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By CHarires E. LUcke.

Part 1 (a)—SERVICE REQUIREMENTS FOR AERONAUTIC ENGINES—
gggsER VERSUS WEIGHT, RELIABILITY, AND ADAPTABILITY FAC-

Transportation over land and water has been revolutionized by the
addition. of engine motive power to vehicles and boats to a degree
that requires no study to appreciate but the contribution of the port-
able power plant to aerial navigation is even greater. It is funda-
mentally creative, for without the aeronautic engine air flight would
be quite impossible. Not only does an engine constitute the essential
element of the air craft, but the engine must be suitable for the
purpose; it must have certdin characteristics never before required

or produced by engine designers. Success in flight and improvements
in gymg macﬂ'nes rests a%golutely upon. the success with which the
engine and its accessories that make up the portable power Elant
can be made to fulfill the new requirements peculiar to the flyi

machine. Before someone flew, no one could specify just what the
aerongutio motor should be able to do, except that, of course, it should
be as ](jlght as possible and not stop in the air. Nor was there any
demand for such an engine that would serve as an inducement to
engineers familiar with engine production to build one. In short,
while those few experimenters who were engaged in trials of balloons
and gliding planes felt they might be hg.lllf)led if they could secure a
proper light motor, no one felt sure it would be of service if produced,
and of course no one could say how ].ight- it should be, or what other
characteristics should be incorporated, except that of reliable con-
tinuous running during & flight. Formulation of some of these speci-
fications may be said to date from about the years 19012, when the
‘Wrights, .on the one hand, and La.nﬁﬁy, on the other, found that
existing engines developed for other classes of service were unsuitable,
the nearest approach being the automobile enﬁne, then pretty uncer-
tain in operation and weighing about 15 pounds per horsepower in the
lightest forms—a weight that would not serve even if the operator
were willing to risk his life on the possibility of engine stoppage in
flight, It was apparent at once that redesign for reduced weight per
horsepower was necessary, and the Wrights proceeded to rebuild the
automobile engine, while Manly boldly departed from any existing
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190 - AERONAUTICS.

practice and built his five fixed radial cylinder engine, both Manly
and Wriﬁhts reta.mmﬁ' ing the water cooling of the most successful
automobile engines. Both succeeded in reducing weight enough to
make flight possible, the Wright en.gigle producing a horsepower with
about 7 pounds and the Manly with about 2.4 pounds of e weight,
the former with a 12-horsepower, and the latter with a 50-horsepower
engine.
us was flight initiated with engine redesign for weight reduc-
tion, and so %Es flight improved in ra.n%e, speed, and :ﬁety with
further redesign of engine in the 13 or 14 years that have efa.psed
since that time, but the end is not yet in sight. The progress that
has been made in engine construction, principa.]lﬁ in Kurope, is
truly amazing, in view of the unique character of the problem and
the short time that has elapsed; but all this has only served to increase
the demand of the aeronauﬁ%;‘;nfneer on the engine designer and
manufacturer, so clearly and y is the principle established, that
R}}';)gress in flying rests fundamentally on eggfine improvement.
ese years of experience, however, have resulted in some data,
derived largely from laboratory tests on the characteristics of the
ines that are most successful in flight, and in some more or less
accepted formulations of the sort of service required of aero engines
and their essential parts in addition to weight, speeds, power, and
general reliebility, that might be classified as aéaptabi]ity factors,

Any engine, for whatever service, must be suitable, and its design
must be based as much on the specifications for s‘uitai)i]ity involvi
these adaptability factors, as on the fundamental principles o%
thermodynamics, stress resistance and the properties of the materials
available, and these adaptability factors must be derived from the
users or operators of the machines before the engine designer can
interpret them, preparatory to the incorporation into the engine

roper of those structural elements that will make it suitable. At

o present time there are available some conclusions along this Jine
of experience, a few of which will be quoted and summarized before
undertaking to analyze the engine structure proper.

After nine years’ use of engine-driven aero%anes the engine
structure was summed up in 1912 by Capt. H. B. Wild, Paris, as
from his own experience as follows: ,

The comparatively crude and unreliable motor that we have at our disposal at the

t time is no doubt_the cause of many of the fatalities and accidents bef,alli.n%

e aeroplane. If one will look over the accessories attached to the aero engine o
to-day, it will be noted that it is stripped clean of everything possible which would
add head resistance or weight. The er of the aero engine is too anxious to
eliminate what he deems unnecessary parts in order to reduce the weight of the
engine, and in doing so he often takes away the parts which help to strengthen the
durebility and reliability of the motor.

Few engine designers seem to appreciate the im ce of eliminating the least
tendency toward variation of angluar velocity or in the torque, if the isrequired
to drive a propeller. The effect of continually accelerating and 2 propeller
is most detrimental to ite efficiency. * * * In front elevation an areo engine
ghould be as compact as possible, so as to reduce head resistance.

Additional specific requirements named include—

(@) oil tank of six hours’ capacity with reliable pump for forced feed lubrication,
internal oil pipes, (b) standardized propeller hub and crank ghaft end, (c) heater for
carburetors and gravity feed %ilgasoline, (d) dusl ignition and no loose wires, (¢)
>  exhaust silencer, (f) exhaust valve lifters for stopping and com ion release for
starting, (g) engine speed indicator, (B) cool valve seats. * * Engine builders
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ABRONAUTICS. 191

generally would also do well to visit aviation grounds more frequently and to take
more interest in the engines which have left their hands, * * "* though in many
cases the aviator doeg not leave the engine alone when it is working right, but tinkers
with the different adjustments until they are all out of harmony with one another
and places the blame where it does not belong. * * * The demand for a reliable
motor is still prominent.

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

First. Small weight referred to horsepower.

Second. Small consumption of fuel, water, and oil, so as to obtain the maximum
posasible radius of action with a given quantity.

Third. Abeolute reliability since in the case of the dirigible engine hardly any—in
the aeroplane engine absolutely no—repairs can be made during a ﬂiélllt. .

In the demand for low weight per horsepower tHe requirement of the low fuel and
oil consumption per horsepower-hour are included, since to-day it is no longer a ques-
tion of getting a machine to fly for a ghort time onfy, but to construct flying machines
for ﬁracucal P we have to figure on & time of several hours. It may
easily be shown by calculation that an engine very igh t compared with output, but
requiring an excessive amount of fuel and oil, may weigh mare per Horsepower when
the weight of fuel and oil are included than & heavy engine with low fuel and oil
.consum ptitf)mﬂ It is t;;gefihat_ tth}l?:h oilfuoum.emmpel ; amglon au_ﬁs lgogf a figure because the
- quanfity of oil as com w1 -] 18 andins engine amounts to not
more tg.n one-tenth. As a most favorable value for fuel consumption of an aviation
motor we may assume 0.536 pound per horsepower-hour, which value has been repeat-
edly reached in aeroplane engines. In dirigible engines figures as low as 0.514 pound
have been obtained. . .

Hand inhand with the reliability the demand for durability and continuous main-
tenance of high capacity. It is here that older constructions of aviation engines
sometimes down very badly. Only the continuous output which the engine is
able to give is to be seriously considered in an aviation engine as distinct from the
sutomobile engine. While the latter is only very seldom required to give its maxi-
mu&n ortﬁxfga—dand then only for & short time—the aviation engine almost always runs
under . v

Additional specific requirements mentioned include—

(a) carburetor action and engine performance must be independent of barometer,
of temperature, of dust, and of tilting of engine, (b) uniform turning movement, (¢
balance of engine parts, (d) ];]th enough energy in rotating parts to produce fly-wh
effect to regist variable propeller resistances and maintain engine speed, (¢) propellers
give best efficiency at sp lower than are feasible in engines—in some cases as low
as half, (f) proper cocling of engine to insure lubrication, minimum distortion of metal
Pa.rbs, tem or permanent, (g) locate exhaust d&mge awsy from operator, (%)
east weigggrgfy engine by designing for maximum feasible speed, maximum work
per cubic foot of displacement, and least weight of metal of selected kind and cross
pection.

In & paper read before the institution of automobile engineers
(Londons) in 1912, Mr. A. Graham Clark summarizes the qualities
;-eﬁarded as essential -or desirable in an aeronautical engine, as
ollows:

(1) Reliability: Frilure of the engine necessitates the immediate descent of the
e, if of the heavier-than-gir type, which, should it occur at an inopportune
moment, may be attended with disastrous consequemces.
2 power ht ratio:
3) Economy in fuel and oil: . . .
Are desirable because of the increased radius of action.

g;) Low air resistance: The importance of air resistance becomes more marked
with increaso in the speed, as the power absorbed in this direction varies as the cube
of the velocity. It may be remarked in this connection that the ho required
to propel a flat plate 3 feet in diameter through the air is increased from about 6 to
overhié6 by increasing the relative velocity of the plate to the air from 50 to 70miles

ur

pefa) Controllability or flexibility, although there is not the same need for it as with
engines employed on automobiles, is none the less a desirable quality since at low
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192 AFRONAUTICS.

gpeeds of rotation the pﬁu]me or tractive effort of the propeller is insufficlent to
move the machine along the ground, and henes the pilot be able to start up with-
out assistance should circumstances necessitate his so doing. Further, as the engine
is not required to develop its full power in horizontal gxlght andwhenalj%h , the
abﬂitytqva%téhe speed du.u.ng descent i3 certainly preferable to the crude method
of sw1 ignition off and on.

(i om from vibration: The necessity for elimination of vibration as far as

le will be obvicus when the slender nature of the supportsuponwhichthé:gfine_
mcarned}sreahzed,efhpeaﬂlmcij;svibmﬁonofadangero_ us character may be set up
in the various parts of the . . .

(7) Accessibility: The question of convenience of access is frequently overlooked
or, at any rate, on account of the care and attention which W
to the qm&gine ore any extended flight is made. But it must be realized that
from co ial congiderations alone, apart from the addition to the time during which
the machine can be used and which may, under some circumstances, be of value, it
would be an advantage to be able to y examine or dismantle any part, espedn’lly
when the applications of the aeroplanes are more widely extended.

(8) Bilence is desirable in any machine used for pleasure or sporting purposes, but
when it is intended for employment on military reconnoisance duties 1t becomes of
increasing impo;mncetﬁq b«;able to maneuver without giving sudible warning of
approach, especially at nigh

p9) Cleanliness is in the nature of a refinement, but it is none the less necessary
since a dirty a]ipeamnce is generally caused either by the ail splashed about during
hﬁnd oiling or by th(c';s]1 axhauzp, both ot:f vghtg artg ob]e:ct:mm':\.lgle—]:;t.)hﬁ1 former becauﬁ
the part requiring such attention 1s apt & es to run dry owing e irregulari
the supply of lubricant, and the latter becayse it mdlg;g;e an open exhaust. v

" Another contribution slong similar lines worthy of reproduction
i that of Granville E. Bra w before the Scottish Aeronautical
Society (Glasgow), December, 1913: ’

There js probably no form of prime mover in existence that is more hﬁgh] stressed
or that has & more strenuous life than the lane and there is un ougtedly no
engine that has greater claims on reliability. e aeroplane, manufacturers’ cry for
the extremely light e%%ne is probably to-day it ever has been in the
histm;yimoi sviation. e demands of the authorities who purchase aeroplanes are
such that probably as much as 80 per. cent of the factors which determine the most suc-
cessful machine are governed directly or indirectly by the weight efficiency and fuel

. efficiency of the engine. By the former is meant, of course, the number of pounds of
weifht for every homepower developed. That the engine shall be extremely reliable
i8 of course taken for

Among the essential features of all successful aergﬂnlanee are the following:

(1) It ehall climb quickly., This depends almost entirely on the weight effi-
ciency of the engine. o rate of climb varies directly aa the werdevelf%pedand
indirectly as the weight to be lifted. That the aeroplane be very efficient in
this particular can easily be understood when one remembers that its capabilities of

destruction from projectiles depend to a il:a.t extént on how quickly it can
get out of range of such projectiles. It must also be efficient in climbing in order to
successfully rise from & field surrounded by tall trees which may be necessitated
by afo landing during a cross-country flight over a populous distxict, _

(2) Itshall havesa gliding angle; or, in other words, that from any given height
it ehall be able to glide for a great distance, is also %ovemed indirectly by the weight
of the machine, and co ently by the weight of the power plant, because a ma-
chine with a heavy power plant must be d _e@withalargerliéngsuﬁaceandmust
bestmn?ingﬁporﬁon. With the same g surface and head resistance the
angle of descent of the heavy-engined machine will be steeper? than that of thelight
machine, ag higher speed is neceasagst:)su port increased weight,

(3) Itshall have a combination of and slow flying speeds. Thisis of unt
importance and one that aeroplane constructors are payng probably the test
amount of attention to. The capabilities of a machine to fly slowly as as fast
d almost entirely on the adoption of an extremely light and powerful engine,
I qmchi(:ileisdesignetcllfotggeryhlghhnt, a glow speegglﬁtt‘ml ptgml%alby the
machine, and consequen power p eing very ote.—The wing
characteﬁsﬁcsofliftanddg.ftarqalsoveyyim rtant. .

(4) It shall be safe to handle in all winds both with and without the engine in
operation. Aeroplanes have been built that will carry as much as 15 to 20 pounds

t The heavier machine glides faster, not steaper.
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. AFRONAUTICS, 193

foot of supporting surface, but constructora nowadays agree that the lightly
R::d machine is _esafertohandl’eandtheavmageloa' onthe]illaneeishtg-%a
generally in the neighborhood of 4 or § pounds per square foot. A eavﬂyloadeg
machine depends to a great extent on high of flight in order to maintain it in
the air. Should the speed fall, unconsci totheffﬂo f.hrmztighloasofengine
power or from any other cause, the control becomes .and will not answer
qmckl;ath%aerggiane unless the nose is put down very quickly to increase the

ounders

g]f)eed, ( utiikealoilantheseaandgenmlly ends in 3 side slip and one
these terrible nose dives that have deprived us of so many of our best pilots. The

life of the pilot of the heavily-loaded machine is more dependent upon the good
behavior of the engine than is the life of the pilot of the lightly-lcaded machine, and
the latter could probably go on flying in search of a good athMg ground with two
or three cylinders not firing at all.

(6) It be able to remsain in the air for long periods. This dﬁdﬂ chiefly
Ceemont, the Sty ent poaes pie s gty sgiom, us ights 3t saly 8
respect, the y- light power plane is prac y ess, a8 ts of only a
fewminutesdumtionarenotﬁ?{elytobeofmuchuseinseﬁouswarfare. y

All the essentials just enumerated and particularly the last depend of course on
the engine being absolutely free from any breakdown, which point has not been dealt
with a3itisnot a debatable one. 'We are all without doubt of one mind on this matter.

Finally there are re&)roduced below some extracts from the Notice
to Competitors issue n?i the British Government for 1914 com-
petition for naval and military aeroplane engines, all bearing on the
question engine-service requirements: -

1. RBEQUIREMENTS TO BE FULFILLED.

(@) Horseﬁv;;r, 90-200. (b) Number of cylinders to be more than 4. 5;) Gross
weight per power, calculated for six hours’ run not to exceed 11 pounds. The
gross weight includes engine complete with carburetor devices connected up (exclu-
give of the gasoline tank and Piﬁ ,all ignition and oiling a;:lplianoeg starting handle
all cooling appliances— o. g., ing, air guides, and any water radiator and
water connectlons and any oil left in the engine. It will also include all fuel and oil
T e arocs weleht per hermepomer is tha sotal wescht of tha emgiag divided by th
) per horsepower 18 to \n engine y the

izﬁme for horsepower, below 151?1(:}1 the output has not been allowed to {all throughout

e six hours’ run, with a tolerance of 8 per cent for small variations and inaccuracy
of measurements.

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

2. DESIRABLE ATTRIBUTES OF AN AEROFPLANE ENGINE.

(a) Light total we.i%t. (b) Econamy of consumption. (c) Absence of vibration,
(d) Smooth running whether in normal or inclined position and whether at full power
or throttled down. (¢) Slow running under light load. Workmanship. (g)
Silence. (k) Bimplicity of construction. (f) Absence of deterioration after test.
(§) Suitable shape to minimize head resistance. (k) Precautions against accidental
page—e. g., dual ignition. (I) Adaptable for starting otherwise than by pro-
er swinging. (m) ccessfbﬂigg of parts. (n) Freedom from risk of fire. (0)
Abeence of moke or ejectians of oll or gasoline. (p) Convenience of fitting in aero-
Ela.ne. (), Relative invulnerability to small-arm  projectiles. (r) Ecomomy (in
ulk, weight, and number) of minimum spare part equipment. (s) Excellence of
material. ~(f) Reasonsble ‘price. (u) Batisfactory running under climate varia-
tions of temperature. ‘
In the recently issued specifications issued by the United States

Navy Department a number of items appear bearing on engine-
sargce requirements which are abstracted and repro%iuced below
for comparison.

‘They shall be well balanced and produce no excessive vibration
at any power. To be capable of being throttled down to 20 per
cent of the revolutions per minute for full power. The weight of
the engine complete, with ignition system, magnetos, carburetors,
pumps, radiator, cooling water, and propeller not to exceed 5 pounds

25302°—S. Doc. 268, 64-1——18
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per brake horsepower. Xngine to be fitted with some type of com-~
pression -release as a means of stopping it. To be fitted with a
practical means of starting from ? ot’s seat when installed in an
aeroplane. All moving parts not lubricated by a splash or forced
lubrication system to be readily accessible for inspection, adjust-
ment, and oiling. Ready means shall be provided for checking
and making adjustment to the timing of the engine. To have an
accurate and positive lubricating system which will insure a uniform
consumption of lubricating oil proportional to the speed of the engine.
All parts subject to corrosion to be protected from the effects of
salt water. To be fitted with an a’ipproved attachment for obtain-
ing the revolutions per minute. To be provided with means for
preventing fire in case the engine is turned upside down. A hand-
throttle lever and connections to carburetor to be provided that
can be applied for convenient operation by the pilot. This lever
to be designed with a positive means of retaining it at the throttle
adjustment desired by the pilot. All bolts and screws without
any exception to be provided with an approved positive means
for preventing backing out due to vibration. No soft solder to be
use&) in any part of the power plant.”

Among the conditions for acceptance tests the following stipulation
will be noted: ‘‘Motor to be run at full power for one-half hour under
conditions approximating operations in the aeroplane in a heavy
rainstorm.” ' :

At the present time many of the important conditions that an
aeronautic engine must fulfill are pretty well settled, at least in kind,
if not degree, but every day sees some new attribute announced as
desirable, so that while 1t can bardly be said that aero service require-
ments for engineg are now reducible to rigid specifications, they can be
formulated with enough precision to enable an engine cziesigner and
manufacturer to undertake production with some prospects of success
or acceptance. In so proceeding, however, no designer or manufac-
turer can afford to ignore gast experience in engine construction nor,
on the other hand, may old constructions be slavishly reproduced, for
what was acceptable yesterday may not-be to-day, and certainly will
not be to-morrow.

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

POWER-WEIGHT RATIO, RELIABILITY, AND ADAPTABILITY.

If the engine complete with full tank is light enough it can be
used—and i8 most useful when most light, and this weight involves
many factors, each of which must be considered—some independent
of others but many interrelated. The lon.%&er ‘the contemplated
flight, the more change there must be in the relation between specific
fuel and oil consumption of the engine and the weight of the engine
proper; so in any consideration of this item 1 of flight must be
imncluded. Not yet, however, has the engine or flight art reached the
point where it is prepared to fix & minimum weight, though each year
gees a definite maximium. In fact, one of the problems of the day for
the aero engl']uj: designer is to discover means for lowering more and
more both this maximum permissible weight that many can attain,
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and the minimum possible attainable by only & few of the best—and
with increasing ﬂiggt lengths this is becoming more and more a matter
of raising thermal efficiency, engine speed, and cylinder mean effectiye
pressure, with corresponding reduction of lubricating oil. On the
weight question, therefore, it is not the service conditions that
specify x(v]'hat is wanted other than that it shall be as low as possible,
but rather the engine designer is put on his mettle to say how far it is
possible to go with due consideration to the other two elements—
reliability and adaptabﬂietg. )

Reliability is demanded always, but how much? Some writers
call for absolute reliability and others try to specify in numerical
terms a value for one or another of its elements. For example,
in the 1913 German tests, any engine that dropped to 85 per cent
of its normal speed was rejected, and this stipulation was retained
for the 1914 competition. Again,sin the British conditions, the
only power rating allowed was the least attained at any time in six
hours. Now absolute reliability is impossible, for this would mean
continuous, uninterrupted ;&eration without variation in any respect,
except at the operator’s will. No such engine has ever been built
nor will it ever be built. Obviously what 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 weight
factors, the problem is one for the producer to say how far the reha-
bility can be assured, rather than Ior the user to specify and reject,
especially on laboratory tests. However, rejection on such grounds
is far more justifiable than acceptance, for the en%'ine so accepted
may fail on its first flight, due to some accident or to faulty operator’s
adjustment. What is needed here is, first, analysis of the reliability
factor into its elements and by coo;l)era.tion between-engine designer
and user, an agreement on reasonable values for each, 8o one not
promise, nor the other expect the impossible, but each understand
clearly the limits—and more important, the resson for the limit—
that means mey be sought to eliminate the disturbi.u.% cause.

About the same situation is true with the third factor, adapta-
bility, and its elements—such as shape, vibration, silence, accessi-
bility, uniformity of torque. They may be specified to-day only in
the qualitative or comparative way, though some of them are capable
of formulation, quantitatively, such for example 8s torque variations.
So far it has not seemed feasible to impose any such limits but to
leave the field wide open to the designer with an expression of desire
for as high a degree of success as is possible with each.

The reason for this state of affairs in the art is clearly due to its
youth and the necessity at present, and for some time to come, for
the maximum possible encouragement of invention, design, research,
and manufacture, until it becomes clear to all just how far it is pos-
sible to go in any direction after engﬁg all available resources of
talent, material, money, and plant. en, after such a period, one
or more standard types of engine or engine parts—or even of air craft
itseli—haye been established, then will it be feasible to specify more
particularly and numericelly all the elements of each of the factors
of unit weight, reliability, and adaptability.

In the meantime, the problem is one of review of engines produced
and an analysis of their construction end performance as a whole
and with it a similar analysis of fundamental possibilities. This must
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include & more or less standard examination of each of the essential
parts of the engines and the relation of form and arrangement to
the perfection or imperfection with which the part performs its par-
tial duty or function. Even now, as Soreau, reporting the French
tests Rloints out, the relative importance of low engine weight proper,
reliah ity and life, and consumption of fuel and oil, originally con-
sidered m this order, has been reversed, experience indicating that
the last is now first and the first last.

Part 1 %_nmms EMPLOYED UP TO THE PRESENT TO PROMOTE
AERO-ENGINE DEVELOPMENT, INCLUDING POSSIBLE MEANS NOT

EMPLOYED. j

Any new art develops as fast as encouragement is_offered or as
fast as the necess means are made available and intelligently
used, and, of course, mversely 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 difficulties incident to
the nature of the problem, or one that received, at least for the first
few years, so little real encouragement and assistance as this one,
the aero engine. The initial step is one of conception, which must
be subsequently checked by construction and trial. This must be
followed commercial perfection, which requires endless research
by test a:nc{r computation—not only on the machines as a whole but
to a larger degres on each element of the problem that analysis indi-
cates to have separate entity, and on groups of elements that have
coordinate functioning. Construction 18 here again necessary, not
only of the complete machine, but also of variants on each part, and
of mstruments, appliances, models, and apparatus that do not them-
selves enter into the result but are essential to its attainment. Fi-
nally, with commercial perfection, further construction work is neces-
sary to create the means of rapid large scale reproduction within the
limits of dimensions needed for interchangeability of parts, i. e.,
establishment of the manufactlu'inti plant. It must be understood,
however, that these three steps that must be undertaken in this
order on general principles may not bd repeated many times over
even when concerned with the same product, such ag the aero engine,
or that the earlier step ceases when the latter is inaugurated, for this
is not true. These stages or periods of development may, for
the want of better terms, be designated as, first, the period of inven-
tion; second, the period of design; and, third, the period of manufac- °
ture. Design can not be undertaken before Invention, whether that
invention be of the patentable sort or not. Yet invention undoubt-
edly proceeds long after design has been firmly established and, of
course, while manufacturing may not be undertaken until both in-
vention and design have accomplished a reasonably commercial
perfect product, it goes without saying that both invention and design
will continue during the whole of the manufacturing period.

With the exception of invention, which needs little encouragement
beyond a stimulation of the imagination, the primary factor in suc-
cessful development is money, for, with sufficient funds, the necessary

rofessional sfc)ill, labor, materials, and plant may be secured for carry-

ing out the steps of design and manufacture. course, money may

be, and ususlly is, misspent in these developments, esp.eciallg]lwheg
an

-

the control is in the hands of persons lacking engineering
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experience, so there should be added the requirement that organiza-
-tion be associated with money.

No better illustration of this situation can be given than that of the
steam turbine, whose period of development practically coincides with
that of the aero engine, but which has been brought to a state of com-
mercial perfection that the aero engine has not even approached,
partly by reason of the better understanding of the service require-
ments that are not yet fully formulated for the flying machine, but
almost entirely because of the differences in the means employed for
the development. The steam turbine had its invention stage, and
while invention still proceeds it is largely superseded by rational de-
sign for manufacture, under skillful guidance, under proper organize-
tion, suitably financed and satisfying an &mpie, well-understood mar-
ket demand. The aero engine is still largely undeveloped, invention
is still more active than design, and the almost microseopic, painstak-
ing research required to establish the data mnecessary for design is
almost wholly lacking, so naturally manufacturing in the true sense
of the term 1s correspondingly nonexistant, though a few individual
models of engines are being reproduced in fair numbers.

The millions of dollars needed for rational perfection for manufac-
ture become available to the suitable organization ordinarily only
when a permanent market is clearly in sight and when the service
requirements of the product are reasonably definite. In the case of
the aero engine, this market has been absent or at least very uncer-
tain and the service requirements very hazy—both so much so that
under_ordinary conditions the aero engine could not have reached
even the degree of perfection so far attaimed, unsatisfactory as it may
be, without other incentives or different sorts of encouragement than
the ordinary article of commerce receives as, for example, again the
steam turbine. This special element in perfecting the nero engine is
that of igoverm:nenta.l aid based on military necessity, & comparatively
recent force in the situation but now a very strong one in Europe, but
almost wholly lacking in Americe. The military establishment can
purchase what it needs in the market only when there is a reasonably
strong civilian demand for the same article, strong enough to warrant
the financial investment necessary for its perfection—and such is the
case with the automobile and traction engine. On the other hand,
when there is no such demand, however active invention may be
rational design and manufacture will be absent and must be supplie
by the Army and Navy through their own organization and plants,
or, as an alternative, reasonably steady annual governmental appro-
priations for purchasingbsuﬂicient quantitiesvl_ﬁ}; the military depart-
ments may be made the basis of support for civilian production. Such
is the oase, for example, with ordnance and to some extent with ships.

For several years after the demonstration thet engine-driven air
oraft could make successful flights the only encouragement offered to
development was that of adventurous sport. Men whose incomes
were sufficient became purchasers of meachines for their own amuse-
ment and others bought machines for making exhibition flights before
paying audiences for the profit to be derived. Both sorts of operators
took chances with the imperfections of the machine in & spirit of ad-
venture or speculation, but practically all made short flights that
made no such demeand on the engines as is now standard. Men such
ag Eiffel, and Deutsch de la Meurthe, should be mentioned for their con-

’



198 AERONAUTICS.

tributions of large sums of money for scientific investigations, not of
engines, however, and the national subseription funds of France and
Germany, all of which assisted in development. In many cases, even
with these short flights, the ine was taken apart, cleaned, re-
aired, and readjusted before each ascent. KEven as late as Septem-
er, 1912, Mr. Earle L. Ovington, writing in the Scientific American
reports:

Usually every 16 hours of running, and at most every 20, my mechanics (skilled
men) went the interesting process of separating every m.nﬁle component part
of 33 motor, one from the other. The valves were reground and retimed, because
of valve-gear wear, new valve springs were i the tappet rods were adjusted
and the whole motor was given a gmspectlon. e (Gnome, in common wil most
rotary motors, uses castor oil as a lubricant, hence at each cleaning great quantities
of carbon were removed. I claim that any engine requiring such attention may rightly
be termed “‘delicate.” How far would you get in an automobile if you to take
the entire engine to pieces and rqadj?ust practically every working part of the whole
motor every 15 or 20 hours of service )

In an article in the Auto Car of March 28, 1914, we find the follow-
ing statement:

The Gnome engine requires cleaning out after about 24 hours’ continous running
if it is to be kept in tune. The French military tions demand that the Renault
be cleaned out after 200 hours’ runnmimgsers of other aeroplane engines have told
the writer that cleaning carbon out is y ever necessary.

‘With such an uncertain and capricious market perfection of the
aero engine could hardly be expected in a whole lifetime, especially
as the amount of business in any one country would scarcely suffice
to support one fproduc' establishment, and that one unable to bear
the expense of the high-salaried engineers competent to supervise
the work and when, at the same time, the stimulus to the imagina-
tion created by the idea of the mechanical flight produced thousands
of inventions and inventors, each seeking and many finding financial
support, under the influence of the excitement of the time rather than
from any sound business basis. Failures necessarily must be numer-
ous under such conditions, and every failure, whether of mechanism
or finances, set back the art and discouraged the rest.

ing this period the military organizations of all the nations
watched results and purchased a few machines for experimental
purposes, out of which grew the conviction now so firmly established
and so thoroughly demonstrated in the present European war that,
however imperfect the aero%ltme, it is a military necessity and must
be perfected. Perfection being impossible or too slow without
governmental aid, plans were formulated by the European nations,
one after the other, and, in addition to creating & corps of flying men
with suitable cooperation with the military establishment, competi-
tive tests for aero engines were organized by Germany 1912-14;.
France 1909, 1911, and 1913 in cooperation with the Ligue
Nationale Aérienne and the Automobile Club de France; Italy 1913;
and England 1914, in which substantial money prizes were offere
for successful machines and in some cases buying orders given to
winners in the contest. It was the intention to make each of these
contests an annual event so as to not only continue the development
of engines under this incentive, but to show clearly the annual
progress by comparison of the entries in successive years on the basis
of their performance, in relation to their form, materials, and propor-
tions. 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 discussions_and interpretations as are obtainable from pub-
lished relfaorts. Unfortunately the European war has interrupted
reports of such tests as were completed in 1914 and prevented the
carrying out of others, so that the latest information of this class is
not now obtainable.

Besides these %;vernmental contests with cash prizes and pur-

orders, which are undoubtedly the bij‘gest single influence

so far brought to bear on the rational development of the aero

engine, there are some other coordinate factors to be noted, and these

. are civilian contests conducted by organizations interested pro-

fessionally in promoting the art or b{lindividua]s, reports of which are

also given in Appendix 1, with the Government contest reports.

Among these private contests are to be noted in France Competition

of szi’gue ationale Aérienne, 1911; Automobile Club of France,

1013; and, Alexander contest, first for British-built engines,
1909, and second for any engine, 1912.

Finally, there must be noted among these influences for good in the
rational cfevelopment of the aero engine the establishment of labora-
tories for testing engines alone or flying-machine supporting and
control elements alone, or both engine and air craft, and reference
is made to the paper by Dr. A. F. Zahm, May, 1915, reproduced in
Appendix 2, with other laboratory references in addition to those
contained in the contest reports of Appendix 1. Some of the results
obtained in these laboratories are mnot published and apparently
but little work has been done on engines. It is assymed that most
of the laboratory work on engines so far done is such as to be of value
only to individuals seeking to perfect their own engine, or, believing
it perfected, seeking an independent test report to enlist capital for
manufacture or to serve as an advertising inducement to purchasers.

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

" the problems, the operation of laboratories to determine by test the
results attained by designers and producers, especially when large
and regular purchesing orders are involved to support civilian
development and manufacturing establishments, or in the absence
of sufficient orders, and perhaps in addition to them, the distribution
of sufficient cash prizes, whether originating in governmental appro-
priations or private and institutional donations.

