke.
$This admission should e accomplished with the least possible loss of

ressure and rise of tempmdmre. Loss of ressure uuposes direct
&~e ative fluid fiction work, the extent of w “ch is measured byotho

3v ody of flow thro oh the valve, and the shap? of the ope~,
%1 but even with small v ves and badly shaped opemngs or ports, tlus

loss may be, but not often is, yery serious. Two pounds p% square
inch woyld be large and mth mean

? %
mamma approac 100

pounds It would bo equivalent to a lit-te over 2 m cent. -
Jever small it may be, lt can be contio~ed by v ve and po~ 0~-

mensions and these, because. of the @@ speed of aero e~ea,
must be given far more attention than m an other class. It rs the

ite~al presmqe at the end of the suction t at is one of the deter-
pmung factoy m the waght-of the chmge, each po~d p?r square
mch accounting for about 7 per cent loss of power. Since umrha of
the incoming stream tends to buildup the terminal ressure over the
mean suction pressure, %if valve closure is delayed t e right amount
the value is so great that care must be exercised to secure i!, and

. Wtier recommends a closure 40° alter dead center. ‘1’lus de-
layed inlet valve closure can be secured only by mechanical inlet
valves which also give best control over the mean suction resistance,
so that under no consideration should automatic inlet valvea be
employed, as they have been, to save valve gem wei ht, because

%more power is lost than would compensate for this we” t. Charge
?density at the end of suction is just as much a matter o temperature

as of pressure, a ~ of about 6000 F. on entrance accounting of
itself for about a 50 per cent ;eduction of charge might and hence
of o-iver outpu~ -or a promma~ely 1 per cent for every 10° rise,

%wit the probabkty t,~at the me averagea m well-cooled engines
somewhere about 200°, or 20 per cent, and m the less well-cooled ones
over 3000zor 30 per cent, in general round nmnbem.

Reduction of suction heating is partly a question of mrangement
and partly of wall cooling but to some extent depends on the tem-
perature of the hot gasea left in the cleammce after the previous
explosion. As to arrangement, head valves discharging mixture
directly into the cylinder seem to be more rational than side-pocket
valves, though no data are available to rove that the former results
in less suction hea

%
~ than the latter. 5 t also seems likel that air-

{cooled heads and v ve chambera unless vigorousl air b asted and
iof small chamber should heat the mixture more t an -water-cooled

ones, but no one h= ever determined how small a diameter can be
e ually well cooled by ah and water nor how much air is needed.
# or can it be said how much of the total suction heating is due to
exhaust gas mixture in the clemance with the fresh incommg chawe.
It $ interesting to note that the air-cooled radial fixed cylin~er
Anzani gave in the tests 994 pounds square inch effective pressure
referred to brake homepower, as much as most of the watercooled

Y
e

ot-~nly is it important that the charge in the cylinder be as cool
as possible f or the maximum cha e density required for high mean

xpremum+ consistent, of course, wi com@ete vaporization, for which
120° F. is enough with gasoline if the mxture is well stirred, but it
is perhaps even more im ortant as the controlling factor in the er-
mimiblecompression. & ?“ degree of compression of the charge be oro
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ignition is the rime variable in fuel consumption per horsepower hour
&and thermal e cienc , as has been demonstmitedconclusively both by

Jthermodynamic an ysis and experimental data on all classes of
internal-combustion engines. The highest com~ression possible must I
b! obtained at all costs, and since it is the i “tion tempera-of the

Y
I

nuxture that imposes a limit the objective o the engine designer must
be to so treat the mixture as to et the maximum compression volume
ratio and final pressure before L e mixture being compressed reaches -
the ignition temperature which is a h “cd constant of the tie,

{rnever accurately determined but pro a ly yery close to 935° F. This I
compression for the best watercooled e

T
e has been found to be

about 5 to 1 volumes and less for cylin er not so well cooled. Of I
course, self-i=tition before compression is complete will occur if any
metal part, such as the eiha~t 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 maw has I
reaghed th? ignition temperature. Prevention of this is a mathr of
-e ~OO@ ~d of thp mts~d c@nliness that comes witi pro er 1
lubrmation and carburetion. !-suchto be pro~erly cared or,
the compression permissible with aso e mixtures IS fixed by tie
initial temperature’of the charge.? e fifd temperature varies with I
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.
so=;~:i#ht per cubic foot of suction must be a maximum, and

e compression, if the mean effective pressure and ther-
mal effic~encyare to have the highest possible value, as they should in

AU efforts in this direction ma be entirely defeated,
d~o$e%tia~here is any material leakage of e charge dur@g com-

Y

pression through valve sea@ or pas! the p+ton: It is of no v~ue to
secure maximum charge w
are afterwards lost btiore%~~~~Y~~~~~~p~ti~~lL~~~~
!13ghtnessof piston depends on the p~ton ringg, on the oil ti etween
piston and cylinder, and on the maintenance of shape of c linder and

L
isto:, neither of which may warp iq any direction. V~ve leakfqge
“ Wiseis minimized by providing nomv

Y
~g ~alve ~~ ~d sea~

with strong Sp “
Y

loads to keep the valve tig tly against its seat d “
the ht period o comptio?; at other tunes the gas

E
Yressure itse

~ sufiice. These are questions of form and materia and m be
taken up later, but they are mentioned hem because a failure means

‘ defeat of the resu@ of an otherwise ywll-executed suction process.
Four-cycle

Y
CS,after the suction periods, have theu charges

directly in the cy. der ready for compresmon and subse ent ignition.
LTwo-cycle engines must put the charge through the pre . axy com-

pression process in a precom rwsion chamber where the mean pra-
%sure of precomp~ion must e added to that of suction the sum of

the two subtraotad from the mcsm effective prcmure of the com res-
3sion and expansion strokes to get the net avaihtble. Ther ore,

e ual performance of the compression and expansion strokes,
~%the two-cy e engine is chmed with more negative work than ~he
four-cycle by the amount o; the precom reson stike, assunmq

8
0

equal negative -work of suction in each. uction heating effects on
the two-cycle are bound to be less than in the four, because the pre-
comprcsaion cylinder is sure to be cooler than the working cylinder

‘i
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into which the four-cycle charge enters directly] and so also is clear- “
ante gas with which the frwh charge tics, as m the two-cycle map; ‘
this lsre

T
anded fresh charge remaining after discharge, while m

the four-c c e it is hot burnt sacs. All tlus two-cycle pump chambm
chaxge A L“ not enter the wor “ o cylinder nor remain there, for some
will remain in the recompression chamber by reexpansion or failure
of the pressure 4to op during the open-port charging period to atmos-
phere. Some will escape through the exhaust ort with the exhaust

%~wes during the end of the transfer period w en both transfer and
eshaust are open, regardlessof pistmbafllea of or special relative posi-
tions of inlet and exhaust orts desgned for the purpose. During

%transfer the freshch ebo “ydisplaces thehotbumtgasthat~
Ythe motor cylinder an its clesmmce, and it is inconceivable that a

con+derable amount of mingling should no! occur wit$ corresponding
hea@g and expansion effects. These nuxtur+hea

%
effects are

hdded to t,hcseof wall-contact heating, which walls in e two-cycle
engines are always much hotter than ti the four. The net effect 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 preventing this fresh charge heating on transfer
in two-cycle engines and consequent 10SSof charge are m use, one is
to intentionally reduce the charge trmsferred to so small a uanti~

\as will not wca e, and the other to expel burnt gases by a last of
$h-esh air, and en to expel this scavenging air which, of course, is

cooler than the burnt as, by the frmh charge. The former means
intentionally reduced c%arge while the latter more than doubles the
negative work of precompression which in effect is equivalent.
Some p~ of the compression stroke in any tw~ycle engine, so
much as ISre uired to cover the exhaust port, must rwo.lt in further

1expulsion of c arge. Natiy as in foyr-cycle engines, the cha e
weght can be budt u in two-cycle e

B E
u%!es to any value, by s -

cient precompression, ut to accomp “ this the cha e must con-
?tinue to enter after the exhaust or! is closed, whit reqti.es an

iadmission or transfer valve mec amcally operated and smtably
timed, an extra complication. This is not common practice and no
data are available on it, so for the prwent it must be regarded as
merely an interding possibility.

In the two cycle enginm the net effect of all heat exchmg~ and
Prmwre changws, imdent to qharg@ tie mm cylinder, q w-
doubt+dly a lover meqn cdlectwe pressure and therr@ efliclency
than m four-cycle engines, and for equally good d-. and con-
sh-uction in each class the two cycle is unable to carry compressions
as high as the four, proving l@her tern eratures before compres-

9
sion. &y ?ngine ta Flits charge into t e crank case as do most
of the rota

%
cylinder our-cycle machin~ or into a c!hambercon-

nqct@g with e main piston, as the two-cy~e Laviator, is subject to
mdu.re quality impauzuent and equivalent charge loss, whenever
the main piston leaks under its lugh explosion pressures, by the
ilk lacement of the fresh by the burnt gases.

%hile deal@ with charge we~hts and volumetric efficiency of
cylinders] the exhaust stroke o the four-cycle cylinder and the
reexpanmon stroke of the tie-c cle precompression chamber must be

%considered = controlling by t eir terminal conditions of pressure

u
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the point of the return or suction stroke at which, charging will
actuall begin.

i
No flow can be started from the intake header

until t e clyinder pr~e is lower. At the end of the fou-cyc]e
e.xhmst stroke the cylinder prezsure is higher than atmosphere, and
still higher than the mixtun+header pressure by the amount of the
suction-header vacuum. Suction can not b

x
until the cylinder

ckarance volume of gases has expanded eno to lower the cylinder

E
resaure (terminal exhaust value) to below .that of the mixture
eader. An appreciable art of the suction stroke is therefore useless

for actual ch
Y

?m,the oss increasing with higher terminal exhaust
pr-es and ower suction-header. pressures. A similar condition

“exists m the @o-o cle precompresmon chwnber; for there the prea-
%sure at the tune. t e @nsfer to the working cylinder is complete

must be somethmg
%

her than atmosphere, and the higher the
speed the more.exqsss ere must be, because of the limited time for
pressure equahzation. This mixture must expand not only to
atmosphere, but ss.much below ENthe suction header or carburetor
vacuum, even with a mechaniwdly operated valve, and still more
with the more common sp “

Y
closed automatic check valve, by the

amount of spring tension an vtdve inertia, before real suction can
begin. The clean-mce in such precnmpr-on cha.mbem is large, to
limit the mtium precompremion pressure to something less than
10 pounds per square inch, and, therefore, the reexpansion line will
be very flat, cutting off a ccmmderablepart of the stroke ss useless
before the pressure hss dropped su.flicmntly for suction to start.
Many times the loss occurs here, as in four-cycle cylinders with their
smiher cla.timec~ti~d steeper reexpansion lines, even with equal
pressures

No separate data he obt~ble for acre engines on any one of
these quantities concerned wu$hcharge weight and the corrm~onding
pressure and tem erature changes, nor is there any indication that

%such information ss even been sought. Even the over-all efFect~,
ss measured by volumetic diicienc~, have apparently not been
investigated, tho h all that is reqmred is a me

3
wnlrement of air

and gasoline or aust gas and a comparison with the piston dis-
placement, the ratio of vqlumcs constituting the true vol~etric
ef%cienoy. Other things b

%wd’ ‘q ‘ome’ow~ ‘y Cd’c ‘oQtof displacement per mmute o d be chrectly pro orhonal to thIS
volumetric efficiency, so it is a little surprising that e aero interests,

‘ which must have the most powerful engine er pound of metal,
c1should have n lected to separately study ea of the prime varia-

%!ibles. Aq alma y -noted, more ddgnars sw to have been con-
cerned vnth reduction of metal volume than wdh procwa perfectio~
though without pro er execution of basic rocessca metal reduction
may not only fail L

&
“ye a light engine,5

ullmnate object by m
ut may even defeat the

the engine as structurally -weak as it is
weak in mean tiective pressure or thermal efficiency. It must not
be undemtood that no good perfonmmce results bssed on proper .
execution of the processes have been ~btained; in fact, there are
some most remarkable successes; but, on the other hand, these stand
out so ‘strongly as to prove that the procedure that h= rawilted so
sumemfully E not the rule in the art, and may even in the case of
the successful engine be as much a matter of good luck ss patient,
systematic invedzggtion,

..
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Ass- a good charge weight m the cylinder, or a high volu-
metric efikmncy, the cyhnder has at least the capacity for a high
mean effective p-e and thermal efkien~, provided the subs~
qnent treatment ISproper. This treatment consists in compression
with ignition before it ~ completed; combustion as rapid as possible
consistent with absence of shocks; and

T
ausion ending before

the end of the stroke, by early opening o the fonr-cyile “ Q
Taxhaust valve to drop the pressure to as near atmosphere as pow le,

at we end, and by uncovering the exhaust port of the two-cycle .
engine to et the same drop low enough before the end of stroke to

Etallowthe esh charge to enter. It can be shown that both the mean
dfective pressure and the thermal eficiency w-ill be highest for
a

T
“ven cylinder charge when the combustion starts as late as pos-

sii e on the compresaon stroke and is com leted as soon as pos-
sible on expansion stroke, or, referring to & e shape of the indi-
cator,card, when the
Ie - 2

osive combustion line is practical vertical,
,ifatall,t.mv

%
dthe expamion line than op osi y. Such

a con tion of affairs remits in the Otto gas c cle,
J

& e diciency of
which is a function of compression onl an the mean effective

?pressure of which is a function, partly o the compression but also

%
artly of the heiglt of the vertical explosion line, whi~ in turn
epends on the we~ht of the charge or the volumetric eflkiency.

should the combustion line be not of this sha e, results are bound
$to be inferior, as can be demonstrated thermo ynamicaIly, and yet

the maintammce of such
2

osion lines in service operation so
fundamentally related to r ts, is now as much a matter of hand
adjustment as of design. This is a strong reason for caution in
a plying s ecial test resulti obtained by skdled enginemen, to con-
cl’ ?nsions o mm engine possibilities in actual semice, where engine
skill is likely to be less than in the shop or laboratory and where,
even if it were not, the yroblems of flight control are so absorbing as

rphimize the attention that can be given to engine adjustment.
~ecognition of this condition $SO suggests the great desirability of
exmo sufficient dfO1’tin d
nate edirel the de endence o the operating rwult on such ad.usb
ment9asfd/ %% ‘uHred”mtia*-or eti-ect thes a e and powtlon of the combustion line. kuch
tqlosion lines as are esired and needed for maximum power and
thermal efficiency will result, if the combustion period is confined to
within a sni%ciently 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 aero enggcs, or 20 revolutions per second, each revolution is

- com leted in 0.05 second, and an @e of 30° being one-twelfth of a
Yrevo ution combustion will be com leted in about 0.004 second.

The {“ her speed engines of ?,400 revo utions per minute must accom-
9~~h t- e result in half the tune or 0.002 second. In this short time
nuxture must be ignited, and the flame communicated from .

particle to article, till all the mixture has been burned even the
part most & tant liom the igniter. ~ a uniform iinear rate
of flame ropagation or flame speed and a 6-inch diameter cylinder

f’about as aqge a one as any aero e
Y

e carries, the flame must travel
half a foot m 0.004 to 0.002 secon , which requires a linear velocity

,
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of 500 to ~)000 fept per second, or 30,000 to 60,000 feet per minute
if a single Igniter 1sused on one side.

While no direqt data on ~he ossibiljty of attaining such rates by
fnormal propagation are awulab e it 1shkely that from interpretation

of indirect data, they are probably not reached so the rates are
abnormal or maximum prewrces not attained. At any rate condi-
tions that could in any way improve this situatipn mgst be grasped
and utilized. The fit of these is concerned -mth nuxture propor-
tions which exert so strong an influence on the rate of prop Uation
in explosive combustion. 3This is another argument for p eotion
of carburetion, and for the continuous maintenance of the exact prop-
ortions found best, because even a slight t

9
e of proportions,

such as would never be noticed in -an automo ile, may exert a

& .%h%&**O:u?!%r%:
owerhd influence under the steady
ext in order comes the flame path lts

the necessary combustion rate to half and this is partly a qudon of
shaye of combustion chamber and partly one of number and location
of @ter plugs. It certainly should take less time to infkone the
charge in an engine with milves in the head than in a teehead form,
for example, if each had one pl. O,so the former shape is preferable on
@s score. 1} would seem as 2 one plug located in the center of the
head would “te the -whole charge in the time re uired for the

Y %flame to trav a distance equal to the radius sad, t emfore, that
such a location whould halve the time required by one plug located
at the sidet yet no such degree of difference has been Aablished.
Moreover, It would seem that two plugg simultaneously s~arking,
and located at o posite ends of one diameter would re mre more

$time to accos.nplis ignition th~ one in the center as e& seprate
flame would have to travel more thau a radius to burn all the nuxture,
and yet two tmch plugs seem to give a u~cker combustion than the
one m the center, instead of slower. !l!hls gu~tion of combustion.
rate versus

T
ark plug location ~d number.= SW pretty well open,

. tho~h clear y of considerable unpo~ance m .securmg pro er com-
:bustlon lines foq most effective -working. Rebability shoul also be

served as there N a better chance of avoi “
9

failure with two inde-
pendent magnetos and two sets of spark p

Y
than one, and this

much has been estabhihed ~ good practice, ut accurate simultan-
eous sparking of both lugs is absolutely necessary.

2There are two consi erations that bear on the question, both of
which require definita investigation. In thp fit place it is the
volumetric rate of combustion that is of prmmry importance, not
the linear rate. It is clear that a ea.ti volume of

l%
nuxturewillbe

burnt with a tied I.inew rate, if e “tion is at the canter of a
complete sphere of flame as the Yhere as a greater volume for its

3iadius than any other eometric ody. This would seem to favor
central “ “tion, but as

Y
% e normal aero engge combustion dmmber

with hea valves is a short cylinder in wluch the axis is short com-

~alf of the total time aroixturevohunep roportional to the area of a
ared with the diameter, igmtion at the center -willburn in the first

circle of half the bore, while during the second half the circular ring
between this tide 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 fit, and high

.

I
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at the en~ ave
“*

three to one in the second as com a~$~ga~$
fit half, and It IS e second half that is most impoA
hme exption is begiming and tiding to lower pressures which it
is the functipn of combustion to raise. If the situation be remraed
so that the

r
rates occur in the early part of the period availabl?,

then there be less to burn after expansion has started and tlus
will be accomplished b two plugs. The second consideration is that

rof non-uniform rate o pro tion or accelerated combustion, and
E%recognize9 fiat mixture9 w “ are agitated burn much faster than

those that are quiet. The advancing comfmstion wave started at
any ignition point agitates the mixture beyond, somewhat like a
compression wave, and two igniters may be expected to increase
this agitation and so accelerate combustion, compared with single
poink

Whatever the rate of combustion, it is necess
3

to start com-
bustion before the end of compression, and the ower the com-
bustion rate, or the higher the ~ton speed, the more advance must

$be allowed. This advance, nee ed to limit the combustion completion
time must be as small as possible because pressure rise during com-
pression is just as detrimental as excessive friction, and is accepbd
at dl only as the lwer of two evils. It would seem as if, with
suilicientl high volumetric rates of combustion, and a SufEcientl “

% Jlarge num er of ignition points, s *arkadvance would be minimim .
lnunManual advance might even be e ated enthely as an o erator’s

fadjustment, if the magnetos and distributors used ha proper
electrical characteristics with speed increases to give earlier spark
P-at @#wr speed. With widely varying throttle openings and
engine speeds, such as are typical of auto

T
es,.chances of sum-em

are more remote than with aero engines w ere speed and throttle
positions are

9
ed so seldom.

While it is possii to experimentally determine the d ee to which
Y“each process step important to the power weight ra “o has been

executed in an aero
T

“ e, and to measure the recise amount of
%disturbing effect of em interfering influence to e encountered in

practice and, therefore,
T

5eriment y study recesseswith reference
c%to reliability and ada tab “ty as well, no au work appears to have

been undertaken or, 2“ it ha?, the resultdmve not been recorded. All
that has been published vnth

T
ect to the judging of recess ful-

~ent has been concerned ti a few simple over- & measure-
ments of horsepower,

T
eed, and fuel consum tion from which some

&conclusions are derivab e, but not of such “ “ cant value to designers
and operstcm of engines as would be the case with true investigation
work of the analy-twal character that accounts se arately for each

Ifactor that enters into the result. As has dread een pointed out,
rthese tits are subject to some interpretation y com arisen one

%s. Ali thewith the other, and each with thermod amic standar
rfacts necessary for the latter are not ava ablel and must be assumed

in part, so the conclusions will be correspondingly approximate and
sub”ect to caution in use.

A om the measured brake horsepower and speed the speed can be
eliminated by division and a quantity obtained w~ch measures the
effectiveness with which those processes that are concerned with
output have been executed, and this is the mean efFective mm.re
referred to brake horsepower. JThis quantity, of course, in udes all

.

i
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3n ative work of friction thro h carburetor header ports, valves,
an eihaust mu r, allmetini~friction, allfan,pump, andmag-f#
neto work; all negative wprk of recompression in two-cyole engines -
and the windage of rota 1%1

‘%:
der engimw. For the most satis-

factory conoluuons these inc ~ ed items of loss should be se yxdely
determined and certainly the motor c lindar work done b

{
$ull d its

piston should be isolated horn the rest, ut up to the present the only
separatq faotor thus embraced is the windage of the rotatin cylinder
engine9m the German teds. fCorn arisen of these over-a competi-

$tion test remlta giving the mean e ective pressure refmred to brake
horsepower pith eaoh other is possible horn Table IV.

.’
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Valuea of mesa effective
%

resure exceeding 114 pounds ~er
square inch referred to brake orsepower, re orted for one e

$sand in man instances in excess of 100 poun
J {

“r f:;
water-mole fied+ylinder engines, -warrant t ew~%!%!~~n that
little betterment is ossible in view of the prevailing lower flgurea

cl’in engines of other Wm. These attained values are truly remarka-
ble and can hardly be exceeded unless the initial prwsures are raised
above atiosphem by blowers. That so-meenginw do not attain these

Yof 5P
value3 is proof of their inkriori , but there is some question
as to capacity for maintenance o the “ value aftm long periods that
can be settled only after v

%
long tri runs. The contest

T
m are

reliable and acceptable for e conditions imposed, and if suc values

Y
can be maintained in - t, little more can be expected. Such a
l@h va@e as 127 poun re orted by one maker can hardly be

afcredited, nor can so low a v ue of 74 pounds be regarded m good
enough to be acceptable. Air-cooled cylindez values are consist-
ently lower even for fixed cylinders and much more so for rotating
cylindwa, which indicates a fundamental inferiori~.

There is some question of the validity of a comparison of mean
tiecti~s pressures for dif?mrentengines at unequal eeds e9 ecially

%
as rota ?!lyfercylinder engines are never run over 150 revo utions
minute w . e ~ed c hnder engines are operated over,2,000 revo u-
tions pe~ minute. $ 0 eliminate such an objection and at the same
time permit ?f a judgment of the bests eed at which to run an engine
of @ll d

T
the horsepower+pee 2 curve should be determined,

or lts equiv erk curve of meam tor ue speed, or of mean effective
prewure 2referred to speed. It is evi ent that, if with an increase of
speed the mean efbctive pressure remains constmt, than the horae-
po~er ~ be pro ortional to spee~ and the beat speed to use for aero
engines d be t%e hig~t at which the inertia or centrifugal forcea
me not excessive,

7? L
ro er bearing conditions to be rovided.

This best maximum sp
r

cl’ed c linder engines is un oubtedly
the speed at which the in-?: force o the reciprocating parts at the
beghming of the outstroke is equal to the normal maximum gss-
pre4sure force acting on the piston. For these conditions the force
transmitted to the crmk pin at the moment of explosion -wiUbe zero,
gradually rising through the stroke and will be maintained . h

%until near the end of the outstroke during the last half of -which e

:r-
inertia forces me additive to the lessening as pressure

5the idle stroke of suction the inertia orce acting
alone imposes Just the same crank-pin forces as would the explosion
when starting. Any less inertia while reduc.

3-
the transmitted

mink-pin forces for idle stiokes increases them at e b . . of the
-work@ stroke. & the normal or mod used speed is .sss the
maximum and the m-um gas res.mreslikemse, this normal con-

{dition and not ~e~t$rmazimmns ould be made the b~ of selection
of operating

%
minimum weight of engine, coupled with gen-

eral serviceab .ty. The speed at wluch normal maximum gas rw-
sures will be balanced against reciprocating inertia, which is a L
tion of the square of the speed and of the weight of parts directl~
will, of comae, depend on these -weights. Heavy reciprocating parts
may be best op~rated at 10WWspeed than li ht reciprocating parts
wluch include p~ton, wrist pin, and part of t%e connecting rod.

#
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For a waten=cooled engine of the automobile type Wtier gives
350 pounds per square mch as t~ .m-nm -explosion pressure.
Accordingly horn the equation, ~procatmg merti~pounds per

square inch of piston = 0.00034; N+, and taking ~ = 0.5, cal-

culated from the weight distribution Qurea given by Wtier, the
speed at which this would become equal to 35o ounds per square

3inch iS 2,640 mVOIUtiOJISper tint% (NOTE.—_ = po~& mcip
a

rocatin weight per square inch iston, N = revolution per minute,
%T - ra “us of crank in feet.) %1e rotating cylinder engine intro-

duces a different condition, f?r here the reaprocating parts always
exert a cenhifugal force v from a mmmmm at out center to
a minimum at inner cent such as will keep the connecting
rods always in tension if speed and reqi rotating weights are large

%enough to develop cen~oal form lug er than the gas pr~e,
the mtium for which is found at 250 ponnds per square inch
normal.

From tl$s standp@nt th? operating eed or high liroi~ is fised
7by the we~ht of .re.mproca~~ @s, an the normal mamnmm g=

%
pressures, and tlus ISthe conti factor so long a9 mean effective
press- do not fall off materia

i
with speed. Exarniqation of

any horsepower-speed curve will s ow it to have a s ht line
Yform up to some critical value which is easil determined y test, ‘

Tthough no authentic curves are available or aexo engines. Of
ccmme, this cmtmal speed must be be ond the operating range and

Jis a second high limit to be considers in C-on”unctionmth that im-
posed by inertia. dThe bwt procedure is RU oubtedly the selection
of such proportion of gas passages, ~buretor, and @tion condi-
tions on ~he one hand, and reciproca u parts weights on the other,
~willb Ythe critical speed e ual to t e rnertia speed limit. Cur-

Yvature of t e horse ow?r-spee
J

8 curve is due partly to increased
‘ losses of charge at e her speeds, and partly to insufficient rate

Yof combustion. Which o these two is in any instance the contro-
lling factor must be discovered before Wy plan of improvement can
be undertaken and this is most directly done by plotting the volu-
metric efficiency-speed curve beside the horsepower

?
eed curve.

H the latter departs from the straight line bcdore the ormer, it is
cJearl not due to insufficient oharge. k such a csse enlargement

Jof v ves or ports or reduction of carburetor vacuum will not im-
prove mattem at ah, as it is a low rate of combustion that is res on-

$sible for the result to cure which attention must be devote to
mixture quality and ignition.

Fuel conpn tion per horsepower hour, or the equivalent thermal
@ciency, 113a%o an indication of the overall effectiveness of the
proccsa esecution and com arisen of engin~ on this basis can be

$made from the data of Ta le V, selected from the test reports.
These would tell more if divisible into the factors as indicated in
considering the mean effective pm-sure.
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TABLEV.—W cm-wmption (pOmd.a pm brake honaepmer-?umr) and thcnnal ejicbacy
Vem&9~“ne Ghaca.

Cl&dNo.

I. llmll~ I Iv.
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1
Fhedstor.
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T
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B.
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B.
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B.
<
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o..m 0.24
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QrO.
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.

B.

Ml Qnome.

T

Lamet.
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Lumet.
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o.e514] a.zo
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E0.17....................

mL

EM An13nl.

0.09s 0.20....................

LmneL
f

ma AMard.

am ale ....................
Q
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TmLEV.—m Consumption(poundspm brake hmuJznocr+OILr) and tkamalejki$ncy
Va%U.e~“na daeee3dldJm0a.

ClessNo.

1. I n. m. II Iv.

.-
Cglinder—nankaumgmmk

Fixedhlmle,l Eh&.iiab
oglbmrp3Tmnk. ~. ~ Fkedsf.er.

-.

-watm. W*. II Ah. Air. Welar.

Dafmk.

%
I

Fuel.
t
I

.

.

I

IM& am
.4!39 ::

Q.zm O.n........ ......... ......... ......... ......... ..........

,
B. LmIlet.

Gmmq amageo.twelveE3hcme
~Iver mgfne%

+=

>
Wxighk

[
as 0.Z3 E .=T=-

Ma?Ku.

N. R.G.

........ ......... .......... ........
I

..................

B.

RR. e.

Iam9 ati I........ ......... I.......... ........ 1.... . . . . . . . . . . . . . . I....................

B.
,.

. . .

.
—. . ,. - . . . . .. —-.,-------—.- —--.- .———, ., —=-- ---— --. C------ —- —J

,., .
,, .,, ,, ”,.. .“. ,$ .,-, ,,, ,.
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‘1’Dm V.—Fuelconsumption (piwnds per hake horeepowM-lLcuT)and th.a-md ejkienq
vcmus mgine clmstintintmtl.

b No.

L m Iu.. Iv.

Oylwk—mnk arlzng0mJ3nL .

Fhedinlhm,l ~J,&m-
@M=m- BOtathlg. IUx@.1Star.

-.

Waier. water. n Air. Air. water.

Fuel. &&..

==t=
B.

z
an

B.

L &23

B.

*
Q.m

B.

G
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IMmm V.—M cnnaumption(pounds per brakehor8qoweAour)and i!hmnal ejkiency
verbuaen@7,6clueec8-Contumed.

Class No.

L If. m Iv.

Ffxedfnlfne,lBh#J&l-
Oglinderpara-auk. Rotathlg. Fhxletsr.

Ccdfng.

~8ti. Web?.r. A&.
n

Air.

I

Wat8r.

Meker. II

AuAro-Dahnler.
II
II

o.5!2 0.23.........----------

II

Ac%!ig%%%’a.II
lfulMK&Avie_

*

Fu8L &-&.

......... .........

I. . . . . . . . . . . . . . . . . .

=T=-

reel. Jg&

,------------------

........- .--.-.-.-

......... .........

......... .........

-
I......... ..........

I.........- ..........

.......... ..........

.......... ..........

NorE.-FIRCuntInfMtdan@03acdorfdevalueOflW@lBrItMtlmnneld~ P= @ ti _
@uuMl,fer Amarfcm and Brltlsh au@I.Im2Y3,4CIIBcMe.hthmmmlonfbWI’-d.

Fuel oonsum tion of less than half a pund pm br~e horse ower-
; L t%h?ur~ reported gr fixed watera.oled cy dem o? rehable au ority,

mth. corresponding thermal ef6cmnoI~ approaohmg 30 per cat, are
nothing short of wonderful for such Iugh-speed engines, and judging

●

.
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. .

by the performance of other classes of engines and by the thmrno-
dynhmics of limiting ossibil.ities,little more can be expected. What

%must be sought for ere is, therefore, not an im rovement of the
best, but a ganeral rais”

%
3of the poorer ones to evel of the best,

and the mamtemmce of e high test vcdue in actual-semice flight.
h this prime factor, as in that of mean effecthe pressure, the fixed
wataraoled Iinder has a demonstrated tiperiomty, while the least
favorable is x e rotating air-cooled. The difbrence between the
bmt and womt is very large indeed.

Compmison of engine results with each other, especially when it
h not posdle to divide overall resylts into contributing factim, can
give no information as to how far It may b? posdle to further im-
prove engm~. It merely indicates wluch m the better, and may
throw some hght on type availabili~, w, for example, the fuel con-
sumption of two-cyole engines must al-iva~ be greater than four--
cycle, if each is equally mill designed; or -, air-cooled engines
ma or may not have as high a mem effectme pressure as water-

fcoo d. “

Thermodymunic standmds of compm-ison do. indicate goodnetw
more absolutely, and these are now in general use m engineering prac-
tice. Accoun

%
for and eliminating operative conditions, such

absolute stander illuminate the goodness of the machine with refer-
ence to the execution of its bask process. Su@ fo~ example, is the

.

opse with steam turbines, the performance of wluch M compared with
that of the Rwildne cycle N a standmd, for equal initial and terminal
conditions of pressure tem erature, and steam quality. It ia also

ithe case with intermdam ustion engines of the classy tha} have
real been sub“ected to any reasonable degree of m.veatqgation
whi~ are judg~ by the Otto and lhsel~as cycles. But the aero
-P h= not as yet been so studied.

2
ccor “ to this method

equations are derived from a study of the ideal tto gas c cle for
8thermal eftk.iency and m= effective pressure. Thermal e ciency,

for example, referred to indicated horse ower is found to be: function
of the amount of compression onl , an

J %E%%-%’27R3:$’%tion, in which the subscript (3) r em to
that before, compression:

Comparing tlis with the thermal eiTiciencyof an engine of known
compnaion restdts in an efEciency ratio, and in Table Vl are “ven

8some values for aero enginm, computed with what data are av able
and certain assumptions noted. As the fuel consum tion per brake
horsepower-hour is the only

T
%erimental quantity tide the com-

presmon, the factor includes all ows, both mechanic-d and thermal,
which former should really,be separated out.

Siarly mean effective presnre can be shown thermodynamically
to be not o~y afunotion of com ression,as is atlicienc , but alm of the
caloriib value of the mixture, &

%
ze n ative work an suction heating

or volumetric eiliciancy. b these ects are not separately known
and as all aero engineswork on g=oline, althou@ benzol is also us~
in (krm~y, and are capable of making and using the same oalofio
power lnmturw measured at 32°, and one atmosphere, this factor
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disappear as a variable, and becomes a conetant 103 ‘British therm+
~unite. The equation then takes the following form:

[ (mE55’2xE(m. e. p.) -5.4X 103X l–

‘Comparison of this computed result with. that measured by test

r
.ves the diagram factora of Table VI, inch

Y
~ tdllosses due to every

ause. COmparieonof the di
%

am factor wit the eflicien~ factor
for eaoh engine indicates whe er or not the interferancw dlecting
one are greater than those that tiect the other. For example, two
engines might have identical eiliciency fa:tors and yet one may heat
the char e much more than the other mth a lower volumetmc effi-
oienoy. !l?bls one wiTlhave a v

Y
much lower diagram factor than

the oth~, or otherwise the ratio o ef@ency factor to d@grmn factor
wiUbe ddhrent, and spch is the tcse m eneral, comp

#l Y
air-cooled

with water-caoled engines, especially if e former are of e rotating
cylinder heated crank case sort.

‘lkm VI.-Diagram fzctors ad emy ratios.
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lell~
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TABm ~.—~ j7ct.or8 ad eji.chcy ~ ontinuecl.

L II n. ll~n IV.
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Tke figures, which should throw so mucn light on erforman~
?are, as a matter of fact, of but little value because o the absence

of accurate data, wpeciill on com ression and engine fiction, both
pmchmical and fhud. d %ey are, owever, given to illustrate the
method of judging by thermodynamic standards rather thsn by
sim le comparison of @es one with the other, in the ho e that
in 1% {ture tests such data will be obtained as to make posm le the
determination of both diagram factora and thermal efficmncy 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 omible only by a cooling system of
considerable compkcrity fim t%e thermal standpoht however sim-
ple the apparatus may seem, supeticially examined. Cooling for
the maintenance of a steady state of temperature ih the metal pints
iEnot of itself su.fEcient,as the ~ must be held to a low- limit of

Ltemperature which requires a de te hea~~onducting and dissipating
capaoity in ro ortion to the heat recemmg capaolty of the part.

?alTt@limito owable temperature is imposed not only by the re-
qumements of the charging and compresmon functions but is neces-
sary for other reasons. H metal parts become too hot oxidation sets
in, stiti iE reduced, and deformation, both the temper

7
sort

resulting from expanwon and the permanent sort dbe to mo ecular
reamangementi becomes troublesome. Iinder lubrication is also

3dependent on tie temperatmw of th~ met surfaces, of piston b~el
exterior amd c linder interio~, which, if too high prevents any oil

Jremaining wi out destructive distillation or carbonization, or
im airs its lubricating value by excessive reduction of viscosi@.

E eat is received by all metal parts in contact with the hot as=
5and these arts include the cylind~ head, inlet and exhaust v vea

the walls o any valve pockets, the
the whole~teriorof the ~lindm~~c%~~~~~~$$$~~
stroke. The heat receive by the c linder proper is

f F
eatd for the

part exposed during the fit part o expansion ‘ust ollo~ expl~
sion, md extremely hot ases are in contact wi

%
~ the whole interior

of the clearance spaca. additio~ heat is given u by burnt gases
Eescaping through the exhaust valve “and ports to t e valve and its

stem to the stem guides, port walls, amdconnecting parts of the cylin-
der head or the side pocket that carries the exhaust va3ve.

Heat received horn hot gases must be conducted through the
metal by more or less devious and raraly straight atbs to the external

\Surfacm of the metal walls horn which heat may e abstracted. The
first means of abstraction horn the ex@rior facea of the walls is air in
motion, induced or driven by afan whmh maybe separate, or the pro-
peller Itself. b some caseathe free air moving past with the veloci~
of flight is relied u~on, but the most unique arrangement is that
of the rotating cyhndar cooperating with the free air movement.
The second means of abstraction is water or oil, or in general a Ii uid

. %circulated by a pump, tit over the heat receiving walls and en
through the rahator where the free air agaig takes it up with or
without the assistance of a fan. A third method, as yet used in vary
few aero engines, though frequently used elsewhere, is the bo. .

9water jacket, noncirculatting, with au air cooled steam condenser an
condensate return. In any case the ultimate disposition of the heat
is to the free air, and when liquids are interposed as carriemit is with



the idea that some good results will follow wht a pears’ to be at
tit an indirect method. The only sort of good A t that would be
worth while is a better abstraction @m heated walls in steadiness
and d

r
and that such is tie case N unquestionable, not only on

ratio ~unds, but by experimental demonstrations.
Whenever heat is to ass between a flaid and a bod of metal,

2 &it has been established at a layqc of fl~d adhering to e.metal as
a* ac~ ?nfieheatflow m w~aqla~er. ~F&~$
tlus dead fhud film, and thereforqlts therm resmtance,de
condition of fluid motion, or, as It has been termed, on e scrubbing-
action. High velocities always redqce the film. thick- and the
thermal remstance. The thermal rewstance (reaprocal of the con-
ductivity) of gases and, therefore, of gaseous *of given thiclmesa,
is of the order of magnitude of 1,000 times that of metals and 10
times that of liquids and tie thenmd reaiatica of liquids 100 times
that of metals.

Heat flowing horn hot c linder ases @ the air directly must, there-
fore, pass thro

T
ifa comp ex pat of at least three parts, a dead gas

Nm on the Ml e walls of the cvlinder. the’metal wall and a second
dead gas iilm on the outside. “When” a circula “

?:%~’%.i!#X -dncad the path is more comp~ consisting of a
inside cylinder wills, the metal walls, a Iiqmd * outsi e the walls,
a semnd liquid ti on the inside of the radiator, jacket, or water
pipe walls, and hall

<
a second as film on the outside of radiator

]acket or pipe. 7Eac of these e emerita of the heat ath exerts a
Jthermal resistance to heat flow, and the resistance of e whole path

is the sum of the se -mate redstancm.
& to a law similar to Ohm’s law for electricity

in~m;$%t%%flow varies directly with the difference of potenti~
or temperature, and rnveraely as the resistance. Therefore, over
any com~l= path, consisting of several parts each of differeut resist-
ance serms as the same ~Htity of heat is passing thro h all the

%ire dropswhole tempera@re dxop m di@lMe. into partial tempera
in the propotion of the parti res@ance to. the whole resistance.
The nxnstrmce of any one part of the path is mvenxily roportional

$to the conductivity of the substance, m directly pro~o ional to the
length of path m the dir@ion of heat flow and is mveraely as the
cross section of path at right angle to the !heat flow. Accordingly
the temperature drop tbro h a as ti w almost a thousand times
as great as throw me% wfi of equ# thiclmess and the drop
through a li uid

&
also of the same t “chew woul’d be about ten

times that ough the metal. Gaa film thiclmes.ses and thermal
rwistancea on the interior of the combustion chamber, because of
lack of circulation there, must be fairly thick and so highly resistant.
These interior gas fihu resistances must be much greater than the
air films on the exterior where h is blasted over surfaces and v?ry
much more in turn than the resistance of Kbns of liquids circula

Yover those exterior surfaces. Of all the temperature drops, by a
odds the least is that through the thin cylinder walls when the flow
is direct.