Great as has been their influence for good in aero engine develop-
ment, these contests have not yet been under way long enough to
have accomplished more than a small fraction of what may be so
attained, nor can this contest means be regarded as either sufficient
or without faults. There is an inherent danger that the results of
such tests be misinterpreted, and in fact there is even a ba.re:ab})os_m'-
bility that they may exert a retarding influence on the art. Natur-
ally competitors design engines and enter them to win a prize and
the conditions of the contest become the controlling factor in the
preparation of an engine for ent?r. If thege conditions place undue
weight on factors that are not of primary importance to the engine
88 1t works in place in actual ﬂiglt, it 18 easily possible that not
only may the best engine from the actual service standpoint be
rejected but, worse than that, the bulk of these workers who are
engaged in &eveloPment will be led away from lines that are truly

legitimate in order that by following the lines prescribed by the rules
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they may secure the necessary cash to continue. In view of this
possibility too much care can not be exercised in the preparation and
regular revigion of these contest rules and conditions in order that
the result may be what is wanted and what is needed by the whole
art, instead of a perfect attainment of a merely hypothetical standard.

Attention is called to these Tules in the appendix and especially
to the alterations in later German rules as compared with the earlier,
all directed toward greater latitude and greater reliance on the
judgment of competent engineers and proportionately less on the
numerical values of those quantities that are subject to measure-
ment and which require experienced cultivated ju(Jigment to inter-
pret into terms of ex::ﬁme goodness which often depends as much on

le things such as workmanship, ruﬁedness, simplicity, and
the other factors of general adaptability. this connection there
is a most significant, though glia.rded, statement at the end of the
second report of the Deutsche Versuchsanstalt far Luftfahrt by Dr. F.
Bendeman, January, 1913, the best document on the subject in
existence herewith quoted:

The further development of the aeroplane and engine construction makes it seem
desirable that in 2 future competition the sngine be judged more in its relation t5
the operating conditions of the machine.

Even at best, better than ffet arranged, the contest exerts but an
indirect effect on engine development, 1t results in a public statement
of 8 judgment of the machines relatively considereg with reference
to the rules and to each other. The winner is stated to be that en-
gine that has best fulfilled the prescribed conditions; it is announced
as better than others in this respect and that is all. Any test that
measures only over-all results, whether of fuel and oil consumption,
weight, horsepower, speed, unbalanced forces, torque variation, or
mnﬁa.r' iy measurable quantities is faulty as a factor in direct devel-
opment of engines to perfection. The only sort of direct contribu-
tion that can lead to true scientifically sound advance is that
generally termed research which involves the patient analysis of
not only over-all performance but more particularly of the perform-
ance ofy each part intended for the execution of every separate func-
tion, the accumulation and interpretation of date for the diagnosis
not of the faults found but the determination of their causes and
discovery of remedies, all-of which are to be followed by the applica-
tion of the promising prospective cures with test checks on their’
success. This sort of work requires the highest class of training and
skill and is to be carried out ag much in the computing and drafting
room as in the laboratory, but to do most good to a young art strug-

ing blindfolded to advance, every result must be not only con-
vine and accurately arrived at but must be given wide pub-
licity. is is the kind of development work that must be done
and has not yet been attempted anywhere outside of a few estab-
lishments producing engines and in them is only carried on to a
small degree because of the heavy expense, and naturally this same

ense 1s sufficient reason for nonpu licitfy.
exﬁesearch and publicity of the data of research are far more
needed than public contests and their reports. While the latter are
in a way an expression of the conclusions of the former, they give no
clue to the means found necessary to bring them about no more
than the sight of a man cured of an illness by a physician gives the
observer any idea of the physician’s diagnosis and methods of cure.
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The advance of the grofeem’on or art is more important than en iso-
lated case of perfection.

However sadly lacking are the date of research on aero engines
what literature there is dederiptive of engines, of conditions o
flight, of experiences, successes, and failures, of contests and over-all
performances should be most thoroughly collected and recirculated
in the form of collected papers.

Part 1 (c).—GENERAL CHARACTERISTICS OF PRESENT AERO ENGINES:
PO SPEED—ENGINE, RADIATOR, WATER, GASOLINE AND OIL
TANK, WEIGHTS—FUEL AND OIL CONSUMPTION, AGGREGATE
POWER-PLANT WEIGHTS WITH FULL TANKS FOR GIVEN LENGTH
OF RUN—ENGINE TYPES.

Since the period 1901-1903, with the two engines, Wright of 12
horsepower, & converted four-cylinder, vertical automobile engine
weighing for engine alone about 7 pounds per horsepower and the
then novel design of radial star fixed cylinder engine of 50
horsepower, weighing for engine alone 2.4 pounds per horsepower,
there has been produced in the interval more than a hundred different
designs that bhave survived the stage of first trial. There are now
on the market perhaps half this number of different engines being
regtﬂarlfy rgﬁlrg) uced, each to some extent and several quite exten-
sively (for this art), and of several of these designs engines are availa-
ble in more than one size.

While most of these engines have capacities of 50 horsepower,
more or less, the number that reach or exceed 100 horsepower is
steadily increasing, following the demand of the aeroplane and made

ossible by greater experience in construction of the smaller sizes.

t is worthy of note that the 1913 winner of the Gordon-Bennet cup
race carried 200 horsepower and the Russian Sikorsky wused in his
17-passenger machine 400 horsepower in two engines. The latest
Curtiss aeropldanes ca.rﬂT 320 horsepower in two engines, and the
English Sunbeam catalogues a single engine of 225 horsepower.
While some types of engine construction give trouble in large sizes,
there is no reason to believe that the limit of engine capacity has
been anywhere nearly reached, for even if a high limit of cfy inder
diameter be found, which is not the caszﬂet, multiplicity of cylin-
ders can carry up total capacity. Naturally there is no limit to the
number of separate smaller capacity engines that may be placed in
one air craft except that as the weight ger total horsepower of two
or more engines is always greater than of one engine of equal
E;:;Je capacity. On the question of total power there is no high

it in sight, though the normal is somewhat about 100 horsepower.

Germany m 1914 required for her latest arm;;ﬂ]l)lanes 80 to 120 horse-
power and more for hydroaeroplanes, while the United States Navy
specifications of 1915 call for 100 to 160 horsepower. It Iﬁﬁr easil
bappen that this trend toward larger engine capacities wi esulvt
i tﬁe elimination of some styles of enigines which only operate well
in smaller units, or what is more likely s the number of different
types of air craft increases in the limitation of engine type to flying
machine type.

1 A more or less complete bibliography of aero I3 offered in Appendix 3 28 a nuclens, ag full as
thaumltgdtima?l\!o le will mit andtﬁyshmg eoha:actfro!someofthwgepa ,aset fow
are reproduced. complete an ublish these will be o reat gervice
toé?art, eciallyittherebeaddedammmponp dmgmpconmﬂunofpgatanpemtsmancomudesmgeither!nmn
or abst:rg?. ;
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Speeds of engines are all in excess of 1,000 revolutions per minute,
most engines operating normally between 1,200 and 1,500 revolu-
tions per minute, with a few exceeding 2,000 revolutions per minute,
the highest being the Sunbeam engine, rated at 2,500 revolutions per
minute. These, of course, are the speeds when carrying normal
full load and therefore a reduction of load, such as would follow a
change of propeller to one of lesser torque or such as results from a
gt']tllst. of air in the direction of propeller air discharge, will accelerate

o speed. This is because the full throttle, mean torque, of these
engines is about constant up to speeds considerably in excess of their
normal tflrobably aEproa.c}ijng 2,000 revolutions per minute for
most of em, though in all mean torque will decrease beyond some
critical speed, due to valve and port resistance on the one hand and
insufficient speed of combustion on the other. Below this critical
speed, which is partly a matter of design of valves and ports, the
horsepower is directly proportional to speed, and so speed increase
is a natural means of read;ilf the light weight per horsepower of
engine. It does not necessarily follow, however, that, because in a

iven engine the high speed does not reduce the mean d,nvmﬁ torque,
e engine will not suffer from the speed. _In fact, it is just here that
so many of the failures are found, the engines literally shaking them-
selves apart and pounding or grmdinit emselves to pieces. With
due attention to the forces developed by high speed, and to bearing
friction effects of rapid motion over loaded sliding surfaces, and to
the suitable arrangement as well as proportions and materials for it,
there is no reason why, from the engine operation standpoint, the
present normal ra.nﬁe of 1,200 to 1,600 revolutions per minute should
not be exceeded if the service demands it, thoufh the en%ine designer’s
problems are easier, the lower the speed. It must be noted that
there seems to be no essential relation between propeller speed and
engine speed if the operator has no objection to gearing, which in
these days of automobile alloy steel gears can be made probably the
most reliable element of the machine. Testing of engines at excess
speeds to limits of unbalanced forces, bearing friction wear, and
mean torque would seem to be a rational means of assuring that the
operating speed itself will not cause trouble however much other
causes nnﬁht enter. Such a practice would be somewhat in accord
with the hydrostatic test of 50 per cent excess of working pressure
now standard with steam boilers and somewhat similar because
each may in emergency reach that excess, in the one case of speed
and in the other of pressure which may tause failure.

E;ﬁe weights now attained, per horsepower developed, exclusive
of t , radiators, and supplies of gasoline, oil, or water, by the sev-
eral classes or types of machines, at their own normal speeds, have not
been materially lowered for some time, attention having been rather
concentrated on the reliability and adaptability factors with m‘ﬁﬁ
We(iights, instead of on further weight reduction, though this wi
undoubtedly come in time. There is, however, a rather marked
division of unit engine weights according to system of cooling of
engine, whether by air or by water, involving besides water weight,
that of radiator. For example, the most popular French rotating
star cylinder air-cooled Gnome engine weighs just about 3 pounds
Eer horsepower, ra.ﬁmg from 2} for 100 horsepower to 3% for 50

orsepower, while the vertical water-cooled automobile style and
winner of the last German competition weighs 4.2 pounds per horse-
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power. (A number of tables and some charts of engine weights are
given in the papers in the appendix which are not repeated here, as it
would serve no good purpose.) Attention is however called to the
fact that the highest weight reported in the German competition
(second) is about 6 fpoun . is is about the present high limit,
while 2.2, the value for the Gnome 100 horsepower, is the low limit,
the water-cooled group occupying the upper portion of this range,
the air-cooled, its lower portion. It is most interesting to note that
the middle range in the neighborhood of 4 pounds is occupied by both
types, providing that water-cooled engines can be built as light as
some finds of air-cooled engines, or that air cooling does not necessarily
result in the lightest engine. .

Whatever influence in this unit weight of engine alone the general
arrangement may have is shown by & comparison of figures for some
tygic differences of arrangement or type. It ordinarily is of the
order of a fraction of a pound and may be entirely offset by some
other structural feature, not a factor in general arrangement, such as
the use of a steel cylinder in one arrangement against a cast-iron
cylinder in the other, or a high mean effective pressure in one against
& low value in the other dne to different weights of active mixture
taken in per stroke. It would séem that cylinders set radially about
a short single throw crank should yield an engine weight per horse-
power less than the same number of cylinders set in line along a long
multi crank shaft. Also that a V arrangement of two lines of cylin-
ders should weigh less than a single line because of shaft and frame
differences, but 1t is not clear whether a given output in four cylin-
ders will yield a greater or less weight than in six or eight sim(i!farly
arranged, nor is 1t clear just what difference in horsepower, if any,
should be expected per unit of displacement per minute in water-
cooled as compared with air-cooled cylinders. As pointed out,
according to the general figures given, the aggregate of all such differ-
ences lie between the limiti weigﬁts of about 2% pounds and 6
pounds per horsepower and therefore cover a range of about 3%
pounds per horsepower for such engines as are now in use and for
which test data are available. Just how much of this differends is
chargeable to one or another of the factors of arrangement, detail
form, proportions, or material, it is not possible at the present time
to accurately fix, but as a first attempt the following figures, Table I,
are given as derived from available data:

TaBLe I.—Weights of engines in pounds per horsepower versus type construction.

Welght.,
Cylindersand cooling. Classconstruction.| Englnename. Authority.

Algns. | Plant.

Lbs. | Lbs.

4 oylindersinline_| Bens.............. Bendemann....... 3657 4.2

N 6 oylindersinline.| Dalmler. _........]..... Q0ueercmacccnnn 37| 4.36
Water-cooled fixed cylinder;18 cylinders in Hne.| Bturtevant........ MaKel.vecaoemcnon. 89 feeeaeaen
- 12 cylinders U..... Bunbeam.........}..... [+ 1 SN 4.0 joeecan..
Ra.d‘.’lalstar ........ 2-oycls laviator....| “Flight”......... 8.02 |ceuuenn

Afrcooled:

5.81

- £

Fixed oylinder......... Radialstar........ British Anzani.....| Maker..........}...... a4
Bpeofal ........... Ashmussen.......|..... do...... eeeeenn b 5 S PO
lradfelstar....... B.M.and F.W...| Bendemann....... 473 g-ga
Rotating oylinder.....| 3radialstar....... German Gnoms...| Maker......cccceeu|-aeencnn %47%21)
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TaBre I.—Weights of engines in pounds per horsepower versus type construction—Contd.

Weight.
Cylinders and cooling. | Class construction.| Engine name. Authority.
gin Alone, | Plant.
4 oylindersin line.| Dalmler..........
6 oylinders inline.|.....do..........
Water-coolad fixed cylinder{8 cylinders inline.| Curtlss............|
Afroocled:
Fixed cylinder. . .....
Rotating oylinder.....
‘Water-cooled fixed cylinder|

“ENZ'Y”. ceeeene]oennen o 147

0031 X OO { 3%

Bendermann 3.28 3.26
umet.

Bendemann

Water-cooled fixed oylinder

Afr-cooled:
Rotating eylinder. ....

Water-cooled fixed cylinder({6

Afrcooled rotating oylin-
der.

Water-cooled fixed cylinder;
.Ai(:l\-;oo!ad rotating cylin-

Water-cooled fixed oylinderld S

Afr-coaled rotating oylin-
der.

q
TWater-cooled fixed cylinder]

Atr-cocled rotating oylin-
der.

1 Without fiywheel.




AERONATUTIOS. 2056

TaBLE I.—Weight of engines in pounds per horsepower versus type' construction—Contd.

o Welght.
Cylinders and cooling, | Class construction.| Engine nams. Authority.

Alone. | Plant.

4 oylinders in line.| Sturtevant. Maker. LES Lts.
ers .| PATlevaml, ... ... DBl eeeceacsoeees] 40 Jiii.oaa
W“‘“Wﬂ”d@“”d"{aoylmmmum. Green............. MacCoult. <., 10 £4 0000
891 )........
‘Water-cooledfixed oylinder] 4 oylinders inlins_| Chemo............. “Flight”......... %
. 2.8 |22l
Water-cooled fixed oylinderf 4 cylinders in line.| Clerget. ........... “Flight......... o

TWater-cooled fixed cylinder| 4 cylinders in lins.| Gresn............. Alﬁr?nder Prize | 5.48} 6.8

These show a consistent weight excess for cylinders in line
over radial, but no conclusions can be drawn on the relations between
water vs. air cooling for either fixed or rotatigﬁ linders. More
data and data in greater detail than are now available are necessary
before such conclusions are possible. In later tables the es are
analyzed with reference to other unmite and some desirable con-
clusions are derived, but always there must be noted the data which
one would expect at this date to be quite full and reliable are found
to be both meager and uncertain. .

To the weight of the engine proper with all the parts that are -
permanent features builb on_or into it, such as the magnetos, oil
pumps, air fans, and water-circulating pumps, there must be added
the weights of other parts to get the weight of the power plant with
empty tanks. These additional parts may be called the engine
accessories. All such supplies, as fuel, lubrica oil, and water
needed for & given length of run, will add more weight, the amount
of which depends partly on rate of consumption, ﬁ)artly on the

eneral arra.n.%ement, but principally on the length of the run.

e fuel weight to be carried per horsepower varies directly with
the length of run and inversely as the thermal efficiency of the engine.
The oil weight, while varying somewhat with the length of rum,
probably is not directly in ﬂiproportion to it and certainly has nothi%
to do with the thermal efficiency of-the engine, but-rather depen
on such factors as quality of the oil, mode of its application, style
of engine, bearing temperature and surface pressure and speed.
Water in any properlg proportioned jacket and radiator sgrstem
should not be lost, and its weight ma.{l therefore be regarded as a
fixed quantity entirely, independent of the length of run and additive
as is a piece of accessory equipment such as the radiator itself,
though its weight value 18, of course, a function of the aggregate
internal volume of jackets, piping, pump and radiator.

It meeds only a superficial examination of these weights of acces-
sories and supplies compared to engine weights to see that for short
Tuns, engine and accessory weights are more im%ortant than sugply
weights, but that for long runs the supply weights, especially those
of Tuel and lubricating oil, will become the controlling factors in

7
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plant weight, and the longer the run, the greater the difference, and
the more dependent does plant weight become on thcrmal efficiency
and on_efficiency of lubrication. For example, the data of the
second German competition showed that the winning 100-horsepower
Benz water—cooled engine, weighing 4.2 pounds per horsepower,
consumed 0.472 pounds gasoline (thermal efficiency, 29 per cent),
and 0.042 pounds oil, or a total of 0.51¢ pounds of both per horse-
power hour. The 70-horsepower Gnome air-cooled engine men-
tioned in Berndemann’s report, and weighing 2.9 pounds per horse-
power, consumed 0.805 pounds gasoline and 0.253 pounds oil, or a
total of 1.058 pounds of both per horsepower-hour. This being the
case, the aggregate Weigilt of the engine and supplies for different
lengths of run up to 20 hours compsre as follows, neglecting varia-
tions in tank weights that should add =a little more to the engine of

igh consumption than to the more economical one. The radiator
welght of the Benz engine is included:

Weights of engine, gasoline, and oil.

0 hours, 5howrs. | 10hours, | 15hours. | 20 hours,

BehE..eeecariaaccnamaaceenanaasd] pounds. . 4.2 8.77 0.34 11.01 14.48
L3153 0.7 do.... 2.9 8.19 13.48 18.77 21.08

Such relations as these—(Bendemann report shows the weights
equalize in 13} hours’ operation)—lead to that most important con-
clusion derivable from all the competition test date in existence, viz,
enginesintended for short runs must be themselves light and need not
be especially economical if, by sacrificing economy lightness is pro-
moted. Conversely, engines intended for long runs must be economi-
cal at all costs, almost regardless of wei%]}it. tmay alsobe added and
this seems most significant that reliability is of importance about in
direct proportion to the length of run, assu.tm.n% good condition to be
assured before starting in each instance, so that, again on the grounds
of reliability, short run engines must be light even if less reliable,
measured by period of uninterrupted operation, while to long-run

ines considerable weight may be added to gain reliability. ‘
om the design standpoint, a broad Frinciple of practice can be
directly derived, to the effect that aeroplane engines being intended
for more and more widely varying types of service as to frequency
of flights, length of run, and load-carrying capacity, need not be of
one design, style, or e, but that different ones are justified and
%ood engineering procedure demands the development and perfec-
ion to equel degrees, of as many different types and characteristics
as will best serve the varying requirements of flight. From amo
these, a selection may intelligently be made for general service o
undefined nature but with full forehand knowledge of its capabilities
and limitations. All this agrees with engineering practice in other
fields for there are to-day not only more different steam engines
than ever before, but in any one group, such as locomotives, there is
greater variety than there ever was; why, therefore, should anyone
expect to find a single aeroplane engine or plan the development of

e T e e e T e o e TS M e 4T g o e it s
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one type to the exclusion of others? To do so,is to assume that all
flights in all flying machines are the same as far as engines are con-
cerned, which is just about as true as the assumption that a good
pleasure motor-boat engine is the right thing for a trans-Atlantic
ship, or that the best power plant for a tramp freighter will properly
serve & battle cruiser, To be sure there are certain elements of
service peculiar to flight, to which all aero engines must be adapted,
but this can not be interpreted to mean that all aeroplane engines
must conform to one another in arrangement, performance, or even
in materials throughout.

Returning to the factors of plant weight, study of which leads
to such important conclusions as the preceding, it 18 worth while to
examine more closely the separate influences of the several com-
ponent factors of accessory and su%ily weights.

Radiator weights must vary with the amount of sheet metal,
cooling surface of given material in kind and thickness. The purpose
of this surface is heat dissipation to the air, so the number of square
feet and its weight will vary directl%!;ils the jacket heat loss of the
engine, and directly as the mean erature difference between
water and air, but inversely as the coefficient of heat transmission.
The most reliable date on this amount of heat to be dissipated,
in fact, the only data are given by Bendemann, who finds that
contrary to most internal-combustion engines, including the auto-

-mobile class, which give up between 30 and 40 per cent of their fuel
heat to jacket water, aero engines conform pretty closely to 15 per
cent of the heat of combustion given to and carried by the water to
the radiatdr. The difference, 15 to 25 per cent, is either not taken up
by thé water from the combustion chamber 8t all passing out in
exhaust gases instead, or, being taken in part by the water, is dis-
sipated directly from jacket and water pipes to the air. Informulat-
ing the rules of the German competition, the radiator weights were
assumed to conform to automobile practice and taken at 0.13 pound
per 1,000 British thermal units per hour, but the experiments indi-
cate that this should have been about 0.4 pound per 1,000 British
thermal units per hour. Taking the calorific value of ‘gasoline at the
round number 6f 20,400 British thermal units per pound and the con-
sumption of the more efficient water jacketed engines as one-half
pound per hour per horsepower, the heat supplied per hour per horse-

ower 18 10,200 British thermal untts, of which 15 per cent, or 1,530

ritish thermal units per hour must be dissipated by the jackets.
This quantity with the constant of 0.4 pound per 1,000 British thermal
unit %o"urs would make the radiator weight 0.61 pound, per horse-
power of engine. Comparing this with the radiator weight of the
61.6 horsepower Green (British) engine, winner of the Alexander
prize com;getition, which had a total weight of 46.9 pounds, the
actual unit weight of radiator and connections becomes 0.76 pound

er horsepower of engine, g fairly good check, considering the wide
ifferences of design and circumstances. Winkler puts radiator
weight between 0.40 and 0.55 pound per horsepower.

It is perfectly well known how fundamentally dependent on the
flow conditions of the air, on the air side, and on the presence of air or
steam bubbles, on the water side, is the coefficient of heat transmis-
sion for such apparatus as radiators, and yet this subject has scarcely
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been touched as a research problem, especially when it is considered
that the mean temperature difference, another prime variable, is
itself subject to considerable control. This will account for such
differences in radiator weights as exist and is responsible for the
belief that very material reductions may be expected in radiator
weights following proper research or arrangements for securing rates
of heat transmission and on thin noncorrosive metal inclosures.

‘Water weights are, of course, directly under control of the designer
within certain limits, as the jacket spaces may be long or short, wide
or narrow, pipes short and small or long and wide, and the water space
in the radiator itself, almost anything. In the same 61.6 horsepower
Green engine, winner of the Alexander prize, the whole water weight
was 34.1 pounds, or 0.56 pound per engine horsepower less than the
radiator weights. Winkler places this between 0.2 and 0.3 pound

er horsepower. Other values for different engities are given in
able IT to show the order of the magnitude of this factor.

Tanks for gasoline and oil will weigh more for large than for small
supplies, but not in proportion to their volumes, as shape, thickness,
and inn d of material will determine the square feet of metal and weight
of the tank per cubic foot of capacity as'much as the volume. Other
things being equal, that shape of tank will weigh least that has least
weight per cubic foot of volume, and cylindrical tanks are most
economical of metal weight, needing no stays, so the ratio of length
to diameter is an important factor, which, however, also affects wind
resistance, but these variations are not of such an order of magnitude
to werrant detailed study here. The above-noted Green engine, 61.6
horsepower, and a gasoline tank of 70 gallons weighing 39.7 pounds,
and & lubricating-oil tank of 6 gallons weighing 9.2 pounds, so that
the net weights are, gasoline tank 0.65 pound and oil tank 0.015
pound per engine horsepower, or 0.57 pound per gallon for 70 gallons
and 1. ounds per gallon for 6 gallons.” Bendemann gives the
round nm:&er of 0.2 pound tank weight per Jﬁo“tmd of gasoline or oil,
which does not check the above figures. Tanks used in tests, he
writes, are frequently too light for actual service, which indicates a
necesgity for standardizing tank-metal thickness, shape, and to some
extent size, as large capacity may be just as well carried in several
small tanks as in one large one and with better weight distribution
on the frame, as well as affording & measure of safety.

Gasoline consumption for the better water-jacketed engines aver-
ages very closely 0.5 pound per hour per brake horsepower (B. H. P.),
and for the rotating-cylinder air-cooled engines about 0.8 pound for
full load, though, as might be expected, there are quite wide variations
with type of engine and its condition as to cleanliness, adjustment,
load, and speed. There is practically no data a,vaﬂalgie on the rise
of consumption with poor adjustment of carburetor, ignition, leaky
valves or pistons, gumming bearings, carbonized combustion cham-

_ber, or even at speeds other then normal, or throttle positions other

than wide open. It is not possible from test data to even approxi-
mate the gasoline consumption of an aero engine in actual flight serv-
ice, though, judging from data on other classes of gasoline engines, it
may eagﬁy be double this best value obtained by perfectly tuned new
engines in competitive tests. 'We have many figures on total con-
sumption of gasoline and oil duri.nf competition flights, but horse-
power of course was not determined, and such figures must be com-
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pared with each other to give a true picture of ralégenof possible
variation. Even here, however, the operators are skilled and on
their mettle, so they may be expected to better ordinary everyda
flight consum%}iﬁon. These engine-test figures may be ate
into thermel efficiency approxima.telﬁ)’by_ taking the average calorific
value of American gasoline at 20,400 British thermal units per pound,
making the ine heat consumption for the two typical classes
10,200 British thermal units and 16,320 British thermal units per
hour per brake horsepower, e%]ml' ent to ﬁ;ﬁ%=25 per cent and
=15.6 per cent thermal efficiency referred to brake horsepower.
1th the ‘ac consumption of the Benz engine of 0.472 pound,
Bendemann reports a thermal efficiency of 29 per cent, which requires
that the gasoline used have a calorific value of 18,900 British thermal
units per Ib., which is the value used by Gilldner for European gaso-
lines. Other figures indicate about an equivalent difference between
the American and European fuels which could be accounted for by
tlfle gﬁ'glenqe of para_fﬁl.x)ls and olefins, respectively, in each, even if
ole ensiby. .

Such & thermal efficiency as this high value is truly remarkable,
and under the condition of operation and size of aero engines can
hardly be bettered, judging from other experiences and from funda-
mental conditions to be examined later, but the low value is too low
to be tolerated without adequate compensating advantages in engine
weights for short flights and in the reliability and adaptabﬁliftly
factors. Actual test values for specific engines and tests are reported
in the appendix and need not be detailed here, but attention is again
called to the practical imﬂgortance of consumption data on other
these best conditions to show not onlglhow high it may be in service,
but also how sensitive it is to each individual adjustment and operat-
ing condition that may exert an influence. :

%)il consumption is a thing thiat seems to follow no particular law,
however much may be known about c,ontm“bui;or{l circumstances,
such as chemical character, viscosity, mode of application, surface
speed, pressure and temperature, air evaporation, combustion cham-
ber carbonization and cracking, and e&nust. discharges. Beyond
the more or less general adoption of castor oil to avoid gasoline
absorption in the crank cases of rotating-cylinder aero engines,
and the use of most widely different systems of feed and beari
conditions, this is a practically wide-open field of research. In aﬁ
the competition tests the oil consumption has been made & subject
of measurement, but no analysis of causes of consumption has been
made, nor are there any data on the relative consumption of different
oils or of different oiling systems for a given engine. The figures
must be taken for no more than they really represent, viz, what was
used, but it can be assumed that they are no guide whatever to the
oil that will be consumed in actual service, except when consumption
is fixed by a pump nﬁ)lunger isplacement. Nor do these figures aid
in fixing the least value attainable after proper thorough research on
the lubrication of a given engine, which is rather more & matter of
reliability and engine life than of oil weight to be carried. In the
Qerman tests values were found ranging from 0.009 pound to 0.089

25302°—S. Doc. 268, 64-1——14
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+  pound per hour per brake horsepower for the water-cooled engines
and from 0.145 to 0.253 gound per hour per brake horsepower for the
rotating air-cooled cylinder engines. The only conclusions derivable
from these figures are that there is & very wide variation—about 25
to 1—proving the need of study, and that on the whole the rotatin
air-cooled cylinders are miuch greater oil consumers than the fix
water cooled.

The aggregate weight of all the units of the power plant, engine,
engine accessories, and supplies can be represented %eb.ra.i y or
gmdphcill]lf with every element involved in correct relative magni-
tude. of these weights are constants for each engine, except the

agoline and oil weights, which are products of consumption per
Eour and the length of the run. Accorgjngly, the graphic representa-
tion will be a series of straight lines or of the' a.gE;egate a single
straight line. Al%tlabraicallcﬁ the equation of that Ine will contain
two constants, each of which is the sum of similar constants, one rep-
resenting intercepts on the axis of zero time and the other slopes.
In order to keep the various elements of the eéate weight distinct
and to bring out clearly the big factors of weight of engine proper and
of gasoline weights, it is desirable that the excellent ement of
a singleline for each engi.ne used by Bendemannin thesecond German
report be supplemented by & general e%uation involving all the con-
stants and a table of values for each as derived from the tests. Such
an equation will have the following form:

W%i}gl_xt of engine alone per horsepower.

Weight of plant complete with] |1 eight of gasoline tank per horsapower.

il S o 2 b Tun | TS o O, ke bompoer

pounds per horsepover. ~+Weight of water per horsepower. '

b :-PI-Weight of 1?Jlluﬂier.h‘mr b

ounds ;] €r ROYSO er
+ Poundsgﬂps;erhopugrperhogepower S 028

Symbolically this takes the following form with corr%ponding
meanings from the former equation:

W= W+ Wye + Wor + Wo i+ Wy Wi +(G+0)H

In the following Table IT are given some typical values for these
seven constants, derived from the tests and for the total Wior 0 and
10 hours. The gasoline and oil weights are added for 15 and 20
hours, but the plant weight can not be so given because of the uncer-
tainty of the tank weights, which naturally are not directly propor-
tional to content weights. It is interesting to note, however, that
in 10 hours the plant weight is doubled—that is, the supfli% for that
time equal the weight of the plant empty for water cooled fixed cyl-
inder engines. The air cooled rotating cg]inder engines in the same
time of 10 hours more than quadruples the weight.

.
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TasLe I1.—Weights of engine accessories and complete plant weights per horsepower versus
type construction.

g E 2 SERERE
g g Eg B 2, FREREE 2y
‘@ @ §o . |8 o °E °3 I
Name and authority. b g gg F g |=8 gg g EE gé 585
Bl s =
é g = g ] §§En§ :g""é"‘_ﬁ?.:x
A s (&8 B |28 3 =
Average valu Bende-
mnlind""ibﬁz,' ................ olol es foolealo o
er OTEEPOWEr
o Bm%_hmnann ....... 3.57| 0.944] 0.034 628 ... 5. 224 0.472) 0.1;:' 2.57| 5.14 {10.364
G-g or
aimler, Baendemann....| 3.75 1.a3 | .076 628 |...... 5.473 .510] . 2.74] 5.48 |10.932
linder” _70-horsepower
er, Bendemamn....| 4.29] 1.01 | .084 626 |...... 6.020, 505 .047] 2.76] 552 11.540
linder 0r8epower
demann....| 429 .688 .00 6286 |...... 5.934) .494] .040] 2.67| 5.84 [11.324
é-cylinder” _70-horsepower
er, Bendemann....| 4.74} 1.006 .082 028 ...l 6.434 . .08l 2.67] 5.34 [11.744
linder 100-horsepower
er, Bmdemamm....| 4.60{ 1.056] .062] .628 |...... 6.344] . .03l 2.99 5.99 }12.33
linder _60-horsspower
er, Bendemann....| 4.80] 1.002] . 058! 028 ..., 6.576] .501] .028) 265 5.30 [11.876
é«gllnder 66 horsepower
emann....[ 509 .093 120 .62 |...... 6.834 .499 . 2.70; 5.59 [12.4234
+¢§lindar 95-horsepower
. A. G, Bendemann...| 4.33] .970| .07 628 ..., 6. . . 2.6l 523 [11.232
4—c}§1inder 55-horgepower
. A. G, Bendemann...| 4.38| L .0 626 |...... 8. . 009 2.64 5.28 |11.322
Iinder = 85-horsepower
Bendemam...... 3.771 1.060} .17 626 ... 5.6421 .534] .089] 3.11] 6.23 [11.872
der  70-horsepower
, Bendemam _____. 4 1.17¢1 .169, 628 ... 6.34 .538 .083] 3.35 6.71 /13.038
der 100-horsepower
, Bendemamn...... 4.60 L172) .134 628 |...... 6. . .087] 3 6. 531}13. 064
der 100-horgepower
, Bendemann. ..... 5.14] 1.0568] .04 628 |...... 6.804 . 021 2.74] 5.49 [12.354
%u 90-horsepower
ter, emann....| 465 1. + 094) 626 |...... 6.61% .621] .047] 3.84] 6.68 |13.202
.60 .03
54| .164]
5571 .02
Y 1 (R PN M I
59 L17...... 7.65 |15.25
.849] .256| 5.520)11.04 |14.41
Sl)!rl 2 253)..... 10. 58 |13.48
1 20 per cent of fuel welght horsepower.
120p cent of ofl t. 130 horsepower.
3 In'85 horsepower.

Note,—Plant weights are given without muffler.

h;Ilypical arrangements of cylinders, pistons, jackets, frames, crank
shafts, valves, valve gear, and typical structural forms of eacﬁ, have
been produced in great variety and in considerable numbers. Of
these a fair number have received more or less development work,
but the majority of them must be regarded as hardly more than
interesting proposals, or experiments in need of development work to
definitely reject or retain them for use. Features of detail will be
treated later in the course of the analysis of the engine after a review
of the types classified by general arrangement.

Most of the engines operate on the four-stroke cycle, though the
two-cycle system 1s re})resented, both air and water cooling is used,
and of the air-cooled class there are representatives of self-cooling by
rotation of cylinders, by fan circulation and by propeller blast, or
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free air currents over fixed cylinders. All engines are multicylinder
four or more, and generally more, and while nearly all use horizontal
shafts with direct or spur-gear propeller drive, the vertical shaft with
bevel-gear drive of propeller is represented.

These types, classified by cylinder and crank arrangement, are as
follows: . N
1. Automobile four or more cylinders in line, each withits own crank, cyli

heads uptypz'ir or water coolcgd . eylinder
2. V type, two rows of cylinders of four or more each, inclined to each other, one
crank for each V pair of cylinders. Air or water cooled.
3. Radial star rotating cylinders, with crank ghaft fixed, or rotating in the same or
: opposite direction. Air cooled only. .
4. Special arrangement or combinations of the preceding.

Of these classes the first three are the most typical of the aero
engine art in point of numbers of representatives, amount of devel-
opment work done on them, and of standing in the e-building
industries of the firms represented, as will be seen from the followi
list of names of engines and makers, Table ITT, arranged under eac
class heading. This is not to be regarded, however, as a criticism of
any of the other classes.
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TABLE ITI.—Adero enqines by classes.

Class No.
I L. L Iv.
Oylinder crank arrangement.
Fixed in lne. Fixed V, 2 oylinders per crank, Rotary. Fixed stor. Miscollanoous.
Cooling,
‘Water. Afr, ‘Water. Afr. Alr, ‘Water. Alr.
Engine or maler,
Bensx., De Dion Bouton. Curtiss. B.M.&F. W, Anzani. Two-oycle laviator. Ashmusen,
Revo- Revo- Revo- Revo- Revo- Revo-
Num- Num- Num- Num- Num- Num- Num-
Horse- | ber of | 104908 | gorea. | her of luﬁeorm Horse- | ber of luﬂ;ns Horse- | ber of luti&ns Horso- | bor ¢f I“ﬂ&m Horse- | ber of luﬂ:rns Horse- | ber of |1utions
power. | oplin- | B |l power. (glin- ot |power. | oylin- | BF | power., cgvlln— o, || power. | oylin- [ PEF | power. | oylin- | PP [l power. tglln- o
€15 | ute, 8- 1 “ato, " | ute. &3 | “uta, e | ute, e | ute. o3 | ute,
5 8} 1,100 2% 3
1,013 4| 1,28 ) 8| 1,800 100 8| 1350 [it 878 71 1,08 30 3 [t 1,250 80 6| 1,300 105 12 1,80
160 8| 1,100 40 8
Dalmler. Renault. Bturtevant, Gyro. Anzani. Salmson.
X 80 [ 20 7
88.9 6| 1,387 70 8| 1,800 140 81 2,000 38.8 7 954 { 60 10 }1,250 { 135 9 jl,%o ........ ceveseenfsncncans
70 10 200 14

‘SOLLAVNOTHY
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TasLe IIL.—Aero engines by classes—COontinued.

Class No.
L L m. - 1.
QOylinder orank arrangement.
Fixed in line. Fixed V, 2 oylinders per crank., Rotary. Fixod star. Miscellanoous.
Cooling.
Watar, Alr, ‘Water. Afr. Alr, Water. Afr.
Engine or maker.
Dalmler. ‘Wolseley. Sunbeam. 0ld Gnome, Anzani, Salmson,
Horso- {J{a‘rugi lﬁm Horgo- wanng; lﬁm Horse- bNermg; ll‘}ag-s Horge- %:;lgi 1%{1.2; Horso- bNorun;E lﬁg’g" Horse- §erung; Iﬁm Horse- §ermgi lﬁ%o“"
power. | oylin- [ P [l power. | oylin- | BE | power. | oylin- o || power. [ oplin- [ BX Hl power.| oylin- | PIF |power. | oylin- [ PO || power | oylin- | B
o3 | “ute. s | ute, 8. | “ute. . | ute, . s | ‘nte. 8. 1 ute, T3 | ute,
80 10
ns| 4| yaz| s2| 8| 3680 2| 00 40| 7| 114 { ol 10 }1,250{ o IR AT -] | SN R S .
Daimler. Sunbeam. 0ld Goomo. Anzanl.
90.2 4] L,3T |[eeveie]ececanecfenvacaas 8| 2,000 62.9 7] 1,166 200 2l I % VN PO R P | P [ s
Daimler, Rausenberg. Gnome. 2-oycle laviator,
70.4 4 tas oo 10 8| 1,200 { § """ 77 p 50 8] 1,200 |eeeneeedfoeeee e e e e .
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Daimler. Clarget. Gnome. Edelwelss.
) 10 9 5 o] 1,350
6| 5,315 florerenfennnns e 20| 8] 1,30 { | L}1,200 VR TS [ ] | SO AUUON RPHOR NUSRON

Daimler. Laviator. Gnome.

200
80 8| 1,200 »
4] 3,308 [loeecnnacfeeeann)enee .{ 120 8 1:20){ 80 g}l,200 [ S [P FEZTPOUIN AP FOTRPRITY | PRTO I NPT R ver

RSO AN

PR ::) | PSR U AU 100 8] 1,600 50 7 feee.. JUNR | U IORUR B FUUUUO! FUUUUI FUURUI | SRR ISR RRSURN

N. A. G. Wolseley. Clerget.

VRIS T7Y | FOUUN HRRI SO 130 s| Lo f{ 8 (- | S AU R R JOUOH ISR ISR IV ISR .
N.A.G. Demont.
¢ 1408 {lereenfercenconene S5 ISR IR SO 300 | 6] 2,000 |feeeroceclenne 1 SO SR SRR | PR PPN DO .

Argus, E.J.C.

4] 1,808 [loceiiiiinemnii]oeennnnd]enes [P PN 60 6| 2,000 |..... (R PPN [N PR [ PPN IR | T K, ceeeeee .

Argus. Esselbd,

4] 1,342 |........ ..cee [N PPN EPPRe [N PN Ty . 85 7| 1,260 |f..... [N PPN [N I [ PR PR | ERTpI A [N PN .
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Tanre FI1.—Adero engines by classes—Continued.
. Olass No.
L TIL 1L IV;
Cylinder crank arrangement,
Fixed in line. Fixod V, 2 oylinders per crank. Rotary. Flxed star. Miscollancons.
. Cooling.
‘Water, Alr, Water. Afr, Afr, ‘Water. Afr,
Engine or maker. N
Argus, 8. H.K.
e 355 | P | B0 A | B B B || B S | B B ey B
3 | ute, &3 | “ute. ‘ute, * | ‘ute. oS 1 Cute, o3 | ute, €3 | “ute,
w1 ef 13m0 SSURPOOR! FESRUP IO FRURUR RO T | O SRR PPN SUOPURt RPROPHN PRI NSPUPPS| NVROVIE NN NSO
Mulag. 8.H. K !
wne| 6 1,88 [|eecenefoencnes ISR SSURREOR ROUPROn |+ IS | SOUSOU | UPUPI UPURN N SRR F— SO | IR IR IR
Schréter.
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Crass 1.—Automobile class.

Water cooled—Continued.
erican— German and Austrian—Continued.
Hall-Scott. Schroeter.
Sturtevant. Basse & Selve,
ight. Flugwerke Deutschland.
German and Austrian—
Mercedes (Daimler) Clerget.
Austro Daimler. (Chenu.
Benz. British—
N.AG Argyll. ©
Green.
M
Orass 2 V.
Water cooled: Water cooled—Continued.
erican— British—
i Sunbeam-Coatalen.
Sturtevant. . Wolseley.
Ransenberger. Air cooled:
Maximotor.

French— Rengult.
Panhard-Levassor. De Dion-Bouton. ‘
Clerget. British—Wolseley.

Laviator.

Crass 3.—Radial start rotating air cooled.

American: Frederickson. French—Continued.
German: (Oanda.
Kruk. Burlat.
Hirch. Helium star.
R.E.P. Demont.
B.M&F. W. D’Henain.
ch: E.J. G
Gnome. Esselle.
Clerget. S.H. K
Crass 4.—Specials.
Radial star-fixed cylinders: Squirrel-cage cylinders:
French— French—Edelweiss.
Salmson, water cooled. Radial fan:
Laviator, two cycle. French—Anzani.
Opposed fixed cylinders: Inverted automobile:
American—Ashmusen. German—Daimler.

Many engines appearing in older lists are omitted, because of the

B e e e
B 7 Ty I

belief that .they are now superseded or abandoned, and likewise
Some new engines now in existence are not mentioned because of
lack of general acceptance as commercial. It may be, and is quite
likely, that errors have been committed in these insertions and
omissions, but this is inevitable without personal visits to the engine
shops, which, in the present instance, were quite impossible.
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REPORT No. 7.

PART 2.

AERO ENGINES ANALYZED WITH REFERENCE TO ELEMENTS
OF PROCESS OR FUNCTION, ARRANGEMENT, FORM, PRO-
PORTION AND MATERIALS, AND THEIR BEARING ON THE
POWER-WEIGHT RATIO, RELIABILITY AND ADAPTABILITY
FACTORS.

By Omaries E. Luoxke.

.

Part 2 (a).—AERO ENGINE PROCESSES AND FUNCTIONS OF PARTS VER-
SUS POWER-WEIGHT RATIO, RELIABILITY, AND ADAPTA-
BILITY FACTORS.

In any machine the process is of superior importance to the mech-
anism as the latter is but one of many possible means for the execu-
tion of the former, and however necessary it may be to have the
mechanism adapte& in form, proportion, arrangement, and materials,
to its objective process, success of the machine is fundamentally
dependent on the process itself. Most machine processes are really
combinations of a series of separate individual process steps working
together, just as the mechanism parts themselves coact, and these
processes are commonly said to be similar when they consist of the
same partial steps executed in the same order as a series, and machines
executing them are regarded as belonging to the same class, or as
similar machines. There are, however, very great differences to be
found in these similar machines which, therefore, may be vastly dis-
similar from other standpoints. In the first place the process steps
may differ widely in degree though being identical in kind, and this
dﬁ' erence in degree may be in turn responsible for very considerable
differences in mechanism. No better illustration is available than
the common piston steam engine in which one basic step is expansion
of steam affer admission and before exhaust, yet experience has
developed a whole succession of valves and valve gears, some adapted
to mogerate and others to high expansion ratios, while expansion to

ressures below atmosphere immediately calls for the condenser with
1ts elaborate series of auxiliary appliances and pumps. Differences in
mechanism may be almost infinite even though the same process is
executed, and to the same degree, and the steam engine will again
serve as an illustration. Such differences may be significant or not.
They must be regarded as significant when some good purpose is
served whether the differences are those of detail parts form such as
the shape of a piston; of arrangement of the same typical pdrts,
such as the locomotive engine as compared with that of the steam-
shiﬁ; of proportion of parts, as diameter of cylinder or thickness of
wall; or of material. Such differences as are now accepted and well
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understood in the steam-engine field can all be anelyzed into signifi-
cant or indifferent from the standpoint of service requirements.
These service requirements require years of experience to be appre-
ciated to a degree that permits of a reduction to standards of practice
in arrangement, form, proportions, and materials of the mechanism
and its parts. Even after the establishment of such experience
standards of practice for machines performing a definite fixed service
there will always remain very conmderaﬁglgﬁferences of the indiffer-
enz or nonessential hglrdegél - " . 4 Mishd
ero engines, while belonging to the now e and establishe

class of internal-combustion engines, and to the smaller fairly well-
developed subclass of the gasoline carburetor internal-combustion
engine, in which the farm, automobile, and boat types are most fully
developed, are themselves still Stl‘lﬁg]iﬂg through the development
stage, due to the youth of the special service to be performed, and in
%ite of all that might be borrowed from the older most similar arts.

fact there is some evidence that these older arts have exerted a
distinet retarding influence even where assistance might be expected,
because borrowing is the easiest mode of acquisition. It is not
unnatural to find automobile practice being adopted for aero engines,
when it is not yet clear that there is anything required of the aero
engine sufficiently different from what the automobile or boat engine
can supply, to make the latter unsuitable for the service of the former.
At the same time there is equally strong evidence that in some respect
the differences in service requirements have been exaggeratecf or
misinterpreted with the result that totally different engines were pro-
duced unlike anything before built, and yet just as unsuitable as the
borrowed auto or boat engine.

In proportion as service requirements on the one hand become
better understood, and as engine capabilities or limitations, on the
other hand, are recognized and utilized, so will the aero engine as a
type come into full growth. Review of the engines so far dl-i);'gposed,
built, and tried out, indicates a strong trend in some ctions
but just as surely proves that in most essentials the period of
blind ping at every possibilit%hwhether rationally defensiblo
or not, hes not 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 this, the large number
of suggestions for modification that have been and are now being
made, some rational, derived through reasoning from fact data, but
often without any recommendation other than mere purposeless
difference. .

Most_of the rational development so far accomplished has been
devoted to forms of the e parts, to their grouping or genersal
arrangement, and to special materials for their construction, rather
than to the processes that are fundamental to the gasoline carburetor
type of internal combustion engine. Aero-engine designers being so
intensely absorbed in the problems of arra.nfgnent of parts, adapta-
tion of form of parts, reduction of metal thickness and application of
materials of high elastic limit or low specific gravity, have in some
instances, though fortunately not all, been diverted from thought of
the process steps to be executed, in kind and degree. This becomes
clear by comparisons, first of aero engines with éach other and second
of any one engine with the absolute standards of thermodynamics.
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It is clear that if at the same speed and using the same -fuel one
engine gives a materially higher mean effective pressure than another,
or a lower specific fuel consumption, then some elements of the
thermodynamic process have been violated by the mechanism of the
inferior machine. It is also true that if the thermal efficiency ob-
tained is & smaller fraction of the thermodynamic limit of posgibility
than in an auto engine, for example, then ]ﬁm gomething has been
incorporated in the aero-engine structure inferior to its counterpart
of the auto engine structure. To a lesser degree similarly, if aero-
engine BtoE_pages not due to seizure of bearings or breakage of parts
are more Irequent than in auto engines, or even if they stop at all
under these conditions, then the process requirements are in some
way being violated by unsuitable mechanism, for if they were not
the engine would continue to run, and without change. a matter
of fact, the whole question of reliability is one of maintenance or con-
tinuity of the process in every stage, assuming, of-course, an absence
of the pure mechanism troubles of b es or bearing failures.
Likewise, some of the elements of the adaptability factor, as well ag
those of reliability or of hi]ﬁh power and fuel efficiency, are concerned
with the process, for, should excessive tilting of the engine interfere
with the carburetor action and result in poor mixtures, or should
passage through a cloud or fog obstruct the intake with frost or ice,
or should flights at excessive altitudes change the mixture, then the
engine becomes inoperative by reason of process interference due to

of adaptability of the mechanism to the maintenance of the
process when subjected to the ordinary interference of actual use
peculiar to air flight.

Proper execution of the processes by mechanism that insures its
continuity in kind, and the constancy of every step, in degree, regard-
less of any interfering conditions incident to normel or even extraor-

i aserial use, is & necessary prerequisite to the high mean
effective pressure and high thermal efficiency that together make for
low power plant weight per horsepower for any length of flight. It
is just as essential to the continuity of operation and output that
constitutes reliability, entirely indeggndent of whatever contribution
may be obtained to the same end, from variation of general e
ment, and detail design of parts as to form or thickness or from the
selection of special materials.

The processes are comparatively simple and easy to state, though
a thorough analysis of the relative or absolute perfection of execution
that various designers have accomplished through their mechanism
would require far more space than is available here. Such an analy-
sis must moreover be based on far more test data than have even been
made ayailable anywhere. Judging from the literature of the sub-
ject and from some familiarity with general practices not so recorded,
it can be stated that practically no work has been done except by a
few large exﬁine building concerns who keep their results secret, and
comparatively speaking, no date obtained bearing directly on the
execution of the %rocess steps, and the effect of design on process,
for aero engines, though some interpretation can be based on the few
overall results of engine tests. ile the details of design. versus
process are beyond the scope of this report, it is possible even from a
statement of the processes and their fulfillment conditions, to derive
some general specifications for the parts of the apparatus that, taken
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together, make up the power generating part of the engine, as dis-
thﬂﬁshed from those parts that merely transmit or support.
the workin, meé)i'um is primarily an explosive mixture of air
and the vapor of gasoline, the first broad process step is mixture
making, prtelp&ratory to introduction into the cylinder unless it be
de directly therem. This must be followed by the second step of
suitable treatment of the mixture in the cylinder, including expulsion
of burnt products. Finally, as combustion develops heat in contact
with metal walls, continuity of operation or the maintenance of a

steady state in all respects lﬁunm heat abstraction and dissipation’

to & degree and at a Tate equal to that of heat reception, so the third
broad process step is cooling.

E of these three broad divisions of the general power gen-
erating process, mixture-making, cylinder treatment of mixture, and
combustion chamber cooling is itself a process, and is in turn sub-
divisible into more detailed or subprocesses, each definable to some
extent as to degree or range that it is desirable to maintain.

The mixture-making process starts at the point of supply of
gasoline and air and ends at the inteke port of each cylinder. The
one exception to this used in a few engines is the making of mixture
directly in the cylinder by aﬁm%;lyecﬁon of gasoline, a method so
wholly unsuited to the small cylinder h(iigh—s%eed engine, with such
volatge fuel as gasoline, as to be rejected without further discussion
not only on rational grounds but on actual comparative experience
with the now standard system of mixture making. This standard
practice that has taken many years to establish recognizes mixture-

ing a8 & distinet function to be carried out external to the cylin-
ders, 80 as to &eémit of some control of this independent function
without the inferference that must result when it is combined with
others in a single apparatus part.

Applying the common but more or less inaccurate name of car-
buretien, to this mixture-making function because the principal struc-
tural element of the process is the carburetor mechanism, the process
divides itself into (g) fuel supply; (b) air supply; (¢) carburetion

roper, which includes proportioning, mixing, and vaporizing, and
%d) mixture distribution to cylinders. Each of these steps must be
carried out without variation in spite of anything that might happen
beyond extraordinary accidents, and the apparatus, mechanism, or
uipment must be so constructed as to insure the results desired.
’i%ism by no means eesy, as will appear from even a superficial analy-
sis of conditions and possibilities. = Air must be taken from the atmos-
phere through which the machine is moving at & high, though not
constant speed, a speed so high that the air pressure equivalent to
the velocity, or velocity head of the air, is quite appreciable. With
the air intake opening pointing in the direction of travel the velocity
head is added to the static pressure of the air and air flow necessarily
varies with flicht speed, though it should not. This might be avolded
by suitably shaped entrance orifice, the plane of which is in the direc-
tion of flicht, but this is no sa,f;wiuard when turning or in side gusts.
The first requirement of air intake must, therefore, be independence
of flow of air with reference to direction and speed of motion. Almos-
pheric air varies in absolute pressure with altitude and likewise varies
m temperature, in water vaporized, and suspended water such as fog
or rain. Hach of these things exerts separately and together an
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influence on carburetion. Temperature, t}ﬁewure, and moisture affect
air density and hence the flow through the air orifice under a given
Tessure F Temperature affects the va%;uifpressure of the gaso-
ine. (Absolute pressure affects air flow itself independent of the
density change.)” Vaporized moisture affects the accumulation of
water In the mixture passages due to reduction of temperature inci-
dent to gasoline vaporization, and both vaporized and suspended

moisture affect the accumulation of ice in the mixture 1gmssage&;, unless -

heat be added in sufficient degree. These thinf need hardly bestated
to be accepted as fundamentally important and as necessary elements
for incorporation directly or indirectly into specifications for the air
supply to the carburetor. The carburetor action should be made
quite independent of these variables and it must be sufficiently inde-
pendent to prevent changes of mixture quality beyond the allowable
working range. Therefore, however great a variation may be encoun-
tered during actuel flight, In direction and velocity of flight or wind,
in barometric pressure, in atmospheric temperature, in atmospheric
moisture v&p;gﬁzed or suspended as well, the mixture quality must
be kept within the two limits to be determined as necessary to con-
tinued engine performance.

Gasoline must be carried in a closed tank and must be fed to the car-
buretor through a pife and the supply to the carburetor should be
quite independent o the direction and e of inclination of the
whole structure. It positively must be unaffected by such changes of
rel&ti;r)e position of ta.nlélal?nd carburetor, as maybe dueil;lo not c;rllllgr1 }c))rdi-
n ut even extraordinary or emergency turning, g dj% , climbing,
o?gm orary fallingmovements of thewhole machine. If the machine
should completely fall and upset, the gasoline should be prevented
from running out on the hot exhaust pipe as this is likely to cause a
fire. Gravity feed from tank to carburetor is affected, ds to head,
by every variation in angle and direction of inclination of the frame.

ravity feed tanks must have an air vent and so if overturned the
vent becomes a spill hole unless a special check feature be added. In
stationary plants gravity feed from SuI}Pg tanks is forbidden by the
fire underwriters’ regulations because of the possibility of drainage of
the whole tank due to a leak in any part of the pipe system. Air or
gas derivable from fire-charged bottles, from pumps, from combus-
tion chamber relief valves, or from exhaust back pressure actin,%lgn
the liquid surface in depressed gasoline tanks will feed the gasoline
from any relative position of tank and carburetor. If reasonably
high pressures are used in comparison with the normal static gasoline
head, the delivery pressure will be substantially constant at all incli-
nation angles and spilling will be confined to the small carburetor
float chamber as the mam tank is closed. This system is in_quite
general use in auto practice. Pump feed from & main depressed tank
with air vent to a small auxiliary gravity tank with overflow return
directly above the carburetor, 1s the stendard stationary system.
Recently automobile practice has adapted this to its service require-
ments, replaci.ng the pump and overflow return by a vacuum lift
syatem operated from the suction header beyond the throftle, but
retaining the depressed main tank with air vent and the small auxili-
ary gravity without air vent, which being so close to the car-
buretor can supply it at all times at substantially constant head.
These two systems of pump and suction header lift may be operated
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with a closed main tank if slightly modified and in the event of a
lpaky pipe no loss or fire can occur because instead of gasoline escap-
ing air flows in, doing no harm if the leak is small, but stopping tﬁe

- supply without loss if the leak is large.

e extraordinary changes of motion in direction and speed, both
horizonta]lg' and vertically, peculiar to the aeroplane introduce iiquid
inertia and centrifugal pressures which may accelerate or retard
gasoline flow by raising or lowering the pressure at the point of deliv-
ery to the carburetor. This is a peculiarity of the aero-engine
service conditions which requires special attention. To cover all
these influences an additional specification may be added for the
carburation system; the fuel tank, piping, and supply system must
deliver fuel to the carburetor at pressures that do not vary enouigh
to cause the mixture quality to vary beyond the limits required for
the proper steady operation of the engine regardless of angulerity
of the machine or of changes of its motion as to direction or velocity.
and they must be such as to prevent fuel loss from small leaks an
to minimize any spilling when overturned, preventing whatever spills
touching hot parts or reaching electric sparks. References to the
literature are made for actual tank arrangements which require no
comment here except the approval of the practice of using more than
one tank and especially of installing a small emergency reserve tank
holding enou%l to insure a safe landing after main tanks are empty.

‘When supplied with atmospheric air and with fuel under pressure
or statichead, the carburetor mechanism is supposed to make & Xroper
explosive mixture and through intake header and branches to deliver
to e:lch of t:f s'evefial inlet valves identical charges %f that mjxtu(li'e
e in quality an antity. This is supposed to happen regard-
lg of the totg an%lty of mixture required by the engine load or
speed and regardless of an{ovariation in air temperature, pressure,
moisture, direction, and velocity of flight or fuel delivery pressure.
The possibilities of success in attaining this mixture-making ideal
must, of course, depend on the definition of proper mixture, for in
this 18 to be found the allowable range of variation from absolute
constancy of quality.

Mixtures that enter the cylinder with too much gasoline for the air
to support in combustion will not be explosive if the vaporized fuel
excess is large enough and with such mixtures the engine is inopera-
tive. Long before such a great fuel excess as this is reached the
engine may be operative yet operate badly. It is clear that an
excess vaporized gasoline in the mixture can not burn, so it W‘Jﬁ
decompose or carbonize, depositing carbon all over the combustion
chamber, including sparﬁ plugs and piston head, and show in exhaust
as smoke. Such a mixture will be operative for a time, such time as
it takes for the carbon to accumulate in layers thick enough to glow
on hot spots, such as piston heads, causin%r:t:ack fires or preignition
and possibly short circuits and miss fires from collections on spark
'glugs if they are so designed as not to be self-cleaning. Carbon

osits will also cause piston rinfnto stick and leak and impair
lubrication when it collects on cylinder walls and between rings. -
To be sure, a certain amount of just such carbonization can be traced
to lubricating oil that works past pistons, but this is an independent
matter to be separately treated by oil selection and st:ﬁply system.
Excess fuel in the liquid state may be present when the vaporized
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gart and the air make a proper mixture, and such excess will partly
ecompose as above, but part will be dissolved by the lubricating oil
and defeat lubrication besides being a dead loss.

Excess vaporized gasoline in the mixture should be prevented,
first, to prevent carbonization, but also to avoid the slow combustion
that results when the excess 1s 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
pressures with the very high mean piston speeds in use, none of
which are below 1,000 and some in excess of 2,000 feet per minute,
By use of properly high compression and more than a single point of
ignition a ciently high rate of combustion appears to be obtain-
able without resorting to such overrich mixtures with their carbon-
izing evils and direct waste of fuel. It may therefore be set down as
a requirement that mixtures preferably should not contain any excess
fuel at any speed and load, and positively must not contain enough
to cause carbon accumulation, measurable fuel waste, or interfere
with lubrication.

It goes almost without saying that mixtures of air and fuel must
be homogeneous and uniform throughout; that is, the constituents
must really be mixed. On reaching the cylinder at least, no liquid
should remain unvaporized, or, to use a short word, the mixture
should be dry. A correct overall ratio of gasoline to air by weight
as required for combustion reaction will not serve the purpose if the
gasoline is in liquid form, or even if it is vaporized, but all concen-
trated in one corner of the combustion chamber with pure air in some
other corner, such as is sure. to happen with direct injection or with
more unvaporized liquid admitted past the inlet valve than can be
;{:ﬁorized while entermg. Such nonhomogenseous and wet mixtures

ill both carbonize and cut lubrication even if total weights are
correctly related, so the second and third requirements of mixture
must be homogeneity, and dryness at least after admission.

Other things being equal, & cool mixture carries more heat per
cubic foot and hence more work capacity than a hot mixture of the
same fuel and air. But with liquid fuel, mixtures that are too cold
are no mixtures at all, any more than & brook running through the
country can be said to be mixed with the atmosphere, though rain
by a stretch of the imagination might be, and a fog rea.’lly is, though
not so intimate a mixture as vaporized moisture. Any gasoline-air,
kerosene-air, benzol-air, or alcohol-air mixture, in combining pro-
portions may be dried if the temperature be high enough and the
temperature required will be least for the fuels of greatest vapor
pressure of their heaviest constituent if they are solutions of heavy
and light parts, as is the case with the petroleum distillates. For
any one fuel the required ing temperature is least the more
intimately the air and fuel are mingled or stirred, so that any fuel
particle will be required to exert only the partial pressure of the vapor
in the final mixture, instead of the full mixture pressure of one atmos-
phere that is necessary without true mixing. Mixtures should,
therefore, be as tool as possible consistent with ess and the maxi-
mum permisgible moisture is that which will vaporize on entrance.
The higher the mixture pressure the greater the work capacity of
the charge, so that everything that contributes to such must be
promoted as much as the preparation of cool and otherwise proper

25302°—S. Doc. 268, 64-1——15
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mixtures. This means in effect that the pressure drop between the
air and the cylinder must be & minimum, but this is entirely a question

of proportions of passages.

}gingly with re?erence to mixture quality there can not be much
excess alr, preferably none. Of course, excess air can not cause car-
bonization or lubrication trouble; in fact, it exerts a beneficial influ-
ence tending to burn accumulated hot carbon or lubricatjn,%loil
vapor, and 1t permits of a somewhat higher compression which
im%roves economy. But all the exflosive mixtures of hydro-
carbon vapors and air become nonexplosive in ratios very close to
the combining proportions on the excess-air side, and with even a
glight air excess the rate of combustion becomes prohibitively low.
Summarizing m.lxture-qfuah requirements, a mixture is proper when
it has the least and preferably no excess of either air or fuel, when it
is homogeneous, when it is dry after entrance and as cool as possibly
consistent with homogeneity and dryness, and when it is supplied
at the maximum absolute pressure. To produce such mixtures is
the function of the carburetor. )

Carburetor mechanisms capable of making mixtures of such
specified quelity under the previously noted conditions of air and
fuel supg}y are practically nonexistent at present, and improvement
can hardly be expected so long as carburetor production remains
a separate business, and purchasers buy on name instead of on per-
formance, as is the practice, selling on name only, at present in the
motor-car and motfor-boat industries. Not until the saero-engine
producer develops carburetor specifications in terms of mixtures
produced and testing ap]ghances to prove fulfillment and to locate
causes of nonfulfillment of each separate requirement can the needed
mixture-making carburetor be obtained. Under these conditions it
matters very little whether the aero-engine builder makes his own,
or buys on guaranty of %eigorma.nce, independent of engine operation.

Very great pro been made in recent years in carburetor
desigl for automobile and marine engines, but the end has not been
reached, because all data point to a failure to maintain the qualiiq of
mixture in all the specified respects. In some respects the problem
is less difficult with the aero engine than with the auto, as the former
is not subjected to as wide a range of flow rates nor to such sudden
and frequent changes in flow rates as are the latter, due to automobile
driving in dense tra.ﬂidc or (l)lver country roads with constant cha.ngeg
of e, curves, an 1 spots requiring continuous opening an
closing of the throtﬂe.ro%{ius act is responsible for the general prac-
tice among aero engine builders of buying stock automobile car-
buretors on the theory that, the service being less severe, they should
work better on aero service; yet such a conclusion is not warranted.
While it is true that flow rate fluctuations will not be so great and so
cause less variation in proportions, it is also true that the normal con-
dition of flying with fgedp throttle wide open or nearly so produces a
more intensive temperature drop, reducing vapor pressure and
decreasing the degree of gasoline vaporization or increasing mixture
-wetness and condensing or freezing more water. It'is also true that
far stronger variations of fuel and air supply conditions must be
encountered in air flight than in road driving. What is still more
significant, however, is the fact that the aviator has no such oppor-
tunity to make hand adjustments as has the chauffeur, nor are the
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consequences of auto-enﬁi]ime stoppage due to bad mixture hardly
more than annoyance, while such a stoppage of an aero engine may
mean & complete wreck. It cannotbetoo strongly stated that accept-
ance for use of standard carburetors on their names, or even repu-
tation, is not o satisfactory practice for aero engines. They should
be designed or purchased to specifications of maintenance of mixture
quality under all variations of working conditions within possible
ranges to be met with in service.