The ob”ect of the design of the co “
d YTm’ ‘okm%ieht.srior met walls as cool as possible, an t me -wallswdl e cool m

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 ath through the metal short,
?or in the event of this being imposaib e then of equivskmtly larger

croea eeotion.
By reaaon of the fact that they rio-y work at or nearl at ftdl

power snd at. such high speeds, aero
T

{es develo~ more eat per
square inch of wall interior thau sny ot er CISSSof mternal-mmbus-
tion engines of the same bore, and it is an o en guestion whether cyl-

$
inder bore hss much, if an hing, to do wi& this qwti~. COOhng
must, therefore, be more ectively rovided than m any other simI-

?lar engine, so that careful study o heat flow conditions should be
well repaid in improved results, both w to maintenance of ~h
power and reliabili~. While considerable advsnce has been made m
this direction it is more cmwmned with eneral system than with
detsils. The Iiteratum, for example, is fu% of controversial matter
on air cooling versus water cooling, on the relative merits of air
blasted fixed versus rot@ing cylindem, and such matters of general
arrangement b?t there y a general lack of attention to the rational
thermal aua&su or demgn of the heat flow path for control of its
resistances and temperature gradients.

Cooling of cyli.nd~barrel wails is -perfectly
Y

by either air or
water, but to get air cooling as effective as water t e air must circu-
late many times faster than the water,. which is quite effective,
whether lt has any material veloci~ or not. Extmslon. of exterior
surface is, of cqmse, a direct and rational means of reducing the nec-
mssry air velomtg ta secure a rate of heat abstraction that wdl keep
the temperature of the metal WSJISmuch nearer to that of the circu-
lating mr than h the interior hot gsses. Such ribbing is c@te mmec-
sary with water or oil in jackets as theerate of abstraction by this
medium of higher conductivi~ is so

%
h that no more abstraction

surface is reqmred than that recei “
Y

at to keep the metal at a
tern~erature very close to that of the quid.

Dficultiea of cooling begin only on the imegdar parts and @crease
with their irr “ty or thermal isolation bm heat d.ismpatora.

ement met is the cytider head or side valve
heat over the whole interior, including the

valve facm, and also ~om the walls of the exhaust port. It can not
be of uniform metal tluclmess, snd 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 int@or of the
smooth cylinder barrel may be no such condition w apply to heads
or valve pockets. The intake port and valve, with its stem and stem
bearing, are coolers and need no other cooling thsn is available from
the incoming charge, es eciall when the mixtyre carries some liquid
still to be vaporized. ftis&s” relet self-coo

Y
that is respomnble

in part for lowered volumetric efficiencies, so the eat exchange here
that helps in one direction is harmful in the other.

Exhaust ports, whether mwt 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 oint heat is received on both

{the port side and combustion chain er side. Exhaust ports also
carry thestemb

Y
of the exhaust vslve, which is the only

means of disposing of e heat received by the valve itself on either
tide. For the amount of heat received and to be disposed of, with-
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out undue localized rise of tern erature at the exhaust valve seat,
~these exhaust orts of cylinder cads or mdve pockets are normalIy!

not cooled s& ciently. Increased metal cross section and metal
extensions to jacket or air blasts aces would naturally assist. Still

&worse in many engines is the con .tion of the exhaust valve receiv-
~u 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 sectio~ and the metal should be of as high conductivity as

r
ible, while the joint from valve stem to disk should be of

on curve and the U of increasing thiclnms toward the center to
fur% or remote conducting ca aci . The stem besxing can hardly

{be too ig or long nor too wSETcoo ed by sufEcient metal and heat
dissipating surface, but heat trmsfw from the stem to the guide
bearing can hardly be expected without an adequate oil film, because
adry?tam means ag~iilm of so much

r
eater thermal re4stance

than od w to render useless the lmge met cross section and surface.
To hold oil in such a stem bearing without an elementmy stufling
box isz of course, almost impossible, but though such a device is not
used, It should be added to re lace the present two diameter stems
now in use for this purpose. ftrequire9 o@ a ctwualsurvey of the
illustrations of aero engines to see how d erent is the means for
head COO@ and

T
emally that of the exhaust valve, its seat, stem

and port walls, an how e@y, therefore~ distortion of the metal

~
arts may occur, due to unequal expanmon, resulting possibly in

a
reak es but certainly, when valves and seats are involved, in seri-

ous 1
\

whit once start@, ~pecially at exhaust valva, rapidly
increase by the ‘gh erosion mfluencea.

Probably the worst cooled part, aside horn the exhaust valve, is
the iston head, -ivhich.pweivesheat over its whole top surface, e ual

1 %to e area of the cyhnder bore circle at least, and more if arc ed
upward or dished down, = may roparly be done, es ecislly the former

Jto give it some stiftmss and ~tici
%

Jin therm ~ansion. This
heat, while imparted in smaU art tot e cra@c case wr, must lar@y
and almost who~y be dispose%of to the cyhnder walls by a rachally
outward conduction across the head, followed by conduct down the
piston barrel, thence across an oil film to the cylinder walls. By
increasing the metal thiclmess of the piston head regg.darl~from
the center. outward in proportion to the square of the rach~, its

~Z~eme. k
o ca acity could be made ro~ortional to the receltig

ren by suitably thic -enmg the up er barrel the
axial hmt carrying capaci~ can be made

f
eat enou {

f
to take what

is delivered by the outer rmg of the hea and con uct it down for
the oil film to be taken up and transferred to cylindar walls. This
last transfer is most effective the longer the piston and the better
the oil fi, and M it is thus disposed of the thickness of barrel may
be reduced. Such additioncd p~ton metal to secure an adequate
heat carrying path mill be least the greater its tharmal conductmi~,
and there is no reason why suitable carrying ca aciti~ should not
rdt without undue weight, Examination of t%e illustrations will
indicate that apparently the idea of most of the des~marahas been
to use as thin, and uniformly thin, meixdN pomible vnth no thought
of heat conductivity whatever, though a few give evidence of some

T
asp of the problem. An exception to the overheated piston is

ound in the rotating cyJinder engine that carries its inlet valve in
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the piston, which in
pense of volumetric

~ci~~c~ is adequately cooled, but at the ex-
. There is no reason, should thick

rnetd pistons prove objectio-nable, why air blwts should not be
introduced directl~ under the pistons except the consequent eva~
oration of lubricating oil.

Piston heads that are ve
?

unequally heated or very highly heated
are subject to a considers le expamuon and to omdation as w

5bes~des being responsible for decrewed vo$metric eiliciency an
preignition or lowered compression. Excessnve and variable expan-
sion of the head besides r@ting in p~anent deformation or cracb
will cause.the piston to bmd on the cyhnder unless cut away or given
extra cyhnder clearance. If sticientl cut away to gme relief,

%leakage is promoted, which defeh Iu rication, and the oil fib
which is an essential M of the thermal ath from piston to cylinder

5is destroyed and over eating acceleratell’ Some little clearance, and
more at the to than alorg the barrel, ~ necessary but the Icss the

$better, and the etter the cooling of the piston head whether by con-
duction acrosait and down the barrel or through separate conduction
hbtimcl.eectl from head center to barrel and to oil film, the 1-

A be nec~~. A photograph is given in a Garman
report of a piston that faded tim overheating and such failures
seem to be frequent. There is also shown a ~urned spark plug,
which should be cooled just as wdl 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 incandmcent spot, or to
cause destruction.

Cracked cylinders are also more or less common from unequal
cooling, and in both the Gemmm and the British Alexander tests
such cases are re orted. In the latter the fact that the cylinder ran

F11 hours before ail@g proves the c~ack to be not due to an gss-
Jpressure stress. The unequal cooling or heat@ may be ue to

uneven thiclmesses of metal or to unequal heat abstraction, as
would occur in water jackets with steam or air ocke$+ or to the
impact of the air blast from the pro elk on the

f
% nt side of a for-

ward cylinder. Rotating air-mole cylinders. and, in fact, even
fixed ar-blasted cylindem can not be e ually cooled because it is
qui~drn ossible to force equally cool

t%
&h air at equfd velocity

e whole cyIinder, no matter how many baflles or guides are
used, and this in uality must promote distortion. One compen- “
sating element usa that of eccentric ribs giving more surface for
heat abstraction on ‘tie ~de of least air activi , M ingenious, prob-

Y

::E{%2~b%=de2=O?2+g;&~e~p$stortzon e ects axe cartam m au-cooled engines even
though, by the use of excessive quantities of air md fan or windage
power the walls could undoubtedly be kept as cool as with water,
It coufd not be a uniform cooling, and hence not as desirable. h the
Qeqnsm test report the wind e of the Gnome rotating cylinder

Y
e %e is given as 8 per cent of e output, which chech exactly the
v ue given by Wtier for the Renault fied+ylinder engine fan
power. ●

Water gives.control of temperature in degree as well as unifofi.ty,
for mth SufEiclentradiator capacity the water temperature entering

263020-S.Doc 268,641-17



$‘ackets w be kept only a few degrees above that of the free air.
y sufficient circulating-pump capacity the delivery temperature

from the engine jackets can be kept as near the inlet temperature as
may be dewed. On the other hand, should the engine be found to
work better with warmer water, or if radiator size is to be minimized,
and the advan~~e be r

P
cd as greater than ‘a warmer engine,

$his can be accomplished y reducing radiator size with correspond-

3
rise of temperature of water inlet to engine without in any ma

ecting the uniformity of heat abstraction from the engine metJ
The tit of this ocyma when the jacket water is allowed to boil, as
in the htmnette, m which case the mdiator bec?mea an air con-
denser and ve small because of @h temperature ddlerauce belnveen

Ysteam (212° .) and the free air. Higher temperatures than this
can be secured by the use of @ m jackets, as is done in some farm
tractors to furt+er reduce tiator se, ad such oil has the advrm-
t creof not fre ~.
% Yiston-cooling e ectiven- is more or les.measure d by the limit-

. diameter tha~ is operathe, and ~he tendency to we multiple ~yl-
Yin era of sm~ dmmeter, ~pecmlly m ~e rotating amcoolpd e~me,
which go as ~~h as 20 gylmdas per engine, and.to keep them cylinder
diameters 1= than 5 .mches -cap be taaced tiectly to this: Even
wi.ti ~ater-cool?d ~ngmes a !bnut w reached, dependent entmely on

~z:::zmwzh;%k?g~?:%o:%;:::: “’d
emperature expansion straea added to those imposed by as

pressure9 1%and mass motion forces have never yet been successf y
attacked by the stiess anhlystx but even if they could be treated
mathematically it would hel but little when the temperature in the

fvarious parts of the meta structure are un.lmown. No clws of
machine except the large mtmnakprnbustion engine sufbrs so
sever+y from these temperature m.ndtaom as aero .epggines,and in
none ~ the come uence of tadure hkely to .be so serious. Thiq new

?and chflicult pr~b em must be attacked patiently and Systematically
by experimental research if any but acxxdental or haphazard results
are to be attained. Pemlinsgsuch needed fact data on temperatures
and tanperature gradmnts and on the.allects.of mean temperature or
temperature ditlerence9 0? volumetmc eflicmn:y, 0? limiting com-
pressions, on metal expanwon, on penmment d~tifion, or on COrro-
sion, the best that can be don: is to use that method of attack that .
promises best results in uniformity of codng and in low mean tem-
perature. This undoubtedly involves the use of liquids as heat
receivers horn the metal walls, but just as surely demands proper
arrangenmut of metal arts for promotion of heat imnsmiswon as
uniformly as possiile tJ%cmghthe several ~arts.

Lubrication as a process ISof considerab y greatar im~ortrmce and
significance in the aero engine than in any othar, for whaleit has but
little direct relation to the ower .@gh~ ratio, it.hag an indirect one

Jand, of coume, bears direc
L eindirect~!!~;;!~~~%

on rehabfi , conslntu
most important element of - factor.
cation to the power weight ratio results horn the use of unusual
metals at bearing surfaces, especkdly cylinder -mrsus piston, adophd
for reduction of metal volume, and br”

T
cast iron and bronze

against steel, and even steel against stee Lubrication is also m
pointed out previously, a factor in cooling when the heat dissipation

.

.
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path includes an oil iilm surface, maintenance of which reduces heat
r@stanca to a proper value, but loss of which results in ovarheat~
of the parts that are thus thermdl~ isolatad. Not only is the Iubn.
cdion of the aero engine pecul.ku m thee two respects of unusually
diflicult metals to be lubrmated, and heat conductivity function in
addition to that of lubrication, “but in other respects as well. Maxi-
mum compactmaw in the interests of low might leads to the use of
small b and as high bearing pressures as maybe feasible for

In theme of rotating cylinder engines
produces piston side thrust loads, not

d these may be extremely high, so
as cantilevw beams if the accelera-

. All aero enginw have ~~ed
get very warm, bely from
ens, but also from he whole

return systems. Not only is the oil subjected to
temperatures, but it must be of such character as

when it work past pistons, but must vapo~e on the hot surface with
least carbonization. Coupled with these h interior temperatures
of the nero engine are pkble excessive

z+
ow tern eratures of the

surrounding air, fr- temperatorw in “ h altitu es bein rather
#the rule than the exception, and et inunecbately before or ter, the

imachine may be close to the cart where the temperature in summer
may ~xceed 100 degrees

It ISclear that aero engine lubrication is not only more important
as a proccsa than inoother classes of engine with reference to need and
consequences, but IS very much more dMicult on account of the
excessrve heating, even when thq engine ig b~t of the s~and~d mate-
rials of internal combustion e

YS~$~;k~$;eT~;lZs~gZZcast-iron cylindem, but is doub y
reduce metal volume, so it is naturedto f.nd new elements of practice
introduced.

Crank shaft and crank pill b
T

of aaro engines offer no more
difficulty on aero engines than on o em, provided the be~m res-

Ysures ixnrmed bv the desimer in an eflort to cut down matema am
not ax=ve and provide[the surrounding atmosphere is not-hothr.
The necessity for crank cases imposed by the premnca of dust in
the air at landing and dinting points, d- make the atmosphere
surrounding these be

T
abnormrdly hot, especially when the W

!&ustom me inadequately coo ed as is more often the cnse than not. “
hot a~osphere cxeated by hot pistons and conserved by the closed
crank case natundly raiseamain and crank pin bearing tern eratures

%to some value higher-than the m<ankcase W, fixed by the eat gen-
erated in them b fiction, and so reduces oil viscow

? 9
corrapond-

ingly. This wou d seam to be sufficient reason for using ower bearing
pressuresor larger surfaces than in auto engims,for example, and this
cm.dksion is reinforced by the fact that the bearing surface speed is so

.

.

.

4
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very high and continuously so. Instead of larger main and crank pin
bear@y, the aero engines so far developed usuall have equal or
smaller ones than automobile or boat engines. &o matter ho-iv
elaborata the oil-feeding system nor how wmfull the grade of oil

Kmay be selected, this practice can not be accepts until It has been
more fully demonstrated than has yet been done that it is necessary.

Piston and wrist pin lubrication prment stili eater diiliculties,
r- and no new methods of lubrication are available eyond the sup ly

?0of exc-ive quantities of oil to these surfaces. As already oin d
Eout aero-engine pistons are hotter than those of other engin- ecwse

of t!hehighers eed and consequent greater heat quanti per minute
l!’ Ltaken up by t e pistons, and also because these me of “ er metal

and so can not chspose of their heat so readily to the cylinder walls.
This is further aggravated b the shotiess of the pistons, which in

1some case are hardly more han two-thirds of a diameter in length,

~ though Wtier recommen~ }.1 diameter, while s~ationary-en - e
pistons axe regarded as req P

-::$h$z:.:z:$?;wf;$short pistons reduce the heat
but also increase the side-thrust pressures. They tend to cock slde-
wise, es acidly when made loose to relieve expansion, and so concen-

$trats si e thrust at the ends instead of distributing it over the dread
Jtoo smill surface. In the rotat@ cylinder engines additional si e

thrust of fdmost any amount may rwult from variations of angular
veloci~ if sudden. Under qpyh hi h temperature and high side

fpressures, perha s badly distribute the viscosi~ and lubricating
value of most o% falls very low- and the decomposition conditions
are ap roached with production of light constituanta that eva orate

1’ Land o tar or carbon constituents that stick. Yet in spite of t the
speed of the rubbing surfaces is so very . has to require lower sur-

%face ressures and temperatures rather an
2

her. Mean piston
s ee
f

%are never under .1,000 feet per minute, a h limit for good
s atio

Y
-engine praotlce, and. evqn exceed. 2,OOOfeet er minute.

$To at. further aggravate tlus pston-lubmcatlon con .tion, steel
pistons have been introduced

%
amst cast-iron cylinders steel oyl-

imders with castAron pistons, an steel pistons against stee cylinders,
again in the interest of reduction of metaJ volum?, though nowhere .
in engineering practice has there been any success m lubricating such
Surfacq especmlly when very hot.

The fact remains, however that these aero engines do run, but the
absence of Suf6cient r@able ~ata extending over years of experience,
commensurate with that on which present standards of internal com-
bustion engine practice rests, makes it a source of wonder whether
the lubrication of aero engines at present is wrong and bad, or whether
on the other hand they have taught old practice something new.
About all that can be swd at presen~, however, is that man aero-
engine failnr= traced to lack of lubmcation are recorded; d at the
oil cormurnption of these en@nes is very l@h, in some cases reachin
half the we~ht of fuel; and finally that the greatest caution shoula
be observed m following present methods. At the same time, the
constrnotion of engines to operate cooler at lower be

7
Surflme

E
remures and with parts of successively different materi should
e undertaken for test data. Each new combination should, be

exprirnentdly tested to dahuction with decreasing quantities of
●
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selected but iMerent oils to definitely settle tti question in the
Iabora

TAs to ~tail.sof method of application of oil, there seems to have
been developed some more orless generalpractices. All rotating cylin-
dem arelubricatedby crank-oasesprays, which in the case of those tak-

?
the ch~e thro h the orank-caseinvolves the camying of appreci-

3ab e cjuanlitles of o“ into the combustion chamber where it burns; at
1~~~~ art. This is radically ec@viknt to the splash system for

AL fders, which or auto engum has proved onl moderately
Suc and for aero engines is quite unsmted. ~ ~edeylinder
engines use forced lubrication for main and crank-pin bearings,
through hollow or drilled shafts and cranks, the pressure being
developed by pumps, many of which have failed even during com-
petition teats. Normally these ihed~ylinder enginw have crank-
case oil tanboat the lowmt points, often, thou h not always, carrying

fhere all the ofl supply for a full length run o 10 hours or more, as
a means of ~eventing solidification of oil under low-air tempera-
tures, and mth W or most of the distribution pi~es inside the crank
case for the smne reason, sometimes substitntmg oored or drilled

ass oes in the castii for pipes.
Fl$r

Thwe pum forced feeds are so
Yof the central s@mm, one pressure au p , sometimes with a

Jrd~plicate in reserve, being provided with m tlp e outieta, which has
an element of danger, because tight bearings needing most oiI receive
least in proportion to the loose be “ wl.uoh,offering les9resistance
to oil esca e, tend to take it all.

Flcs
ore are three typical p~p

systems: t, complete circulation of the whole ‘supply to be
Ywith gravity return to sump and pump; secondl direct feed of fres

oil horn pump with no return; and thwd, eombmations of this with
two pum s, one for fresh and one for circuiting oil, discharging into. $common earing tube or into separate ones. Any circulating oil
systan requires a cooler, and the exposed crank-case sump surface
is sometimes reli~d on, sometimw supplemented by air-ommlation

the oil au ply to exterior oooling surfaces, and
ZbF2e;~7” $0 coohng is ma e complementary to carburetor mix-
ture or air warming, by passing one in thermal contact with the other.
As a rule cylinders and wrist pins are lubricated b the oil escap”

r 7from main and orank-pin bearings, but considerab e modification o
details is found, and reference is made to the apers and reports
reproduced in the appendix. Among these 1 at of Benderman,
reporting on the second German ocmpetition, is so good that it is
T70yh @o@lg.

ubnadmn —The amount of lubricating oil required is ailected by
the system o~ lubrication and the circulation of the lubricant. The ,
lubrioant of an aero $ine engine ~@d not oily reduce the fiction

Lbetween the arts w ch are m shdmg contaot, and not only remove
Jthe friction heat, which is considerable due to high b

-i%%%sure, but in many cases it also has to coo~ the piston heads.
is
%

ely lost mthout doing an
J

work. It works sat the piston
re combustion chamber an there fouIs spark p ugs and valves.

*, of course cannot be avoided altogether, but it may be minimized
by guards at tke cylinder ends and by positively feeding the oil to the
wrist pins. Much oil escapes in the form of vapor and fog through
the ventilating funnels (breatheH), whioh

T
alize prcasureor vaouum

in the crank 0ss0 without fallowingthe o“ to squirt out or dirt to
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.

enter. E these breathers are made loqg and exposed to the air blast
the oil vapor will condense in them and distant places such as the
cam shaft above the cylinders, may therebj be hhicat-ed in place of
the hand lubrication.