There seems to be no doubt after the years of experience in cear-
buretor construction for automobiles and boats that the gasoline
float chamber apparatus, with simultaneous vacuum flow of gasoline
and of atmospheric air, is permanently established and must be re-
tained. Adhering to this principle of construction as the basis of
proportioning and of the first step in mixing, does not prevent the
add?tion of other elements to correct the faults inherent in the simple
combination. Mixture proportioning correctors in the form of com-
pensators to reduce the natural tendency for gasoline to flow in
excess at high rates of vacuum when the ratio is correct for low, are
now available in considerable va.rieg and some are fairly good, though
even in the best there is considerable room for improvement. These
compensators constitute the principal differences between modern
carburetors.

It is in control of mixture quality in other respects than propor-
tioning that carburetors now available are lacking; for example, to
render the mixture quality independent of atmospheric changes, fuel
supply, pressure fluctuations, and above all independent of their own
cooling action. This self-cooling is due to vaporization of gasoline,
the latent heat for which lowers the temperature of the mixture
below that of the entering air. Heat must be supplied if liquids are
to be vaporized, and no amount of human ingenuity can overcome
this law of ﬁhysics. If the latent heat of vaporization be supplied
from waste heat sources for so much of the gasoline as can vaporize
in its air suﬁp]ied at atmospheric temperature, then the resulting
mixture will have the same temperature as the atmosphere and there
will be neither vapor condensation nor water freezing on the intakes.
Such mixtures especially when the air is cool are not suﬂicientl%dly
and certainly are variably dry, dryness varying with atmospheric
temperature. To produce even this much effect requires a consider-
able 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 transmission and provide suffi-
cient heating surface of suitable form. To simply surround the body
of the carburetor with a water jacket or to take the air from & short
gaxhausg-Ipipe jacket, which are the only means now in general use, -
is entirely inadequate, as can be proved by simply te.kin.ithe mixture
temperature by & thermometer in the intake pipe or by obs
the flow through experimental glass headers and branches.
course such WaJufheatem will B_revent any adhering frost, but they can
not prevent its formation as free snow to be drawn into the cylinders.
This problem of mixture making by carburetors is one of the most
important of all the elements of the aero engine structure and the
carburetor proper its most important apparatus, on which much work
bas been done, but maqre remeins, especially of the adaptation order.
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(In this connection the paper by Dr. Karl Buchner on carburetion,
which is one of the best, is reproduced in full in the appendix.)
Distribution of the mixture from the carburetor g) the eylinder
inlet valves without change of quality in transit, and in such & way
as to insure & suﬁply of mixture of equal quality to each cylinder, is a
problem of equal importance to that of correct mixture making and
18 intimately associated with it. If the carburetor should yield
correctly %roportioned mixed and completely d.rfy mixtures, this dis-
tribution header problem djsa,p?ea.rs and any form of branch pipe
will serve the u(x;ﬁose in place of the iong elaborately curved headers
now in use. gu mixtures are too warm to develop the maximum
possible mesn effective pressure. To get the greatest power output
]gsll:ecnbic foot of piston displacement per minute requires a tempera-~
lower than corresponds to complete dryness, probably corre-
ipondjng to just such quantity of moisture as can be evaporated
uring entrance thro the mlet valve and, therefore. the aero
ine header may be expected to carry some moisture.
uch mixtures have a tendency to separate the liquid, which resists
division equally among the branches, and where vertical flow must
take place there is a tendencﬁ for the liquid, which always flows
along the walls to drop back by gravity, to accumulate, and then
suddenly cerry over as a wave, causing a miss, especially at low-
engine capacity. To prevent lagging of liquid, vertical pipes must
be made so small as to produce skin friction forces superior to gravity
at the lowest flow rates. If this is done then, at high flow rates, a
considerable drop in pressure with consequent loss of power will
result, unless, as is often the cese, the carburetor is located at the
highest point and the liquid allowed to drain downhill with the
mixture current in large pipes. On reaching a bend the liquid flowing
along the side walls always collects on the inside as the air stream
impi.n%es on the outside, while at & Y or branch the liquid may choose
almost any path and is quite beyond control, for wherever the mix-
ture veloaity is locally least then the liquid concentrates and this
oint is constantly changing. The best that can be done is to use
ong-radius bends and flow paths to each cylinder of approximately
equal length and curvature, but this gives no assurance of equal
distribution of liquid. The frequent use of two carburetors on six
linders in line and eight cylinders V engines is evidence of an
ort to reduce this trouble.
The only absolutely reliable way to avoid these special headers and
the i ar engine action that results in two cylinders never doing
uite the same work or remaining equally clean, is to completely
g.ry the mixture by raising its temperature, accepting the higher
temperature and lowered mean effective pressure in the interests of
cleanly, steady, operation, securing shorter simplified headers and
possibly making up_lost output by a small increase in oylinder
diameter or by raising the mixture pressure by blowers. There
really seems to be considerable resson for the use of blower-supplied
air for carburetors other than to compensate for loss of density when
mixtures are warmed to dryness, which heating incidentally renders
the engine more independent of variations of fuel quality than it now
is. By suitable regulators the air blast can be controlled so as to
give always the same absolute pressure at-the carburetor intake,
regardless of barometer or flight speed and direction. With such an
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auxiliary blower and pressure regulator, the friction effect of intake
ports and small-diameter low-lift valves, while remaining a direct
engine resistance, will have no effect whatever on the weight of
charge per stroke and the mean effective pressures. Other thmgtﬁ
being equal, an initial pressure in the cylinder of 16, as compared wi
14 pounds per square inch absolute, an increase of 2 pounds should
increase the mean effective pressure and gower one-seventh, over 14
per cent, while adding only 2 per cent additional load (Gf the mean
effective pressure were 100 pounds), & net power gain of over 12 per
cent if the blower be efficient. The use of such blowers is not
unknown in two-cycle engines, though four-cycle engines have not
employed them as yet, and the N. E. C. (New ine Co.) two-cycle
engine is 80 equipped’, the blower in this case taking the place of a
piston as a grecompressor to prepare the charge for entrance into the
motor cylinder when the port uncovers.

All two-cycle engines and all rotating cylinder four-cycle engines
with inlet valves in pistons have mixture quality and supply con-
ditions somewhat different from those of the four-cycle fixed-cylinder
engines, and among the latter the air-cooled differs somewhat from
the water-cooled group. The cylinder heads of four-cycle air-cooled
engines are normally hotter than those that are water cooled, so
that the mixture entering will receive more heat and may, therefore,
be more wet as supplied, provided distribution from the carbureter is
not & disturbing element, as, for example, if each cylinder had its own
separate carbureter. If cylinders are not too large and the air
cooling is vigorous it is possible to get the walls of the air-cooled
cylinder quite as cool as the water-cooled one but only with excessive
power consumption for air circulation, the Renault, for example, tak-

8 per cent of its output for only such cooling as is normally pro-
ﬁﬁed. Most of the rotating-cylinder four-cycle engines with inlet
valves in the pistons, incl%.]iin.g the Gnome, for example, take their
mixtures into the crank case at the shaft center. In this crank-case
chamber, which is rapidly whirling, with pistons churning up and
down at the same time, & most vigorous stirring and heating action
takes place. It would be hard to conceive of a better mixture con-
ditioning apparatus than this Gnome crank cese, provided there were
some means of control of the temperature of the mixture, which in
this case undoubtedly gets too warm, though dryness and homo-
geneity are practically perfect. Finally, two-cycle engines take the
mixture from the carbureber into an suxiliary chamber for precom-
pression, located in the crank case as the most favorable arrange-
ment, or in a trunk enlargement of the main piston and cylinder
preferably, as, for example, in the Laviator engine. While, of courss,
this precompression mixture has the evil effect of imposing negative
work, eg’ivalent to engine friction, it is highly beneficial as to mix-
ture quality when the precompression chamber is so located, as is
usually the case, as to get and stay warm, because in this case the
chamber is at once a mixture stirrer and heating dryer, heating partly
by well contact and partly by compression.

Mixture treatment in the cylinder after it has been made and
delivered to the intake port, begins with actual entrance and pro-
ceeds along different lines in the two and four cycle engine, in some
respects. Nearly all aero engines are four-cycle engines, and these
take the mixture in through a suction valve under the influence of
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the lowered cylinder pressure maintained by the piston outstroke.
This admission should be accomplished with the least possible loss of
pressure and rise of temperature. ILoss of pressure imposes direct
negative fluid friction work, the extent of which is measured by the
velocity of flow throu;g:;lh the valve, and the shape of the opening,
but even with small valves and badly shaped openings or ports, this
loss may be, but not often is, very serious. Two pounds per square
inch would be large and with mean pressures approaching 100
pounds it would be equivalent to & little over 2 per cent. How-
ever small it may be, it can be confrolled by valve and port di-
mensions and these, because of the high speed of aero engines,
must be given far more attention than in any other class. It is the
terminal pressure at the end of the suction that is one of the deter-
mining factors in the weight-of the charge, each pound per square
inch accounting for about 7 per cent loss of power. Since inertia of
the incoming stream tends to build up the terminal pressure over the
mean suction pressure, if valve closure is delayed the right amount
the value is so great that care must be exercised to secure it, and
Winkler recommends a closure 40° after dead center. This 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 valves be
employed, as they have been, to save valve gear weight, because
more power is lost than would compensate for this weight. Charge
density at the end of suction is just as much & matter of temperature
as of pressure, a rise of about 500° F. on entrance accounting of
itself for about a 50 per cent reduction of charge weight and hence
of power output, or approximately 1 per cent for every 10° rise,
Wiﬁﬁ the probabﬂity that the rise averages in well-cooled ongines
somewhere about 200°, or 20 per cent, and 1n the less well-cooled ones
over 300°, or 30 per cent, in general round numbers.

Reduction of suction heating is partly a question of arrangement
and partly of wall cooling but to some extent depends on the tem-
perature of the hot gases left in the clearance after the previous
explosion. As to arrangement, head valves discharging mixture
directly into the cylinder seem to be more rational than side-pocket
valves, though no data are available to prove that the former results
in less suction heating than the latter. It also seems likely that air-
cooled heads and valve chambers unless vigorously air blasted and
of small chamber should heat the mixture more than water-cooled
ones, but no one has ever determined how small a diameter can be
equally well cooled by air 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 clearance with the fresh incoming charge.
It i3 interesting to note that the air-cooled radial fixed eylinder
Anzani gave in the tests 994 pounds square inch effective pressure
referred to brake horsepower, as much as most of the water-cooled

engines.

ﬁot only is it important that the charge in the cylinder be as cool
as possible for the maximum chaﬁe density required for high mean
pressures, consistent, of course, with complete vaporization, for which
120° F. is enough with gasoline if the mixture is well stirred, but it
is perhaps even more important as the controlling factor in the ¥>er—
missible compression. ‘I‘Els' degree of compression of the charge hefore
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ignition is the prime variable in fuel consumption per horsepower hour
and thermal efficiency, as has been demonstrated conclusively both by
thermodynamic analysis and experimental data on all classes of
internal-combustion engines. The highest compression possible must
be obtained at all costs, and since it is the ignition temperature of the
mixture that imposes a limit the objective of the engine designer must
be to so treat the mixture as to get the maximum compression volume
ratio and final pressure before the mixture being compressed reaches
the ignition temperature which is a physical constant of the mixture,
never accurately determined but probably very close to 935° F. This
compression for the best water-cooled er(llgine has been found to be
about 5 to 1 volumes and less for cylinder not so well cooled. Of
course, self-ignition before compression is complete will occur if any
metal part, such as the exhatst valve or piston head, or a carbon
deposit, is overheated, because this will produce a local overheating,
of the charge in contact with the hot spot before the whole mass has
reached the ignition temperature. Prevention of this is & matter of
engine cooling and of the internal cleanliness that comes with proper
lubrication and carburetion. Assrumjn%‘;uch to be properly cared for,
the compression permissible with gasoline mixtures is fixed by the
initial temperature’of the charge. e final temperature varies with
the initial 1n a geometric ratio, as is indicated by the standard equa-
tion for adiabatic compression, so & few degrees rise initially results
in several times as great a terminal rise.

Charge weight per cubic foot of suction must be & maximum, and
so also mustlghe compression, if the mean effective pressure and ther-
mel efficiency are to have the highest possible value, as they should in
aero engines. All efforts in this direction may be entirely defeated,
however, if there is any material leakage of the charge during com-
pression through valve seats or past the piston. It is of no value to
secure maximum charge weights du.ring]fuction if appreciable amounts
are afterwards lost before the charge has a chance to do any work.
Tightness of piston depends on the piston rings, on the oil film between
piston and cylinder, and on the maintenance of shape of cylinder and

iston, neither of which may warp in any direction. Valve leakage
Ekewise is minimized by providing nonwmging valve disks and seats
with strong sprin;.}g loads to keep the valve tightly against its seat d
the first period of compression; at other times the gas pressure itseLI%
will suffice. These are questions of form and materials and will be
. taken up later, but they are mentioned here because a failure means
defeat of the results of an otherwise well-executed suction process.

Four-cycle engines, after the suction periods, have their charges
directly in the cylinder ready for compression and subsequent ignition.
Two-cycle engines must put the charge through the preEinm’ ary com-
pression process in & precom%msion chamber where the mean pres-
sure of precompression must be added to that of suction, the sum of
the two subtracted from the mean effective pressure of the compres-
sion and expansion strokes to get the net available. Therefore,
assuming equal performance of the compression and expansion strokes,
the two-cycle engine is charged with more negative work than the
four-cycle by the amount of the precompression_stroke, assuming
equal negative work of suction in each. Suction heating effects on
the two-cycle are bound to be less than in the four, because the pre-
compression cylinder is sure to be cooler than the working cylinder
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into which the four-cycle charge enters directly, and so also is clear-
ance gas with which the fresh charge mixes, as in the two-cycle case; -
this is reexpanded fresh charge remaining after discharge, while in
the four-cycle it is hot burnt gases. All this two-cycle pump chamber
charge will not enter the Wor%m'.ng cylinder nor remain thers, for some
will remain in the d_};recompmion chamber by reexpansion or failure
of the pressure to drop during the open-port charging period to atmos-~
phere. Some will escape through the exhaust port with the exhaust
gases during the end of the transfer period when both transfer and
exhaust are open, regardless of piston baffles of or special relative posi-
tions of inlet and exhaust %flrts designed for the purpose. During
transfer the fresh charge bodily displaces the hot burnt gas that fills
the motor cylinder and its clearance, and it is inconceivable that a
considerable amount of mingling should not occur with corresponding
heating and expansion effects. These mixture—hcaa,t:i.né1 effects are
added to those of wall-contact heating, which walls in the two-cycle
engines are always much hotter than m 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 loss of charge are in use, one is
to intentionally reduce the charge transferred to so small a quantity
as will not escape, and the other to expel burnt gases by a blast of
fresh air, and then to expel this scavenging air which, of course, is
cooler than the burnt gas, by the fresh charge. The former means
intentionally reduced ciarge while the latter more then doubles the
negative work of precompression which in effect is equivalent.
Some part of the compression stroke in any two-cycle engine, so
much as’is required to cover the exhaust port, must result in further
expulsion of charge. Naturally as in four-cycle engines, the chi‘zl%e
weight can be built up in two-cycle ﬁgﬁines to any value, by suffi-
cient precompression, but to accomplish this the charge must con-
tinue to enter after the exhaust port is closed, which requires an
admission or transfer valve mechanically operated and suitably
timed, an extrs complication. This is not common practice and no
data are available on it, so for the present it must be regarded as
merely an interesting possibility.

In the two cycle engines the net effect of all heat exchanges and
pressure changes, incident to charging the main cylinder, is un-
doubtedly a lower mean effective pressure and thermsal efficiency
than in four-cycle engines, and for equally good design .and con-
struction in each class the two cyecle is unable to carry compressions
as high as the four, proving higher temperatures before compres-
sion. Any engine ta its charge into the crank case, as do most
of the rotating cylinder Iour-cycle machines, or into a chamber con-
necting with the main piston, as the two—cycfle Laviator, is subject to
mixture quality impairment and equivalent charge loss, whenever
the main piston leaks under its high explosion pressures, by the
displacement of the fresh by the burnt gases.

ile dealing with charge weights and volumetric efficiency of
cylinders, the exhaust stroke of the four-cycle cylinder and the
reexpansion stroke of the two-cycle precompression chamber must be
considered as controlling by their terminal conditions of pressure
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the point of the return or suction stroke at which charging will
actually begin. No flow can be started from the intake header
until the clyinder pressure is lower. At the end of the four-cycle
exhaust stroke the cylinder pressure is higher than atmosphere, and
still higher than the mixture-header pressure by the amount of the
suction-header vacuum. Suction can not b until the cylinder
clearance volume of gases has expanded enouggui?o lower the cylinder
Kressure (terminal exhaust value) to below that of the mixture

eader. An appreciable 1part of the suction stroke is therefore useless
for actual charging, the loss increasing with higher terminal exhaust
pressures and lower suction-header pressures. A similar condition
"exists in the two-cycle precompression chamber; for there the pres-
sure at the time the transfer to the working cylinder is complete
must be something higher than atmosphere, and the higher the
speed the more excess there must be, because of the limited time for
pressure equalization. This mixture must expand not only to
atmosphere, but as-much below as the suction header or carbureter
vacuum, even with a mechanically operated valve, and still more
with the more common spring closed automatic check valve, by the
amount of spring tension and valve inertia, before real suctionecan
begin. The clearance in such precompression chembers is large, to
limit the maximum precompression. pressure to something less than
10 pounds per square inch, and, therefors, the reexpansion line will
be very flat, cutting off & considerable part of the stroke as useless
before the pressure has dropped sufficiently for suction to start.
Many times the loss occurs here, as in four-cycle cylinders with their
smaller clearances and steeper reexpansion lines, even with equal
pressures at the start.

No separate data are obtainable for aero engines on any one of
these quantities concerned with charge weight and the corresponding
pressure and temperature changes, nor is there any indication that
such information has even been sought. Even the over-all effects,
as messured by volumetric efficiency, have apparently not been
investigated, tho;;gnh all that is required is & measurement of air
and gasoline or aust gas and a comparison with the piston dis-
placement, the ratio of volumes constituting the true volumetric
efficiency. Other things bei eglual, the horsepower per cubic foot
of displacement per minute should be directly proportional to this
. volumetric efficiency, so it is a little surprising that the aero interests,
which must have the most powerful engine c];::car pound of metal,
should have neglected to separately study each of the prime varia-
bles. As already noted, more designers seem to have been con-
cerned with reduction of metal volume than with process perfection,
though without proper execution of basic processes metal reduction
may not only fail ive & light engine, but may even defeat the
ultimate object by miing the engine as structurally week as it is
weak in mean effective pressure or thermal efficiency. It must not
be understood that no good performence results based on proper
execution of the processes have been cbtained; in fact, there are
some most remarkable successes; but, on the other hand, these stand
out so'strongly as to prove that the procedure that has resulted so
su y is not the rule in the art, and may even in the case of
the successful engine be as much a matter of good luck as patient,
systematic investigation. :
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Assuming a good charge weight in the cylinder, or a high volu-
metric efficiency, the oyallgxder has at least gile capacity ng a high
mean effective pressure and thermal efficiency, provided the subse-
quent treatment is proper. This freatment consists in compression
with ignition before it 18 completed; combustion as rapid as possible
consistent with absence of shocks; and exfpa.nsion ending before
the end of the stroke, by early opening of the four-cycle in®
exhaust valve to drop the pressure to as near atmosphere as possible,

at the end, and by uncovering the exhaust port of the two-cycle .

engine to éet the same drop low enough before the end of stroke to
allow the fresh charge to enter. It can beshown that both the mean
effective pressure and the thermal efficiency will be highest for
E:} gliven cylinder charge when the combustion starts as late as pos-
sible on the compresaion stroke and is coma}eted as soon_2s pos-
sible on expansion stroke, or, referring to the shape of the indi-
cator.card, when the ﬁlosive combustion line is practically vertical,
Iea.njné, if at all, toward the expansion line than opt}t)lositgy. Such
a condition of affairs results in the Otto gas cgcle, e efficiency of
which is a function of compression only and the mean effective
pressure of which is a function, partly of the compression, but also
ga.rﬂy of the height of the vertical explosion line, which in turn
epends on the weight of the charge or the volumetric efficiency.
Should the combustion line be not of this shape, results are bound
to be inferior, as can be demonstrated thermodynamically, and yet
the maintenance of such osion lines in service operation so
fundamentally related to results, is now as much & matter of hand
adjustment as of design. This is a strong reason for caution in
applying special test results obtained by skilled enginemen, to con-
usions of aero engine possibilities in actual service, where engine
skill is likely to be less than in the shop or laboratory and whers,
even if it were not, the problems of flight control are so absorbing as
to- minimize the attention that can be given to engine adjustment.
Recognition of this condition also suggests the great desirability of
exerting sufficient effort in design, to reduce to a minimum or elimi-
nate entirely the dependence of the operating result on such adjust-
ments as affect the shape and position of the combustion line. Such
explosion lines as are desired and needed for maximum power and
thermal efficiency will result, if the combustion period is confined to
within a sufficiently small crank angle at the inner dead center when
the piston is substantially at rest, and it is common to take this
angle as about 30° half before and after dead center. At a rotative
speed of 1,200 revolutions per minute about the minimum for the
good aero engines, or 20 revolutions per second, each revolution is
- completed in 0.05 second, and an angle of 30° being one-twelfth of &
revolution combustion will be completed in about 0.004 second.
The higher speed engines of 2,400 revolutions per minute must accom-
plish the result in half the time or 0.002 second. In this short time
the mixture must be igpnited, and the flame communicated from
particle to particle, till all the mixture has been burned, even the
part most distent from the ignitor. Assuming a uniform finear rate
of flame propagation or flame speed and a 6-inch diameter cylinder
about as Fa.rge 8 one as any aero engine carries, the flame must travel
half a foot in 0.004 to 0.002 second, which requires a linear velocity
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of 500 to 1,000 feet per second, or 30,000 to 60,000 feet per minute
if & single igniter is used on one side.

‘While no direct data on the possibility of attaining such rates by
normal propagation are available it is likely that from interpretation
of indirect data, they are probably not reached, so the rates are
abnormal or maximum pressures not attained. At any rate condi-
tions that could in any way improve this situation must be grasped
and utilized. The first of these is concerned with mixture propor-
tions which exert so strong an influence on the rate of propagation
in explosive combustion. This is another argument for perfection
of carburetion, and for the continuous maintenance of the exact pro-
portions found best, because even a slight © e of proportions,
such as would never be noticed in an automobile, may exert a

owerful influence under the steady hﬁ}l eeds of the aero engine.
KText in order comes the flame path its T&S’Eich if cut in half reduces
the necessary combustion rate to half and this is partly a question of
shape of combustion chamber and partly one of number and location
of igniter plugs. It certainly should take less time to inflame the
arge in an engine with valves in the head than in a tee-head form,
for example, if each had one pl;}g, so the former shape is preferable on
this score. It would seem as if one plug located in the center of the
head would ignite the whole charge in the time required for the
flame to travel a distance equal to the radius and, therefore, that
such a location whould halve the time required by one plug located
at the side, yet no such degree of difference has been established.
Moreover, 1t would seem that two plugs simultaneously sparking,
and located at opposite ends of one diameter would require more
time to accomplish ignition then one in the center as each separate
flame would have to travel more than a radius to burn all the mixture,
and yet two such plugs seem to give a quicker combustion than the
one 1 the center, instead of slower. is question of combustion.
rate versus spark plug location and number is still pretty well open,
though clea.ery of considerable importance in sec proper com-
bustion lines for most effective working. Reliability should also be
served as there is a better chance of avoiding failure with two inde-
pendent magnetos and two sets of spark p than one, and this
much has been established 8% good practice, but accurate simulta-
neous sparking of both dplugs is absolutely necessary.

There are two considerations that bear on the question, both of
which require definite investigation. In the first place it is the
volumetric rate of combustion that is of primary importance, not
the linear rate. It is clear that a greater volume of mixture will be
burnt with a fixed linear rate, if the ignition is at the center of a
complete sphere of flame as the sphere has a greater volume for its
radius than any other geometric body. This would seem to favor
central ignition, but as the normal aero engine combustion chamber
with head valves is a short cylinder in which the axis is short com-
Ea.red with the diameter, ignition at the center will burn in the first

alf of the fotal time a mixture volume proportional to the area of a
circle of half the bore, while during the second half the circular ring
between this circle and the cylinder wall will burn and this ring has
three times the area and volume of the center cylinder. Therefore,
with central ignition, the volumetric rate is low at first, and high
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at the end, averaging three to one in the second as compared to the
first half, and it is the second half that is most important because
here expansion is beginning and tending to lower pressures which it
is the function of combustion to raise. If the situation be reversed
so that the hwjlﬁ{lel‘ rates occur in the early part of the period available,
then there be less to burn after expansion has started and this
will be accomplished by two plugs. The second consideration is that
of non-uniform rate of pro a(.‘f.tion or accelerated combustion, and
recognizes that mixtures which are agitated, burn much faster than
those that are quiet. The advancing combustion wave started at
any ignition point agitates the mixture beyond, somewhat like a
compression wave, and two ignitors may be expected to increase
this agitation and so accelerate combustion, compared with single

oint.
P Whatever the rate of combustion, it is necess to start com-
bustion before the end of compression, and the slower the com-
bustion rate, or the higher the dplston speed, the more advance must
be allowed. This advance, needed to limit the combustion completion
time must be as small as possible because pressure rise during com-
pression is just as detrimental as excessive friction, and is accepted
at all only as the lesser of two evils. It would seem as if, with
sufficiently high volumetric rates of combustion, and & sufficientl
large number of ignition points, spark advance would be mlmmlzeg
Manual advance might even be eliminated entirely as an operator’s
adjustment, if the magnetos and distributors used had proper
electrical characteristics with speed increases to give earlier sparks
passage at higher speed. With widely varying throttle openings and
engine speeds, such as are typical of auto es,.chances of success
are more remote than with aero engines where speed and throttle
positions are ed so seldom.

‘While it is possible to experimentally determine the degree to which
‘each process step important to the power weight ratio has been

executed in an aero ine, and to measure the precise amount of
disturbing effect of each interfering influence to be encountered in
practice and, therefore, experimentally study cﬁmm% with reference
to reliability and adaptability as well, no such work appears to have

been undertaken or, if it has, the resultsshave not been recorded. All
that has been published with re?;]ﬁ%t to the judging of process ful-
fillment has been concerned with a few simple over-all measure-
ments of horsepower, speed, and fuel consumption from which some
conclusions are derivable, but not of such signiticant value to designers
and operators of engines as would be the case with true investigation
work of the analytical character that accounts sega.rately for each
factor that enters into the result. As has already been pointed out,
these results are subject to some interpretation by comparison, one
with the other, and each with thermodynamic standards. Al the
facts necessary for the latter are not available, and must be assumed
in part, so the conclusions will be correspondingly approximete and
sulI)ljrect to caution in use.

om the measured brake horsepower and speed, the speed can. be
eliminated by division and a quantity obteined which measures the
effectiveness with. which those processes that are concerned with
output have been executed, and this is the mean effective pressure
referred to brake horsepower. This quantity, of course, includes all
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ne%a,tive work of gas friction thmgﬁh carburetor header ports, valves,
and exhaust mufiler, all mechanical friction, all fan, pump, and mag-

neto work; all negative work of ]Eurecompresmon in two-cycle engines _

and the windage of rotating cylinder engines. For the most satis-
factory conclusions these included items of loss should be separately
determined and certainly the motor cylinder work done behind its
piston should be isolated from the rest, %ut up to the present the only
separate factor thus embraced is the windage of the rotating cylinder
engines in the German tests. Comparison of these over-all competi-
tion test results giving the mean effective pressure referred to brake
horsepower yith each other is possible from Table IV.
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TapLe IV.—Mean effective pressures referred to brake horsspower versus engine classes.

Class No.
L . 1, 1v.
Cylindor-crank arrangement,
Fixed in line, Fixod V, 2 oylindors per crank, Rotating. Fixed star. Miseollaneous,
Cooling.
Water, Alr, Water, Alr, Alr, Water. Afr,
‘Engine or~mn]mr.
Bens, Do Dian-Bouton, Curtiss, B.M.&F. W, Anzani, Laviator, 2 oyole. Ashmusen,
ME.P.| Authority. |(M.EP,| Authority. |M.E.P. Authority, {M.E.P| Authorlty. [|M.E.P,| Authority. |[M.E.P. Authorlty. [|M.E.P.| Authority.
100.9 | Bondman.....|| 67.3 “Flight".....{i}llﬁ }M&ker ......... 68.6 | Buverrannen { %g }M’nker. ...... 1] “FlUght’......[ 77.5 | Maker,
Daimler, Renault, Bturtevant, Gyro, Anzani, Balmson,
1144 [ Boeoeaneeeoes { 1 }"Flight"..... 100 | Maker......... 76.9 [ Beererrennnne. { %% }Mnk&r..... ..... { 5.8 }“Fllght".. ............
60.2 8.8 92.8
Datmler. Wolseley water-cocled Sunbeam. Gnoms, Edelwelss.
103.56 | Buvevoreoosens 79 | “Eng'g”...... 127 | Maker......... 780 [ Beueeeanennnes 07 | “Flight”......].cccecaifeen PR | I vecnen

863

"SOILAVNOHIV
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, Dalmler, ‘, Rauscnbarger. Gnome. Laviator, 2 oyole.
1 1020 | Boevenerereeneffeeneeenforereereennennns 103 | Morker........ TL3 {Buvernnnennnn. 7.2 | “FUght”. ..o leeeeees e
i Dafmler, Clerget. German Gnomae. 1011 Anzani,
j R S SR WO RO 1015 | «Fiight.....[\{ &8 taker......... 99,66 | Tamot....ouuefoenerneifonncenncrecceccflonnacnns
1
| Datmler. Laviator. Qerman Guome. 1911 Nlouport.
102.0 | Buveeemveeeafloreice e 100 5 [ervgntr. T8 T Marakcer. .o fl 88,78 | Lumobe oo
Daimler. Panhard Levassor. Lo Rhone.
1048 | Buoereeeseeecffeeeneceeineee. g | “Fugnt.... {89 hvakcer.........flco.. JURR S SR FORTROTSUNT IS
Daimler. Wolsaley. Clerget.
8.0 |B..ooiseenne R R 7 | “Engg”ec S8 Bemtgntr Ll
N.A.G.
108.0 | Bueervnrenennfleneenenfemneninne e e e e
N.A.G.
YT 1 TR | IOV NOTPOROUPTIN: RSSO SRR ISTRUUN IUTIUPTURRRUPO FVURRI N ISR ISRV ROPRUPTORRUOIN ISROROTNt
|
|

‘SOILAVNOTIY

6638



-t

e At e e

Tasre IV.—Mean effeciive pressures referred to brake horsepower versus engine classes—GContinued.

Class No,
1. II. 11T, Iv.
Cylinder-crank nrmngomant:
Fixod in lino. Fixod V, 2 oylindors per crank, . Rototing, Fixed star, Miscollanocous.
Cooling,
‘Watar. Alr. Water, Alr, Afr, Water. Alr,
Engino or maker,
Argus.
M.B.P.| Authority, ||M.E.P.| Authority., [M.E.P,| Authority., {[M.E.P.| Authority. ||M.E.P.| Authority. |M.EP.| Authority. M.E.P.| Authority.
108,65 | Beveoreeoooans]lonsanen oaeanas [ PN S seesane cevncane seceance | g |
Argus.
107,85 | Beveeneserennn [T POON P cececcee|aenen ees|esnacenn PRTRRORAIN | PRI P | A N A P [SPPPUN | PP
Argus,
1) % N I - YRR | cecnseemrncaan [94 PRI PP | | | PR,

073

“SOLLAVNOEAY



AERONAUTICS.

241

aessevealyqr

P P X! LITY T YT PP npunpunpupipipps | SRepaspes- i

evencucasfecccacncnnnrnacac].