The loss of oil by leaks in the C* depends on the number amd
kind of the joints. Especially the

3
dea of the valve ta pet rods

throw out a great deal of oil. It 1?, therefore be well to eep their
diametem at the lace where they emerge, srnah. h one motor the

Fta yets me near y surrounded by the ventilating pipes (breaths),
&w ch duect the oil coming back to the crank case.
The lubrica “

?
qualities of the oil decrease with increasing tem-

perature. There ore rapid circulation of the oil in the bearings sub-
]ected to high pressures is reqp.ired; also sufficient cooling in a spa-
cious oil pau, preferably with cooling tubes. At high tern eratures

Jas tables 6 shows castor oil is considerably more viscous an effective
than good minera!l01 It, therefore, so far can not be done without
in air-cooled engines. For watereoled engines one of the two min-
eral oils mentioned was alw-ayasatisfachmy during the competition.

The most simple system of oil distribution is the so-called splash
s@em (yery imperfect). The fresh oil su plied from outside or the

%lr?to~oe ofl @lect@g in the crank case is w led around by the rota~
mg and recqnwcatmg arts and is thus intended to get to the proper

Jlaces. ‘1’lusmeans at considerable excess of oil is required” the .
I’oases are considerable. Engines lubricated m this way usually have
a smoly exhaust. \

More advantageously the oil is positively conducted by a dishii
uting line to the iixed bearings, and from there as far as ossible
without loss conducted to the connecting rod ends and to i e rub-
bing surface of the piston. This is best efFected b full oil throw

Jrings o? the crank and a pipe connection be~een e ends of ~ch
ccnnedmg rod. k some cases the oil throw rings are only partmlly
executed and axe partially replaced by turned gropvea in the-side
of the craik. These catch the o% which, after leaving the bwmngs,
runs along the side of the crank.

k other casea the oil conducted to the crank b - is forced “into
Ythe rntarior of the cnmk shaft and @m there under e influencp of

centmfug$ force runs to the connec
?

rod ends. On tie way mto
the shaft Ithas to-overcome centrifugal orce. That reqties veryne+t
bearings and at tunes high oil pressures. Piston {o~ce pum m tlus

Ycase m? to be preferred to gear pumps. The po=tie supp y to the
tit pms permits the most complete utilization of the od. The
lubricating oil consumption is reduced and a su ply foi several hours
may be provided in the moderately e?

9
crank case. If the

crank case should -be too small, a pump for esh oil has to replenish
the su ply tim mthqut.

$
The fre&od pump may either dischaige

into e circulation lme or may feed a special di9triiution net, sep-
arated horn the closed&cuit line. This, however is hardly advan-
tageous, since the required small make-up of fTe& oiJ should the
closed cirouit f+ does not suiiice to keep the engine running for
‘any length of lmne. Special at@ntion must be given h the fact
that tie oil m cold weat@r becomes so thick in exposed pi mm~~
a dmyg~ua Iaok of. oil @l be the result imd the bearings w%

The cumulating od becomes poIluted by metal dust and de osi&
&of combustion. %nall particles, however, do not matter; er

..— — —— — ~e, ,+ -
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ones may be kept away &m the pump by brass soreens. In the
engines tested these screens were not always well accwsible. From
the fine carbon particles which the.circulating oil carries with it after
a certain length of time, the b

Ybut its durability h thereby increase .
metal receives a grayish look,

The oil pump E connected by a short suction line with a point of
the csae located so low that in all inclined positions of the engge it
is covered by oiL The lubricating oil, wtich is very thick at low
temperatures, renders the design of the oil ump very important.

1 YAll automatically o erated parts, such as va ves with springs, and
$such, easily fail, an therefore are to be avoided.

Part2 (b).—GBNEBAL ARBANGBMENT, FORM, PROPORTIONS, AND MATE-
RIALS OF AEBO PARTS-POWER-WEIGHT RATIO, BELL4-
BILITY, AND A.DAPI’ABILITY.

If in eve cylinder the same mean effective preamre were obtained,
%an’dif all oy “ ders weighed the same number of pounds per cubic foot

of displacement her stroke, including their attaohed vdvea, rods,
pistons, wrist pins, and connecting rods then the we” ht per horsc-

Tpower of engine at the same engine ~ee~ would depen on the frame
and shaft weights per cykd~r which Ma result of the general amange-
ment. U at the smne time the thermal eiiiciency of all engines -were. ,
the same, the added w “ ht of fuel and tanb per horsepower would

%be the same for alL D“ erencea in weight per homepower of engine
proper and of engine oil, fuel radiator, and tanlm taken together
are considerable, the ‘heavieat ,~e”

Y
more than twice the we” ht of

3sthe lightest even for short runs, an the excess is more than “ for
the longer runs. The basic causes for such differences can be reached
OIdy by analysis dO

Y
these lines, and such anal@s will indicate

‘that as many of the e ements of actual difference are accidental or
incidental as are eaential or inherent m arrangement, form, pro-
portions, or materiaL

The influence of arrangement to be &at esamined is iu some cases
quite clear and in othem complex. Where, for example, arrangement
of cylinders in number and position has no effect on the hmiting.
speed, on the mean effective presmr?, on thermal @ciency, or on the
weight of c linders complete per cubic foot of dis lacement per stroke,

Clthen the ects of arrangement are clear, U&
L

“tatively. The con-
trary is the case when a given arrangement t t gives reduced frwne
and shaft we” ht ‘per cylinder as compared with another also requires

3heavier cylin era, or is limited to a lower speed, or is incapable of
any but a low mean effeci%e premure, for here the result depends on
the degree to which one factor compensates another.

Differences -in am ement uce more bold and numerous in aero
Y%engm~ than m an o er clasa, and some of them are quite unique

?
~areference to the illustrations in the appendix, the s~is~

et vnth these tru y remarkable dtierences that are quickly grasped

is not that the we” ht per horsepower varies considerab y wit
Tarrangement but that it oea not vary even more. This is an indirect

proof of the existance of these com ensating factom, and shows that
arrangement haa not as

T
$eat an e ect’ on weight per horsepower as

might at first be e ecte .
?’

Air cooling versus water cooling @ a fair
illustration of this, or elimination of jacket, rdator, and pipe metal
and of water reduces weigh~ of course, but the result is. usually a

I
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low~ mean effective pressure and th~al eiliciinc . Again, the
rota c-ylimler air COOM as compared with the L ed cylinder,
while ting fans and rii casings, adds a wi.ndagepower require-
ment must have steel cylindem to avoid the uncertainty of casting

Lstun ess in resisting the great centrifugal forces, and so must use
excessive quantities of o% which has to be carried.

Ignoring for the present those compensating difEerenceaand con-
centrating attention on the effects of arrangement slo?e, it is clear
that two similar cylhders set tide by side, each developing the same

ower and of equal thermal afiiciency, will not requme shaft and
‘~ ame weights t-mce as great as one. Adding a third ISequivalent to

placing between the frame and shaft ends an intermediate iece
S(2?-r@@ut ends, and hence of less weight, but each cylinder add , be-

- with th? fourth, adds exactly the -same iiame and shaft
we ht as the thmd, and therefore has very httle influence on weight

%per orsepomr, unless other moticatio~ me i.@educed, such as
casting two cylinders en bloc, removing mam be

T
between alter-

nate cranlm, and thickening of frame and crank s aft to meet the
stresaea introduced by increased lengths. Therdore multiplication
of similar cylinders slong one line reduces weight er horse o-warfast
atiirst, andb “ - 3$with four rapidly leas, an beyon a certain

. number of cyliiders e might reduction is more or 1sssequalized or
overbalanced by the necessity for greater metal cross-sections per foot
of length in shaft ~d frame. To illustrate the pornt, a - en style
of boat engine ha !Ythe same cylinder on engines o one two

\three, four, and six cy . ders in line is selected, as no other& of
engine covers such a wide range of number of identical cylinders. Yor
one size of cylinder the singl~ylinder engine we” @472 pounds, and

Lthe two-c linder engine 626 oun~, the second cy der having added
Z154poun , or 33 ercent.

%
% e thwd three-cylinder engine we@s 716

%itioni( c#.nderalso adds~esame90/oundsup to six, theweightof
ounds so that t e third c Jinderhas added 90 pounds, and each ad-

which is erefore that of the two-cyhn er engine 626 pounds, as these
are retained for ends, together with the weight o~ four cylindem of 90
pounds each between, or 360+626=986 pounds. The corresponding
weights per horsepower have the following relatio~ taking that for
one-cylinder engine as unity, the numbers represen .
and Q, respectively, are 1, 0.52, 0.40, 0.335, 0274. ??!lel$~”;~~;
each mtamediate cylinder has added exactly the same we. ht in this

1%engine indicates that shaft and frame wwghts er foot ave also
?remained constant, but in some cases and proper y, these are made

heavier in pass%, for example, horn/our to six cyhnders, so that the
small reduction m weight er horsepower above 5 per cent of” the

1weight of the singl~ylin er engine is lost entirely, and the six-
cylinder would be no lighter than the four per homey ower.

Further -weight reduction by a.mmgement alone IS available with
multiplication of similar cyhnders not in line axkdly in a plane
pass

3
through and including the s~aft, but radidly about the shaft

m a ane at @oht angles to It. Two cylinders with axes in line and
with connecting rods working on one crank piu, constitut@g the two-

linder opposed engine, or two cylinders with axes at . ht
z

y eg:
o -ivorkmg on one cnmk constituting the righkangled

add no frame weight for the second cylinder over what the tit
require. It really reduces it by the metal required to cover the bore
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hole, exce t for some thickening at the jornte. Nothing at all is
t!added h e shaft weight exeept when the .cr@r pin is made lo.~~,

as is wel the csse. This arrangenmnt
i El

ve9 a greater gam m
weight per orse owwrthan two cylindem in

J
e, but when the second

c lmder is add radially in mother plane and has its own crank it
d

P
ould result in a we” t exactly the same as for two in line, because

the d.iflmmce is rnfx y one of rota “
%

one cylinder with reference “
to the other, re the same metal

These are the. two
Oughout.

damental arrangemen~ of mtdtic lindering
for the standard pistonannecting rod-crank ?
c@nders remain fied there is no resson why X$i%::i%j%z
bmation should not w~h the same and give the same mean ective
praure or thermal aflicmn

3
as any other. ~ this case the weight

per horse o-warof angine an plant is less the more the c~linders are
imultiplie and the more the multiplication takes place raddly mound

one crank rather than with separate cranks, up to the point whare the
shaft and frame thick .

Y
must be so great as ta compensate for

reductions, which begins to e a preciable at four cranks and is very
$marked at six exmpt as othar etails may modify the result.

Eixed@n&r multiplication radian. about one crank presents
Lno obj eotionable features until the c-y ders become intied diffm. ,

ently to the normal horizontal plane, when thare enter lubrication
d.iflicultim on Iindw-piston surfacee ~pecially when cylinder
heads are lower x an the crank shaft. he tmden for oil to work

%past the ~iston into the combustion chamber, fo . spmk pb.lgf3
or carbomzing th? interior sad requiring more oil to kee the surface
pro arly wetted, u sting eno

J
5h when the head is direct y above the

Yah t, but is sfro er when it is ower, and doubly so when the head is
directly below. %hls“ has prevented the eneral adoption of any

tradial arrangement about one crank beyon the horizontal opposed
and the 90° to 45° V, set with equal angles to the horizontal. Any
more than two radial cylinders compose unequal angles and involve
different tendencies to oil flow toward heads m each, so while multi-
.I.icationin this direction promiws eater weight reduction t~ ~

En J?e with a mank to each cylinder, e latter has been carried farther
in oint of general ado tion.

k Le four and six cy dam each with its own crank, are standmd,
and doubling the rows of cykder axes in line without changing the
crti @ve the 8 and 12 Iinder opposed, the former used a Mtlej

3the latter not at ~ It a o gives, when axes are inclined, the S-
cylinder V, a much used standard, and the 12-cylindar V, but little
used so fm~ but oss=ing advantages that are promising.

~Radiil C@ osi .on of tied cylinders which should give. the grea~t
possible wd t reduction in frame and shaft has afew representations,
notably the air-cooled Anzaui, which uses three or five c@inders in
one lane on one crank and then du hates on successve crank

d %un . the 200-horsepower engine is reac ed, which hhs 20 cylindem in
four planw of five stars each and five cranlm. It is the o eration of

t%this and shilar engines and of the bold departure of e German
Daimler invarted c Iindem (Bendeman report), with heads directly

iunder craub, whit makes it doubtful that the old conclusion that
such arrangements must lead to fouling is red valid. This latter

&pngme $id not foul m the competition, and it . be worth watt “
2m sermce to see if it continues to keep as chmn as do cylinders wi
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heads above cra~, and not to require excessive amounts of oil to
make up for

%
amtational cylinder wall drainage. Jf this should

work at all rig t, this arrangement offers further opportunities for

%
we” ht reduction over the now standard multicrank form.

en her?, however, there is a bit to the number of cylinders that
can be rachally laced about one crank, a limit imp~ed by their

Jintersections, an -whilethe rotating ~nome uses a mamnmm of nine
and a m.himum of five, the tied Anzani uses three or five. The
AIIZSniiigur~ for two sets of three are 50 horsepower and 200 pounds,
or q pounds per horse ower, ad for two se~ of five 100 ho~epo~er

~and 33o pounds, or 3. pounds pw horsepower the reduction of 0.7

mStSMIof three;er, stm, all c#ndem being of same size. $%%’ .
pounds per horsepower, or 173 er cent, being &e effect of us-

the dlect of don liug the mm .er of rows is ~$wn by comparing the
lo-cylinder 100-horsepomr -with the 20-cyhnder 200-homepower,
both having seti 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 M 10 cylinders,
which themselves weigh 363 ounds ~d showing nmly proportionate

~ @added, theaotmil addition =88 per ~addition of weight er or
cent. The gain is o course greater m pawing horn a one star to
a two ~anfr?m two to four cranb, asrmghtbeexpectedfrom the study
of cyhnders m line. This is shown by the iigges for the 3-cylinder
30-horse o-wer, 121 pounds, compared to 6 cylinders (two sets o!

$350-66 orsepowar, 200 pou@), the second row adding 79 pounds
to the iirst 121 pounds, vduch ISonly 65 per cent as compared with 88
per cent when two rowz are added to two to make four.

Jncrease of cylinders radially about a emmkalwap reduces migh$
but “theweight reduction is most when the frame and shaft we” t M

Plarge in ropofion to cylinder weight, and least otherwise. I eall~ t
E~ wei t reduction by muMpli@on of @indem would be zero d

&
%

t and frame we~hed no . TIUSM clearly +om by.the

w
es given by Wtier in Table for the pr?pofionate we ht

o the various parts of tied auto type and rota
Y

1%radial cylin er
engines. To these

%
es are added some ound v uss for the parts

comDuted from W %er’s fractional weig ts and assumed tyDicsl
totalweights.

TABLE VII.

.

1

Crmkwmmpfete . . . . . . . . . . . . . . . . . . . . . .

“i-h
pm~-jI‘:

Cghl&m............................-----
.................................---

=aty::: . . . . . . . . . . . . . . . . . . . . . ~; I........................
Canlshm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . %2

Tgq~*~.Z::::::::::::: ;:
. . . . . . . . . . . . . .

Carburetor, thrcdle, eto- . . . . . . . . . . . . . . . . . .
M&s.. . . . . . . . . . . . . . . . . . . . . . . . . . {~ I ~~1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . L~

Total.............................. ~~ ~~ ~mi-==1==

.- 1“O&&. Pcr*l#J. Plmo’a. Per C4T14.
!B. Ga

N I 10’LW tioo 7icQ am
m 7.m

moo 2% Hi
w mm 14.Ml 37.m J%
m 209 a.m
w a% 2%’ 4.EO
Zi moo M’ 5.23 3.EC
w &c+) 3.76 7. Is La

.K1
HI %J’& i% w

3.25 . . ...!??
h M! 6.20 1.0)

a&$
Pou?lde.

rmm
M&o

w
7L53
lLcm
Z&7s
19.m
a%

s%
.........

S.to

#
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TABLEVTI-Continued.

Boh@@~Ur
I

Rti=afnder

7 pg.

@.nkcase...................
!##&m. ... . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . .
calnectbr Ioan . . . . . . . . . . . . . .
crank6hJi. ..................
Cam.dmftanddrivo..........

$%%%%%%:::::::::

Pm%cc

n.m
7.C41

HI
200
S.75
4U0

Pou?m.
SO.Q)

%%

IMJ

him
am

p&aJtoo . . . . . . . . . . . . . . .
. . . . . . . . . . . .

kbnrehr,Inoladfngthrottle.

3%!:::::::::::::::::::::::::

Total....................

Per L%nt.
7.53
2.E4

i%
LOO

— .
103.00

Polmda.
IL26
3.76
L ~0

1:%

lmrto

These figures are most interesting, but must be used with c~m~d~
erable caution, as the lVinkler fractions are general av

3when applied to a given engine may @ve pound values at are
somewhat in error. One instance of tlus a~pears in the value ob-
tained for the magneto in po~ds by appl the general aver me
fraction to a given overall

T
Y ke weight and w .ch work out in e

table as 35 ounds for one au 18 for another. While of course there
{really may e this diihrencej it is not fundamental nor is there an

acca tance of its a.cc-
&

?The reaLly valuable -parts of the tab e
ose items for the principal parts, sub as cyhnders. crank cam,

~%ms, and shafts.
Radial disposition of cylindk doca not suifer from inequality of

oil flow to combustion chambem onl when cylinders and framea are
crotated about the crank shaft, but ere the tendency toward head-

flow is increased by the centrifugal force on the od, which is far
~greatmthan pure gravitation and which apparently is at least a con-
tribut~ factor to very high oil consumption of these engines and
their qwck carbonization. It maybe that this is more an efFectof
the use of steel and of high wtdl tem eratures than of cen . al

T 9flow, as such engines are al-waysair cooed by rwison of the diflic
of making mow ~ater joints and of controlling water flow wiz
the centnfugd forces acting in jackets and pipes, but everyding.
points the other way. Inverted cylinders having head flow tenden- “
ties between these rotating cylinder engines and the normal vertical
must be accepted with great caution at ~resent though there is at
present no data that warrant a conclumon. &mplete radial star
dis osition of rotating c lindera gives the smalkat possible frame

i I?uan crank weight per cy der but it is not possible to use some of
the cylinder constructions and materials that am perfectly feasiile
in fixed cylinders. Centrifugal forces put cylindem and connecting
rods under a tension stress that is pretty l~e at the high speeds
used, and angular veloci~ changes impose cyhnder-bendiug stresses
due not only to their own overh~ but also to the pistons, and
these stresses are additional to those unposed by explosion pressures.
To reduce these special centrifugal stresses to a minimum, the
weights of the arts must be the very least possible, and this is to

$be accomplish 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 c~oice as of necesi~,

,1

(

“i
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and the fad that the surfaces could be lubricated at all has acted as
an incentive to its substitution for the old standard cylinder material,
cast iron, in the tid cylinder engines with corresponding weight
reduction per cylinder in that class. fie eflect of this weight re-
duction must not be exaggerated. Steel pistons, for instance, are
only 12 to 15 ~er cent lighter than cast-iron ones, since bottom must

. no~$or~o thm on account of the danger of burning through. l?yr-

J
istons weigh only about 7 per cent of the total e

we” ht.
1?

T‘ rester effects am possible when steel cylinders aud s ee~
“ac ets are substituted for cast iron, yet even here the gain is rather
iess than might be expected, because of the heads, and the substitu-
tion is warranted more on grounds of assumed soundness of fo ed

3rolled or drawn steel compared with casbiron, which may have hid en
defects such as blow holes, cold shorts or bad shrinkage stresses.

In this brief review of the effects o~ general arrangement of cylin-
ders an~ cradm on the weight per horsepower, it was assumed that
other faotms remained fixed, su@ for example, as the weight of
c Iindem per cubic foot of displacement per stroke. Variations in
Jetails of construction of the cylinder complete with valves and
valve drives, pistons, and connecting rods, such as might affect this
unit weight, are not only prettg numerous and cover a considerable
range, but taken in conjunction with the corresponding variations of
material, the resulting unit weights of the complete cylinders follow
no simple law. A type construction of few pwts that would tend to
lightness may employ a heavier materhd that equalizes the weight.
A somewhat more complicated or essentially heavier construction
will often be found associated with a Iightar materiaJ reducing the
muue rcmdt and tit weight. %The combination of hg ter construc-
tion and material to ther, cooperating to produce low unit weight,
is dlso fom~ but s ortunately this is usuall oifset by lower mean

Teffective pressure and aliiciency or by a em favorable general
Smmgement.