D T | P P T T T R Y | P P T P CET LYY T YT TYTT TR | PRSPy

sevesvesferavecctansnaasefasansnnafescencancncninnsflecacencsfecnccnavenannces

Mulag.

offiefal.

0. O | SRR PPN AP ORI (ROPURIN ETRPPPTPR | I I KPP R | S,

AustrIan ATy {l.eeeveefocecncancrnsascefosnraons|ocssnernnucessssflecesae]ocrsainnnacrnnae]lsrecnsaelereanecionconcncnfoncne]eiiinniniaaaaaa.

‘Wright.

Schrdtar,
Hall-Scott.

Sturtevant.
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TasLe IV.—Mean offective pressures referred to brake horsepower versus engine classes—Continued.

Class No,

(549

L 0. oI,

Cylinder-crank arrangement.

Fixod in line, Fixed V', 2 oylinders per crank, Rotating. Fixed star,
.

Water. Alr, ‘Water, Afr, Alr, ‘Watar,

Engino or maker, '

Clerget, . -

M.B.P,| Authority. |[|M.E.P, Authority. [M.E.P.| Aunthority, [[M.E.P.,| Autherity, |M.E.P. Authority, |M.E.P.| Authority, {IM.E.P.| Authority.
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Values of mean effective pressure exceeding 114 pounds per
square inch, referred to brake horsepower, reported for one egﬁme,
and in many instances in excess of 100 pounds per square inch. for
water-cooled fixed-cylinder engines, warrant the conclusion that
little betterment is possible in view of the prevailing lower figures
in engines of other classes. These attained values are truly remarka-
ble and can hardly be exceeded unless the initial pressures are raised
above atmosphere by blowers. That some engines do not attain these
values is proof of their inferiority of design, but there is some question
as to capacity for maintenance of the high value after long periods that
can be settled only after very long trial runs. The contest es are
reliable and acceptable for the conditions imposed, and if such values
can be maintained in ﬁjﬁlt, little more can be expected. Such a
high value as 127 pounds reported by one maker can hardly be
credited, nor can so low a value of 74 pounds be regarded as good
enough to be acceptable. Air-cooled cylinder values are consist-
ently lower even for fixed cylinders and much more so for rotating
cylinders, which indicates a fundamental inferiority. ’

There 1s some question of the validity of 2 comparison of mean
effective pressures for different engines at unequal S&Jeeds especially
as rotating cylinder engines are never run over 1,50 revolutions per
minute while fixed cylinder engines are operated over.2,000 revolu-
tions per minute. To eliminate such an objection and at the same
time permit of a judgment of the best speed at which to run an engine
of given dw’;fn, the borsepower-speed curve should be determined,
or its equivalent curve of mean torgue speed, or of mean effective
pressure referred to speed. It is evident that, if with an increase of
speed the mean effective pressure remains constant, then the horse-
power will be proportional to speed, and the best speed to use for aero
engines will be the highest at which the inertia or centrifugal forces
are not excessive, ing proper bearing conditions to be provided.
This best maximum sp or fixed cylinder engines is undoubtedly
the speed at which the inertia force of the reciprocating parts at the
beginning of the outstroke is equal to the nmormal maximum gas-
pressure force acting on the piston. TFor these conditions the force
transmitted to the crank pin at the moment of explosion will be zero,
gradually rising through the stroke and will be maintained high
unfil near the end of the outstroke during the last half of which the
in ing inertia forces are additive to the lessening %as Ppressure
forces. ing the idle stroke of suction the inertia Iorce acting
alone imposes just the same crank-pin forces as would the explosion
when starting. Any less inertia while reducing the transmitted
crank-pin forces for idle strokes increases them at the beginning of the
working stroke. As the normal or most used speed is less the
meximum and the maximum gas pressures likewise, this normal con-
d%tion and not tha(.lt ?f maximum should befmade the basils egf setlﬁction
of operati ced for minimum weight of engine, coupled wi n-
eral%erv?fe%ﬁgjty. The speed at x%%h normal maximum gas g;'ees-
sures will be balanced against reciprocating inertia, which is a func-
tion of the square of the speed and of the weight of parts directly,
will, of course, depend on. these weights. Heavy reciprocating parts
may be best operated at lower speed than lii;%ht reciprocating parts
which include piston, wrist pin, and part of the connecting rod.

1
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For & water-cooled engine of the automobile type Winkler gives
350 pounds per square Inch as thp maximum explosion pressure.
Accordingly from the equation, reciprocating inertia pounds per

square inch of piston = 0.00034 —2—7 Ner, and taking 7? = 0.5, cal-

culated from the weight distribution figures given by Winkler, the
speed at which this would become equal to 350 pounds per square

inch is 2,640 revolutions per minute. (NorE.— — = pounds recip-

rocating weight per square inch ’Eilston, N = revolution per minute,
r = radius of crank in feet.) e rotating cylinder engine intro-
duces a different condition, for here the reciprocating parts always
exert & cenftrifugal force varying from & maximum at out center to
& minimum at nner center and such as will keep the connecting
rods always in tension if speed and reciprocating weights are large
enough to develop centrifugal forces higher than the gas pressure,
the n;la.mmum for which is found at 250 pounds per square inch
norm

From this standpoint the operating speed or high limit is fixed
by the weight of reciprocating parts, and the normal maximum gas
pressures, and this is the controlling factor so long as mean effective
pressures do not fall off materia. K with speed. Examination of
any horsepower-speed curve will show it to have a straight line

form up to some critical value which is easily determined by test,

though mno authentic curves are available for aerxo engines.
course, this critical speed must be beyond the operating range and
is a second high limit to be considered in conjunction with that im-
posed by inertia. The best procedure is undoubtedly the selection
of such proportion of gas passages, carburetor, and 1gnition condi-
tions on the one hand, and reciprocaﬁn%lpa,rts weights on the other,
as will bringhthe critical speed equal to the inertia speed limit. Cur-
vature of the horsepower-speed curve is due partly to increased
" losses of charge at the hj.%her speeds, and partly to insufficient rate

of combustion. Which of these two is in any instance the control-
ling factor must be discovered before any plan of improvement can
be undertaken and this is most directly done by plotting the volu-
metric efficiency-speed curve beside the horsepower—sPeed curve.
If the latter departs from the straight line before the former, it is
clearly not due to insufficient charge. In such a case enlargement
of valves or ports, or reduction of carburetor vacuum will not im-
prove matters ab a.’]l, as it is a low rate of combustion that is respon-
gible for the result, to cure which attention must be devoted to
mixture quality and ignition. .

Fuel consumption per horsepower hour, or the equivalent thermal
efficiency, is also an indication of the overall effectiveness of the
process execution, and comparison of engines on this basis can be
made from the data of Table V, selected from the test reports.
These would tell more if divisible into the factors as indicated in
congidering the mean effective pressure.
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Taste V.—Fuel consumption (pounds per brake horsepower-hour) and thermal efficiency

versus epgine classes.
Class No.
I. I L v.
oitat, [ et | o e .
Cooling.
Watar, Water. Afr. Afr. Water.
Engins or maker.
Benz. Cartiss. B.M. &F.W. Angami. Solmson,
Fuel. | ot || Foal oo || Fool | B Fual | B0 b Fuel ) ol
0.472 0.29 { O i oigl} 0.845 0.16 { -5 e } 0.53 0.25
. 525 a1 5 T
Authority.
B. Maker, ‘B. Maler, Lumst,
Datmler. Sturtovant. Gyro. Anzani,
0.510 o7l osm o.24 0.5 0.17 { ot bt } .............. nees
. .51 2%
B. Maker, B. Maer.
Dalmler. Sunbeam. 1911 Gnome. 1911 Nisuport.
0.505 0.27 0.5 0.25( 0.787 o017 0.8 LR | ISR S
B. Maker, Lumet. Lumet.
Daimler. 1911 Gnome. 1911 Anzanf,
0.454 0.2 ...... 0.805 0.17]| o.888 0.20 | ceeee e,
B. Lamet. Lumet.
Datmler. ) German Gname. 1913 Anzani.
0.503 0.27 floeteemeeefenneennnns 0.6614 620 o7 0.19 {leeemmneeifennnnnnens
B. Malker, Luamet.
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TanLe V.—Fuel consumption (pounds per brake horsspower-hour) and thermal efficiency

versus engine classes—Continued.

Class No.
1. IL .
Cylinder-crank arrangesment.
oslinder por aviatc. || Tooe ptad.” || Rotsting.
Coaling.
Water. Watar. Afr. Water.
Engine or maker.
Daimler. (}x&nm&mg
vou. | 22 zn | v | B rou. | B0
&% 0'%3 .......... 0.7108 0.19 fleeaecccane]occncccoac]focnncanoacfoacanaanas
499 B
B. Lumet.
Bens. Covaine 53 hmwer
power engines.
0.537 0.26 [leceeemacec]ecnnaannns 0.7354 (109 -3 | PSRN FPOUII RSP | PR
Maker, Lumst.
Wiright. 1913 Ghome.
a.53 i Q23 flecennerenc]oveencanns 0.849 0.18 [[eeecncnceecenacaacffocccnceana]onannnnans
Maker. Lumet.
N.R.G.
0,485 (115 | PRI FORIFORNPPIN | PRPPPRSFPPTN SR | PR R | PN S,
B.
N.R.G.
18 5{9 (157211 | FORNPPRIEN FORPYN | [SSPORIAN FTTTT AP | FPPPP TPy | RN vofoasrennas .
B.
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TasLe V.~—Fuel consumption (pounds braks horsepower-hour) and thermal efficiency
pversus mgi'nepc?assw—-Conﬁnued.

Class No.

1. I oI Iv.

Fixed inline, 1 Rixed V, 3 cylin-
cylinder per crank. || ~ der per ¢rank. Rotating. Fixed star.

Water. Watar. | Afrn Atr. Water.

Engina er maker.

Efi- Effi- Effi- Efil- EfM-
Fusl. Fuel. clency. Fuel olancy. Fuel. clency. Fuoel dlenoy

0.534 0.28 Jloccecacn]eeennn R L B | EXT TP O

0.5 | 0.2 flcecececeieemee e e e e

0.5%8 (157 | ISR IS | PSRN USRS ISP SUUURO! SUSURURARS ISR
) .
B.
Mulag.
0.528 0.26 S OO NSS! N O | ORI ISURRPURN SRR IR
B.
Schrdter.
0.6a1 (13538 | OSRON ISR | RUSUUUONI SVOURUY] | ISR REUURUUUON SURSRI NN
B.
* c
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TaBLE V.—Fuel consumption (pounds per brake horsepower-hour) and thermal efficiency
versusg engins clas nfinued.
le' No.
L. II. IIT. Iv.
Cylinder-crank arrangement.
ey, | iy | soss —_—
Cooling.
‘Water. ‘Water. Afr, Afr, ‘Water.
Engine or maker.
Hall-Scott.
0.8 (11| RN IR AU IR | I UV FORN | ISR IS
Maker.
Austro-Daimler.
0.52 (10 | SN EPUUPUUR ISURUIUIITN AN | RERUURPRN U | RPN -
Asseptance Test.
1011 Ig;%n:-Avia-‘
0.617 (1% | IS SSUPURINN | ISR Rrel | INUUPURUUS: SRS | RO SRS
Lumet.
1911 Aviatic.
0.525 0.2 [leemececc]occocancllonancacnad]s SO | AU I
Lumst.

Nore.—For Continental engines a calorific valae of 18,900 British thermal un(.]l-ts per pound has been

Fuel consumption of less then half &
hour, reported for fixed water-cooled cy
with corresponding thermal efficiencies approaching

oun

in

assomed, for American and British engines 20,400 British thermal units per poun:

d per brake horsepower-
ders on reliable authority,
30 per cent, are

nothing short of wonderful for such high-speed engines, and judging



250 AERONAUTICS,
i

by the performance of other classes of engines and by the thermo-
dynamics of limiting possibilities, little more can be expected. What
must be sought for here is, therefore, not an improvement of the
best, but & general raising of the poorer ones to level of the best,
and the maintenance of the high test value in actual-service flight.
In this prime factor, as in that of mean effective pressure, the fixed
water-cooled cylinder has a demonstrated superiority, while the least
favorable is the rotating air-cooled. The difference between the
best and worst is very large indeed.

Comparison of engine results with each other, especially when it
is not possible to divide overall results into contributing factors, can
give no information as to how far it may be possible to further im-
prove engines. It merely indicates which is the better, and may
throw some light on type availability, as, for example, the fuel con-
sumption of two-cycle engines must always be greater than four--
cycle, if each is equally well designed; or again, air-cooled engines
ma{f eé)r may not have as high a mean effective pressure as water-
cooled.

Thermodynamic stendards of comparison do indicate goodness
more absolutely, and these are now in general use in engineering prac-
tice. Accoun‘mnﬁEl for and eliminating operative conditions, such
absolute stendards illuminate the goodness of the machine with refer-
ence to the execution of its basic process. Such, for example, is the
case with steam turbines, the performance of which is compared with
that of the Rankine cycle as a standard, for equal initial and terminal
conditions of pressure, temperature, and steam quality. It is also
the case with internal-combustion engines of the classes that have
really been subjected to any reasonable degree of investigation
whici are judged by the Otfto and Diesel gas cycles. But thé aero
engine has not as yet been so studied. According to this method
equations are derived from a study of the ideal Otto gas cycle for
thermal efficiency and mean effective pressure. Thermal efficiency,
for example, referred to indicated horsepower is found to be a function
of the amount of compression only, and given by the followinﬁ ua-
tion, in which the subscript () refers to the condition after, and (@) to
that before, compression:

oyt . (PN . T,
- B-1-(3) ~1-()7 =1-7¢

Comparing this with the thermal efficiency of an engine of known
compression results in an efficiency ratio, and in Table VI are given
some values for aero engines, computed with what dats are available
and certain assumptions noted. As the fuel consumption per brake
horsepower-hour i3 the only experimental quantity beside the com-
pression, the factor includes all losses, both mechanical and thermal,
which former should really be separated out.

Similarly, mean effective pressure can be shown thermodynamically
to benot on.lly afunction of compression, as is eﬂicient&y, but alsa of the
calorific value of the mixture, the negative work and suction heating
or volumetrio efficiency. As these effects are not separately known
and as all aero engines work on _gasoline, although benzol is also us
in Germany, and are capable of making and using the same calorific
power mixtures measured at 32°, and one atmosphere, this factor
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disappears as a variable, and becomes & constant 103 British thermal
- units. The equation then takes the following form: '

1
(m.e. p.)=5.4x103 x[:l —<% 1‘:‘]:: 556.2xX E

Comparison of this computed result with that measured by test
ives the diagram factors of Table VI, includinghall losses due to every
ause. Comparison of the diagram factor with the efficiency factor

for each engine indicates whether or not the interferences affecting
one are greater than those that affect the other. For example, two
engines might have identical efficiency factors and yet one may heat
the charge much more than the other with & lower volumetric effi-
ciency. is one will have & very much lower diagram factor than
the other, or otherwise the ratio of efficiency factor to diagram factor
will be different, and such is the case in tgneneral, compa.rhl&air-cooled
with water-cooled engines, especially if the former are of the rotating
cylinder heated crank case sort.

TasrLE VI.—Diagram factors and effictency ratios.

Class No.
I IL. . IV.
Cylimllarcmnkarmngamant.
F’{gﬁgg‘j of | Fired v?, 2-0ylinder crank. Rotating. Fixed star.
Coaling.
Water. Alr. Water. ) Alr. Afr, Water.
Engine or maker.

Benz. B.M. & F. V. Nileuport. Salmson.
P. B P. E P E. P. E P. E P. E.
Rop |y || Biop | m | e | | Dl |y | R | | Dl |
\

1080 | SRl et | S M | P | %3
Daimler. Gyro. 1911 Anzant,

8.8 o:gi ............................... 6.9 | 017 7.6 | 020 |
73 N = | SO KU NS W 256 | .srofl w3,
Datmler. lmGnm_ne.

bt Mo 7 || RSSO SRR RSSO SO ié‘%‘i IW --------------------------------
3 :%ﬁ ------------------------------- 7741 S RRRER CEEH FR
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TABLE VI.—Diagram factors and efficiency ratios—Continued.

Class No.
L I oL ™.
Cylinder crank arrangement.
F?:;};gg of | Fixed V3, 2cylinder crank. Rotating. Fixed star. .
Cooling.
Water. Alr, Water Afr, Alr, Water.
Engine or maker. .
N.A.G. ‘
P. E P|l=el | =R P el 2| 22| =
| || | = e B
wo | oz

80.2 0.182
-267 -417

ermalaﬁicimcyhreimedtobmkahomapowarand P. i3 mqan effective pressure pounds

a compression ratio of 1:4.5 has been assumed
{or all engines, equivalent to an air card eficfency of 48.0 per cent and theoretical Af. K. P.w= 500,

ey ———
LAY T

i

v e —
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These figures, which should throw so muen light on performance,
are, as a matter of fact, of but little value because of the absence
of accurate data, especially on com;};lreﬂsion and engine friction, both
mechanical and fluid. ey are, however, given to illustrate the
method of judging by thermodynamic standards rather than by
gimple comparison of engines one with the other, in the hope that
in fglture tests such dats will be obtained as to make possible the
determination of both diagram factors and thermal efficiency ratios.

Continuity of the operation of mixture treatment in the cylinder
is dependent on the maintenance of a steady state as to temperature
of the metal parts, and this is possible only by a cooling system of
considerable complexity from the thermal standpoint, however sim-
ple the apparatus may seem, superficially examined. Cooling for
the maintenance of a steady state of temperature ih the metal parts
is not of itself sufficient, as the parts must be held to a low limit of
temperature, which requires & definite heat conducting and dissipating
capacity in fpro ortion to the heat receiving capacity of the part.
This limit of allowable temperature is imposed not only by the re-
quirements of the charging and compression functions but is neces-
sary for other reasons. If metal parts become too hot oxidation sets
in, stiffness is reduced, and deformation, both the temporary sort
resulting from expansion and the permanent sort dhe to molecular
T ments, becomes troublesome. linder lubrication is also
dependent on the temperature of the metal surfaces, of piston bdrrel
exterior and cylinder interior, which, if too high, prevents any oil
remaining without destructive distillation or carbonization, or
impairs its lubricating value by excessive reduction of viscosity.

- Heat is received by all metal parts in contact with the hot gases
and these parts include the cylinder head, inlet and exhaust valves
the walls of any valve pockets, thgviﬁﬁter Pl‘f’ the piston head, and
the whole interior of the cylinder exposed at the end of the out-~
stroke. The heat received by the c¥]inder proper is greatest for the
part exposed during the first part of expansion just following explo-
sion, and extremely hot isaa are in contact with the whole interior
of the clearance space. addition, heat is given up by burnt gases
escaping through the exhaust valve-and ports to the valve and its
stem to the stem guides, port walls, and connecting parts of the cylin-
der head or the side pocket that carries the exhaust valve.

Heat received from hot gases must be conducted through the
metal by more or less devious and rarely straight paths to the external
surfaces of the metal walls from which heat may be abstracted. The
first means of abstraction from the exterior faces of the walls is air in
motion, induced or driven by afan which may be separate, or the pro-
pelleritself. In some cases the free air moving past with the velocity
of flight is relied upon, but the most unique arrangement is that
of the rotating cylinder cooperating with the free air movement.
The second means of abstraction is water or oil, or in general a liquid
circulated by a pump, first over the heat receiving walls and then
through the radiator where the free air again takes it up with or
without the assistance of a fan. A third method, as yet used in very
few aero engines, though frequently wused elsewhers, is the boi]j.nﬁ
water jacket, noncirculatting, with an air cooled steam condenser an
condensate return. In any case the ultimate disposition of the heat
is to the free air, and when liquids are interposed as carriers it is with
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the idea that some good results will follow what appears to be at
first an indirect method. The only sort of good resu}t that would be
worth while is & better abstraction from heated walls in steadiness
and d , and that such is the case is unquestionable, not only on
rational grounds, but by experimental demonstrations.

Whenever heat is to tfass between a ftuid and a body of metal,
it has been established that a layer of fluid adhering to the metal as
a film acts on the heat flow as an insulating layer. The thickness of
this dead fluid film, and therefore its thermal resistance, depends on the

condition of fluid motion, or, as it has been termed, on the scrubbing’

action. High velocities always reduce the film thickness and the
thermsl resistance. The thermal resistance (reciprocal of the con-
ductivity) of gases and, therefore, of gaseous films of given thickness,
is of the order of magnitude of 1,000 times that of metals and 10
times that of liquids and the thermal resistance of liquids 100 times
that of metals.

Heat flowing from hot cylinder Eases to the air directly must, there-
fore, pass thro 8 complex path of at least three parts, & dead gas
film on the inside walls of the cylinder, the'metal wall and & second
dead gas film on the outside. When a circulating liquid is intro-
duced the path is more complex, consisting of a dead gas film on
inside cylinder walls, the metal walls, a liquid film outside the walls,
a second liquid film on the inside of the radiator, jacket, or water
pipe walls, and finally a second gas film on the outside of radiator
jacket or pipe. Each of these elements of the heat path exerts a
thermal resistance to heat flow, and the resistance of the whole path
is the sum of the separate resistances.

Heat flows according to a law similar to Ohm’s law for electricity.
inasmuch as the flow varies directly with the difference of potentiaj
or temperature, and inversely as the resistance. Therefore, over
any complex path, consisting of several parts each of different resist-
ance series as the same quantity of heat is passing through all, the
whole temperature drop is divisible into partial temperatu ({rops
in the proportion of the partial resigtance to the whole resistance.
The resistance of any one part of the path is inversely proportional
to the conductivity of the substance, is directly proportional to the
length of path in the direction of heat flow, and is inversely as the
cross section of path at right angle to the heat flow. Accordingly
the temperature drop throuﬁh 8 gas film is almost a thousand times
as great as through a metal wall of equal thickness, and the drop
through a lig;lrid also of the same thickness would be about ten
times that through the metal. Gas film thicknesses and thermal
resistances on the interior of the combustion chamber, because of
lack of circulation there, must be fairly thick and so highly resistant.
These interior gas film resistances must be much greater than the

air films on the exterior where air is blasted over surfaces and very -

much more in turn than the resistance of films of liquids circulati
over those exterior surfaces. Of all the temperature drops, by a
odglsr the least is that through the thin cylinder walls when the flow
is direct. ’

The object of the design of the cooling Ttem is to keep the infe-
rior metal walls as cool as possible, and these walls will be cool in
proportion as the thermal resistance of the heat flow path is greatest
on the side of heat reception and in proportion as the resistance on
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the outside is small and the heat flow ga.th through the metal short,
or in the event of this being impossible then of equivalently larger
cross section. .

By reason of the fact that they normally work at or nearly at full
power and at.such high speeds, aero engines develop more heat per
square inch of wall interior than any other class of internal-combus-
tion engines of the same bore, and it is an Ren question whether cyl-
inder bore has much, if anegbhing, to do with this quantity. Cooling
must, therefore, be more effectively provided than in any other simi-
lar engine, so that careful study of heat flow conditions should be
well repaid in improved results, both as {0 maintenance of high
power and reliability. While considerable advance has been made in
this direction it is more concerned with general system than with
details. The literature, for example, is of controversial matter
on air cooling versus water cooling, on the relative merits of air
blasted fixed versus rotating cylinders, and such matters of general
arrangement, but there is a general lack of attention to the rational
thermal a.naiysis or design of the heat flow path for control of its
resistances and temperature gradients.

Cooling of cylinder-barrel walls is perfectly by either air or
water, but to get air cooling as effective as water tile air must circu-
late many times faster than the water, which is quite effective,
whether it hes any material velocity or not. Extension of exterior
surface is, of course, a direct and rational means of reducing the nec-
essary air velocity to secure a rate of heat abstraction that will keep
the temperature of the metal walls much nearer to that of the circu-
lating air than to the interior hot gases, Such ribbing is quite unnec-
sary with water or oil in jackets as the rate of abstraction by this
medium of higher conductivity is so high that no more abstraction
surface is required than that receivi.nﬁ at to keep the metal at a
temperature very close to that of the liquid.

Difficulties of cooling begin only on the irregular parts and increase
with their irr ity or thermal isolation from heat dissipataors.
The first irregular element met is the cylinder head or side valve
pocket. This receives heat over the whole interior, including the
valve faces, and also from the walls of the exhaust port. It can not
be of uniform metal thickness, and by reason of valve seats and ports
the metal heat flow path can never be of uniform length, so it is to be
expected that however uniform in temperature the interior of the
smooth cylinder barrel may be no such condition can apply to heads
or valve pockets. The intake port and valve, with its stem and stem
bearing, are coolers and need no other cooling than is available from
the incoming charge, especially when the mixture carries some liquid
still to be vaporized. 1t is this inlet self-cooling that is responsible
in part for lowered volumetric efficiencies, so the heat exchange here
that helps in one direction is harmful in the other.

Exhaust ports, whether cast in or welded to sheet metal or screwed
into machined seats, can not be too well cooled, because they start
at the exhaust valve seat, at which point heat is received on both
the port side and combustion chamber side. Xxhaust ports also
carry the stem bea.ri.n&l of the exhaust valve, which is the only
means of digposing of the heat received by the valve itself on either
gide. For the amount of heat received and to be disposed of, with-
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out undue localized rise of temperature at the exhaust valve seat,
these exhausi;&orts of cylinder heads or valve pockets are normally.
not cooled sufficiently. Increased metal cross section and metal
extensions to jacket or air blast spaces would naturally assist. Still
worse in many engines is the condition of the exhaust valve receiv-
ing heat on both sides and with no source of dissipation except its
stem and the stem bearing. These stems should have a large metal
cross section, and the metal should be of as high conductivity as
ible, while the joint from valve stem to disk should be of
ong curve and the disk of increasing thickness toward the center to
fur%her romote conducting ca acit{. The stem bearing can hardly
be too big or long nor too well cooled by sufficient metal and heat
dissipating surface, but heat transfer from the stem to the guide
bearing can hardly be expected without an adequate oil film, because
a dry stem means a gas film of so much greater thermal resistance
than oil as to render useless the large metal cross section and surface.
To hold oil in such a stem bearing without an elementary stuffing
box is, of course, almost impossible, but though such a device is not,
used, 1t should be added to re:a[place the present two diameter stems
now in use for this purpose. It requires glﬁy & casual survey of the
illustrations of aero engines to see how different is the means for
head cooling and ecially that of the exhaust valve, ifs seat, stem
and port walls, and how easily, therefore, distortion of the metal
arts may occur, due to unequal expansion, resulting possibly in
Ereak es but certainly, when valves and seats are involved, in seri-
ous 1 which, once started, especially at exhaust valves, rapidly
increase by the high erosion influences.

Probably the worst cooled part, aside from the exhaust valve, is
the piston head, which receives heat over its whole top surface, equal
to the area of the cylinder bore circle at least, and more if arched
upward or dished down, as may eFopeﬂy bedone, aizlpecially the former
to give it some stiffness and elasticity in thermal expansion. This
heat, while imparted in small part to the crank case air, must largely
and almost wholly be disposed of to the cylinder walls by e radially
outward conduction across the head, followed by conduct down the
piston barrel, thence across an oil film to the cylinder walls. By
incressing the metal thickness of the piston head regularly from
the center outward in proportion to the square of the radius, its
heat cm'rging ca,%a}.lcity could be made proportional to the receiving
surface above. en by suitably thickening the upg;er barrel the
axial heat carrying capacity can be made great enough to take what
is delivered by the outer ring of the head and conduct it down for
the oil film to be taken up and transferred to cylinder walls. i
last transfer is most effective the longer the piston and the better
the oil film, and as it is thus disposed of the thickness of barrel may
be reduced. Such additional piston metal to secure an adequate
heat carrying path will be least the greater its thermal conductivity,
and there is no reason why suitable carrying capacities should not
result without undue weight. Examination of the illustrations will
indicate that apparently the idea of most of the designers has been
to use ag thin, and uniformly thin, metal as possible with no thought
of heat conductivity whatever, though a few give evidence of some
f;rasp of the problem. An exception to the overheated piston is

ound in the rotating cylinder engine that carries itg inlet valve in
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the piston, which in this case is adequately cooled, but at the ex-
pense of volumetric efficiency. There is no reason, should thick
metal pistons prove objectionable, why air blasts should not be
introduced directly under the pistons except the consequent evap-
oration of lubricating oil.

Piston heads that are very unequally heated or very highly heated
are subject to a considerable expansion and to oxidation as w
besides being responsible for decreased volumetric efficiency an
preignition or lowered compression. Excessive and variable expan-
gion of the head besides resulting in permanent deformation or cracks
will cause the piston to bind on the cylinder unless cut away or given
extra cylinder clearance. If sufficiently cut away to give relief,
leakage is promoted, which defeats lubrication, and the oil film,
which is an essential part of the thermtildpath from piston to cylinder
ig destroyed and overheating accelerated. Some little clearance, and
more at the top than along the barrel, is necessary, but the less the
better, and the better the cooling of the piston head whether by con~
duction across it and down the barrel or through separate conduction
bars, directly from head center to barrel and to oil film, the less
clearance be necessary. A photograph is given in a German
report of a piston that failed from overheating, and such failures
seem to be frequent. There is also shown a burned spark plug,
which should be cooled just as well as other parts to prevent exces-
sive temperature rise, though its end must be warm to promote
cleanliness, but not so warm as to make an incandescent spot, or to
cause destruction.

Cracked cylinders are also more or less common from unequal
cooling, and in both the German and the British Alexander tests
such cases are reported. In the latter the fact that the cylinder ran
11 hours before failing proves the crack to be not due to any gas-
pressure stress. This unequal cooling or heating may be due to
uneven thicknesses of metal or to unequal heat abstraction, as
would occur in water jackets with steam or air pockets, or to the
impact of the air blast from the propeller on the iront side of a for-
ward cylinder. Rotating air-cooled cylinders and, in fact, even
fixed air-blasted cylinders can not be egually cooled because it is
quite impossible to force equally cool fresh air at equal velocity
around the whole cylinder, no matter how many baffles or guides are
used, and this inequality must promote distortion. One compen-
sating element usi&, that of eccentric ribs giving more surface for
heat abstraction on the side of least air a,ctivitg, 1s ingenious, prob-
ably more so than effective. There seems to be no hope whatever
of air coolhﬁ ever beiné made as uniform as with water, and there-
fore more distortion effects are certain in air-cooled engines even
though, by the use of excessive quantities of air and fan or windage
power, the walls could undoubtedly be kept as cool as with water,
it could not be & uniform cooling, and hence not as desirable. In the
German test report the Windaﬁe: of the Gnome rotating cylinder
e%i.ne is given as 8 per cent of the output, which checks exactly the
value given by Winkler for the Renault fixed-cylinder engine fan
power. .

Water gives control of temperature in degree as well as uniformity,
for with sufficient radiator capacity the water temperature entering
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jackets can 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 desired.  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 advantage be r ed as greater than a warmer engine,
this can be accomplished by reducing radiator size with correspond-
ing rise of temperature of water inlet to engine without in any wa

ecting the uniformity of heaf abstraction from the engine meta.{
The limit of this occurs when the jacket water is allowed to boil, as
in the Antoinette, in which case the radiator becomes an air con-
denser and ve;y small because of high temperature difference between
steam (212° ¥.) and the free air. Higher temperatures than this
can be secured by the use of oil in jackets, as is done in some farm
tractors to further reduce radiator size, and such oil has the advan-
tage of not freezin,oif.

iston-cooling effectiveness is more or less.measured by the limit-
ing diameter that is operative, and the tendency to use multiple cyl-
ilg%ers of small diameter, especially in the rotating air-cooled engine,
which go as high as 20 cylinders per engine, and to keep their cylinder
diameters less than 5 inches, can be traced directly to this. Even
with water-cooled engines a Jimit is reached, dependent entirely on
this piston-cooling factor, and larger cylinders than are now used
require better cooling of the piston by the methods indicated.

emperature expansion stresses added to those imposed by gas
pressures and mass motion forces have never yet been successftﬁly
attacked by the stress analyst, but even if they could be freated
mathematically it would help but little when the temperature in the
various parts of the metal structure are unkmown. No class of
machine except the large internal-combustion engine suffers so
severely from these temperature conditions as aero engines, and in
none is the conse%uence of failure likely to be so serious. This new
and difficult problem must be attacked patiently and systematically
by experimental research if any but accidental or haphazard results
are to be attained. Pending such needed fact data on temperatures
and temperature gradients and on the effects of mean temperature or
temperature differences on volumetric efficiency, on limiting com-
pressions, on metal expansion, on permanent distortion, or on corro-
sion, the best that can be done is to use that method of attack that
promises best results in uniformity of cooling and in low mean tem-
perature. This undoubtedly involves the use of liquids as heat
receivers from the metal walls, but just as surely demands proper
arrangement of metal tﬁ)rt(z)rts for promotion of heat transmission as
uniformly as possible ugh the several parts.