The obiect sowht is the lkhtest combination of fomn and material ~
for cylinders, pk-ions, and tleir accessories consistent with proper
values of the other factors that contribute in the same direction to
a higher horsepower per ound of total we~ht. “

It seems rettg clear
$

$ at designem and mwmtms of aero e “ es
have stark with some favorite general arr

3
Tements 6f cylin era,

crx, and frames and then have selected det “ part forms and such
matwwd for c Iiuders and pistons as was either ess.enti~ as in the

irotating cylin er engines, or as would bring the net result into suc-
cessful competition -with revious engines. To put it otherwise,

?there is no combination o the vtious factora that contribute to a
low weight per horsepower ratio involving the most favorable value
of each factor. This would require the largeat number of cylinders
that could be disposed radially about one crank, foIlowed by further
extension in line on other cranks, as to general cyliuders-frame-oran.k

“Y
ement. It would also require the use of the simplwt piston,

cylin er valve, and connecting rod construction, all of steel, operab
ing at t~e highest speed, and processes, and rodu “
mean effective pressure and the lowest fu$’ .d~?;=i
consumption. Such a combination has so far been impossible and is
mentioned here to accentuate the position of the factor at present

.
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under consideration, that of ?eight per cubic foot of displacement
per stioke of cylindem, inclu

9
all attached arts.

&I@htness of metal parts may e secured by e use of large volume
of low density materml of low stress resistance such as aluminum or
by a small volume of metal having high stalk resistmce but of
~eater density, such as steel, or some compromise, such as cast
mm. II the material were required to perfomn the stress resistance
function alone, the modern steels whmh can be counted on for
upward of 175,000 pounds per s ume inch elastic limit and some
15 per cent elongation with an l?ltimate tensile strength a preach-
ing 200,000 pounds per squme inch, are so superior that noL g eke
could be considered. That other matefi are used at M is due to
tie fact that the material of some parts must have othei propertiw,
each contributing to a different function than that of stress resisi
ante. Piston and cylinder material must have good conductivity,
especitiy the former. Pidcms and exhaust valves especdly, but
to some extent the whole combustion chamber, must rwst oxidation

E
under high tern eratmes and -water jackets must resist hot water
corrosion. All eated parts should have the lowest possible coeffi-
cient of e amion to

7
minimize the thermal strwses of unequal

heating, an the expansion characteristic of cylinder material with
reference to that of the piston should be such as to o pose seizing
on heating. xThe iston must heat more tlum the cyl.in er, so cylin-

U?der mateml sho d have a higher thermal coefficient of expansion
than iston material., though m small cylindem with proper clear-
ance & e same materd will serve but nev~ should piston metal have

%
a“ er coefficient than cylinder metal. Permsnent distortion of
met under the heating conditions of o eration is not permissible

iin cylindem+,heads, valve seats vdvm, an pisto~, so some commer-
cial floys, nmhding some steafs, are barred on tlus account. Finall
the metal of these two parts, c Iinder and pidon~ should hiive su

i
J

a molecular structure as will lu ricate well cast non on cast iron is
the best, cast iron on steel next best, trod!steel on steel the worst
combination, neglecting the nonfemous tdloys which may be service-
able thougghthey are as yet unlmown qnantitks. This is not an
absolute necessity except where excessive oil consumption is more
important iilmn metal weights. Engines intended for. short flights,
an hour or sol might very ~ro erly have piston-cylinder materials

%that “ nore thsj compensation eing secured by large oil consump
%tion w “~ adds little weight. But 10 ~ts will add enough oil

P
5we” t to more than offset the weight re uctzon obtained by making

bo parts of steel, as compared wdh both cast iron, or one of each.
About every combination of standard ferrous materials forged

cast drawn} and rolled for the heated parts that could be reduced
Yhss keen ime@, and is even now in use, so it can be definite stated
Jthqt practice m ferrous materials is not et establkhed, “whi means

1’that there are insufficient d@a at han on the differences in their
beha~or and practically none on the nonferrous. Here is a field for
irlva

%
tion that is of most fundamental im ortance practically

untou ed metallurgically, aud solution of whi& requires scientific
resemch under the combmed efforts of 7en@nemen familiar with the
requirements, of metallurgists familiar mdh alloy production and
pro erties, and of shopmen familiar with the processes of forming

$an fitting.

I

.
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No metal 8 ual to cast iron on cast iron has ever been found for
?3the pistoos an cylindem of internal+ombustion en es in all the .

Ydesired properties except one, that of metal weights or a given size.
Casting, as a process however, is most uncertain” the known defec-
tive amount to almost 50 per cent whale the un!known possibitiii
and hidden defecti are responsible for large factms of safe

Tuse of excess metal This excess is quite prohibitive an fruitless
in rotating oylindera wi~ the enormous centrifngd stresses that
come tim speeds exce

9
1,200 revolutions per minute, because

each pound excws metal a ds its own equivalent cantrifugd stress
and so fails to add to the certainty of safety as in fixed cylinders. .
Excass dicknws adds h the resistmce to heat em.a e th.rou h cylin-

$8der walls. It was in these rotating cylinders that e fit epartnre
horn the older internakombustion engine ractice took place, from

8sheer strem resistance reqniremants regar sss of other properties.
The steel cylinder rmichi.nedfrom a forged-steel ballet was developd
by the French rotating cylinder engine builders, and with cast-won
pIstOnsit o eratfs succedully.

2Some b “ ders of tied cylinder engines encouraged by this demon-
stration adopted steel for cylhkra with cast-iron Istons. Even

?steel pistons, were tried and ia some casea adopted or use in both
steel and cas~iron cylinders a~parently without gain, in the former
case becmse of increased lu!brmationrequirement and in the latter
from revemed exption coefficients or permanent distortion. Some
of these steel fixed oylindem are cast with heads in one piece and
machined all over to disclose defects, but in other cases rolled or
forged steel cylindem are ‘~mbined with oas~iron heads in which
port9 are most readily formed. The most radiwd of all these steps
ISundoubtedly that undertaken by the Qerman Daim.lerCo. in con-
structing cylinders, heads,

%
orts valve seats, and jackets, all of

sheet steel .-welded “tpgether y ke modern oxygen flame method.
Only ewence can tell ho-iv snccesdnl -this may prove in practice,
thopgh m the competition tests the engine gave a most remarkable
performance.

At the present time the only data bearing on the qnestion are
those of oil consunmtion. Table VIII with mnmot to matarials.
Thisisnotajxsic ‘

T
&y-way, and ‘is compli~kd by variations

in oil and in oil app “cation methods, so it is inconclusive though
interesting.

..

.
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TABLEVIII-CM conwnptbn versus engine type and c@ndb piston mataiak.

Awe&36.
ti~~g=d ~~ En@Uename. AnW.rity.Ig.

Cglfnder.Piston.

‘4Oyllnda%fnlfrlB.-G9tirun.. Cwthun.. lW-~epower ~enimru. am.

6oylJndemfnUrm.....do.........do...... l~a~power ................ .ml

.-do...... SO-h-h&fi0v7erB3ndemann...033
WgECg?d&d med.--....

std......AnstrwDakder...Maker......... .027
der. - *UW ~ CIWfren..‘C8stfmn..14&*gye r &..-..... .C&5.....

........
.klo...... .SkI...... lEQ.tprker .....do..............

12@nd6Tv....... -Ah..... ...do...... 22.bbm@ower - . . ..do . . . . . . . - .a3

Rsdfal star. . . . . . . . .-.do . . . . . . . ..do- . . . . . Seamen . . . . . . . . . . mmker, lwl. - J&
~~:~~” {R%K.L-::::: :::$-:::::

-yo.~:: g=t= . . . . .&;x+.z .lM
. . . .

Mr-w3kd ro-

r

Radf91 star . . . . . . . W331. . . . . . std......s-h~eymrm3er-&....._. . .167
tatingoylfn-
der. 2RfLdMstar.......-..do........ilo......ItW-horseo+er .-...do.-......

GOrlnml%orne.
.167

I
4oyUndminline-. Ck3then.. C’estirOn., 71~;power B............. .047

v;~;r~~~ 613y~&9~@- -...do.........de.-.... I@horse~ower................. .CM7
der. - Ci%EY ... . . pfOk#.GG.. :~S-oglhlderv..........do...... g~---:::: ~oM~ “--:---4

Ak-ecmkdftu?dWear. .......-.-do...... (ktfien.- ~..- ......-. Lum6t.’......: .265
.... .-.

+f;g lR3Wlstar....... w.-... -...de.....- M.-O$l Powm’vM.aRu......... .171

der. 2Bad&dstar........-.do.........do...... ~h-p=; ......do........ .171

1

Uoylhldmfnune.. cd h-on.. Cktiron.10@ha~pOwer B ............. .OK1
TVatewmled
t3x# C’glb-6oylfndemfnlfma...--do...-.....do...... IOM&eebower ................ .CrM

8oylJndmV....-......do-........dm..... HeW?Oik........ cIerk,W2..-. .Io6
AIr-xQ1drc--.
$&l O@.tn-l-star. ..... - std...... Std ...... 19H-QnOme....... LimleL..... . .212

ygmm 4oyMndemfnlfnfJ. - -h-on. - Wbm.. 7&Z;p ower B . . . . . . . . . ..- - .031.

der. 6oyUndfmfulhm.....do......--do...... ~a~wer ................ .C47

Air-r001@3rO-
tgng oylhl-lR8dwstu......- std..-..- Ski...--- I@IGnome....-.. Lumen.......- -m

wgy~ 4O@Jndmtnline.. Castiren.- C+Mtircm..Su-=powe r B- ........... .Cr2a

alar. }

.1

6c@fndmhIMncI. ....do.......--do...... %horse. ower MeMr......... .C@O

Afr-moledro-
Hall-6mli

ta#ngO@- laster.. ... --std....--SM.....- lslsCinome-----.. Lumen........ .255

T?ater-mmlexl‘4q~*fi~e .-~~n --~~.. ~orsePOwe r B............. ;@ ~s7*g8ap0we r --..--..--- w~- .6oy~~ tib .....&......-..do...... .
A$%kd ro-‘
p ogMn-l-stor.... .. std....--std..-... Gp,lfm...... .. CInrk...-.... .017
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TABLE W.IL4il consumption w~na&7Min6 typelma cylinda @ton matdai%-

I I Ma
-~ —

cylmaOr.

IlvW#oxJxJ 40blder9fnltn9..OMtJrOu

alar. 60ylfnkshllhle....sb.....

Water-cded
oylfud=fnlfne.....do.....

1

[

-iv’~lg -=”------” - ‘-
d=. =*~”.-...- ...&....

........... .....

rhls I I

cktirm..KO#~m;power B............

do... ...... 1C@~08e.power CkIrk........

...&......W-oz;pover B............
. .

Stead..... 19~bbor.Avh+-rmnlet........

.-.do...... 1911AviatJ&...........dlx.......

...do...... Grwau............ Clark.........

O.ws

.m.s

-

.Cm

.Cm

—
.073

There app- to be some relation between oil consumption and
cylinder arrangement, but not so with reference to piston versus cyl-
inder materials. For example, radisl cylinders seem to require much
more oil than vertical cylinde~, but there is no conclusive evidence
that air-cooled cylinders reqmre more than th?se that are water
cooled. A_gsin,comparing the three Daimler e

Y
esasto oil versus

materials, It appesrs that there is.no appreciab e.difference between
cast iron and steel cylindem, cast non and steel putom., though such
~- se~o-ps conclusion should not iimdly rest upon a single instance
Ike tlus.

An effort to retain the low metal we- t ~haracteristics of st?el
and to meet lubrication r uirements e

%de. an~of~~~o~%fa%$k$~volves the use of liners for cy
barrel for Mom. made of a material such as cast iron or bronze hav-

3ing a gOO lubrmating surface. This is not ordy objectionable as
complicating the thermal and total stresses, increasing thermal re-
sistance of cylinders, and adding something to weight ramoved but
it now seems to be unnecessary.

At present the standard materisl for tied cylinders is unquestion-
ably cast iron with heads in one piece, and with cast-iron istons.

LThere is, hmvever, agroying tenden~ to me h-be s~eelfor cy. dera.
This steel cylinder revolves a head complmation m shop practice,
solution of which is no-ivin course of development. Heads must have

P
irr forms due to ports and valve stem guides, which are most
e - y and satisfactorily cast. Such a cast head requires a joint to
connect it to a drawn-steel cylinder. As alternatives the following
are used cashsteel cylindem with heads in one iece and cylinder

%and head machined from a forged b~et or finally e complete sheet
metal welded Daimler consixuction.

Steel is the ado ted standard material for connec .
J %

rods and
crsnk shafta and waya is a very high tension alloy su ss nickel
or chrome nick$ which permits these parta to be very small and
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light while amply strong and stifl. Crank csse or $~=~:~~ is
stall unsettled, ranging horn the forged steel

Yc Iinder engine thro h csst steel, csst iron, an
i

%
%xed cylinder engines. No su~z~;~ptt e last prevailing in

is yet on record, to use welded or riveted sheets and standsrd struc-
tural steel shapes in the long frames and crank cam of tied cylin-
der multicrank engims, where frame weight per cylinder is a matter
of considerable importance. It wodd seem as if stiflness or its.
equivalent unifornuty of distortion can better be served with less
weight by such structural steel construction than by the soft shmxi-
num casting. To give a general survey of the practice in materials,
Table IX is added.
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TABLEIX.-hfafurio&
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for cngim fMTt8.

,
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.Form of cylinder proper including head is a direct contributing
factor in the cy~der -weight per horsepower, as is also to some
extent the prcpotions. For a given bore and stroke, and made of
the same material, all cylindem would -weigh thg same if they were
similar in form, and as they are not similar the difEerencMin form
must account in some measure for total weight differences. That
form that gives the least metal volumes evidently should be lightest.
On this basic air-cooled cylinders with their radiating heat disw at”

&$ ?ribs, W“ us and baflles are heavier than -wahr-cooled c hn era o
%the same ore, stioke, materia$ and simii valves. “ excws

weight of the air over the watercooled cylinder added to its fan
we” ht, when subtracted horn the ywightiof radiator, pi es, pum s,

F 1’ x~ water, measures the excess weqght of the water-coo ed cylin er
with its accessories. With radiatora especially designed for lightness
and for a minimum au ply of water rayidly circulating, there is no
essential reason why d e air-cooled cylmdar engine complete ehould
weigh materially less than the water cooled. & a matter of fact,
the actmd difference itdf is small, even when all contcibut” factora

Yin each case are not equally well selected, as a pears from t e com-
Jparison of the weights of some well-known - t-cyliuder V engines

given in Table X.

!c.ABLE X.-coinm”vc Vxidt8 Va’ cubic foot tilumlcnt of air and WaL5rmold. .

I

Curtly . . . . . . . . . . . . .II

[

Shutmmt..--..... ‘
Stmbmln...-......

%.~:---::::
Lavfdor....-.-..-.
Pmlkard-~.. L

. ... . . . . . .E%%IBouton..
Fti; ........-. m

........... 88

1,100 400 hw
1,X-9 4.25 hoo
1,100 hoo ;Il
~cuo 4.W
f&@’m 8.s 6.91
1,200 4.126 0-0
1,m 6.ml &m
1>2038.%7 S.US
1,xc 4.4=s30.299
1*KC 4SSI ;?
1,203 ho
1,800 4.178 i?x

l,wo 8.7%Q 4.Z24
1,w x 760 &m

.ml

.32W

.m?u

.S21

.m

.407

.657

.09.5

.%3

.4a5

.3?2

.Ea7

.3a3

.!2s3

..m

1withoutayTviwL

Nom.-nnae wishfa takm h= ‘HJe1,*’GI= s0nroa30ffnf0rnmtf0n5mglv@JL

There is a somfmhat surp%
%

range of weights here and one
that bears close study as directly r ted to desigq, form, and material
quite rndepandent of speeds. and mean dlbctive pressures. The
lowest value is 900 and the @best 2,245 pounds er cubic foot of

Esuction stioke. There seems to be no doubt of t e superiority of
head-valve construction over sid~ ocket valves in weight reduction

~and there is no mmked @erence etmeen an air and a watar cooled

.—.— -- —— -- — .~ fl - ,~- .-. ., ———— — ——- — ----- ,--Y- r-y——— -—-—- ..-,.. . . . . . . . . . . ..,’ “./. ., :.” “-’ ... ‘,
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Construction. This last conclusion is most important in view of tie
consistent inferiority of air cooling with reference to mean effective
pressure and fuel consum tion. Next to eneral arrangement,

T iweights per cubi~foot disp acemaut are fun amentdly related to
materials and wall thickness.

Cylinder metal volumes are least in any cylinder, other things
being e ual, when the valves are laced in the head instead of m

1 Lside poc ets, so in the rn~est of cy der Iightnws this ~
T

ent
must be+adopted unless It appeam that the compensating actors,
which -willbe referred to later, overbalance the extra pocket metal,
butotbis is not the case. There are, however several successful aero
e
Y

es that follow the standard automobhe practice of locating
v ves m side pockets mostly of the L-head fo- One arrangement
has the valves side by side, both stems pointing toward the crank
case, both seatin down in a wide pocket. The other locates the
two valves axiJ

$
in l@e, one stem pornting “up, while the other

?
pOilltS down, aU S@ on opposite sides of a narrow pocket.

The com ensating Tveig t elemds referred to in connection with
3the head v ve as compared with the sid~pocket valve arrs@ement

axe those of valve gear. Two side by side valves in one wide pocket
are ordinaril driven by a pair of push rods. I’lacii one valve. &above the o er in a narrow ocket reduces the width aud hence the

%smetal of the ocket but ad a rocker arm with bracket and pin
&and some ad “tion~ rod length. Placing both valves in the head

removes the pocket metal entirely, but adds a second rocker and
push-rod extension ordinarily. It ISthe 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 m sha e

Jand necmssrily jacketed, can be formed, as in the case with cylin er
heads that carry valves, only by casting (exce t when welded of
sheet metal as m the Daimler experinvmt). & o added cast iron ‘
due to pockets @ combustion chamber and “acket wall will we” h

imore than the steel rocker arm and the pus -rod extension. T~e
w “ ht difference m favor of the head-viive arrangement is greater
s%?when asinglerod alternatelyworb in tension and cooession
on one rocker actuating both vlaves, as in the Austro D “ er but
h. this case two ddlerent cams should be used, one to lift and the
other to de~r=. Further reduction is possible in standard four
and six cyhnder engines by placing the cam shaft. directly on the
heads as m the German Daimler, for here the combined w-eight of
all ush rods is removed aud the might of a pair of gears and a

iver cal shaft introduced instead. ThIS is no advantage, however,
m V engines, because with the ush-rod drive one cam shaft can

?serve both rods, aud this is one o the advantages of V arr
Y

ement.
Removal of one push rod aud cam entirely becomes possib e where
the inlet valve is made automatiq as it is in several engines, but the
loss of volumetric efficiency real

%
cuts more horn the power than

removil of push rod even with roc r does horn the w “ ht. For
%hthis reason automatic valves are not to be recommence , thoug

there is =othar reason also strong enough alone, that of unrestrained
seat impact.

Water-jacket metal in all cast cylinders will normalIy weigh more
than the metal of the cylinder proper inclosed by it, in spite of the
fact that it might be made thinner, due to lack of pressure loading in
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one case and in the very high interred resaures
f

in the other. The
area of the jaoket metal is copsiderab y qeater than that of the
cylinder, es ecially when the watar space B

& ?
e, and the foundry.

can not m e a sound jacket chsting as thin as ack of stress would
mu-rant. According , while the cast “acket is retained in many
aero enginesin wcor&ncewith automo~ilepractii~, this can hardly
be accepted as the best aero engine practice, whmh seek weight
reduction by legitimate removal. Sheet metil of cop pr, brass

ilahrninum, or steel in sheets, in drawn tubcsj spun and e pressed
sha m is so pecul.iml~ adapted to the purpose that ite Iack of im-

$me “ate general ado hon requires
&

lsmation. This is to be found
first in the jornt “ cd

%
3origti y encountered in automobile

practice{ where such a mec anical discouragement was suilicient. to
cause re]ection in tiew of the slight importance of the weight relation
to automobiles, especially ss the cast jacket is cheaper. With aero
engimw the case is different because the need of saving eve

x
ounce

is Vwtly
f

eater and the cast jacket is a
WI

er fraction of e total
weight w en ~ the other economim have een practiced, so the
per cent gain by sheet metal substitution is great auough to warrant
efforts to find suitable “oiitib . This has been accom IiShed in a
vmiety of wap, one of &

%
%especially notewort y, viz, elec-

~fol c deposition of the whole ja et metal or electrolytic deposition ●

~ e joint. Added to this is the now generally available method .
of the o~mn iiame weld, beside the usual screw-cover and prem-
fit joint w%ich has alwa~ been available. Experience with these ,
sheebmetal jackets has indicated the necessi for expansion ~ro-

%visions to avoid overstreesing of the joint w en the cylinder ex-
pands, esactly 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 mptal jacket gives additional assurance of safety when
jacket water freezes, and especially with cast heads or c Iindera
permits complete assurance of the extermd sonndnes9 of t%e cast
metal that is to resist e Iosion pressures and of the reaLityof water

%
Taces, which when core may be filled with metal in corners where

%
e desigmir intended water to be, so ad “ to expmsion stresses

and preqpition tendencies that result tim
hea

Y

e consequential over-

At At three openings to the combustion chamber through the
jacket space are necessary for insertion of inlet valves ~aust valve,
and igmter. The outer ends of these assagesmust ~e joined at the

&jacket wall by the “acket itself and e use of sheet-metal jackets
calls for jointi at & eae points. These offer no difficulty if welded
autogenoualy or accomplished by electrolytic deposition, though
conmderable pressure joints are apt to be troublesome. E~ansion

f
b rovided in three separate ways, (a) the slip joint, packed by a
~. ber ring as in Green @itish), (6) w

3
ated bellows, (c) the

tion of a thin jacket of mutable me
Y

provided the joint is
wel ed as in the Benz (German) which seeros quite satisfactory. .

Jacket water spaces are usually made narrower on aero
Tthan othem but the width ma properly be even further re UW$

to hardly more than a w-aim & as the correqonding high water
velocity is beneficial to heat abstraction around the barrel. On the

—— .4.. .—. — .,.- f—.———._ ..— . . . — —
. . . . . . . .. . . . y.-— --,-- .,. —--=. .,. . *.. . ~~ .._ ___

., ..’’..> .- ;-’.-,. . : .:’;,,...., -..., -,.,,-
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heads greater width is usually necessary to avoid the formation of
pockets where air or steam may colleot 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 usuaLIyshor$ normall extending httle if any below the
lowest position of the uton hea

8
1. This is not as 8atilXfacto m 8

10 er jacket even if
%

%e SP- ~e.wow, especitiy as ~e cy” der
v aresothinasto havea nummum. of heat-conducting ca~~ii~
longitudinally. The pis~n barrel-will gwe heat @ eve~ p

d
Tc lmder wall with whmh It comes m contact and d at some o-ivpart .

ere is no water, then the heat must be d.kipated to tie m fiscfly
or conducted up to where the jacket starts.

Provisions for valve insertion and removal, to facilitate “
?

ection
and. regrind@g, are used in the v

. ZvS;”~ebk%%%$~~?Z~Z’~2~
n additional guide w add several times the weig t of the
valve. ugh the opening o~ the removed inlet cage the exhaust
valve, which must seat on wateraoled metal, becomes acwsible.
This accessibility of valves is the primary recommendation for the
side pocket, which permits ?f the we of the above construction when
both stems are opposed in hne as m the Mulag. b the paraIlel con-
struction it is accomplished by two covers, one over each valve,
as in Sturtevant. ‘ It IS also attained in the head valve arrangement
without .~~ by tie sepmate or removable head which m aero

“ es N o ]ectzonable for many reasons. This problem has been
bay-met by we designem of -many of the best aero epgmeaby simply
provdmg ~ ]omt between oyhndar. and frame-that IS easy to loosen
and by using valve. gear. and pl ? conn~tions that are quickly

&detachable, so the entie cyhnder, w ch even m the largmt sizes is not
heavy, can be bodi.1 removed by hand with ease and the valves

ireached through the ore. In this way the number of arts is kept
to a $minimum and a material contribution to low cylin er weight M
secured.

Low valve w “ ht would demand the thinmst disk and stem and
Tthe shortest poss le stem, but process considerations are in op .c@-

Ltion to this conclusion, ~ecially in exhaust valves where heat -
pation is opposed thereby. Practice osciRates between these two
estremes, but the heavy constriction of exhaust vihws must be
favored while the Jightis permiesibleon self-cooling inlets, urdem it be

&
r arded, as in marirkeand automobile practice, unwise to ~e two ●

“ erent valves in the interest of reduction of spares. It is otherwise
et valve dish tbm with short stems of

t valvea thick with large diameter stems,
the end toward the disk, and 10 enough

3the heat. If a metal of high con uctivity
e suitable, then exhaushvalve thiclmess

might be reduced. Keeping the weights now used for both valves,
the excess desired in exhaust valva can be secured by reducing the
inlets, though many good engines are amply well cared for in this “
rwpect. Valve material is invariably steel, fo ed tgekm:d~

1%requirements of inertia and impact shock at hig
%corrosion, especially in exhaust val?ea, and alloy stee seem better

adapted than carbon steels for tlus purpose. Shock troubles of

.,, ,, ,—-, . .. . . —.. .—. ——_ ..__ _.,,. . ... ,. . —.. . . .-, ,- . .. .. . .. . ... ,.-
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broken stems, battered push rods, and worn seatsvvould all disappear
if some form of od rotary valve could be evolved, and this is a most

%0attractive possi ility with as yet no realization in sight, though the
~e is by no mems hopeless..

A general comprison of water cooled cylinder weights with ‘
various constructions of jackets, valve location, md drivwj per

9
cubic foot of “ lacemwn$par stroke is.

2
“ven in Table 11 to show

limiting effects o various structural det , but do-atdy h WI
inconclusive wayf or cylinders alone, as shafts and fhmes are included.

.

I

#

.
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Here, again, the superiority of the head over the pocket valve
arrangement, and the indiilerence of air vemus water cool@, me
demonstrate~ but in addition the steel cylinder is shown to be sup-
rior to the cast iron. h to arrangement of qdi.nders with reference
to crank shaft, comparing the four and six in Ime the 8 and 12 cylin-
der V, there is no

“>esav~ble. Rfia~~tm~~men~~e
conclusive demonstrated t~ough for the latter

there axe insti~ent
consistently lighter than the above not as much as n@ht e e

%
ected

for fixed cylinders, but uita mm~edly so for the rotating, w “chin
3round numbers weigh o y hdf as much as the line arrangements.

It is the consistent use of steel for qlindera in the rota “
9

against
the east iron in the tied stsx arrangements that is responsib e for the
w - ht diftbrences reported rather than rotation versus iixity.

*32:FT3
t must have some relation to the ratio of bore to
displacements, and the variation of stroke per unit

%
acement must fiect as well the shaft and frame weights.

~e .ckness of the cyl@der walls should vary directly with the
diameter for explosion pressure str~ resistmca, while displacement
varies directly as the square of the diameter, and directly as stroke.
The actual ratios of stroke to bore will be between one and two,
the. former ..ving a very short and the latter a very 10. stroke

%~k:~~w ‘rmtice. ‘&ow@Oke cykder~reqwethe long for stress rcwstanca, but the dtierence
is so small in view of sho limits and the small diameters that it

a
cm- be n- o ected. Even $1owing sxlm thickness, the shorhstioke
-e be lighter than the 10

?
as to cylinder -might and doubly

so when the increased thickness o crank and larger orank case neces-
sary are included. More effect on -might 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 offiet .

9is quite generally practiced, thongh it is by no means universal, an

$
-iv t reduction possiile by this means is small.

Iinders when cast are east sometimes singl ~ sometimes two
Lthre?, or even four together to make up multicy der engines, and

this M a factor in weight re~uction. Cast@ a single cylinder com-
plete with heq and cast jacket is the old standard ractice for small
station

%
$WY, ~d the method first adopted or auto engines.

3
Such Cy ders -P. and cheapen the construction of muM-
cylinder engines of erent numbers of cylinders tm give differ~t
ho~po.w~ units, as the only ch

T %&z:? ‘%::U:E;2-e ~ m *, wun ~haft, an cr
engmqs became s~dardwd to the four linders in line, four orank

?fo~ It became evident that weight woul be saved and compactness
promotid by cast.% two c Iinders in one iece the jacket consisting

Jof two senucylindrmal an two tangent ~t p~ate elements for the
bame~ aud two semicircular and one flat plate nearl square, con-
necting member for the top instead of two circles. %hls produced
a stiil structure which permitted a reduction of frame or crank case
stifhess, 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
ofiet there is required a somewhat thicker crank and shaft to com-

t
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W&lspensata for the increased ben “ moment that follo.m the spreading
of main bearingwm.supports. practice of cas

T
two cylinders

enbloc for fowwyhnder engines is equally adaptad or six, and is
quite commonly ?dopted, though not universally. Aero-engine
practice followed m part this auto and marine practice for cast
c linders of making two enbloc, so that the four-crank engine has
Lt ee and the six-crank e “ e four main bearings.

YCylinder removal is facdi ated b separate cylinder c “ , because
I vthere are less parts to be detache , and the weight to be ted is the

least. Separatdy cast cylinders are better adapted to sheekmetal
~acketslso aero engines departed from automobile two enbloc ractice ~

%m casting such cylinders se arately and leav@ a bearing etween
each crank. The four cr& engi.pe t$en h% fi~e, the six cr~
seven. bearingg, and the -whole

T
e B symmetrical. This is per-

fectly sound and good practica, or there are no more importrmt
members than the crank shaft and the frame. By this construction
the maximum stifbmw and best distribution of main-bear@ surface
is secured, with least deflection at crank @ns, and the extra shaft
and frame length is worth the smrdl cost m weight, for the might
increase is very small. Steel cylinders We always separate and can
be substituted for the cast cylindem with sbe~met~ ja~e~ on ~ .

2
e of frame and shaft without any alteration whatever, as may

o air~ooled cylinders, which by the vary nature of the problem of

9
air coo can not be cast in pairs at all.

Frame orm’ for connecting cylinders and main bearings, has a
ve

3
large inthmnce on the weight er cylinder in multicylindm

Lm ticrank enginesZbecause the more “ ct the stiew resistance, the
less the metal reqw.red. & evolved horn old stationary and marine
steam engine practice, the main bearings su port the shaft from

%below, the ca s being removable upward, whi requires a two-part
I’frame. The ower frame mamber consists of a cross web to c

Teach main bearing, and these are tied together by a 10 “tudinal we

1
“ust out of reach of the crank throw, so for a multicr3 engine this
ower frame member becomw essentially a semicylipdrical box with

a semicircuhw cross partition for each main be
Y

The up er
$frame member tiw the c lindera to this box by snot ~r bo~ or y

the A form of double cof-. The latter recaives a cylinder at its
upper ring end, and itdegs seat on the lower frame in the @me of
the crank pap Thus the stress which is alternately tenmon and
compression m .stmd~d s@am en$nes is communicated from
cylindem to man bearings m a demde~y roundabout way. The
same is true of the second or box form of upper frame member as to
indirectness of stre9s trmmnisaion, for here the upward cylinder
thrust is received b a flat late with holes in it, one for each cylind~,

Jrand this horizont flat p ate transmits it down hvo inclined serm-

%
vertical plates b th? e es of the cylindrical box of the lower frame
member, which carrm t e vertical main-bearing cross webs.

Single-acting intermkombustion engines are subjected to a frame
str- from exdosion-ms Dressure9:that is. a Dure tension between
cylinders and &ain be”+, altho~h inertia ~f reciproca~ parts
at high speeds on idle strokw may introduce a compression eqruvalent
to the doubkding steam engine. Aero engines are necessarily light
and their parts also, so that there is no real nec.esaity 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 frmnes or sidewisethrou h
fremovable cohnuns. Aero-engine crank shafts can perfectiy well e

sup orted below by bearing caps, removal of which ermiti the shaft
to L

&
&free. Tlus greatl simplifies the fhne w “ch need not be

more Tan a short cross we hanging between c lindera under a hori-
zontal flat plata with holes for each cylinder. % “ cross web, if cast
of aluminum, can be formed for com ression resistance as a column,

Eand steel tension rods inserted to re ‘eve it entirely for the tension
strws it can not resist. The substitution of steel shapes =mddedor
riveted for the ahnninum cast@ is perfectly feasible in such form

. as to eqmdly well serve as struts and ties. Resistance of longitudinal
bending of crank shaft due to the relative forces at tio different
cylinders or cr-, is easily resisted by side plates in the cast form,
or by diagonal latticed braces in the structural form. This means
the elimination of the old lower frame member entirely and the sub-
stitution for p 0sss of inclosure of a mere shelI subjected to no

Tstress whatever, ut formed solely in the interest of an unstrmed
oil-tight iIldOSUI’S.

‘“T”
“ e frames have not all.developed along tbe lines, prac-

tically all emg of cast aluminum and only a few intioducmg the
steel tension rot .Grem for ~ple, while a great many retain the
bottom web, lea

%
a hole where the more serviceable up er direct

web should be. ere are no structural-steel frames. %eference
is made to the illustration in the appendix to frame construction
which should be judged m this light. Modifications bf framea along
@ese Iin.eswill materdy imp;ov? the ?tifhem and life of main bear-
ings, whmhshould ~duce lubmcation d.dkulties as well.,for the same
fr~e -andshaft WWF@ now used, or result m an equmalent weight
reductiom

Main bearings me almost universally of the plain
P

e lined with
so-called rmtiction or white metal, though in a sw casw ball
be@.ngg, -@ich. seem q adapted, have been employed. T@ t$-usus

~.%~$%m$m*3p=er?e7$~ZZ$;~$pXt&t

%
ainst the frame, must be suitably supported by the fkne. As
e loads are not severe, and the thrust not irregulm q in ma@ bear-

ings but reasonabl stead and .al-wa in one d@otion, ha offers
no d.if6cuI@. The$ongitu%nal side p~~ cdnneotmg the main bear-
ing webs, to make the fkame SW as a beam, are equatly serviceable
m making it serve as a column loaded by propeller thrust if the end
plate be suitably stiffened. This end- late shffening is ~ the frame
modiiicatiop reqoired to receive the &l-ust bearing.

&ro-engme p~tma foII?w almost univerwdly the practice in. auto
-ES ss b use of cast mm as a material, but v

Y
in practically ‘

othsr respect. They are invariably shorter an thinner being
%c%ed all over as nearly as pin bosses permit in an edort to
reduce weight, which m many cases has been carried entirely too far.
Unless normal speeds me made higher than at present, say 1,500 “
revolutions per minu~, th? piston might can%e considerably greater
mthout devebping ~efia f?rces equal to explosloq pressures.

andtiefiafor-kr#btiew@ betieY ‘lm’Oppr~?
WW present p~ton we

ed about ,5OOrevolutions per nunute.
any case metal sufEcient for heat conduction must be avdable, and

9
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reduction on this basis becomes legitimate only when better thermal
conductom than cast iro~ ~ch as ahuninum, cop er, or the bro~

bare substituted for it. Complete substitution is ~ cul~ in view ok
their expansion caefiicienta and low stress resistaacasl but these
materials can be used as suppkunentary conductmm to ,shff cast-iron
piston fkoms. As piston-weights of any one d “ “