Lubrication as a process 18 of considerably greater importance and
significance in the aero engine than in any other, for while it has but
little direct relation to the power weight ratio, it has an indirect one
and, of course, bears directly on reliabi]i% constituﬁ.tﬁaprobablly the
most importent element of this factor. e indirect relation of lubri-
cation to the power weight ratio results from the use of unusual
metals at bearing surfaces, especially cylinder versus piston, adopted
for reduction of metal volume, and bringing cast iron and bronze
against steel, and even steel against steel. Lubrication is also as
pointed out previously, a factor in cooling when the heat dissipation
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path includes an oil film surface, maintenance of which reduces heat
resistance to a proper value, but loss of which results in overheati
of the parts that are thus thermally isolated. Not only is the lubri-
cation of the aero engine peculiar in these two respects of unusually
difficult metals to be lubricated, and heat conductivity function in
addition to that of lubrication, but in other respects as well. Maxi-
mum compactness in the interests of low weight leads to the use of
small bean.nﬁs and as high bearing pressures as may be feasible for
the very high speeds in use. In the case of rotating cylinder engines
any change in angular velocity produces piston side thrust loads, not
found in any other machine and these may be extremely high, so
high as to even bend the cylinders as cantilever beams if the accelera-
tion, positive or negative, is large. All aero engines have closed
crank cases and these must necessarily get very warm, largely from
heat received from the underside of pistons, but also from the whole
gide.of the piston barrel and the exposed cylinder wall. The cylinder
wall is hot by reason of the heat being conducted through, so that the
viscosity of the oil on it is reduced just about to the limit. In the
hottest region near piston heads, and even in some cases in other
parts as well, the cylinder oil suffers decomposition changes, due to
the heat, as is proved by the progressive loss of lubricating value of
oil in circulating return systems. Not only is the oil subjected to
variable a.nd%.pvjl temperatures, but it must be of such character as
will not leave excessive carbon residues in the combustion chamber
when it works past pistons, but must vaporize on the hot surface with
least carbonization. Coupled with these high interior temperatures
of the aero engine are possible excessively low temperatures of the
surrounding air, freezing temperatures in high altitudes being rather
the rule than the exception, and ﬁet immediately before or after, the
machine may be close to the earth where the temperature in summer
may exceed 100 degrees.

It is clear that aero engine lubrication is not only more important
as a process than in other classes of engine with reference to need and
consequences, but is very much more difficult on account of the
excessive heating, even when the engine is built of the standard mate-
rials of internal combustion en;fine ractice, i. e., cast-iron piston on
cast-iron cylinders, but is doubly difficult when steel is substituted to
reduce metal volume, so it is natural to find new elements of practice
introduced. .

Crank shaft and crank pin bearings of aero engines offer no more
difficulty on gero engines than on others, provided the bearing pres-
sures imposed bg the designer in an effort to cut down material are
not excessive an provideﬁ the surrounding atmosphere is not hotter.
The necessity for crank cases imposed by the presence of dust in
the air at landing and starting points, does make the atmosphere
surrounding these bearings abnormally hot, especially when the ’thls:
tons are inadequately cooled as is more often the case than not. i
hot atmosphere created by hot pistons and conserved by the closed
crank case naturally raises main and crank pin bearing temﬁeratures
to some value higher then the crank case air, fixed by the heat gen-
erated in them by friction, and so reduces oil viscosity correspond-
ingly. This would seem to be sufficient reason for using lower bearing
pressures or larger surfaces than in auto engines, for example, and this
conclusion is reenforced by the fact that the bearing surface speed is so
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very high and continuously so. Instead of larger main and erank pin
bearings, the aero engines so far developed usually have equal or
smaller ones than automobile or boat engines. No matter how
elaborate the oil-feeding system nor how carefully the grade of oil
may be selected, this practice can not be accepteg until 1t has been
more fully demonstrated than has yet been done, that it is necessary.
. Piston and wrist pin lubrication present still greater difficulties,
and no new methods of lubrication are available beyond the supply
of excessive quantities of oil to these surfaces. As already oin%ed
out, aero-engine pistons are hotter than those of other engines because
of the higher speed and consequent greater heat quantity per minute
taken up by the pistons, and also because these are of thinner metal
and so can not dispose of their heat so readily to the cylinder walls.
This is further aggravated by the shortness of the pistons, which in
some cases are hardly more than two-thirds of & diameter in length,
though Winkler recommends 1.1 diameter, while stationary-engine
pistons are regarded as requiring a length of two diameters. Such
short pistons reduce the heat dissipating cylinder contact surface,
but also increase the side-thrust pressures. They tend to cock side-
wise, especially when made loose to relieve expansion, and so concen-
trate side thrust at the ends instead of distributing it over the alread

too smell surface. In the rotating cylinder engines additional side
thrust of almost any amount may result from variations of angular
velocity if sudden. Under such high temperatures and high side
pressures, perhaps badly distributec% the viscosity and lubricating
value of most oils falls very low and the decomposition conditions
are a%proached with production of light constituents that evaporate
and of tar or carbon constituents that stick. Yet in spite of this the
speed of the rubbing surfaces is so very h};ih as to require lower sur-
face pressures and temperatures rather than higher. Mean piston
8 eedg are never under 1,000 feet per minute, a high limit for good
statio -engine practice, and even exceed 2,000 feet per minute.

To still further aggravate this piston-lubricetion condition, steel

istons have been introduced against cast-iron cylinders, steel cyl-
inders with cast-iron pistons, and steel pistons against steel cylinders,
again in the interest of reduction of metal volume, though nowhere .
in engineering practice has there been any success in lubricating such
surfaces, especially when very hot.

The fact remains, however, that these aero engines do run, but the
absence of sufficient reliable data. extending over years of experience,
commensurate with that on which present standards of internal com-
bustion engine practice rests, makes it a source of wonder whether
the lubrication of aero engines at present is wrong and bad, or whether
on the other hand they have taught old practice something new.
About all that can be said at present, however, is that many aero-
engine failures traced to lack of lubrication are recorded; that the
oil comsumption of these engines is very high, in some cases reachin
half the weight of fuel; and finally that the greatest caution shoul
be observed in following present methods. At the same time, the
construction of engines to operate cooler at lower bearing surface

ressures and with parts of successively different materials should
Ee undertaken for test data. Each new combination should, be
experimentally tested to destruction with decreasing quantities of
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selected but different oils to definitely settle this question in the

laboratot{.
As to details of method of application of oil, there seems to have
been developed some more orless general practices. Allrotating cylin-
ders arelubricated by crank-case sprays, which in the case of those tak-
ing the charge through the crank-caseinvolves the carrying of appreci-
able quantities of oil into the combustion chamber where it burns; at
least in Y‘irt This is ;f)ractica]ly equivalent to the splash system for
fixed cylinders, which for auto engines has proved only moderately
suc and for aero engines is quite unsuited. All gxed—cylinder
engines use forced lubrication for main and crank-pin bearings,
through hollow or drilled shafts and cranks, the pressure being
developed by pumps, many of which have failed even during com-
petition tests. Normally these fixed-cylinder engines have crank-
case oil tanks at the lowest points, often, though not always, carrying
here all the oil supply for a full length run of 10 hours or more, as
a means of preventing solidification of oil under low-air tempera-
tures, and with all or most of the distribution pipes inside the crank
case for the same reason, somefimes substituting cored or drilled
assages in the casting for pipes. These pump-forced feeds are so
?&r tﬁf of the central system, one pressure s:lllpp , Sometimes with a
duplicate in reserve, being provided with multiple outlets, which has
an element of danger, because tight bearings needing most oil receive
least in proportion to the loose beari.n.gr'shwhlch, offering less resistance
to oil escape, tend to take it all. ere are three typical pump
systems: t, complete circulation of the whole supply to beari
with gravity return to sump and pump; second, direct feed of fres
oil from pump with no return; and third, combinations of this with
two pumpk;s, one for fresh and one for circulating oil, discharging into
common bearing tubes or into separate ones. Any circulating oil
system requires a cooler, and the exposed crank-case sump surface
is sometimes relied on, sometimes supplemented by air-circulation
tubes or bmarlrlymg the oil supply to exterior cooling surfaces, and
as g rule this oil cooling is made complementary to carburetor mix-
ture or air warming, by passing one in thermal contact with the other.
As a rule cylinders and wrist pins are lubricated by the oil escapi
from main and crank-pin bearings, but considerable modiﬁcationui)%
details is found, and reference is made to the papers and reports
reproduced in the appendix. Among these that of Benderman,
reporting on the second German ocmpetition, is so good that it is
worth. quoting.
Lubracation.—The amount of lubricating oil required is affected by
the system of lubrication and the circulation of the lubricant. The
lubricant of an aeroplane engine should not only reduce the friction
between the parts which are in sliding contact, and not only remove
the frictional heat, which is considerable, due to high bea.rinﬁ‘ﬁ)res-
sure, but in many cases it also has to cool the piston heads. e oil
is ely lost without doing any work. It works Past. the piston
into the combustion chamber and there fouls spark plugs and valves.
This, of course, can not be avoided altogether, butit may be minimized
by guards at the cylinder ends and by positively feeding the oil to the
wrist pins. Much oil escapes in the form of vapor and fog through
the ventilating funnels (breathers), which equalize pressure or vacuum
in, the crank case without allowing the oil to squirt out or dirt to
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enter. If these breathers are made long and exposed to the air blast
the oil vapor will condense in them and distant places, such as the
cam shaft above the cylinders, may thereby be lubricated in place of
the hand lubrication.

_The loss of oil by leaks in the casing depends on the number and
kind of the joints. Especially the guides of the valve tappet rods
throw out a great deal of oil. It will, therefore, be well to geep their
diameters at the place where they emerge, small. In one motor the
talgpets are nearly surrounded by the ventilating pipes (breatliers),
which direct the oil coming back to the crank case.

The lubricat'm,% qualities of the oil decrease with increasing tem-
perature. 'Therefore rapid circulation of the oil in the bearings sub-
jected to high pressures is required; also sufficient cooling in a spa-
cious oil pan, preferably with cooling tubes. At high temperatures
as tables 5 shows, castor oil is considerably more viscous andp effective
than good mineral oil. It, therefore, so far can not be done without
in air-cooled engines. For water-cooled engines one of the two min-
eral oils mentioned was always satisfactory during the competition.

The most simple system of oil distribution is the so-called splash
system (very imperfect). The fresh oil supplied from outside or the
storage oil collecting in the crank case is whirled around by the rotat-
ing and reciprocating tEa:r’cs and is thus intended to get to the proper

laces. This means that considerable excess of oil is required; the

osses are considerable. Engines lubricated in-this way usually bhave
a smoky exhaust.

More advantageously the oil is positively conducted by a distrib-
uting line to the fixed bearings, and from there as far as possible
without loss conducted to the conmecting rod ends and to the rub-
bing surface of the piston. This is best effected by full oil throw
rings on the crank and a pipe connection between the ends of each
connecting rod. In some cases the oil throw rings are only partially
executed and are partially replaced by turned grooves in the side
of the crank. These catch the oil, which, after leaving the bearings,
runs along the side of the crank. .

In other cases the oil conducted to the crank bearing is forced into
the interior of the crank shaft and from there under the influence of
centrifugal force runs to the connectinf rod ends. On the way into
the shaft it has to overcome centrifugalforce. Thatrequires veryneat
bearings and at times high oil pressures. Piston force pumps in this
cage are to be preferred to gear pumps. The positive supply to the

" wrist pins permits the most complete utilization of the oil. The

lubricating oil consumption is reduced and a supply for several hours
may be provided in the moderately crank cagse. If the
crank case should be too small, & purp for fresh oil has to replenish
the supply from without. The fresh-oil pump may either discharge
into tﬁe circulation line or may feed a speciel distribution net, sep-
arated from the closed-circuit line. This, however, is hardly adven-
tageous, since the required small make-up of fresh oil, should the
closed circuit fail, does not suffice to keep the engine running for

‘any length of time. Special attention must be given to the fact

that the oil in cold weather becomes so thick in exposed pipes that
a dangerous lack of oil will be the result and the bearings melt.

The circulating oil becomes polluted by metal dust and deposits
of combustion. Small particles, however, do not matter; er
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ones may be kept away from the pump by brass soreens. In the
. engines tested these screens were not always well accessible. From
the fine carbon particles which the circulating oil carries with it after
& certain length of time, the bea.rtn,g1 metal receives a grayish look,
but its durability is thereby increased. .

The oil pump is connected by a short suction line with a point of
the case located so low that in all inclined positions of the engine it
ig covered by oil. The lubricating oil, which is very thick at low
temperatures, renders the design of the oil {)ump very important.
All automatically operated parts, such as valves with springs, and
such, easily fail, and therefore are to be avoided.

Part 2 (b)—GENERAL ARRANGEMENT, FORM, PROPORTIONS, AND MATE-
RIALS OF AERO PARTS-POWER-WEIGHT RATIO, RELIA-
BILITY, AND ADAPTABILITY.

If in every cylinder the same mean effective pressure were obtained,
and if all eylinders weighed the same number of pounds per cubic foot
of displacement per stroke, including their attached valves, rods,
pistons, wrist pins, and connecting rods, then the weight per horse-
power of engine at the same engine speed would depend on the frame
and shaft weights per cylinder which is a result of the general arrange-

ment. If at the same time the thermal efficiency of all engines were.

the same, the added we]iﬁht of fuel and tanks per horsepower would
be the same for all. Differences in weight per horsepower of engine
proper and of engine, oil, fuel, radiator, and tanks taken together
are considerable, the ‘heaviest .being more then twice the weight of
the lightest even for short runs, and the excess is more than this for
the longer runs. The basic causes for such differences can be reached
only by analysis a.lonﬁ these lines, and such analysis will indicate
‘that as many of the elements of actual difference are accidental or
incidental as are essential or inherent in arrangement, form, pro-
portions, or material.

The influence of arrangement to be first examined is in some cases
quite clear and in others complex. Where, for example, arrangement

of cylinders in number and position has no effect on the limiting.

speed, on the mean effective pressure, on thermal efficiency, or on the
weight of ggh'nders complete per cubic foot of ijzﬁlacement perstroke,
then the effects of arrangement are clear, itatively. The con-
trary is the case when a given arrangement that gives reduced frame
and shaft weight per cylinder as compared with another also requires
heavier cylinders, or is limited to a lower speed, or is incapable of
any but a low mean effective pressure, for here the result depends on
the degree to which one factor compensates another.
Differences in arra.nt.iement are more bold and numerous in aero
engines than in anly other class, and some of them are quite unique
ot with these truly remarkable differences that are quickly grasped
a8 reference to the illustrations in the appendix, the su:lipris
thyiing is not that the weight per horsepower varies considerably wit.
arrangement but that it does not vary even more. This is an indirect
proof of the existence of these compensating factors, and shows that
arrangement has not as great an effect on weight per horsepower as
might at first be expected. Air cooling versus water cooling i3 & fair
flustration of this, for elimimation of jacket, radiator, and pipe metal
and of water reduces weight, of course, but the result is usually a
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lower mean effective pressure and thermal efficiency. Again, the
rotating cylinder air cooled as compared with the fixed cylinder,
while ting fans and rib casings, adds a windage power require-
ment, must have steel cylinders to avoid the uncertainty of casting
soundness in resisting the great centrifugal forces, and so must use
excessive quantities of oil, which has to be carried.

Ignoring for the present those compensating differences and con-
centrating attention on the effects of arrangement alone, it is clear
that two similer cylinders set side by side, each developing the same

ower and of equal thermal efficiency, will not require shaft and

ame weights twice as great as one. Adding a third is equivalent to
placing between the frame and shaft ends an intermediate piece
without ends, and hence of less weight, but each cylinder added, be-
ginning with the fourth, adds exactly the same frame and shaft
Weigllllt as the third, and therefore has very little influence on weight
per horsepower, unless other modifications are introduced, such eas
casting two cylinders en bloc, removing main bearings between alter-
nate cranks, and thickening of frame and crank shaft to meet the
stresses introduced by increased lengths. Therefore multiplication
of similar cylinders along one line reduces weight per horsepower fast
at first, and beginning with four rapidly less, and beyond a certain
number of cylinders the weight reduction is more or less equalized or
overbalanced by the necessity for greater metal cross-sections per foot
of length in shaft and frame. To illustrate the point, & given style

of boat engine ha the same cylinder on engines of one, two
three, four, and sixwt?}%jnders in line is selected, as no other class of
engine covers such a wide range of number of identical cylinders. For
one size of cylinder the single-cylinder engine weiil;s 472 pounds, and
the two-cylinder engine 626 pounds, the second cylinder having added
154 pounds, or 33 per cent. o third three-cylinderengine weighs 716
]&ounds so that the third cylinder has added 90 pounds, and each ad-
itional cylinder also adds the same 90 &)ounds up to six, the weight of
which is therefore that of the two-cylinder engine, 626 pounds, as these
are retained for ends, together with the weight of four cylinders of 90
pounds each between, or 360+ 626 =986 pounds. The corresponding
weights per horsepower have the following relation, taking that for
onecylinder engine as unity, the numbers representing I, 2,3, 4,
and 6, respectively, are 1, 0.52, 0.40, 0.335, 0.274. The fact that
each intermediate cylinder has added exactly the same weight in this
engine indicates that shaft and frame weights per foot have also
remained constant, but in some cases, and properly, these are made
heavier in passing, for example, from four to six cylinders, so that the
small reduction In weight per horsepower above 5 per cent of the
weight of the single-cylinder engine is lost entirely, and the six-
cylinder would be no lighter than the four per horsepower,

Further weight reduction by arrangement slone is available with
multiplication of similar eylinders, not in line axially in a plane
passing through and including the sfmft, but radially about the shaft
in a plane at right angles to 1t. Two cylinders with axes in line and
with connecting rods working on. one crank pin, constituting the two-
gfs]inder opposed engine, or two cylinders with axes at right angles

o working on one crank constituting the right-angled V engine,
add no frame weight for the second cylinder over what the first
requires. It really reduces it by the metal required to cover the bore
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hole, axcept for some thickening at the joints. Nothing at all is
added to the shaft weight except when the crank pin is made longer,
as is rarely the cese. This arrangement gives a greater gain in
weight per horsepower than two cylinders in line, but when the second
cylinder is added radially in another plane and has its own crank it

ould result in a weight exactly the same as for two in line, because
the difference is mergly one of rotating one cylinder with reference
to the other, retainin%ut}lle same metal throughout.

These are the two fundamental arrangements of multicylindering
for the standard piston-connecting rod-crank engine, and so long as the
cylinders remain fixed there is no reason why cylinder in any com-
bmation should not weigh the same and give the same mean effective
pressure or thermal efficiency as any other. In this case the weight
per horsepower of engine and plant is less the more the cylinders are
multiplied and the more the multiplication takes place radially around
one crank rather than with separate cranks, up to the point where the
shaft and frame thickening must be so great as to compensate for
reductions, which begins to be appreciable at four cranks and is very
marked at six, except as other details may modify the result.

Fixed—cy]inéer multiplication radielly about one crank presents
no objectionable features until the cy]yinders become inclined differ-
ently to the normal horizontal plane, when there enter lubrication
difficulties on cylinder-piston "surfaces, especially when cylinder
heads are lower than the crank shaft. e tendency for oil to work
past the piston into the combustion chamber, fm%.ng spark plugs
or carbonizing the interior and requiring more oil to keep the surface
prggerly wetted, is sfrong enouﬁh when the head is directly above the
shait, but is stronger when it is lower, and doubly so when the head is
directly below. is has prevented the §eneral adoption of any
radiel arrangement about one crank beyond 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 in each, so while multi-
Elgca.tion in this direction promises greater weight reduction than in

ine with a crank to each cylinder, the latter has been carried farther
in point of general adoption.

e four and six cylinders, each with its own crank, are standard,
and doubling the rows of cyiinder axes in line without changing the
cranks gives the 8 and 12 cylinder opposed, the former used & little,
the latter not at all. It also gives, when axes are inclined, the 8-
cylinder V, & much used standard, and the 12-cylinder V, but little
used so far, but possessing advantages that are promising.

Radial dis osit?ion of fixed cylinders which should give.the greatest
possible weigfxt reduction in frame and shaft has afew representations,
notably the air-cooled Anzani, which uses three or five cylinders in
one plane on one crank and then duﬁ)licates on successive cranks
until the 200-horsepower engine is reached, which has 20 cylinders in
four planes of five stars each, and five cranks. It is the zﬁeration of
this and similar engines and of the bold departure of the German
Daimler inverted cylinders (Bendeman report), with heads directly
under cranks, which makes it doubtful that the old conclusion that
such arrangements must lead to fouling is really valid. This latter
engine did not foul in the competition, and it will be worth W&tcbj:l‘];ﬁ
in service to see if it continues to keep as clean s do cylinders wi
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heads above cranks, and not to require excessive amounts of oil to
make up for gravitational cylinder wall drainege. If this should
work at all right, this arrangement offers further opportunities for
weight reduction over the now standard multicrank form.

en here, however, there is a limit to the number of cylinders that
can be radially placed about one crank, a limit imposed by their
intersections, and while the rotating Gnome uses & maximum of nine
and & minimum of five, the fixed Anzani uses three or five. The
Anzani figures for two sets of three are 50 horsepower and 200 pounds,
or 4 pounds per horsepower, and for two sets of five 100 horsepower
and 330 pounds, or 3.3 pounds per horsepower, the reduction of 0.7
pounds per horsepower, or 17} per cent, being the effect of using five
instead of three per star, all cyli
the effect of doubling the number of rows is shown by comparing the
10-cylinder 100-horsepower with the 20-cylinder 200-horsepower,
both having sets of five, the former two sets and the latter four sets.
The former weighs 363 pounds, and the latter 682 pounds, the differ-
ence of 310 pounds being the weight added to the first 10 cylinders,
which themselves weigh 363 pounds, and showing nearly proportionate
addition of weight per crank added, the actual addition being 88 per
cent. The gain is of course greater in passing from & one star to
a two thanfrom two to four cranks, as might be expected from the study
of cylinders in line. This is shown by the figures for the 3-cylinder.
30-horsepower, 121 pounds, compared to 6 cylinders (two sets o
3 50-55 horsepower, 200 pounds), the second row adding 79 pounds
to the first 121 pounds, which is only 65 per cent, as compared with 88
per cent when two rows are added to two to make four.

Increase of cylinders radially about a crank always reduces weight,
but-the weight reduction is most when the frame and shaft weight is
large in ﬁroporbion to cylinder weight, and least otherwise. Ideally
the weight reduction by multiplication of cylinders would be zero 1f
the t and frame weighed nothing. This is clearly shown by the
ﬁfu.res given by Winkler in Table for the proportionate weight
of the various parts of fixed auto type and rotating radial cylinder
engines. To these es are added some pound values for the parts
computed from Winkler's fractional weights and assumed typical
total weights.

ders being of same size. Similarly -

TasLe VIL.
oTE.—The table Is based an Winkler’s figures for weight distribution in different types of engines. The
[Nﬂrstthreeanﬁ:gm of the fixed cylinder in lino type; the lastisan ordinary Gnome engine. Thetotal -
welghtshave assumed.)
100 horsépower 4- | 55-00 horsepower 4- | 160 horsepower 6-
cylinder engine, oylinder engine. oylinder engine.
T -
Per cent. | Pounds. | Per cent. | Pounds. | Per cent. | Pounds,
23.75 93.00 10.00 49.40 23.00 128,50
10400 30.00 78.00 28.50 158, 80
23: 00 8.50 22.10 7.00 38.50
28.00 5.00 13.00 9.00 49,80
60.00 14.50 37.70 13.00 7L80
13.00 2.00 5.20 2.00 1L.00
22.00 4.50 11.70 4.50 2475
13.00 2.00 5.20 3.50 19,26
6.00 2.75 7.15 1.50 8.25
2.00 1L.50 3.90 .60 2.7
80.00 7.00 18.20 6.50 35.7
2.00 1.25 3.25 |ecencnenca]annaaaanns
4.00 2.00 5.20 1.00 5.60
400.00 100.00 260,00 100.00 550.00
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TasLE VII—Continued.

Roteting-cylinder Rotating-oylinder
engine. engine,
7 ¢cylin- | 50 horse- 7 cylin- | 50 horse-
ders. power. ders, power.
Per cend, | Pounds. Per cent. | Pounds,
Crank €a88.ccccvercecrneennnnn 20.00 30.00 010 e e e creeiicaaracnnan 7.50 1..25
linders..... een 27.50 4.25 | O mechanism. ........... 2.60 3.75
....... . 7.00 10.50 | Carburetcr, including throttle. L25 L875
Connectingrods. . 6.00 9.00 {| Frame.........ooccoiiiianaan. 9.50 1425
Crank { . . 12,00 || Bestoceeciecnaeniiiieacnaeaa. 100 150
Cam shaftand drive. . 2.00 3.00
-shaft 3.7 5. (25 Total...uvnunnnnunannnne, 100.00 | 150.00
Tappetsand [ 4.00 6.00

These figures are most interesting, but must be used with consid-

erable caution, as the Winkler fractions are general averages and
when applied to a given engine may give pound values that are
somewhat in error. One instance of this appears in the value ob-
tained for the magneto in pounds by appl. the general average
fraction to a given overall engine weight anﬁich works out in ?:ﬁe
table as 35 pounds for one anﬁ 18 for another. While of course there
really may be this difference, it is not fundamental nor is there an
acceptance of its accuracy. The really valuable parts of the table
are those items for the principal parts, suchras cylinders. crank case,
pistons, and shafts. '

Radial disposition of cylinders does not suffer from inequality of
oil flow to combustion chambers only when cylinders and frames are
rotated about the crank shaft, but ]Zere the tendency toward head-
flow is increased by the centrifugal force on the oil, which is far
greater than pure gravitation and which apparently is at least a con-
tributing factor to very high oil consumption of these engines and
their quick carbonization. It may be that this is more an effect of
the use of steel and of high whll temperatures than of centnfgf' al
flow, as such engines are always air cooled by reason of the diffic
of making moving water joints and of controlling water flow wi
the centrifugal forces acting in jackets and pipes, but ev i

points the other way. Inverted cylinders having head flow tenden~

cies between these rotating cylinder engines and the normal vertical
must be accepted with great caution at present, though there is at
present no data that warrant a conclusion. domplete radial star
disposition of rotating cylinders gives the smallest possible frame
and crank weight per cylinder, but it is not possible to use some of
the cylinder constructions and materials that are perfectly feasible
in fixed cylinders. Centrifugal forces put cylinders and connecting
rods under a tension stress that is pretty large at the high speeds
used, and angular velocity changes impose cylinder-bending stresses
due not only to their own overhang but also to the pistons, and
these stresses are additional to those imposed by explosion pressures.
To reduce these special centrifugel stresses to 2 minimum, the
weights of the parts must be the very least possible, and this is to
be accomplished by the use of an assuredly sound and high-tension
metal, such as one of the steels. These engines, then, have adopted
steel as a cylinder material not so much from choice as of necessity,

e e e e e e e pam ey e e
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and the fact that the surfaces could be lubricated at all has acted as
an incentive to its substitution for the old standard cylinder material,
cast iron, in the fixed cylinder engines, with corresponding weight
reduction per cylinder in that class. The effect of this weight re-
duction must not be exaggerated. Steel pistons, for instance, are
only 12 to 15 per cent lighter than cast-iron ones, since bottom must
not be too thin on account of the danger of burning through. Fur-
thermore, pistons weigh only about 7 per cent of the total engine
weight. Greater effects are possible when steel cylinders and sheet
Iac ets are substituted for cast iron, yet even here the gain is rather
ess than might be expected, because of the heads, and the substitu-
tion is warranted more on grounds of assumed soundness of forged
rolled or drawn steel compared with cast-~iron, which may have hidden
defects such as blow holes, cold shorts, or bad shrinkage stresses.

In this brief review of the effects of general arrangement of cylin-
ders and cranks on the weight per horsepower, it was assumed that
other factors remained fixed, such, for example, as the weight of
cylinders per cubic foot of displacement per stroke. Variations in
d}ejta.ils of construction of the cylinder complete with valves and
valve drives, pistons, and connecting rods, such as might affect this
unit weight, are not only pretty numerous and cover a considerable
range, but taken in conjunction with the corresponding variations of
material, the resulting unit weights of the complete cylinders follow
no simple law. A type construction of few parts that would tend to
lightness may employ a heavier material that equalizes the weight.
A somewhat more complicated or essentially heavier construction
will often be found associated with a lighter material, producing the
same result and unit weight. The combination of lighter construc-
tion and material together, cooperating to produce low unit weight,
is #lso found, but unfortunately this is usua]lf offset by lower mean
effective pressure and efficiency or by a less favorable general
arrangement.

The object sought is the lightest combination of form and material
for cylinders, pistons, and their accessories consistent with proper
values of the other factors that contribute in the same direction to
a higher horsepower per pound of toteal weight. -

It seems pretty clear that designers and inventors of aero engines
have starteg with some favorite general arrangements 6f cylingers,
cranks, and frames and then have selected detail part forms and such
material for cg]jnders and pistons as was either essential, as in the
rotating cylinder engines, or as would bring the net result into suc-
cessful competition with previous engines. To put it otherwise,
there is no combination of the various factors that confribute to a
low weight per horsepower ratio involving the most favorable value
of each factor. This would require the largest number of cylinders
that could be disposed radially about one crank, followed by further
extension in line on other cranks, as to general cylinders-frame-crank
arranfement. It would also require the use of the simplest piston,
cylinder, valve, and connecting rod construction, all of steel, operat-
ing at the highest speed, and processes, and producing the highest
mean effective pressure and the lowest fuel and lubricating oil
consumption. Such a combination has so far been impossible and is
mentioned here to accentuate the position of the factor at present

PRV
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under consideration, that of weight per cubic foot of displacement
per stroke of cylinders, includin% all attached parts.

Lightness of metal parts may be secured by the use of large volume
of low density material of low stress resistance such as aluminum or
by & small volume of metal having high streds resistance but of
greater density, such as steel, or some compromise, such as cast
iron. If the material were required to perform the stress resistance
function alone, the modern steels which can be counted on for
upward of 175,000 pounds per square inch elastic limit and some
15 per cent elongation with an ultimate tensile strength approach-
ing 200,000 pounds per square inch, are so superior that nothing else
could be congidered. That other materisls are used at all is due to
the fact that the material of some parts must have other properties,
each confributing to a different function than that of stress resist-
ance. Piston and cylinder material must have good conductivity,
especially the former. Pistons and exhaust valves especially, bub
to some extent the whole combustion chamber, must resist oxidation
under high tem}‘gl)emtures and water jackets must resist hot water
corrosion. All heated parts should have the lowest possible coeffi-
cient of expansion to minimize the thermal stresses of unequal
heating, and the expansion characteristics of cylinder material with
reference to that of the piston should be such as to oppose seizing
on heating. The piston must heat more than the cylinder, so cylin-
der material should have a higher thermal coefficient of expansion
than &iston material, though in small cylinders with proper clear-
ance the same material will serve but never should piston metal have
& higher coefficient than cylinder metal. Permanent distortion of
metals under the heating conditions of operation is not permissible
in cylinders, heads, valve seats, valves, and pistons, so some commer-
cial alloys, including some steels, are barred on this account. Finall
the metal of these two parts, cylinder and piston, should have su
a molecular structure as will lubricate well, cast iron on cast iron is
the best, cast iron on steel next best, and steel on steel the worst
combination, neglecting the nonferrous alloys which may be service-
able though they are as yet unkmown quantities. This is not an
absolute necessity except where excessive oil consumption is more
important than metal weights. Engines intended for. short flights,
an hour or so, might very dpro%eﬂy have piston-cylinder materials
that igliore this, compensation being secured by large oil consump-
tion which adds little weight. But long flights will add enough oil
weight to more than offset the weight reduction obtained by i
both parts of steel, as compared with both cast iron, or one of each.