Tsquare .tich ?: pistonl the us? of a larg? nmpber o #~~!i$~

~~~;nz~~$$~;w%~$;~~~~$ =~n~~l
tion single to ring of the Gnome engine, a
differ not at & from the cast-iron ring of auto?: GSy?e
thiq lo~er end of .aer_e istons is sti.flene by an interpali

rJecwweb’wh&~ m ‘sent ‘e’me ‘d sh~:$:%%$owever cads and u per barrel axe rncreased.
structural weak an infkxiilej should be definitely abandone ,
as is also & e case with any cast ribs on the under side of the head,
especially as these. are uselew in tension and involve shrinkage
strcsse9 m the makmg. Downward curving or concave heads being
in tension, must likewise yield to the convex upwaxd or domed is-

%tom such as the Daimler, which, without ribs? is the bed posw le
form, but these would be much improved by tlnckening at the edges.
Wrisfipin bosses, while in a few cases separatiy attached, are nor-
mally cast integral, ~ practme that leads to }w$ metal for strength,
though the deformation tendancy on ~anmon ISqnfayorable. ‘,

As a pqrtial compensation for the increased umt =de thrust due
to Sho

Y
of pistons and use of short connecting rods, there is a

marked tan army-to oilset the Iinders an amount recommended by
%Vorreiter ~ one-qghth the stro e. This is of no assistance whatever

when ine@a forces are as high as they should be, as on the suction
~troke a mde t$rust ecpal to that developed by gas pressure alone is
uu psed on the other side, so that the symmetmxil cylinder setting
in L e with crank shaft should not be abandoned for this reason.
The rincipd value of offsetting is reduction of @e height.

2 rist pms me properly made hollow m some casea to. reduce
weight, while leaving enough metal to mist undue str

Y
and.

sec
-%

the maximum b
7

area for the rod end. They ould
always e hoIlow. The old b practice of ta ering pin ends is often

$retained, though in view of its natural ten en to work the pin
%toward the big end, to loosen and to score the cy” der, which tend-

ency is only opposed by exccmive locking requirements, should have
been long ago abandoned. ~kii.u cylindrical-ended pti, of tWO
diametem but slightly diiferent, is the bwt practice and the next
best is a straight in or tube locked in the bosses. bearings in the
~~-swsewi~hpUIS&ed in rod ends have never proved satisfactory in

%
es, and there is no cWerence in aero engines that war-

rants a erent conclusion.
Connec “

9
rods follow the usual auto ractice in having the wriat-

d
f

1?in end soli forged bored, and bushe , with the old splibmarine
ODRof crank-pin en~, lined with soft metal, and forged of steel. They

are, however, univemalFy of high tension alloy steel of sometimes
tubular, but almost univeradly I section. The special rod forms
are confined to the rotating cykder engines with many rods per
crmdq where each engine IS characterized by some

Y
ement

pecuhar to itself, all involving, however, a single be@ng erg racing

.
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the crank p@ to which the other rods sue movably attached to allow
the small relative oscillation of eaoh with reference b this bearing.
This s@em, 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 ada ted to the double rod er crank construction

t t%of the V engine as a su stitute for the sepma embracement of the
crank pm b each rod, either of sinnlar rod ends side by side or one

Jstraight an the other fork@ as the master and shoe results in lower
mean yressures and less friction than the double direct.

Weght of engine ~roper ]er homepower is, as pointed out, not to
be mcured b reduaqg+engme metal alone or by raising speed alone,
but may fo 0~ a

f 7.
of mean effective pressures mthout any

k ch
3

e m metal or spe It may also be secured with the same
met by maintaining mean effactive premures with increasing speed,
or even b lessening mean eff’ecthe presurea at increasing speeds,
provided z e latter increases faster than the former decreases. It m
therefore important to retorn to the question of mean efEective
pressure and exwnine it in the light of su6h sxrangementa of engine
as may ajlect the weight of cylinder com lete per cubic foot of dis-

~placement and the weight of shaft and ame per cylinder. Mean
effecbe pressure indicated is entirely a question of port and valve
size and of ort, valve, and combustion chamber tempemturw.
The former & ects the vveight of charge b pressure dro and the
latter by suction-temperature rise, but J Le latter rdso “ “ts the
compression, which is the other factor in mean effective ressure.

&Mean effectwe r-es referred to. brake horsepower are e same,
Lexcept for mec cal fiction and m the case of two-c cle engines

for pum~ work. iAny altarnathe amangementa or deta form that
do not inherently increase the suction-pressure drop or the suction-
temperatnre rise or do not produce hotter internal combustion-cham-
ber walls may be made to Yield.equally high mew effective pressures
b the use of suitable proportions and dunenmons of passagea ~nd
& hem. Forms or arrangements of tbia sort that reduce

Ymight per cubic foot also dmectly contribute to the desired res t o!
reduction of w . ht per horsepower.

%According to a given number of tied water~ooled cylinders of
the same sxze shotdd ykdd the same indicated mean effectie pres-
sures, no matter ho-w they are arr . ed, whether for example, four
are radial or in line, six m the ra3

r
ups of tkree each or all in

line, eight in line or in tvvo fours connectwl. by differmces
actually found must be chaxged to proportions, to carburation, or to
ignition, and cm not be regarded as inherently characbristic of the

f
ouping, thoug@ of comma, mean effective premures referred to

rake horsepower will di.fterby the difference in mechanical frictio~
~hich is least for the least product of be surface and mean bear-

Tmg pressure. The, same rs not true for d air-cooled cylinders
beoause theti form and arrangammt does, to an appreciable extent,
affect their temperatures, though the suction-pressure-drop effecti
can be made the swne for all. Therefore more dMerences may be
justifiable expected among bed air-cooled than among tied water-

%ncooled C “ dem.
The & ed air-cooled cylindem axe likely to run hotter tlmn the

water-cooled cylinders so their mean p~es w-odd be lower, as
much so as the gooling is ineffective.
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Rotating. sir-moled cylinders taking their chzrge through the
pistons, probably sufkr the greatat of all suction heating efFecta
snd must be expected to have the lo-westm-em efF@ve pressures,
indicated and brake, more so because the windage m added to me-
chanical fiction.

Automatic suction valves whether used in tied cylinders or in the “
pistons of rotating cylinders, must always o ose suction by greater

%pressure drops than mechanical vdvcs ea suitably desugned, so
such.engines should have lower mean e~ective pressures.

Thick-walled cylinders snd thin--milled. istms should run hotter
than thin cylinders and thick pistons, so d erencm in mean eflective
pressure may be expected in these directions, slways subject to
proper selection of proportions in other directions.

Speed limits should inherently be the ssme for all tied cylinder
engines, no matter how disposed, so that with roper proportions

Jthere is no resson why any srnmgement sho d su.fter a greater
fdli.ng off in mean effective presure with speed incresse than my
other, however much the constant high value for one may differ from
that of another. Rotating cylinder engines are, however, subject to
lower speed limits than are tied cylinder machines on account. of
cenfirifugd forcm though there is no reason why one &d of rota
cylinder 9“ e dould not run as fast as another, nor why all shod

Tnot su$er t e same rate of decresse in mean eifective presaureawith
speed u.messe m do tied cylinder engines except as windage may
cause greater ~ossw, referred to brake horsepower.

Any one type of cylinder and piston will run hotter the lar er its
5diameter so a given pi.qtonarea in a large number of cylinderss ould

rwult in
%

her mean effective pressuresfrom the reduction of suction
heating an the incressed compression made ossible by the cooler

U/’interiors. Therefore an eigh%ylind~ V sho d be better than f?ur
or six cylinders in line of equal

%?{~~~e~~t$~~t~~Iinder engine of several rows and m
%

8
lacement in one row and one crank.
imilarly a 1

%
e stroke bore ratio favo “ fmudlsr piston diam-

eters for equal ~ . ~er mean dlective“ placements, sho d yield
pressures.thsn a srpall ratio but tlus ddference -E necawarily small,
as reduction of cyhnd~ ch~eter from 6 to 5* inches, for example,
can not greatl~ affect mtmor tom erature9.

%These principles should all be c ecked by experimental data and
can be so checked, but such data have never yet been obtained
largaly, because such tests ss have been made were directed toward.
a com arative judging of engines in competition, and were not con-

1ducts for discovery of princi les of construction. Such results ss
$are avsilable are compsred in able 12 with reference to the variabl=.

discussed. In the same table are into orated the iigures for thermal
%allicienq which controls the weight of alto be cmned. This, while

slightl tdlec@d by valve resistsn.- ss iq mean eilective pressure, is
$dep.m er+ prunsrdy on ~mpresson for indicated efficiency, and on

-e tiction and negative work for brake efficiency. It therefore
IS most affected by temperatunw of the charge before compreaion
starts md by interior temperatures, as these affect the mtium
cqmpm.aion. h might be expected therefore the d.iflerencea be-
tween the thermsl eiliciencios ‘are less than those betmeen mean
@ective pressurw.

25s02°-s. k 2@ WI—M
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There a ears to be no consistent difference between the per-
formance 3 aracteristics of steel compared with cast iron, as com-
bustion chamber materM@, when measured in terms of mean effective
P~ or thermal effiaencies. The smae is true, as might be ex-

L
ected, for fixed cylind~nk shaft mrangements of four or six in

e compared with 8 or 12 cylinder V} or star, though the
F

e9 for
the latter do fall off a little. b imhcatid before, the fun amental
difference is in air vers-mvvatercoolin , and fixed versus rotating, or
crank case fversus direct. admission o. charge. Fixed c@indem axe
ahvays superior to rota

=i~d?;~yo ‘tih$tm%;adrms9ionto crank case a G
Reliability of the engine as afEec&dby mrangement, form, propor-

tions, and materials is partly a process question and partl one of
endurance of structure. So long as the mixture is made red arly and
properly receiv~d~@ the c lind~, and then tieatid alwa~ the same,
which includes ~tion anJ coohng, then the mean effectye pre9sure
and thermal efficlencyshould remain the same, and the en e continue

Yto run indefinitely. This is the process part of relia My. It is
equally necessary, however, that no part shall brea$ or fastenings
loosen, and that bearings shall neii@c w$ze nor wear tQo fast or un-
eveily. Brqe means immechate mvohmtaqy sto page, and
loosening or bearing tiouble a more or less fast ap ro

$
d to a stOp-

page, which if anticip~tid, may be vohmtg, or not, a stoppage
essentially he same in unmechate effects as a breakage.

There ISno excuse to-day for any greatw numb~ of breakages of
aero engine parts than of smilar. arts of other en

& Y
es, provided the

same amount of skill and for t in design an construction are
exercised. The fact that the consequences of breakage are so much
more serious in the case of the aero en

F
e than in any other is suffi-

cient r~son why the breakages should e even less than on any other,
and should not exceed those that could be called pure accidents be-
yond the utiost skdl and care. It is, howevar, undoubtedly a fact
that stress analysis skill, and material data, for operating conditions,

dare far leas gener y applied to aero engine design than to othar im-
portant Clasm of In.aclunery. This is partly because the youth of the
art has kept the inventor in the fore ound and de computer behind
but largely through lack of Y. .dity o requirements by purchasers and

%?lack Of fin~ci~ SUPPOrt Of e buain~. If the busin~ of aero en-
gine reduction were large and regular or Governme

2
nt supported, it

coul not only afford to pay experience~ stressanalysts, metallurgda,
and material investigators, but would be forced to do so.

Breakage prevention is therefore almost entirely a @tion of
money, and of realization that design is not purely invention. It is,
however, somewhat a qpestion of arrangement and form, for, as haa
been mentioned, horn tie to time some arrangements or forms lend
themselves better to design for assurance against breakage than do
others, or some remote a reduction of seriousnessof the consequence

tof breakage, if i does occur, through pure accident. h illustration of
this latter point is the case of the rotating cylinder arran ement versus

athe tied. Breakage of a cylinder fmtening meam a o
-%

off of
lb mass under the influenca, not merely of the
centrifugal force as well, and with a ood owii .tg of much more
serious Conse

z
enccs for the former. l%ven~eb~~ez~e~~~

radial valve ppet rods will cause a loose end b fly out and whip
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_ tb sU~pOtif$ $h.lctllre. Suc$ is believed to have been the
cause of wreolnng a Br@h machine in ht and omping the death of

3

E;2Z75:%::2.?%;S+F.;:%2
pistons, the former a oontriiution of mateti’ and the latter one

. of form to structural permanence. Complete ruptures are robably
&more common in valve stems and ot@r small arta than in e main

$elements of ~?, shaft, c@inder, p~ton, an rods, indicating lack
of oare or insdiaent

T
enenoe.

All suoh things are to 9 eliminated by organization, sup lemented
5by time and by long pemods of opera~on of expermmuta engines,

run under specfied unfavorable ccmchtlons to complete dmtruction
of an one part under investigation, suoh as a valve md stem, or of

%the w ole structure. Testing to destruction is the very bat way to
tioelerate experianoe without danger to anyone. As m the osse of
the other illustration oitsd, however form oan contribute something
to the reduotion of consequences of ~reakage, and in the case of the
stem of the head valve, this has been attempted by lacing the edge

Iof the valve seat slightly over one side of the oylinder ore m an oilse~,
or com@ete enlargement of diameter at the olearanoe and with the
valve cde tangent to the bore. Should a stem break, the valve will
drop to the o@nder shouldw instead of on top of the piston, whioh
smashes it or Itself, provided the break is

y ‘;p&~:%?;&Yso the stem does not emerge horn the gu e.
is quite the same as if the shoulder were not present, exoept that a
larger diameter of valve is

f
wsible than without such extension of

the bore. This valve troub e is supposed to be quite prevanted by
sid-pocket location of valves, but is not, because should the valve
drop into the .ocket thare is every chance of it sli “ over on the

%
\ %iston under t e i.uiluence of a suction Strok?, esyec” y if the flat

ri~e inclines downhill, as it usually does m single cam shaft V
mgUIW fqr ex- le, tiou@. pko%” the valve on the opposite or

$downluh side wo d revent It, but would requme two cam shafts.
JPrevention of un ue wear on shaft and pin bearing surfaoes is

entirely a question of be@ng pressures and Iubrioation. These
bearing pressures are aTlsubject to pretty aoourate determination by
~mputation, S: the dwign of an engge with ex~essiveIy high bear-
ing pr-w @ged by general machhmry b

Y
experieuoe, is a

?
ure teohmoa’1nnstakej not to be excused by the ad tion of elaborate
orced systems of pump oil sup ly. Bear@gs should be

~ Y
e enough

to not need elaborate special o“ or oil-a lmation systems, ut these
shotid be added to make assurance do1%

G 3
sure, in sho~; as safe

attachments not as wmntia!l elements.
by outtiug down main and pin be -

eight reduotion secure

7
is too dearly bought h-be

worth the rice.
$

Cylinder and piston earing wear, while mvol
the same ?enmuts as main bearmgsj have h endure the additiona
dlkulty.of high temperature, but this is not serious if due attention
is paid h the princl 1ss of heat abstictiom TIolation of these

#l@nciples coupled wi a riseof side thrusts, aggravated by side cock-
ing that #ol.lowsundue shortening of pistons,.~ another osse of pure
negleot. Pistons should be as long and as tluck at the top as is oon-
sistant with weighti eed limits, and where observance of these

&limits faiIs to reduoe pressures and temperatures to vahms known

1

I

i

,,
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to run properly in other en@nes, then defh.ite s ecial remedies can
Fbe suggeste~ only one of -ivluchis excessive use o lubricating oil and

the last to be adopted instead of the first.
Seizing of running parts at beming surfaces is entirely a question

of relative size or of clearances, and its prevention a question of main-
tenance of the cold clearances aftar the arts become heated, which,
of tours?, is least ne the better

7 “ ‘e r-on ‘or abti’band dimpating the heat ermed horn com ustlon or developed by
frictiom Nest to co@ingl v&ich in main and cr@c @n bwyings isnot
attempted, tho

&
- %h ‘t Yh’ ‘a bs’ ‘d ‘h+ m cy@dm ‘distons is them w prob em, maternal selectlon IS most mportant.

ome materials have low relative” frictional coefficients for their #
lubricated surface and are roperl related as to thermal expansion.

~meta~lined or bronze can be fomd for ‘FIothing bettac than the so
steel shafts and pins, especially as these

T
and more per degree rise

wan the stesl, so heating tends to looseq an oppose serzingby assist-

%
lubrication, which by lowered oil mscos~ tends to become less

ective. The boxes must, however be s$ enough to really dis-
tribute stress. Piston and oylinder #Iearing surfaces are somewhat
more difficult, as the outer part, the cylinder, is norgml.lymuch cooler
than the inner part, the piston. The temperature ddlerence is greater
the thinner the pistons, and the difference is much ~eater than in the
we of the standard box on the pm or shaft. It IS,therefore, more
neqcssary to care for these. clearances. ~ is done ~hen thp rna-

‘iA ‘e ‘e -e’”wt ‘on ‘n ‘t ‘n’ b% ‘% ‘e ‘Molqmmce h@, far @her than would be feam le on s afts.
tends to remote side lmocks smd leab at part 10ML For equally

&good COO the steel cylinder with castAron piston gives about the
same qwnsion relations as do the bronze box tmd steel shaft, but
not such good antifriction ual.itk. Steel selection and heat treat-

7ment will undoubte-~y lead o improved antihictional results,perhaps
even equal.or supamorto ~?t iron, after pro er researoh ‘Plusseems
to be a rational and pro line of dev opment, especially if the

7$cylindem are kept symmetm , as they can be with head valvea.
Reliability so fm as carburation, gn.ition, mixture distribution,

and cylinder treatmmt pro~ are concerned has already been
discussed. hy derangement whatever here ~eads. to im aired

$power output or qmre~ed and perha s very much mcrwse fuel
consumption. SerI.Ousder

Y
Fement o thwe procesaea means stop-

page qven though the who e engine structure be perfect. Most

Y
opera tioublea are directly traceable to these process der~ e-

dments, w ~chif .ticient in degree, mean stoppage, and even ds t,
constmt tmkermg aqd arme~.

Adaptability of an mternakombustion engine to aeronautic service
is promoted by ~rtain featurm. of the engine that play n? part in
metal reduction] m mean effective r-me and efiiclency mcmasea

?or in its reliabihty, though of course ow ~eight of engine and of fuel
per home o-iv~r~p themselv~ adaptabfity factors, as is also any

?element o rehabtity.
General external shape and podion of points of attachment are

subject to .a far mdqr. raqge ru aero wan m aqto engines. h one
respect aaro adaptabfi~ UnpOSEWa clued reqmrement, that of end
shape for le@ head remstwwe. Engines directly exposed to the air
or theu casings when covered. have a relative movement always

..,______ ~y— - ,, -,. . ...-’. , >< :.; -..,”,~-—---- . . 7 —->-?. .,. ”., ,.. ’.-y--- —-—-—- ‘
..- ,- <.,; . . .. . . . . . . . ,,.~.. ,,,
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approaching, and sometimes exceeding, 100 miles per hour. This
must always impose a resim%mcewhich is larger, the lar er the end
area fro.@ the direqtion of flight and the less smooth k e exposed
surfaces are. In tlus. respect the rotating-c linder engines are by
far the worst and the

T
?e line of cylinders o the auto type of mulh-

crmk engine is best, ne.m
smll

twice as good as the V engine for example.
Air-cooled engines if arly arranged to water cooled offer more
head r@stmme. except fo~ the radiator ?f the latter which may be
very lughly resstant but M not ne~m.ly so. But apparently the
requirements of low head resistance ISlosing in importance, at least
for war machines, since in these the fuselage is roomy enough gen- .
erally to mco~odate any type of engine.

Ease of et
Y

and a contiol of speed are also required of aero as
of automobile an boat enghm, but with some elements of WhrenU.
Elec@$ sti-stmters ti~h -generator-motor and storage batteriea are
prolublted by w “ ht hnuts, for even if the craft could carry them

Ytheir weight woul be much better disposed in the engine b adding
$either more horsepower of the same unit might, more fu for the

same engine. to make 10 er flights, or for e ual flights and engine

R“% z?% 5
‘1a heavier uilt and therefore em sensitive engine of

en starting &m, the ground a starting crank on the
~~t end often would be inaccessible and even if it were within reach
engines of huge ower could not be hand rotated against theh norm~
com resaion.

{
$ hw been a general ractice to start these engines

?by and turning of the propeUsr b ades, a ~ractica that is most
dangerous, does the bladea no good and certainly requires an extra
man because at the moment of starting the operator must be in his
seat. All hand~artmg diiliculties are removed if-the compression
is relieved and the accessibility of a starting crank can be met with
equal esse by a chain and sprocket having a self-releasing ratohet
and hand crank on a short auxiliary shaft, near the opemt?r’s seat.
It may therefore be regarded as riecessary tha~ aero engmea, cer-
tainly the larger ones, and this means most of all d not all of those to
be buih in the near future, be provided with compression-releasec~,
equivakint to those so long used on hand~arted stationary

Tand lever operated from the seat. This same compression r e~~
gem will serve as a speed control, should s eed vamation be neces-
S L, by permitting escape of part of the c ge though, of course,
Kwit waste of asoline. It serves as a supplement to the throttle

%valve of the car ureta, and which is not so wasteful of fuel. Speed
reduction by spark retardation should not be practiced on aero
@@.,thoy a s!- ~retard is necessary, automatic or mwmal,
because of t e serious overhea effects that follow and aero
e
%

“nes at best are hard enough to eep cool at their @ speeds.

T
may be regarded as a necessity, however much free

eczhauets ave been used in the past, and whatever unfavorable
weight and power effects are impcsed must be regarded as warranted.
Noise from the exhausts of so many cylinders opexating at high
speeds becomes a loud roar. There are at 1,200 revolutions per
minute from the 20 cylinders of the Le Rhone engine, for exam.le,
600X20= 12000 air i.m.acta per minute, and at 2,400 revolutions

~
er minute ~e “ t cyhnders of the Sunbeam engine give 1,200 x8=
,600 impBCtS.% ith such a disturbance close to lmn no operator

can be expected to keep his head as clear for the serious bumness of

I

,
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flying x if the noise were absent. To detect engine defects b Me
noise chang~ in the machine before th ?

~pd~~b~m~~h~e~~w~~~~~~~;~~~~~~n%~
annoyances but as preventers of engim+trouble detection, no’ matter
what the

?
e of machine, and for mili

T
machines they are the

fin@ kind o approach signal to the enemy, eing audiile long bafore
the machine is msible.

MuHers can be made, due to automobile development that are
quite afEectivewith no more than 2 pounds per square mch back
pressnre and possibly less. This fl reduce engine output 2 per
cent if ke mean effective pressure is 100 pounds er square inch, as

%it is in aero engines, less than 2 er cent for hig er, and more for
lower mean presmres $The weig t incresse is almost negligible,
being between one-tenth and two-tenths of a pound per horse~omr.

Just as soon however, ss mu.filersare demanded as a necess~ the
rotating cylinder engge must be changed or abandoned, x normally
the exhaust valve is placed in the center of the head, usuaIIY held
in place by an open cage screwed to the cylinder, discharging chrectly
into the air. To attach a muiller will require a change ?f the cage
to a closed form with pipe attachment and additional coo
the now incloqed valve - cool as the open one. Them2i;f$$
have to be

9
osed symmetrical about the shaft and inwardly

Jradial pipes hel against centrifng force at the muflkc, fitted to the
eihaust cage by shp “oints.

i
These pipes mush moreover be circum-

ferentially m porte
d’

to prevent chstortion by vmialhe angular

velocities, an they will impose additional wind e resistmce. The
‘%net eilect will be a eater reduction of power an a greater incresse