About every combination of standard ferrous materials forged
cast, drawn, and rolled for the heated parts that could be roduced
has been tried, and is even now in use, so it can be definitely stated
that practice in ferrous materials is not yet established, which means
that there are insufficient date at hand on the differences in their
behavior and practically none on the nonferrous. Here is a field for
investigation that is .of most fundamental importance practically
untouched metallurgically, and solution of which requires scientific
research under the combined efforts of enginemen familiar with the
requirements, of metellurgists familiar with alloy production and
pr(()iperties, and of shopmen familiar with the processes of forming
and fitting.
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No metal 8qual to cast iron on cast iron has ever been found for
the pistons and cylinders of internal-combustion engines in all the
desired properties except one, that of metal weights for a given size.
Casting, as a process however, is most uncertain; the known defec-
tives amount to abmost 50 per cent while the unknown possibilities
and hidden defects are responsible for large factors of safety and the
use of excess metal. This excess is quite prohibitive and fruitless
in rotating cylinders with the enormous centrifugal stresses that
come from speeds exceeding 1,200 revolutions per minute, because
each pound excess metal adds its own equivalent centrifugsl stress
and so fails to add to the certainty of safety as in fixed cylinders.
Excess thickness adds to the resistance to heat escape through cylin-
der walls. It wag in these rotating cylinders that the first departure
from the older internal-combustion engine ‘ﬁractice took place, from
sheer stress resisfance requirements regardless of other properties.
The steel cylinder machined from a forged-steel billet was developed
by the French rotating cylinder engine builders, and with cast-iron
pistons it uc;ferat% successfully.

Some builders of fixed cylinder engines encouraged by this demon-
stration adopted steel for cylinders with cast-iron pistons. Even
steel pistons, were tried and in some cases adopted for use in both
steel and cast-iron cylinders, apparently without gain, in the former
case because of increased lubrication requirements and in the latter
from reversed expansion coefficients or permanent distortion. Some
of these steel fixed cylinders are cast with heads in one piece and
machined all over to disclose defects, but in other cases rolled or
forged steel cylinders are Combined with cast-iron heads in which
ports are most readily formed. The most radical of all these steps
1s undoubtedly that undertaken by the German Daimler Co. in con-
structing cylinders, heads, ports, valve seats, and jackets, all of
sheet steel welded together by the modern oxygen flame method.
Only experience can tell how successful this may prove in practice,
though in the competition tests the engine gave a most remarkable
performance.

At the present time the only data bearing on the question are
those of oil consumption, Table VI, with respect to materials.
This is not a basic ﬁ%u.re anyway, snd is complicated by variations
in oil and in oil application methods, so it is inconclusive though
interesting.
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TaBre VIIT.—Ou consumption versus engine type and cylinder piston materials.

Materials. . ofl
Cﬂggﬁ“;ﬂd Class construction. Enginename, Autherity. | AF.
Cylinder. | Piston. H.
4 oylinders In line. .| Castiron.. 10(])3~horsopower Bendenfamn...| 0.042°
enz,
6 oylinders in line. .|...do...... 100-hors8epower |-cecmecevanaanad] .031
Daimler.
Mnﬁfngepower Btndemann...| .038
er.
W ign oo Austro-Daimler. ..| Maker......... .027
der 140-horsopower 045
* Startevant.
150-horsepower
Bunbeam.
25-horsepower
Sunbeam,
Alr-cooled fixed Renanit. _........
oylinder. British Anzani....
Alrcooled ro- S-horsepower Ger-
tating oylin- man Gnoms,
der, 1680-horsepower
nome,
4 cylinders in line. .| Cast fron..} Cast fron.,| 71-horsepower
Wa ter-cooled |g oy ders in 1ine do do ImD-ﬁiglseg' ower
gxed cylin- oy b Db bt seiHeesone P
er,
. 8-oylinder V.......
Afr-cooled fixed | Radialstar........
oylinder.
Alr-cooled ro- |{1 Radial Star........ 8teel...... PR« I+ YO 100-horsepower | Maker......... .17
tating cylin- - German Gnome.
der. 3 Radisal Star....... ...do......| s 1\ SR 200-horsepower |{..... d0.cianane 171
Qerman Gnome.
4 oylinders in line. .| Cast iron..} Cast iron..| 100-horsepower | B.......c.... .040
Water-cooled " Daimier. .
gxed cylin- {6 cylinders in line_ _|...do...... c..do..... 100-hOr8ePOWOr |euenneennnnnnen| .0
aT,
.108
Alfr-cooled ro-
'tiating cylin- {+1 Radfal Star....... Bteel...... Steel...... 1911-Gnoms...-... Lumet........ .212
er,

W ater-cooled |)4cylinders inline. | Cast jron..[ Castiron..| 70-horsepower | B...
- fixed cylin- Dafmler,

der. 8 oylinders in line. |...do...... ...do...... G0-hOorsePOWOr [ceceeeenranuasd
Schroeder.
Alr-cooled ro-
ga.ﬂng oylin- |¢1 Radial Star....... Steel...... Steel...... 1011 Gnomes....... Lumst,..... .. 253
er.
Water-cooled 114 cylinders in line. | Cast iron..| Castjron..| 60-horsepower | B.......... | 020
fixed cylin- Daimler,
. 8 eylinders fn line. .{...do...... PR« 1+ T mhoraegb?war Maker....... .| .030
Hall-8co
Afr-cooled ro-
téating cylin- {31 Radisl Star....... Bteel...... Steal......| 1913 Goome....... Lumet........ .285
er.

W ater-cooled 6-horsepoweor
ieed IR 4 optimdertn | Cogtion- | ogtron-- G2 Or 2o Rower
Afr-cooled ro0- )

gaung cylin- |1 Radfal Stor...... Steel...... Stesl...... Gyro, 1811........
er. .
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Tasre VIIL.—Oil consumption versus engine typs and cylinder piston materials—

Continued.
linders and o
Cyman Class construction. Engine name. Autherlty. {25,
Cylinder. | Piston., H.
Wateroooled Lc}lmdmmlm.. Cast-iron..| Castfron..| 100-horsepower | B.ccceeceonsas 0.038
fixed o¢ylin- N.A.G.
der. 8 cylinders in line_ |...do......]... do...... 100-horsepower | Clark......... .005
Cheno.
Water-cooled
fixed oylin- }loylmdemmnns PR . JOROR P do......| 95-horsepower | B.cueeeeneon.. 009
der. N.A. G
Wﬁ‘xte?lr cyl&}x lindexs in lin do. d 96-h B
ers L PR T, TN (IO (o S OT30POWOr | Booevveeanon.s .089
der. F Argus. »
Water-cooled |[Fovlinder V. ..., Cast fron..| Steel...... 1911 Lebor-Avis- | Lamet........ 073
fxed cylto- Iorlindar V........Joo. do......|... d0. e 1911 Aviatlo. ... 0.eeee.. 054
- Star........}... do......}--. do...... GIoeN. ccceencncnns Clark......... 11

There appears to be some relation between oil consumption and
cylinder arrangement, but not so with reference to piston versus cyl-
inder materials. For example, radial cylinders seem to require much
more oil than vertical cylinders, but there is no conclusive evidence
that air-cooled cylinders require more than those that are water
cooled. Again, comparing the three Daimler enf'mes as to oil versus
materials, it appears that there is no appreciable difference between
cast iron and steel cylinders, cast iron. and steel pistons, though such
i’i];ertil?itsls conclusion should not finally rest upon a single instance

e this.

An effort to retain the low metal weight characteristics of steel
and to meet lubrication requirements t is worthy of note, h-
volves the use of liners for cylinders and of elesves, or even & separate
barrel for pistons, made of & material such as cast iron or bronze hav-
ing a good lubricating surface. This is not only objectionable as
complicating the thermal and total stresses, increasing thermal re-
sistance of cylinders, and adding something to weight removed but
it now seems to be unnecessary.

At present the standard material for fixed cylinders is unquestion-
ably cast iron with heads in one piece, and with cast-iron pistons.
There is, hawever, a growing tendency to use tube steel for cylinders.
This steel cylinder involves a head complication in shop practice,
solution of which is now in course of development. Heads must have
h;r.ﬁula.r forms due to ports and valve stem guides, which are most
easily and satisfactorily cast. Such a cast head requires a joint to
connect it to a drawn-steel cylinder. As alternatives the following
are used, cast-steel cylinders with heads in one piece and cylinder
and head machined from & forged billet or finally the complete sheet
metal welded Daimler construction.

Steel is the adopted standard material for connemt:i.n.ci'1 rods and
crank shafts end always is a very high tension alloy such as nickel
or chrome nickel, which permits these parts to be very smeall and
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light while amply strong and stiff. Crank case or frame material is
still unsettled, ranging from the forged steel cage of the rotati?zﬁ
cylinder engine through cast steel, cast iron, and aluminum, wi
tﬁe last prevailing in fixed cylinder engines. No successful attempt
is yet on record, to use welded or riveted sheets and standard struc-
tural steel shapes in the long frames and crank cases of fixed cylin-
der multicrank engines, where frame weight per cylinder is a matter
of considerable importance. It would seem as if stiffness or its.
equivalent uniformity of distortion can better be served with less
weight by such structural steel construction than by the soft alumi-
num casting. To give a general survey of the practice in materials,
Table IX is added.

25302°—S. Doc. 268, 64-1——18
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Tasre IX.— Materials

’ ; Num-
Engine or mmakers’ linder and crank arrangemsnt | Cooling medfum | Horse- | ber of
name, s rotating part. and system. | power. R.p. m.
88 1,250
Benzo.oenceemennnnann Vertical fixed separate.............. Water, C. P....... { % } {},%3
Bal-8eott.eunennenslenn.. @0uenmacanecaremaanacenammes]ennas d0enenaeaaen. 1% 8| 1,300
Frederleksan, 3-oyelo| Cylinders, rotating shaft, stationary.| Afro.....eeeeeeeefoeeeinns US| —
Sturtevant.......... V-type, L head, cast in palrs........ Water, C. P....... 140 81 2,000
Sunbeam. . ......... V-type, L head, € bloo..c.seueeeens|onen 0enencens { 28| aaffzow
20 6{ 1,300
Austro-Damler. ...| Vertical fixed separato. .. .---...oev.|.e.. T I Y -
01 1,200
Lo Rhae...........| Rotating eylinders, shatt stationary.| Afr......coc.ce.n- { B ¢ I
British Anzani...... Fixed stal. ceeeeeenrmcecmcemmnesnnne]caans d0.cccnnncnnn. 25-200 J3-201 1,250 .
Ransenzerger. ...... V—EW oylinders, valves | Water......... e 121 1,200
Argyle..cecnnennn... ertical fixed, sleeve valves, sepa- |..._. 40, iencnnnnn. 120 (i35 PSP
rate
Wright.ooeeoaueaao. Varﬁegf fixed, st?].pam oylinders, | Water, C. P....... 81 1,400
Sturtevant.......... Vertlcal fixed cylinders en bloe, T | Water............ 100 41 2,000
Cartiss. V- 5 valv?lfylmﬂm, L head, do 200 8] 1,600
.............. ‘type, 0 . I YN
4 valves percyl.lnﬂar '
i ertical fixed oylinders in pairs, % HE<
Chen........... w7 }-enG0unennne 100 s| Deo
B iE
oylin-
ClATEE. o ns e {Y Sy atves i gt T [foenedlo w| 4| Law
m:ﬂm, vilves in head, 50 7{ 1,10
Doeeenenoeeeen 80 7] 1180
De Dion Bouton.... -type,sepmtecyltndm L head.. 80 8t 1,800
star, fixed 5 61 1,350
Eddlweiss........... e & o indans, Potoms TR b Go.eeeeeen { 2| 6] 138
) valves in 80 8l 1,200
Laviatareoeeeennn... {V‘tY'P"r“Pamt cylinders, }Watar ............. { 120 8| 1,700
Panhard-Levassar...| V-type, cylinders en blos, L head...|..... s 1 S 1% g %,%
>
galmsan. .. .cevee-- Fixed star, valves in head.......o........ SR { =1 4] L=
. 300 9| 1,200
valves In bination wa- 82 81 1,650
Wolsaley.eeeoenaces {vmm cylindets, ter. { 130 8] 1200 .
Groffe.ceeecccesnn-. Vertical fixed, separate cylinders, | Water....._...... 100 [: 31 PO
']  valves in head. s
Nore.—I=integral head; C, P.~oirifugal pump. .
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 for engine parts.
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Materials for—

Cyiinder,

toel
High loy.
atum?!-
{ O B — Casttr0m - eeoeeeecfocce e o {Bpocial atum
Concen-
t}sml Alr cooled. velme
----- o] 4 eernsvecsclecmcarancofeacenircnea mc]z‘?,i eesemsssefoccncceaee
steel.
Castiron..[ I.......... ) S . U FOURRUU ASOSU RTUR I,
[l R ¥ S S e - -
¥ i
Steel || steeland 3
}..do...... ; SR Copper...{eXhaust-|iphosphar-t Tubular Do.
‘boxes. || bearing
Castateel..|.cc.nennenn. ; SO Cost o, Nickel | Nickel | Chroms Do.
copper. chrome | chrome | vansa-
|
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Form of cylinder proper including head is a direct contributing
factor in the cylinder weight per horsepower, as is also to some
extent the proportions. For a given bore and stroke, and made of
the same material, all ¢ylinders would weigh the same if they were
similar in form, and as they are not similar the differences in form
must account in some measure for total weight differences. That
form that gives the least metal volumes evidently should be lightest.
On this basis air-cooled cylinders with their radiating heat diss(lipa.t'
ribs, casm%s and baffles are heavier than water-cooled cylinders o
the same bore, stroke, material, and similar valves. i3 excess
weight of the air over the water-cooled cylinder added to its fan
weight, when subtracted from the weight: of radiator, pipes, pumps,
a.ncllg water, measures the excess weight of the water-cooled cylinder
with its accessories. With radiators especially designed for lightness
and for & minimum S}%)ply of water rapidly circulating, there is no
essential reason why the air-cooled cylinder engine complete should
weigh materially less than the water cooled. As a matter of fact,
the actual difference itself is small, even when all contributing factors
in each case are not equally well selected, as appears from the com-
parison of the weights of some well-known eiggt-cylinder V engines

given in Table X.
Tasre X.—Comparative weights per cubic foot displacement of air and water cooled
8-cylinder V engines.
2 L [
. < - -
Engins or makers’ % =4 ” %E %-.-. Remar
. ~ E & e g:oaﬁ 8 |sgf =
Aol e | g | f 28| 38 |Eek
& o M @ [A 8
761 1,100 [ 4.00 | 800 jo.2012| 300] 1,030
Cortiss.cccecacaaes 100 1,250 | 4.25 5.00 . 3260 340 | 1,034
160( 1,100{ 500 | 7.00 | .6370| 700 1,100
Btortevant.......... ] L0 Y55 T | G0| 34t ||Water cooled,  Water
. [e.028) aler-

Bunbeam........... { 225 }’1°°° .54 1 501 {.401 005 | 2,245 || "cooled g&m glve

Rausenbarger. . - .. 150 | 1,200 41256| 6.0 | .557 550 | 1,060 |[ welghts out rad-

Clergeteencaeonnenn- 200 | 1,300 5.512 | 6€.200] .695 640 | 921 || atorwater.

Taviator 80| 1,200 3.037| 5118 | .289 275 953

---------- 120 | 1,200] 4.488] 6.209 | .465 48] 900
- 300 1,500 | 4.381( &612| .372 40| 1,13
Do Bioy Bowton... B T80 Edal Lhe| 5B 2] 158 atroooted. Welght
8 (111 -
’ ' mcludeszaxha.us?;?i-
nectors; also fan,
| A 70| 1,800 | 8.780 | 4.724| .233 398 | 1,700 Do.

Wolseloy. . camnnnnns 1, 3.750 | 5500 .281 | 1385| 1,870 | Cylinder barrels. Afr
cooled. Exhaust
valves, Water cooled.

1 Without fiywheel.

NorE.—Engine weights taken from Table I, whers sources of iInformation are given.

There is a somewhat surprising range of weights here and one
that bears close study as directly]?ﬁnted to design, form, and material
quite independent of speeds and mean effective pressures. The
Iowest value is 900 and the highest 2,245 pounds Eer cubic foot of
suction stroke. There seems to be no doubt of the superiority of
head-valve consfruction. over side-pocket valves in weight reduction
and there is no marked difference between an air and a water cooled
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construction. This last conclusion is most important in view of the
consistent inferiority of air cooling with reference to mean effective
pressure and fuel consumption. Next to general arrangement,
weights per cubic-foot displacement are fundamentally related to
materials and wall thickness.

Cylinder metal volumes are least in any cylinder, other
being equal, when the valves are }ﬁﬁced in the head instead of in
gide pockets, so in the iterest of cylinder lightness this a.rmn,%rement
must be adopted unless it appears that the compensating factors,
which will be referred to later, overbalance the extra pocket metal,
but this is not the case. There are, however, several successful aero
engines that follow the standard sutomobile practice of locating
valves in side pockets mostly of the L-head form. One arrangement
has the valves side by side, both stems pointing toward the crank
case, both seatz]llg down in a wide pocket. The other locates the
two valves axi in line, one stem pointing-up, while the other
points down, and seating on opposite sides of a narrow pocket.

The compensating weight elements referred to in connection with
the head valve as compared with the side-pocket valve arrangement
are those of valve gear. Two side by side valves in one wide pocket
are ordinarily driven by a pair of push rods. Placing one valve
above the other in a narrow pocket reduces the width and hence the
metal of the pocket, but adds a rocker arm with bracket and pin
end some additional rod length. Placing both valves in the head
removes the pocket metal entirely, but adds a second rocker and
push-rod extension ordinarily. It is the weight of these two rockers
and push-rods extension that is to be balanced against the metal of
the pocket. Such side pockets with ports, being irregular in shs:lpe
and necessarily jacketed, can be formed, as in the case with cylinder
heads that carry valves, only by casting (except when welded of
sheet metal as mn the Daimler experiment). e added cast iron
due to pockets in combustion chamber and jacket wall will weigh
more than the steel rocker arm and the push-rod extenmsion. The
W;]ilght difference in favor of the head-valve arrangement is greater
still when a single rod alternately works in tension and compression
on one rocker actuating both vlaves, as in the Austro Da.inﬁer but
in this case two different cams should be used, one to ILift and the
other to depress. Further reduction is possible in standard four
and six cylinder engines by placing the cam shaft directly on the
heads as m the German Daimler, for here the combined weight of
all Bush rods is removed and the weight of a pair of gears and a
vertical shaft introduced instead. This is no advantage, however,
in V engines, because with the push-rod drive one cam shaft can
serve both rods, and this is one of the advantages of V arrangement.
Removal of one push rod and cam entirely becomes possible when
the inlet valve is made automatic as it is in several engines, but the
loss of volumetric efficiency resulting cuts more from the power than
removal of push rod even with rocker does from the weight. For
this reason automatic valves are not to be recommended, though
there is another reason also strong enough alone, that of unrestrained
seat impact.

Water-jacket metal in all cast cylinders will normally weigh more
than the metal of the cylinder proper inclosed by it, in spite of the
fact that it might be made thinner, due to lack of pressure loading in
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one case and in the very high internal pressures in the other. The
area of the jacket metal is considerably greater than that of the
cylinder, especially when the water space 18 ]a.r%e, and the foundry
can not make a sound jacket casting as thin as
warrant. Accordingly, while the cast jacket is retained in many
aero engines in accordance with automobile practice, this can hardly
be accepted as the best aero engine practice, which seeks weight
reduction by legitimate removal. Sheet metal of copper, brass
aluminum, or steel in sheets, in drawn tubes, spun and die pressec{
sha&es is so peculiarly adapted to the purpose that its lack of im-
mediate general adoption requires eﬁlana’don. This is to be found
first in the joint d}.)lﬂi ulty originally encountered in automobile
practice, where such a mechanical discouragement was sufficient to
cause rejection in view of the slight importance of the weight relation
to automobiles, especially as the cast jacket is cheaper. With aero
engines the case is different because the need of saving every ounce
i8 vastly ireater and the cast jacket is a l'a.rgt()ar fraction of the total
weight when all the other economics have been practiced, so the
per cent gain by sheet metal substitution is great enough to warrant
efforts to find suiteble joints. This has been accomplished in a
variety of ways, one of them bei.zﬁ especially noteworthy, viz, elec-
trolytic deposition of the whole jacket metal or electrolytic deposition
of the joint. Added to this is the now generally available method
of the oxygen flame weld, beside the usual screw-cover and press-
fit joint which has always been available. Experience with these
sheet-metal jackets has mdicated the necessity for expeansion ‘pro-
visions to avoid overstressing of the joint when the cylinder ex-
pands, exactly as in big gas engines. This conclusion is itself a
measure of the distortional stresses set up in one-piece castings and
an additional reason for their abandonment. To these advantages
of weight reduction and relief of cylinder metal from jacket stress,
the sheet metal jacket gives additional assurance of safety when
jacket water freezes, and especially with cast heads or cylinders
permits complete assurance of the external soundness of the cast
metal that is to resist explosion pressures and of the reality of water
aces, which when cored may be filled with metal in corners where
e designér intended water to be, so a,ddjnﬁlt.o expansion stresses
ﬁnd preignition tendencies that result from the consequential over-
eating,
At least three openings to the combustion chamber through the
jacket space are necessary for insertion of inlet velves, exhaust valve,
and igniter. The outer ends of these tI;>ha.ssuauges must be joined at the
jacket wall by the jacket itself and the use of sheet-metal jackets
calls for joints at these points. These offer no difficulty if welded
autogenously or accomplished by electrolytic_deposition, though
considerable pressure joints are apt to be troublesome. Expansion
is provided in three separate ways, (a) the slip joint, packed by a
rubber ring as in Green (British), (6) co ated bellows, (¢) the
elongation of a thin jacket of suitable metal provided the joint is
elded as in the Benz (German) which seems quite satisfactory.
Jacket water spaces are usually made narrower on aero engines
than others but the width maﬁilf)roperly be even further reduced
to hardly more than a water as the corresponding high water
velocity is beneficial to heat abstraction around the barrel. On the

ack of stress would’
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beads greater width is usually necessary to avoid the formation of
pockets where air or steam may collect next to the irregular port
walls, and the outlet for water must be at the highest point to pro-
mote expulsion of any bubbles. Jacket lengths on the cylinder
barrel are usually short, normally extending little if any below the
lowest position of the piston head. This is not _as satisfactory as a
logﬁser jacket even if the space be narrow, especially as the cylinder
walls are so thin as to have a minimum of heat-conducting capacity
longitudinally. The piston barrel will give heat to every part of the
cylinder wall with which it comes in contact and if at some low part

ere is no water, then the heat must be dissipated to the air directly
or conducted up to where the jacket starts.

Provisions for valve insertion and removal, to facilitate inspection
and regrinding, are used in the veri best large internal-combustion
engine practice but would add weiilt to the aero engine if adogted.'

et valves are carried in %, which, with their fastenin%lan the
nm&:ﬁalfloditional guide w: add several times the weight of the
valve. ugh the opening of the removed inlet cage the exhauss

- valve, which must seat on water-cooled metal, becomes accessible.

This accessibility of valves is the primary recommendation for the
side pocket, which permits of the use of the above construction when
both stems are opposed in line as in the Mulag. In the parallel con-
struction it is accomplished by two covers, one over each valve,
as in Sturtevant. ~ It is also attained in the head valve arrangement
without ca%')% by the separate or removable head which i aero

ines is objectionable for many reasons. This problem has been
boldly met by the designers of many of the best aero engines by simply
providing a joint between cylinder and frame that is easy to loosen
and by using valve gear and pipe connections that are quickly
detachable, so the entire ¢ylinder, which even in the largest sizes is not
heavy, can be bodily removed by hand with ease and the valves
reached through the bore. In this way the number of ga.rts is kept
to & m(immum and a material contribution to low cylinder weight is
secured.

Low valve Weigglt would demand the thinnest disk and stem and
the shortest possible stem, but process considerations are in opposi-
tion to this conclusion, especially in exhaust valves where heat (Essi-
pation is opposed thereby. Practice oscillates between these two
extremes, but the heavy construction of exhaust valves must be
favored while the light is permissible on self-cooling inlets, unless it be
ﬁ&:ded, as in marine and automobile practice, unwise to use two

ifferent valves in the interest of reduction of spares. It is otherwise
perfectly feasible to make inlet valve disks thin with short stems of
small diameter, and exhaust valves thick with large diameter stems,
perhaps t&dper bored from the end toward the disk, and lomg enough
in the guides to dispose of the heat. If a metal of high conductivity
could be found o ise suitable, then exhaust-valve thickness
might be reduced. Keeping the weights now used for both valves,
the excess desired in exhaust valves can be secured by reducing the
inlets, though meny good engines are amply well cared for in this
respect. Valve material is Invariably steel, forged to meet the
requirements of inertia and impact shock at hig eeds and of
corrogion, especially in exhaust valves, and alloy steels seem better
adapted than carbon steels for this purpose. Shock troubles of
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broken stems, battered push rods, and worn seats-would all disappear
if some form of good rotary valve could be evolved, and this is a most

attractive possibility with as yet no reelization in sight, though the

case is by no means hopeless..

A general comparison of water cooled cylinder weights with
various constructions of jackets, valve location, and drives, per
cubic foot of d.is¥lacement per stroke, is given in Table 11 to show
limiting effects of various structural detei , but unfortunately in an
inconclusive way for cylinders alone, as shafts and frames are included.
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TaBrLe XI.—Weights of engines per cubic foot displacement (per stroke) versus type consiruction of parts.

Suotion Revolu-
linder Valve t
Cylinders and cooling. Olass construction, g’,;w loeation. Av:alc’rvgL Name, Bore. Stroke. uonsu cu“blglfogt.
5.180 7.087 1,288 1,078
4 oylinders inline........... Cast iron.. 45 6.0 2;000 1078
& Head 4734 5.512 1,315 1,418
4331 6.603 1348 1,536
Water-cooled fixed oylind Swdl....... 1o 5o R0 15
a Bececrcsnvannannns N
Cast fron.. 4.00 550 2,000 1,718
l...... 3.037 5.118 1,200 952
Cast fron 3.5 5.01 3,000 2,225
Cast fron. .| Po0KOt....| Asees.| LAVIAEOT.cermmeed X o 51181 a0 1,118
Atr osaled Steal..... 4724 5.512 1,250 047
oodoled:
do 3,750 5.500 1,650 11,370
veveedOenen. 4173 4.724 1,800 1,535
Cast iron. 3780 g.6la 1,500 1,81
Iixedoyﬂndm...... ......... sescesasves . .
..... do.... 3.54 5.13 1,250 806
413 402 865
O m R
Rotating oyHDATE. e e eeneereneraneesanns 4.33 473 1,200 538
472 472 1,200 438
’ veees| Moaes 4.7 5.513 1,413 1,375
Cast fron.. i poguet 7017|6000 4331 5.118 1,300 1,468
o Head......| M..... 4.031 5.8 1,370 1,304
Wi led fixed oylinders Steel...... e b Rt R 3% o
ter-coo! - (Y (=, - RPN g & I-: ¢ PRI I, IF N .
2 o .do, Af 4.25 5.00 1,250 1,034
oA 3,84 5.91 2,000 2245
Steel...... ead...... Mol 1588 8.200 1,200 900
Cast iron..| Pooket....| M...0 4.125 6.00 200 1,080

1 With flywheel removed.
Nore.~Engine weights taken from Table I where source of information is given.
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TaBLE XI.~~Weighs of engines per cubie foot displacement (per siroke) versus lype construction of paris—Continued.

¢ Suction . Revolu-
Cylinder Valve Wolght
CyMuders and cooling, Olass construotion. matorial, | location. Avagrvgb Namo, Baro, Stroke. | tions Rer | g m%f
Afr cooled:
3.780 4. 724 1,800 1,700
Fixed oglnders..coeeeeiiveneninienanans 4.13 5.71
:.g g. ég 1,250 81%
4.260 IR 71 ! N
Rotating oylinders........ccoeeneenennnns 4.88 5.51 1,200 { 511
4,88 5,91 4 461
* ead...... 8,512 5 1,373 1,310
4 oylinders In line........... Cast Iron.. 1;(}015‘3,; t% ggg ?:% %;3%
ead...... X
‘Watar-cooled fixed oylinders. . PR ' S PoOKoE. - .| M 6. 000 7,874 1:500 ;
o Head...... 5.00 A 1,100 1,100
8 oylinders, Vaueeeernennnes +-++00 ...\ Pooket. . . . 4.331 5.513 1,500 1,188
Stedl...... Hood...... 5.0 7.0 1,200 1,100
Afr cooled:
y 4,628 1,850 1,063
Fixed oylnders.ce..eeierencaaneenancnnns Rodial stareeccienencenaonnen 25322 4.’422: %:?ﬁ ,5&9
TRotating oylinders. 413 551 ' 150 646
4 oylinders in lfne. .......... Cast fron..| Head......| M..... Daimler........... 4524 5.613 1,343 1,500
}:’;“"*::;M fixed oylindefs............0unne 8 oylinders in Lino. soenarssoer 0 .nef...eedononnt| Moo.l| Halleott.. 212000 5 7. 1,300 1152
cooled: ,
Fixed oyllnders....cceveeeccaeeeannnnnens Radialstareeeeeiieenanaaead]ennn {3 1 N I, do..... ﬂ-icle Laviator.......... 3.937 5.118 1,200 012
Rotating oylinders..cccvevnainirecnannnns 1rodinl star....leccicennenas Bteel......]....c do.....| A..... Gnome............ 5.118 4,724 1,158 467
4 oyllnders in line. .......... Daimler........... 4.331 5,512 1,306 1,564
Water-coclod fixed oylinders........veveeeees 8 oylinders in ling: - : Ruairo Daiider | 473 Kol 1300 1:8?3
Afr-cooled rotating oylinders............. 1rodial star........ Qerman Gnome... :g kg } 1,200 { %:1
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{ oylinders In Une........... Cast iron..| Ifead...... M..... Daimlef.....,..... 4,724 5.612 1,391
Water-cooled fixed eylinders {s gllnders inline. 11000 40 vvs|.vvendorennn] Mooooo] Austro Daimier... 512 8.50 1,200
Alr-cooled rotating oylindess.................| ladial star................. 4.88 5.91 1,200

4 oylinders in line.......... 5.315 6,204 1,344 1,265
Water-coaled fixed OyUnders....veeeaseeessss 8 olinders in Tine. .- : d A 6.31 6.2 b 128
Alr-cooled rotating cylinders.....cccceveeanen 1radial 6tar.cecereeienncnnss 4.50 LA PR 850

4 oylinders in lins..... Cagt jron..| Head......| M..... 4.724 4.724 1,408 1,272
Water-cooled fixed cylinders.........conueene 6 oylindars in Line. b R Tt Wright.. . 437 4.5 1,400 1,300
Alrcooled rotating cyloders......coveeeeneen 1radinl star........... Lo Rhone... 4,13 6.51 1,200 691
Water-cooled fixed cylinders.....vevavnneesen 4 oylinders In lne........... Cast fron..| Head...... M..... Arguse....ceennn. g.%l% E% },gg 1,%
Afr-cooled rotating oyHnders..........eeeeers Lradialstar....eeereeenennns Steel......|.....do.....| M.....| Clezge............ { LB b 1180 ois
Water-cooled fixed oylinders................. 4 oylinders in line........... Cast iron..| Head......| M..... ATEUS.ceuinenaans 4.921 5.118 1,342 1,385
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Here, again, the superiority of the head over the pocket valve
arrangement, and the indifference of air versus water cooling, are
demonstrated, but in addition the steel cylinder is shown to be supe-
rior to the castiron. As fo arrangement of cylinders with reference
to crank shaft, comparing the four and six in line, the 8 and 12 cylin-
der V, there is nothing conclusive demonstrated, though for the latter
there are insufficient; es available. Radial star arrangements are
consistently lighter than the above, not as much as might be expected
for fixed cylinders, but quite marixedly so for the rotating, which in
round numbers weigh only half as much as the line arrangements.
It is the consistent use of steel for cylinders in the rotating against
the cast iron in the fixed star arrangements that is responsible for the
weight differences reported rather than rotation versus fixity.