xin weight than m er attachment imposes on tied cylindar engines.
It goes without saying that no aero engine with tanks and connec-

tions complete is adapted to ip p~ose if tilting even t? very con-
siderable degrees interfaces With lts operation, and d It stops on
tilting to -Y o e tha~@ r~otely poss~blein real fly@g it c.tiaird

uncertainty w? tie%e~$d~t;2Fof%YZtZ~~~$
must be re]ecte ss f

adaptability requires, but the 15° required in the German and British
contests seems to be a very modest re uirement. No one will deny

t%that the eater the @e of tilt and e more independent of direc-
rtionl the etter the ada .tability factor. The conditions when tilting

in fhght may be quite h erent from those existing in a tilted engine
at rest, especially when the motion is in curves develo ing centrifugal

$forces in all masses as well as in the lubricating o and fuel feed
system. Therefore, in considering engine independence of til “

wrapid change of motion as to speed and direction, but especi ~
direction, must be included.

Any changes of direction of motion that the planea could withstand
can have no appreciable effect eonthe motion or friction of the moving
masses, but the tiects on lubmcating oil in the crank csse or separate
tank or ipes and on the gsaoline m the carburetor float chamb~, .

$tank, an
$

ipes may easily be = great as in extreme tilting. It IS
quite pof91 le to imsgine a @s~bn~ ~o$w, for exam e, purely

9
gra~tational or. purely cen
engine trouble, m the one case P

teat enoug to cause
ok failure ~ the cmburetor and in

the other tim overheating of be- robbed of oil, or from flooding

.
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of combustion chambers whose @ms get an excess. It is likewise
possible that the -water+irculation system be sim.ihwlyderanged by
opp@ior to circulation, causing steam to genarate in a ~acket -
expelhng dl water and causing an overheating, with a possibfi o+
a crack, or by a 3/1.rainageof water from the radiator veqt. an

T
“ e could so be designed that it could work on end, 1

%
on its

m e, or even upside down for a short time, but preferably ind “tely,
this. would be the ideal. No such possibility is in sight, tho

Yes are now operating in machines moving in curves and circ es.
}yrizontal planes, turmng the engine on its tide, but centrifugal
force replaces gravi~ and no flows are disturb@. Similarly, looping
or circle flying in a vertical lane turns the e

i Y
e so that it operatea

first on end and then u si e down, but, as efore, the centrifugal
force replacea gravity. %uch is not the case, however, in a steep
climb or descent nor in the uptilting of one end of the plane due to
wind gusts. Here gravity flows are disturbed by the amount of side
and end angle. Crank shafts and in bearings must receive new
and end thrusts which are not d cult to handle if they aIl are
pro erl jourmded.

&d -shaft torque that is most uniform is best adayted to pro-

E
eller drives, ss these propellers being made of wood for hghti~ may
e broken by sudden torque olumges. Such changes also reduce the

aver~e propeller eihoiency and reduce reverse rocking forces in the
Emachme tie. by engine wit insufficiently stead torque for pro-

peller sdety and for maintenance of high av e
T

& ciency may be
adapted by addition of sdlicient fly-wheel eflect elnveen

T
‘e and

propeller. The same fly-wheel effect incresscs the crank-s m%tor-
sion$l distortion and crank deflection and adds to engine weight.

T
es that can give sufEciently uniform tor. ue for the p

d T
0s0

wit out fly-wheels must displace others, and w e the four cylin era
in Une augine seems to serve, it is true that the eilort falls to zero
on dead center. Anything lws than four cylinders is out of the ques-
tion because the gas-pressure eflort is entiraly absent for a part or a ●

who~e stroke or more. lkwrease of numbm of c Iinders over four
7makes the actual effort or resultant tangential orce due to com-

brned gas premure and reciprocating inertia forces depart lwa and
1- from the constant mean effo~ amd rchimizc9 the angular
velocity variations of the propeller without an other fly wheel

T-mthan itself. From this stand @nt the more cy” ders the better,
Lthough fcom others discussed t is not the case.

Arrange.nmnt of a given number of cylinders radially about one
crank produces the same tor ue curve as the smae cylinders m line,

%provided their cranks in the tter case me se mated by the same
les as their c Iinder axes h tie former.

% t
& en, howevar, these

cy ders in line ave cranks parallel m aim, as in the four and six
%

~~d-~mei( about onecrsnk. Itappems,however, that the
emeuts the torque WM not e as uniform as when these

6 cylinder in e, 6-crank arrrmgement in which the torque never
dro s to zero is uite uniform enough /or practical work, and the 8

$an 12 cylinder f srrangemeuts are progressively better. There is
no reason for adopting the radial arrangement if, as is the w?,
othar obj eotionable elements are introduced, because the above w

&
ood enough aud anything better not worth another disadvantage.

mparison of turning eiforts for any arrangement of cylindem and

i

I

1
!

I

1

I
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oranks is easy if they be lotted to a crank angle or orank ath
$ %.sbase by the usual standar methods. Many of these ourvm ve

already been -workedout and may be found in the literature, inolu@u
the inertia as wetl as gas- r-e force ede~ts, and for such reference

1is made to-the bl~lio~p y m the appenchs. In no ease may a fly
wheel be introduced m aero engin= to dampen torque vtmations
beoause of -i@ht Imitations.

Balanoe of re’oiprooat~~ parts in view of the . ht and @xible char-
Yactor of the engine sup orts which are part o the fl

{ ?
-machine

structure, is robably t e most important of the adapta ibty fao-
%tors, beoause ck of balance means free shaking forces or moments

on the whole syste~ and these be.
A

regukw and periodic may

I
eriodioall synchronize with the na

z
ptiOdS of wires, struts and

cams, an so oause displacements of such iuoreasing am li@e as
?may be responsllle for rupture. In no other engine inc u

9
the

automobile, motor boat, and even the light shall of t~e raoin
A

oat,
whioh oomes near~, is the support so fiil and of such am mass
oapacity for absorb

Y
vibration fprces. Therefore, all uubakmoed

for~ or couples an the full
T

laeaments or vibration of the
engine as a unit are oommunioat-e directly to the flying-maohine
s~cture prachcally without any modification. Moreov~r, aero
angme weight be.

%
so d in comparison with other eugmes, ita

own. maw resists “ lac.emaut by its free unbalanced forces and
couples 1- than any other. For these reasons good balance is
essenti~ to aero engines, but absolutel~ perfect balanoe is not.

Sh
9

forces and moments in engines are due to both recipro-. eating an rotating mass~, and vibration or rocking is.the result of a
failure to balanoe these forcw and moments. Sh

%
forces due

to rotating masses can be balanced erfeotl by o ~ rotating
mes disposed on opposite sides of &e .shA oen@r mth p~o er

dnumerioal relation between centem of grayity, radu, and w ts.
H the lane of rotation of the original rota

t T
mas9 if3not the same

~ as tha of its balance weight or weights then t ere will be an unbal-
anced oouple even if the centrifugal }oroes are in balanoe, unless
balanoing mawes be disposed proysrly in separate lanes, themselves
properly related. fDue observation of these simp e tmd well-lmown
relations make it a perfectly easy and aim le matter to balance

%
rotating parts of an engine b add@ suitably . osed extra rota .

i 9balanoe masses. Suoh dead alanoe w~hts are, owever, prohiiite
by the service requ.iqments of least weught per horse .owo~~dsom~

%
aotual rotating wor
balanoe each other. &

parts must themselves be so
ese parts inolude the orb, pins, and

rod ends. princi ally but also such small parts as the -. )3
$oranlm, pms an rod ends are balanced, other minor rota

d %
parts

may be n weoted, though they set u inevitably some small s kin
force9, especially as $$ speeds are soL %h, md these forces wiry wit
the square of the

?Accmdingl , to ~ce w@rifugal fore’m and couples, duq to
Jcranlm and eir attaohed rota

%
masses, of tied oyhnder

%
es

si.mik cranks must be suitably osed with reference to the t.
To avoid unbalanced couples with balanced forces more than two
such cranks are necessary and in differaut planes. Two similar
cranlm at lSOO,three at 120°, or any number equdl spaced will

Jresult ip force balanm, because each iutroducea ~ equ force vector,

. . .
-— - —-.. .’.,. .-,. .,.. TT=Y;::-. , , .. - .,” :. ‘“.,. ,
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and, the sum of the vector angles b “- 360°, these vectom will form
a closed equilateral force

%
Yolygon w “oh mefms, of course, a ~ero

resultant. Each set of suc equrihy spaced crm.lm is charactemzed
by a free couple to balance which a similar and o posite couple must
be introduced ~y adding a similar set of cr& with equal but
reversed-spgulsr spacing.

A pl~o this ressonmg to fixed cylinder engines it ap ems that
f %the emt number of cranks that can .ve couple and force alanca is

ffour, set at 0°, 180°, 180°, md 0°, an the next smallest number, six,
set at 0°, 120°, 240°, 240°, 120°, and OO. Of cm.use any multiples
of these four and six crank arr

3
“;e%l$~~~;~

ements will also .eld such balanca.
This indicates a condition of . eriori~ of the .
engine with many Ii.nders circumferentially
crank, compsred to x ?e.single-row and doublc+row engines of equal
number of cylindem. These star arrangements must have as many
multicylinder stars, each working on its owq crank,.as the single md
double rows of psrallel

7Y:kh” ‘dam ‘rdw ‘ ‘ewreequally good rotating mw.s ‘l%s wo~d mnpose on such
fixed star cylinder engines m excessive immber of cylmdem, unless
crank counterbalance weights were introduced, with consequent loss
of the weight advantage otherwise due to the star arrangement.

Rotating cjlinder star engines are peculiar because with iixed
cr- @l parts of the .pngineare ro~atmg~kders and frames in

~~’ya~’~~~~~~$.~e%$ ~;gm~~’dy?~~t ~
this Fe cylinder and frame are in force balan~ when axis anglw are
e ual, and all being m one
&

lane there is no unbalanced moment.
e centrifugal forca due to $ e rotation of the piston is a mtium

and radially outward when the piston is at outeenter, and a minimum
at the incentd position with regulsr symmetrical gradations between.
The net effect is a resultant forca constant in amount and. direction
acting radislly outward ilong the crank and exerting a M

9
action

if the crank pornta up, but not producing any vibration so ong ss
the speed is constant. l?rom the balance standpoint, therefor?, the

Y
rota Sk is superior to the tied stsr arr

%’
ements, but B no

better t u the four and six cranks and their m tiples with parallel
rows of cylindem.

Reciproca
Y

masses of fixed cylinder engines, such as istons,
wrist pros, an an ap ropriate part of the connec .

2 %
3rod, evelop

inertia forces for orm rotary motion of the m that can be
expressed by an eq-yation of the form of Fourier’s infinite series, each
successive term being proportional to a trigonometric function of a
multiple of the sngle of rotation from inner dead center and to in-
cressmg powers of the ratio of crank h connecting rod length. The
reciprocating inertia force of one set of reciproca
fore the sum of an iniinite number of forces of s

parta is there-
. erent periods or

frequency the tit being largest and its riod that of an . e
r Tspeed, each successive one being smaller an of longer period. w

reci rotating forcw and the couples due to them must be balanced
J

% valve an~valv~ear reciprocation with accelerations detwmined
e ectly if ossible; and if not, as well as potible. The forces due

by cam form may e neglected, tho h of course if these could be
‘%balanced in a simple way it would be esirable.

I
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Balance of mz$n reciprocating fore-esis possible ord by. opposing
{equal and opposlta masses of M@ sunultaneous acce eration, or by

arran@ng ~mprocatmg masses m
R

ups, so that the vector sums of
their u.mrtmforces become zero. ere is2however, a partial balance
possible by tie use of cmmk counterwe~hts or otherwise disposed
rotating massesfre uently used on stationmy and locomotive

% Tbut norndly prolu itad on aero engines, on the principle of exc usi~;
of ill dead weights, even for balance urposes. A rotating crank

Jcounterweight exerts a radial con- force which ma be resolved
into an axd and a @gh& i10 com orient. .This axi component

~+i~od inertia forc~s~~~I~~”may be made eqmd to the
course, oppositi, it serves to ba ante t~ foye.
component is, however, lti.t and of equal mtenmty, aqd so, of course,
are all higher eriod iutia forces. Such counterwe~hts are there-

el?fore quite us ess alone for flexibly supported engines, though when
used with ope articular combination of. pistpns and cylinders th.q

%become sermcea lawithout very
case is that of two cylinders set F:::z?:l%-%%:: .?%’$2
period inertia forces at right angles, which are in balance with one
Counterweightl of mass Equivalent to one of them for firskperiod
forces, though @aher period forces are still free.

A fit-period inertia forces we similar to the adal components
of rotating centrifu d forces, a similargrouping of multiple9 serves to

F
reduce balance e%ects. Such, for example, is the case with the
Our pmfdkd cylinder four-crank arran ements in which, without

fbalance masses the ~t- eriod inertia orcw are bslanced, and, of
$course, also in tie 8-cylin or V, which is a duplication of similarparts.

All combinations of arrangements of reciprocating parts for
parallel, fixed star, and rotat~~ star cylinders can be examined
mathematically or graphically, and most of the proposed

Tments have been so studied and are reported in apers and boo
noted in the bibliography of the appendix.

&
Of &ese perhaps the

most elaborate is that of olsch in IUSbook published in 191~, where
conclusions are reproduced on mass balanca of both rotating and
reci rotating ads.

% 1’
Engines that are in complete mass balance

wit out intro uction of balance weights include the fixed cylindem
6, S, 12 and 16 in a row each with its own crank, the 12 and 16 in two
rows ~ with two cykders per crank, the two cyliudera opposed
axes in line with two cranlm and its multiple, and all rotating star
c linder arr
J Y

ements having four or more c linders per star.
?hose that me akrncedfor rotating masses and or the fit period

reciprocal”
Y

mass forces but not higher ones, without balance
weights, inc ude the fied cylhder engines of the four parallel cylinder
four-crank arrangement and its twin or 8-cylinder V.

ldroduction of balance msssm gives completi balance to tied ,
cylinder star engines of four or more cybdem and a balanca of fh-s~

i
eriod reciprocat-

?
inertia forces but not of higher ones to the

and 4 I.inder
3

and the 3-c linder fixed star radiaL This
fundament need of balance we” i

%
ts for tied radial cylinders is

also mathematically demonstrate b Milner, who says: “The
fengine will be completely baknced or primary and secondary

forces by a masa ~ times that one of the pistons (“n-number of cyl-

inders”) and dismetically opposita and swne radius as the crank.

.

i
. . .
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AEILONAUTICS. 801

‘ Of course this is in ad$ition to the mass required ~ balance the
rotating parts of the

T
e. The rotating cylinder e

Y
e ordinarily

has one connecting ro heavier than the others whi itself makes
perfect balance impossible.

More cylinders and cranks than are necem
Y

to give the required
torque constancy, or the required balance, or t e total

T
wer within

the cylinder diameter limit can not be accapted. Eac additional
indimdual cylinder carries with it sources of additiomd trouble
and increases the chances of unreliability , however much the con-
sequences of failure may be reduced. & least allowable number
onthis basis appears to be 4 fixed cylindem in line or radial fixed or
rotating. The mmimum should be 6-c linder 6-crank in line for

ibalance or 8-cylinder V for torque, bot advantages being equal
in the U2-o@nder V or twin 6. Of course the rotating cylinder
engine of equal num~er of cylindem and symmetrical arts is just t

tas good in torque and balance and even a lesser num er down to
four equal in balance, though deficient in torque, but these rotating
cylindem are in no -way superior to the above arrangement. Stars
fixed @indera of equal number are equal in torgue to the same
number rotating if smlilarly disposed, but inferior m balance unlem
rotating counterweights are introduced, in which case equility
results.

CONCLUSIONSANDRECOMMENDATIONS.

ti the following brief statement of recommendations and ccm-
clusions which are presented in the form of a list, no effort is made
to dev~op arguments in sup ort of each because it is ‘believed that

%the text and appendices of t e report themselvw serve as snfliciaut
snp~ort. No specfic type of e @e, form of art, material, or

% %deagn constant is recommended, ecause it is be “eved that atten-
tion at this time must be directed mainly to methods of procedure
that will lead to im rovement. ITaturally s ecilic recommend

% !tions on desigm could e made, and these will e av@able at such
time in the future as they may be desired.

1. The m-t has developed several typical rwraqgements of e - “ e
Yand several diilerent designs of each type that may be regarde as

of proven acceptability as to weight per “horsepower of engine and
thermal efficien~, but which require considerable -work to perfect
and standardize m detail and material without any further inventive
work than ~roperly constitutes part of the normal routine of research
and dwignmg engineem. These

P
es me the 4 and 6 cylinders

in line, each with its own crank t e 8 and 12 cylinder V with two
cylinders per crank, all fixed c hdem and operat”

% Y
with both air

and water cooling,
?

refwably t e latter, for long flig ts, and fially
the radial star rota ing ai.r-cooled c I.inderform for short flights.

i2. Them have also been develope a ve large number of ecial
% Tdesigns of engine, which in some instances ave been built an used

but m others iemain mere suggestions. Each one of three is prac-
ticaIl~ an invention in itself, the precise practical value of which
remams more or less in doubt. To properly develop the good points .
of these and other inventions to come, and to reject or eliminate
unfavorable elements that are always present in new maohines that
have not yet stood the test of time, much work must still be done,
quite independent of the research work so necessary for fial perfec-

.

1

1

I

1

1

I
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tion and standardization of the now acceptable and more or less
largel -used types notal above.

L sot governmental aid is an absolute necessity to the’art
bo3h for the perfection and standardization of accepted types and
for enwm.r Oement of fm@er invention. Private cmtnbutions

%should also e encouraged, whether for use in connection with the
governmental establishment or iudependentiy.

4. There should be a regular buying program provi “
9

for the
purchase of a fixed minimum number of aero engines year y, to en-
courage existing engine builders to spend the money necessary to

~
reduce what is wanted to meet aviation specificationsbecause the
est shops will not enter the fieldwithout some defbrte assurance

of a Eyed amonnt of business, for which they are, however, quite

%
ti compete.
e aviation “ eers should standardize servicespeoithations

fol%
Y

T“ H,limi@ e
%’

eciiicationsstrictl to those itans that bear
directy on service,so

&
z“wers and buil ~ may know definitely .

what conditions must be ed without b hampered with pur-
Yposelesslimitationsas to the means to be used y them.

6. The (%vernment should conduct
F

annual test compe-
titionsof e “ w on rules to be prep= and wid@ published at

%%3least10 mon in advm.we, and revised yearly i.+edately following
the olosingof the previous contest. For those e

??
es that make the

best records, substantial rewards must be rovi ed in the form of
cash rims, or buying orders, or both.

$
d ese cash prizes may be

B
rovi ed b Government appropriation, by private contribution,or

doth fmge er.
7. There should be establisheda standardization research labora-

tory with a permanent staffof enginem selectedfor e5cienoy. This
SM should oonduct the competition tin%, over not more than two
months of the year, inclu@c the reports,and during the rest of the
time should carry on testsfor d+ and performance data of every
engine of the accepted classnoted D NCI.1, but of no others. O@r
en@nes are to be admitted only on the recommendation of a second
laboratmy- statl devoted to development of invention noted in No. 8.

8. There should be established a laboratory for development of
inventions submittid b anyonq, -whenthose inventions seem prom-

g-o. This SW must e quite mde endent of that of the standard-
ization research laboratmy noted in % o. 7Z and should referabl~ be
located in quite a different. lace.

&
iIts engmeem should e in abdity

1 and temperament, quite erent as wall. When in this ~aboratory
an engine, engine part, or accessory not in the accepted class, has .
been brought to a condition where its performance is equal or superior
to what is in the acceptd class, then it ma be recmnmended to the
standardization research laboratmy for d er study and perfection.

9. In at least one of the Government sho s, possiily located in one
fof the navy ardsj actnal construction o engines of the accepted

Jclasses shotd be undertaken on about the same basis as is now fol-
lowed for ships, the mili

3
shop competing with civilian shop in

price and performance. S eguards must be introduced to prevent
any discour~ement of private enterprisesor charge9 of unfairness in
ths com etition.

10. o% cers and enlisted men who may be chwed with the care
of aaro engines in service should be _ed to ~uty, iirs~ in the
Government aero enggineshops, then in both the standmiization
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research and the invention development l~borato@s, and finalIy in “ ~

‘i~$%i30$;~;~k;&~;;1&of~~s and design@
engineem for internal combustion engines. “ stail should prepare
all purchasing speciilcations, prepare engine tat competition rules,
recwve and use all standardization data from the laboratory, exercise
eneral direction over both the laboratories, and prepare detailed

%
;=~~x$~~~ established the closest possible relation be-

tween aero-engine development and that for other classes of internal
combustion engines in wluch the miIit

Y
now has or may in We future

have an interest. Among these are inc uded submarine
T

e9, ship
and launch engines, automobiles and auta truc~, gun an tram ort

f’traction engims, and stationary sIectric genawuhonsets for wire a,
mine firing, sear

T
“ hts or general service. The same d@gning

stafl, laboratories, an shops that shouId be established for aero en-
gines can also advantag~usly undertake similarwork for thesep~ar
mtarmil combustion e

~~dm~m~~$e~or~~o%~~o;=~knowledge, data, metho
service to the othars. Smilarly, oficers and enlisted men of those
other branch% of the service can be given. adequate ins~ction by
temper

Y
-ents to theshop, ]aboratcmes,and engine

3
office.

13. Pu I.Icltyof data should be promotid by governnmu 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 @ar the intiet the greater the mntributions of the
profewion. L publication may also take the forin of papaa pre-
pared b er@neera of any of the various st~s and presented to the
nationJ engineering societies. Not only should domestic results be
thus given ublicity, but ill foreign pa ers and official reports of
value shod hbe translated and repub - ad. Whenever data is
regaxddd m be’

T
strictly miitary in value and where publication is

therefore deeme inadvisable, such material can, of tours be with-
$held, but it is believed that in eneral both @ny and w-g have

imore to @n than to lose b pub city of engin
% 7

data on engirws. ,
14. It M r arded as of t e utmost importance at a.dvantcqgebe

%taken by the vernment of the servioe of such oivilian engineam as
have “venspecialattention to the stud commercial development and

Fuse o interred combustion engines of & dckissea,and more artic ml
% zthosenot engaged inmanufaoturi@, though not exchl.ingt oseof hig

professional stan~ that maybe so eng ed. Thes ecial knowl-
5 e%edge, skill, and experience that these men can ringimm “atel h the

{sermce of the Mihtary Establishment should prove as invalua le here
as it hss abroad, in Germany, for example, fit in organizing the
various working stafls recommended above, and later in worMng with
them. Advantages may also be taken of the laboratories of such of-
the engineering schools as have specialists of the above

T
e on their

faculties, or as may be. located in hrge centers where”su: o~c~not
associated with enginewing schools may have their r

P15. No recommendation is made on the details of e organization
of these various stffi and their coordination with the existing Army
and Navy Departments and bureaus except as to necessity.

~oTTE.-Part 3 omitted. S& note on Preface, page 187.
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