%ﬁnder weight must have some relation to the ratio of bore to
stroke for e displacements, and the variation of stroke per unit
of displacement must affect as well the shaft and frame weights.
The thickness of the cylinder walls should vary directly with the
diameter for explosion pressure stress resistance, while displacement
varies directly as the square of the diameter, and directly as stroke.
The actual ratios of sfroke to bore will be between one and two,
the former giving a very short and the latter a very i%xf stroke

ine according to practice. The short-stroke cylinder will require
a thicker wall the long for stress resistance, but the difference
is so small in view of shop limits and the small diameters that it
can be neglected. Even allowing extra thickness, the short-stroke
engine will be lighter than the long as to cylinder weight and doubly
80 when the increased thickness of crank and larger crank case neces-
sary are included. More effect on weight reduction is possible by
offsetting cylinders than by working to extremes of stroke bore ratio,
as this reduces the height of engine, especially when the connecting
rod is shortened as it may be at the same time to equalize the side
thrust friction on the two sides of the cylinder wall. "This offsetti.nﬁ
is quite generally practiced, though it is by no means universal, an
weight reduction possible by this means is small.

linders when cast are cast sometimes singly, sometimes two

three, or even four together, to make up multicylinder engines, and
this is a factor in weight reduction. Casting a single cylinder com-
plete with head and cast jacket is the old standard gmctice for small
stationaﬁengin%, and the method first adopted for auto engines.
Such cyhnders mm%héy and cheapen the construction of multi-
cylinder engines of different numbers of cylinders to give different
horsepower units, as the only change required to get a new capaci
engine is in frame, cam shaff, an c::.&: shaft. When automobile
engines became standardized to the four cylinders in line, four crank
form, it became evident that weight would be saved and compactness
promoted by casting two cylinders in one piece, the jacket consisti
of two semicylindrical and two tangent flat p’latre elements for the
barrel, and two semicircular and one flat plate nearly square, con-
necting member for the top instead of two circles. X[‘h.ls produced
a stiff structure which permitted a reduction of frame or crank case
stiffness, and it shortened the frame and shaft, but required the
elimination of one main bearing between the cylinders, for which
with this arrangement there is not sufficient room. As a partial
offset; there is required a somewhat thicker crank and shaft to com-
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pevsate for the increased bending moment that follows the spreading
of main bearings ag supports. i practice of casti.n.é two cylinders
enbloc for four-cylinder engines is equelly adapted for six, and is
quite commonly adopted, though not wuniversally. Aero-engine
practice followed in part this auto and marine practice for cast
cylinders of making two enbloc, so that the four-crank engine has
tIZree and the six-crank engine four main bearings.

Cylinder removalis facilitated by separate cylinder castings, because
there are less parts to be detached, and the weight to be Iifted is the
least. Separately cast cylinders are better adapted to sheet-metal
jackets, so aero engines departed from automobile two enbloc practice
in casting such cylinders separately and leaving a bearing between
each crank. The four cr engine then has five, the six crank,
geven. bearings, and the whole en.?'.ne is symmetricel. This is per-
fectly sound and good practice, for there are mo more important
members than the crank shaft and the frame. By this construction
the maximum stiffness and best distribution of main-bearing surface
i8 secured, with least deflection at crank pins, and the extra shaft
and frame length is worth the small cost in weight, for the weight
increase is very small. Steel cylinders are always separate and can
be substituted for the cast cylinders with sheet-metal jackets on this
g;lpe of frame and shaft without any alteration whatever, as may

o air-cooled cylinders, which by the very nature of the problem of
a.ichioo' can'nfotbecasti{lpairsliaifd&ﬂ. 4 mein beas B

ame form,'for connecting cylinders and main bearings, has a
very large influence on the weight ggre cylinder in multicylinder
multicrank engines, because the more direct the stress resistance, the
less the metal requred. As evolved from old stationary and marine
steam engine practice, the main bearings support the shaft from
below, the caps being removable upward, which requires & two-part
frame. The lower frame member consists of a cross web to c
each main bearing, and these are tied together by a longitudinal we
just out of reach of the crank throw, so for & multicrank engine this
iower frame member becomes essentially a semicylindrical box with
8 semicircular cross partition for each main bea.rinﬁ. The upper
frame member ties the clylinders to this box by another box, oery
the A form of double column. The latter receives a cylinder at its
upper ring end, and its7legs seat on the lower frame in the plane of
the crank path. Thus the stress which is alternately tension and
compression in standard steam engines, is communicated from
cylinders to main bearings in a decldedl’y roundabout way. The
same is true of the second or box form of upper frame member as fo
indirectness of stress transmission, for here the upward cylinder
thrust is received by a flat f)late with holes in it, one for each c¢ylinder,
and this horizontal flat plate transmits it down two inclined semi-
vertical plates to the edges of the cylindrical box of the lower frame
member, which carries the vertical main-bearing cross webs.

Single-acting internal-combustion engines are subjected to a frame
stress from explosion-gas pressures; that is, a pure tension between
cylinders and main bearings, although inertia of reciprocating parts
at high speeds on idle strokes may introduce a compression equivalent
to the double-acting steam engine. Aero engines are necessarily light
and their parts also, so that there is no real necessity for bottom
gravitational support of the crank shaft, nor for keeping the old
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h
removable columns. Aero-engine crank shafts can perfectly well %e
sup&c:)rted below by bearing caps, removal of which permits the shaft
to free. Ths greaﬂ% simplifies the frame which need not be
more than a short cross web hanging between cylinders under a hori-
zontal flat plate with holes for each cylinder. i cross web, if cast
of aluminum, can be formed for compression resistance as a column,
and steel tension rods inserted to relieve it entirely for the tension
stress it can not resist. The substitution of steel shapes welded or
riveted for the aluminum casting is perfectly feasible in such form
as to equally well serve as struts and ties. Resistance of longitudinal
bending of crank shaft due to the relative forces at two different
cylinders or cranks, is easily resisted by side plates in the cast form,
or by diagonal latticed braces in the structural form. This means
the elimination of the old lower frame member entirely and the sub-
stitution for pur%oses of inclosure of a mere shell subjected to no
stress whatever, but formed solaly in the interest of an unstressed
oil-tight inclosure.

Aero—eng'éne frames have not all developed along these lines, prac-
tically all being of cast aluminum and only a few introducing the
steel tension rod, Green for example, while & great many retain the
bottom web, leaving a hole where the more serviceable upper direct
web should be. ere are no structural-steel frames. Eeference
is made to the illustration in the appendix to frame constructions
which should be judged in this light. ~ Modifications f frames along
these lines will materially improve the stiffness and life of main bear-
ings, which should reduce lubrication difficulties as well, for the same
frame and shaft weights now used, or result in an equivalent weight
reduction.

Main bearings are almost universally of the plain ?pe lined with
so-called antifriction or white metel, though in a few cases ball
bearings, which seem ill adapted, have been employed. The thrust
bearing, which is peculiar to aero as compared to auto engines, be-
cause the useful effect of all power developed lies in propeller thrust
gﬁainst the frame, must be suitably supported by the frame. As

e loads are not severe, and the thrust not irregular as in main bear-
ings, but reasonabl. st,eadgmand always in one direction, this offers
no di.ﬂiculty. The longitudinel side plates connecting the main bear-
ing webs, to make the frame stiff as a beam, are equelly serviceable
in ing it serve as & column loaded by propeller thrust, if the end
plate be suitably stiffened. This end-plate stiffening is all the frame
modification required to_receive the t bearing.

Aero-engine pistons follow almost universally the practice in auto
engines as to use of cast iron as a material, but vary in practically
every other respect. They are invariably shorter and thinner, being
machined all over as nearly as pin bosses permit, in en effort to
reduce weight, which in many cases has been carried entirely too far.
Unless normasl speeds are made higher than at present, say 1,500
revolutions per minute, the piston weight can-be considerably greater
without developing inertia forces equal to explosion pressures.
With present piston weights this equality between explosion pressure
and inertia forces is reached about 2,500 revolutions per minute.
any case metal sufficient for heat conduction must be available, and

scheme of removal through end holes in box frames or sidewise throu

— o v A e e o e e o e s e <
. PSR T X T o PSR LS




AERONAUTIOS, 287

reduction on this basis becomes legitimate only when better thermal
conductors than cast iron, such as aluminum, copper, or the bronzes
are substituted for it. Complete substitution is giﬁicult, in view of
their expension coefficients and low stress resistances, but these
materials can be used as supplementary conductors to stiff cast-iron
piston frames. As piston-weights of any one desi? increase per
squere inch of piston, the use of a large number of small pistons
results in legitimate piston weight reduction over a smaller number
of larger ones of equal area. With the exception of the brass L sec-
tion single top ring of the Gnome engine, aero-engine piston ri
differ not at all from the cast-iron ring of auto engines. Usuaslly the
thin lower end of aero-engine pistons is stiﬂ’eneﬁ by an internall
rojecting web, which is an excellent feature and should be retaine
owever heads and upper barrel are increased. Flat heads, bei
structurally weak and inflexible, should be definitely abandoned,
as is also the case with any cast ribs on the under side of the head,
especially as these are useless in tension and involve shrinkage
gtresses m the making. Downward curving or concave heads being
in tension, must likewise yield to the convex upward or domed pis-
tons such as the Daimler, which, without ribs, is the best possible
form, but these would be much improved by thickening at the edges.
Wrist-pin bosses, while in a few cases separately attached, are nor-
mally cast integral, a practice that leads to least metal for strength,
though the deformation tendency on expansion is unfavorable. - /

As a partial compensation for the increased unit side thrust due

to shortening of pistons and use of short connecting rods, there is a
marked tendency to offset the cg]inders an amount recommended by
Vorreiter as one-eighth the stroke. This is of no assistance whatever
when inertia forces are as high as they should be, as on the suction
stroke a side thrust equal to that developed by gas pressure alone is
imposed on the other side, so that the symmetrical cylinder setting
in }ii.ne with crank shaft should not be abandoned for this reason.
The principal value of offsetting is reduction of engine height.

rist pms are properly made hollow in some cases to reduce
weight, while leaving enough metal to resist undue stressing and.
securing the maximum b area for the rod end. They should
always be hollow. The old bad practice of tizlpering pin ends is often
retained, though in view of its natural tendency to work the pin
toward the big end, to loosen and to score the cylinder, which tend-
ency is only opposed by excessive locking requirements, should have
been long ago abandoned. Plain cylindrical-ended pins, of two
diameters but slightly different, is the best practice, and, the next
best is a straight pin or tube locked in the bosses. ﬁearings in the
bosses with pins fixed in rod ends have never proved satisfactory in
other engines, and there is no difference in aero engines that war-
rants a different conclusion.

Connectinﬁ rods follow the usual auto practice in having the wrist-
in end solid forged, bored, and bushed, with the old split-marine
orm of crank-pin end, lined with soft metal, and forged of steel. They

are, however, universally of high tension alloy steel of sometimes
tubular, but almost universally, I section. The special rod forms
are confined to the rofating cylinder engines with meany rods per
crank, where each engine is characterized by some ement
peculiar to itself, all involving, however, a single bearing embracing
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the crank pin, to which the other rods are movably attached to allow
the small relative oscillation of each with reference to this bearing.
This system, which for the want of a better name, may be called the
master-and-shoe rod-end construction, even’ though the name applies
to only one form, is adapted to the double rod per crank construction
of the V engine as a substitute for the separate embracement of the
crank pin by each rod, either of similar rod ends side by side or one
straight and the other forked, as the master and shoe results in lower
mean pressures and less friction than the double direct.

Weight of engine proper per horsepower is, as pointed out, not to
be secured by reducing engine metal alone or by raising speed alone,
but mey follow a rmsn;ﬁ of mean effective pressures without any
change m metal or speed. It may also be secured with the same
metal by maintaining mean effective pressures with. increasing speed,
or even by lessening mean effective pressures at increasing speeds,
provided the latter increases faster than the former decreases. It is
therefore importent to return to the question of mean effective
pressure and examine it in the light of such arrangements of engine
as may affect the weight of cylinder com]};lete per cubic foot of dis-
placement and the weight of shaft and frame per cylinder. Mean
effective pressure indicated is entirely a question of port and valve
size and of port, valve, and combustion chamber temperatures.
The former a}.f)fects the weight of charge by pressure drop and the
latter by suction-temperature rise, but the latter also limits the
compression, which is the other factor in mean effective pressure.
Mean effective pressures referred to brake horsepower are the same,
except for mecﬁa.m'cal friction and in the case of two-cycle engines
for pump work. Any alternative arrangements or detail form that
do not inherently increase the suction-pressure drop or the suction-
temperature rise or do not produce hotter internal combustioncham-
ber walls may be made to yield equally high mean effective pressures
by the use of suitable proportions and dimensions of passages and

bers. Forms or ements of this sort that reduce engine
weight per cubic foot also directly contribute to the desired result of
reduction of weight per horsepower.

According to this, a given number of fixed water-cooled cylinders of
the same size should yield the same indicated mean effective pres-
sures, no matter how they are arrﬁed, whether, for example, four
are radial or in line, six I the radi ups of three each or all in
line, eight in line or in two fours V connected. Any differences
actually found must be charged to proportions, to carburation, or to
ignition, and can not be regarded as inherently characteristic of the
grouping, though, of course, mean effective pressures referred to

rake horsepower will differ by the difference in mechanical friction,
which is least for the least product of bearing surface and mean bear-
ing pressure. The, same 18 not true for fixed air-cooled cylinders
because their form and arrangement does, to an appreciable extent,
affect their temperatures, though the suction-pressure-drop effects
can be made the same for all. Therefore, more differences may be
justifiably expected among fixed air-cooled than among fixed water-
cooled cylinders.

The fixed air-cooled cylinders are likely to run hotter than the
water-cooled cylinders so their mean pressures would be lower, as
much so as the cooling is ineffective.
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Rotating . air-cooled cylinders taking their charge through the
pistons, probably suffer the greatest of all suction heating effects
and must be expected to have the lowest mean effective pressures,
indicated and brake, more so because the windage is added to me-
chanical friction.

Automatic suction valves whether used in fixed cylinders or in the
pistons of rotating cylinders, must always oppose suction by greater
pressure drops than mechanical valves, each suitably designed, so
such. engines should have lower mean effective Pressures.

Thick-walled cylinders and thin-welled pistons should run hotter
than thin cylinders and thick pistons, so differences in mean effective
pressure may be expected in these directions, always subject to
proper selection of proportions in other directions.

Speed limits should inherently be the same for all fixed cylinder
engines, no matter how disposed, so that with ulproper proportions
there is no reason why any arrangement should suffer a greater
falling off in mean effective pressure with speed increase than any
other, however much the constant high value for one may differ from
that of another. Rotating cylinder engines are, however, subject to
Jower speed limits than are fixed cylinder machines, on account of
centrifugal forces, though there is no reason why one find of rotatinﬁ
cylinder enf.ne should not run as fast as another, nor why all shoul
not guffer the same rate of decrease in mean effective pressures with
speed increase, as do fixed cylinder engines except as windage may
cause greater losses, referred to brake horsepower.

Any one type of cylinder and piston will run hotter the laIg]t:r its
diameter, 80 & given pigton area in a large number of cylinders should
result in higher mean effective pressures from the reduction. of suction
heating and the increased compression ma,deuf)osm'ble by the cooler
interiors. Therefore an eight-cylinder V should be better than four
or six cylinders in line of equal displacement, and the rotati.lﬁ

linder engine of several rows and cr should be better than equ

lacement in one row and one crank.

imilarly a la.riles stroke bore ratio, favoring smaller piston diam-
eters for equal displacements, should yield higher mean effective
pressures than a small ratio but this difference is necessarily small,
as reduction of cylinder diameter from 6 to 5% inches, for example,
can not greatly affect interior temperatures.

These principles should all be checked by experimental data and
can be so checked, but such data have never yet been obtained
largely, because such tests as have been made were directed toward
s comparative judging of engines in competition, and were not con-
ducted for discovery of principles of construction. Such results as
are available are compared in Table 12 with reference to the variables.
discussed. In the same table are incorporated the figures for thermal
efficiency which controls the weight of fuel to be carried. This, while
glightly affected by valve resistances as is mean effective pressure, is
dependent primarily on compression for indicated efficiency, and on

ine friction and negative work for brake efficiency. It therefore
is most affected by temperatures of the charge before compression
starts and by interior temperatures, as these affect the maximum
compression. As might be expected therefore the differences be-
tween the thermal efficiencies -are less than those between mean
effective pressures.

25302°—S. Doc. 268, 64-1—19
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TapLe XII.—2Mean effective pressure and thermal efficiencies versus type consiruction of parts.
Cylindecs and coolin Class construct Cylinder | Valvo | Syotion N Boro. | Strokn. | tomepie | odsetive | Eoke
o8 and oo 0 () otion. valve anto. ons oflootivo owney.
& material, | locatlon. | 375y minngg pressure,
4 oylinders In line........... 5.180 7,087 1,288 100.9 0.20
4.7 5.513 1,315 107 .28
4,331 6.693 1,348 1018 .20
Wator-cooled fixed oylindors. . L134 5,512 1,387 114.4 a7
4 5 1,100 107.7 ‘2
4 5.8 2,000 100.3 34
364 5.01 2,000 126.8 .35
Alr cooled:
3.54 4.72 76.3 .23
Flxed oylinders........... 3.54 513 1,250 8.5 24
N 413 402 76.0 ‘2
Rotating oylind i VN B.M. & F. W..... tgl 177§4 1,031 ge.g .18
0] =} v. RPN .
¥ A Gorman cnoma...{ s i 1,200 { HYS P .21
4oy1dggm{gllugg... ........ Cagt!mn Head......| M....... Daimler........... 4,724 5.512 1,412 103, 8 037
Wator-cooled fized oylinders. .|| oyLinders a lze. PN P N il ::%1 g.us }:% EH :g
8 oylinders, V.eoveveeneenen- doe.enn.. 35 5.01 2,000 1206 ‘a5
Afr cooled:
413 5.71 83.2 .27
Fixed oylinders........... Radial Stale.eernreacensnnss ...do....... 4,53 6.10 1,360 80.1 .28
413 5.52 0.2 .2
Rotating oplinders {lmd.{ulstar ................. Btool...... kg{& 054 773: g 7
oyUndorS..c.enee
Y 2radial BtAT.eeueenenennnnsen «do....... 5ol } 1,200 { G52 } .21
. 4 oyl 5.513 5.908 1,373 pli] 0.28
Water-cooled fixed oylindera. . 4,88 6.299 1,252 70.2 .22
8 5 7 1,100 1047 oY
Alr cooled rotating oylinders. . 4,381 474 .1,104 5 St

063
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‘Water-cooled fixed oylinders. .

g

0.27

Water-cooled fixod oylinders. . {
Afr-cooled rotating oylindera. .| 1 radfal star

e
E2§
Bk ot ok

ey

Adr-cooled rotating oylinders. . 724 A7 .
* Water-coolod fixed oylinders. . okl B % 2o I 0.2
Alr-oooled rotating oylind i3 i3 20 at
rol 618. . . .

& 48 5.51 200
Water-cooled fixed oylinders. . Loz }:g‘b 0.27
Afr-cooled rotating oylinders. . 5,901 1,200 .21

344

250

200

Water-cooled flxed oylinders. .

[

g

4 gylinders in line
6 oylindors in line

Wator-cooled fixed oylinders. .

0.28

Water-coolod fixed oylindera. .

0.23

NoTE.—~Values for 1(111.0311 effeotive pressure taken from Table IV, where source of information 8 given, Efliclencles caloulated from*fuel consumptfon valaes in Table V, where

authoritics will o foun
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There a(%})ea.rs to be no consistent difference between the per-
formeance characteristics of steel compared with cast iron, as com-
bustion chamber materials, when measured in terms of mean effective
pressures or thermal efficiencies. The same is true, as might be ex-
Egcted, for fixed cylinder-crank shaft arrangements of four or six in

e compared with 8 or 12 cylinder V, or star, though the es for
the latter do fall off a little. As indicated before, the fundamental
difference is in air versus water cooling, and fixed versus rotating, or
&ra.nk case versus direct admis}ic;n ﬂg)m chzgge, Fixed g{rlinders are

ways superior to rotating, ot ings being e , direct charge
adm;smys'onpto crank cas:];.‘inission, and waterm%oo to air cooling.

Reliability of the engine as affected by arrangement, form, propor-
tions, and materials is partly a process question and partly one of
endurance of structure. ~ So long as the mixture is maderegularly and
properly received into the cglinders, and then treated always the same,
which includes ignition and cooling, then the mean effective pressure
and thermal efficiencyshould remain the same, and the en%ine continue
to run indefinitely. This is the process part of reliability. It is
equally necessary, however, that no part shall break or fastenings
loosen, and that bearings shall neither seize nor wear too fast or un-
evenly. Breakage means immediate involuntary stoppage, and
loosening or bearing trouble & more or less fast approach to a stop-
page, which, if anticipated, may be voluntary, or if not, a stoppage
essentially the same in immediate effects as a breakage.

There 18 no excuse to-day for any greater number of breakages of
aero engine parts than of smnilar parts of other engines, provided the
same amount of skill and foresuélt in design and construction are
exercised. The fact that the consequences of breakage are so much
more serious in the case of the aero engine than in any other is suffi-
cient reason why the breakages should be even less than on any other,
and should not exceed those that could be called pure accidents be-
yond the utmost skill and care.. It is, however, undoubtedly a fact
that stress analysis, skill, and material data, for operating conditions,
are far lesg generaﬁy applied to aero engine design than to other im-
portant classes of machinery. This is partly because the youth of the
art has kept the inventor in the foreground and the computer behind
but largely through lack of riiidity of requirements by purchasers and
lack of financial support of the business. If the business of aero en-
gine d‘.production were large and regular, or Government supported, it
could not only afford to pay experienceri stress analysts, metallurgists,
and material investigators, but would be forced to do so. .

Breskage prevention is therefore almost entirely & question of
money, and of realization that design is not purely invention. It is,
however, somewhat & question of arrangement and form, for, as has
been mentioned, from time to time some arrangements or forms lend
themselves better to design for assurance against breakage than do
others, or some promote a reduction of seriousness of the consequences
of breakage, if it does occur, through pureaccident. Anillustration of
this latter point is the case of the rotating cylinder arrangement versus
the fixed. ~ Breakage of a cylinder fastening means & throwing off of
the mass under the influence, not merely of the pressure but of
centrifugal force as well, and with a }%ood ossibility of much more
serious consequences for the former. KEven the breakage of one of the
radial valve tappet rods will cause a loose end to fly out and whip
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through the supporting structure. Such is believed to have been the
cause of wrecking a British machine in flight and causing the death of
the two passengers. Partial ruptures such as cracks in piston and cyl-
inder are preventable by proper cooling, but the substitution of steel
for cylinders directly contributes to this result, as does arching of
pistons, the former a contribution of materials and the latter one
of form to structural permanence. Complete ruptures are %ll'obably
more common in valve stems and other small parts than in the main
elements of frame, shaft, cylinder, piston, and rods, indicating lack
of care or insufficient experience.
All such things are to be eliminated by organization, sup}ilemented
by time and by long periods of operation of experimental engines,
run under specified unfavorable conditions to complete destruction
of any one part under investigation, such as a valve and stem, or of
the whole structure. Testing to destruction is the very best way to
accelerate experience without danger to anyone. As in the case of
the other illustration cited, however, form can contribute something
to the reduction of consequences of ’breakage, and in the case of the
stem of the head valve, this has been attempted by placing the edge
-of the valve seat slightly over one side of the cylinder Eore in an offset,
or complete enlargement of diameter at the clearance and with the
valve circle tangent to the bore. Should & stem break, the valve will
drop to the cylinder shoulder instead of on top of the piston, which
smashes it or 1tself, provided the break is high enough upon the stem
80 the stem does not emerge from the guide. Otherwise the result
is quite the same as if the shoulder were not present, except that a
larger diameter of valve is possible than without such extension of
the bore. This valve trouble is supposed to be quite prevented by
side-pocket location of valves, but is not, because should the valve
drop into the pocket there is every chance of it s]idi:ﬁlover on. the
iston under the influence of a suction stroke, especially if the flat
ridge inclines downhill, as it usually does in single cam shaft V
engines, for example, though placing the valve on the opposite or
downhill side would prevent it, but would require two cam shafts.
Prevention of undue wear on shaft and pin bearing surfaces is
entirely & question of bearing pressures and lubrication. These
bearing pressures are all subject to pretty accurate determination by
computation, so the design of an engine with excessively high bear-
ing pressures, judged by general machinery beering experience, is &
ure gecbnica m%stake, nc;:ils to belexcu§ed by th:h a;iﬂ dtigm of elaboratﬁ
orced systems of pump oil supply. earings sho e e eNno
to not need elaborate special oi_I[)s or oil-application systems, but thuegse
should be added to make assurance do sure, in short; as safe
attachments, not as essential elements. %,Veight reduction secure
by cutting down main and pin bearings is too dearly bought to be
worth the price. Cylinder and piston bearing wear, while mvolvi
the same elements as main bearings, have to endure the additiona,i
difficulty-of high temperature, but this is not serious if due attention
is paid to the principles of heat abstraction. Violation of these
principles, coupled with & rise of side thrusts, aggravated by side cock-
ing that follows undue shortening of pistons, is another case of pure
neglect. Pistons should be aslong and as thick at the top as is con-
gistent with weight-speed limits, and where observance of these
limits fails to reduce the pressures and temperatures to values known
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to run properly in other engines, then definite special remedies can
be suggested, only one of which is excessive use of Iubricating oil and
the last to be adopted instead of the first.

Seizing of running perts at bearing surfaces is entirely a question
of relative size or of clearances, and its prevention & question of main-
tenance of the cold clearances after the parts become heated, which,
of course, is least ne , the better the provision for abstracting
and dissipating the heat derived from combustion or developed by
friction. ~ Next to cooling, which in main and crank pin bearings isnot
attempted, though it ht well be, and which in cylinders and

istons is their big problem, material selection is most important.

ome materials have low relative-frictional coefficients for their -

lubricated surface and are properly related as to thermal expansion.
Nothing better than the soft-metal lined or bronze can be found for
steel shafts and pins, especially as these expand more per degree rise
than the steel, 80 heating tends to loosen and oppose seizing by assist-
ing lubrication, which by lowered oil viscosity tends to become less
ective. The boxes must, however, be stiff enough to really dis-
tribute stress. Piston and cylinder i)eanng surfaces are somewhat
more difficult, as the outer part, the cylinder, is normally much cooler
than the inner part, the piston. The temperature difference is greater
the thinner the pistons, and the difference is much greater than in the
case of the standard box on the pin or shaft. It is, therefore, more
necessary to care for these clearances. This is done when the ma-
terials are the same, cast iron on cast iron, by making the initial
clearance high, far higher then would be feasible on shafts. This
tends to promote side knocks and leaks at part load. For equally
good coo]l.l?ng the steel cylinder with cast-iron piston gives about the
same expansion relations as do the bronze box and steel shaft, but
not such good antifriction qualities. Steel selection and heat treat-
ment will undoubtedly lead to improved antifrictional results, perhaps
even equal or superior to cast iron, after proper research. This seems
to be arational and promisi:;gl line of development, especially if the
cylinders are kept symmetrical, as they can be with head valyes.

Reliability so far as carburation, ignition, mixture distribution,
and cylinder treatment processes are concerned, has already been
discussed. Any derangement whatever here feads to impaired
power output or increased and perha?s very much increased fuel
consumption. Serious derangement of these processes means sto
page even though the whole engine structure be perfect. Most
operating troubles are directly traceable to these process derange-
ments, which if sufficient in degree, mean stoppage, and even if slight,
constant tinkering and anxiety. . )

Adaptability of an internal-combustion engine to aeronautic service
is promoted by certain features of the engine that play no part in
metel reduction, in mean. effective pressure and efficiency increases
or in its reliability, though of course low weight of engine and of fuel
per horsepower are themselves adaptability factors, as is also any
element of reliability. L .

General external shape and position of points of attachment are
subject t0'a far wider range in aero than in asuto engines. In one
respect aero adaptability imposes & direct requirement, that of end
shape for least head resistance. Engines directly exposed to the air
or their casings when covered have & relative movement always
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approaching, and sometimes exceeding, 100 miles per hour. This
must always impose & resistance which is larger, the larger the end
area facing the direction of flight and the less smooth the exposed
surfaces are. In this respect the rotaﬁngﬁfyhnder engines are by
far the worst and the si.nﬁle line of cylinders of the auto type of multi-
crank engine is best, nearly twice as good as the V engine for example.
Air-cooled engines if similarly arranged to water cooled offer more
head resistance except for the radiator of the latter which may be
very highly resistant but is not necessarily so. But apparently the
requirements of low head resistance is losing in importance, at least
for wer machines, since in these the fuselage is roomy enough gen-
erally to accommodate any type of engine.

Ease of starting and a control of speed are also required of aero as
of sutomobile and boat engines, but with some elements of difference.
Electric self-starters with. generator-motor and storage batteries are
prohibited by weight limits, for even if the craft could carry them
their weight would be much better disposed in the engine lg adding
either more horsepower of the same unit weight, more fuel for the
same engine to make longer flights, or for equal fligchts and engine

ower by using a heavier built and therefore less sensitive engine of
onger life, en starting from,the ground a starting crank on the
shaft end often would be inaccessible and even if it were within reach
engines of large l]gower could not be hand rotated against their normal
compression. has been a general practice to start these engines
by Ill)and turning of the propeller blades, a practice that is most
dangerous, does the blades no good and certainly requires an extra
man because at the moment of starting the operator must be in his
seat. All hand-starting difficulties are removed if-the compression
is relieved and the accessibility of a starting crank can be met with
equal ease by a chain and sprocket having a self-releasing ratchet
and hand crank on a short auxiliary shaft, near the operator’s seat.
It may therefore be regarded as necessary that aero engines, cer-
tainly the larger ones, and this means most of all if not all of those to
be built in the near future, be provided with compression-release cams,
equivalent to those so long used on hand-started stationary engines
and lever operated from the seat. This same compression release
gear will serve as a speed control, should speed variation be neces-
sary, by permitting escape of part of the charge though, of course,
with waste of gasoline. It serves as a supplement to the throttle
valve of the carburete, and which is not so wasteful of fuel. Speed
reduction by spark retardation should not be practiced on aero
engines, thouﬁh a starting retard is necessary, automatic or manual,
because of the serious overhea.ti.n.i effects that follow, and aero
enﬁnes at best are hard enough to keep cool at their hlgi1 speeds.
ing may be regarded as a necessity, however much free
exhausts have been used in the past, and whatever unfavorable
weight and power effects are imposed must be regarded as warranted.
Noise from the exhausts of so many cylinders operating at high
speeds becomes a loud roar. There are at 1,200 revolutions per
minute from the 20 cylinders of the L.e Rhone engine, for example,
600X 20=12,000 air impacts per minute, and at 2,400 revolutions
Sar minute the ei%t cylinders of the Sunbeam engine give 1,200 X 8=
,600 impacts. ith such a disturbance close to him no operator
can be expected to keep his head as clear for the serious business of
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flying s if the noise were absent. To detect engine defects by the
noise changes in the machine before they become serious is absolutely
impossible, though this is the main reliance in o erati.tﬂxg‘ any other
kind of machine. Free exhausts must be classed, therefore, not as
annoyances but as preventers of engine-trouble detection, no matter
what the type of machine, and for milit&r{ machines they are the
finest kind of approach signal to the enemy, being audible long before
the machine is visible.

Mufflers can be made, due to automobile development, that are
quite effective with no more than 2 pounds per square inch back
pressure, and possibly less. This will reduce engine output 2 per
cent if the mean effective pressure is 100 pounds per square inch, as
it is in aero engines, less than 2 per cent for higher, and more for
lower mean pressures. The weight increase is almost negligible,
being between one-tenth and two-tenths of a pound per horsepower.

Just as soon, however, as mufflers are demanded as a necessity the
rotating cyﬁnder engine must be changed or abandoned, as normally
the exhaust valve is placed in the center of the head, usually held
in place by an open cage screwed to the cylinder, discharging directly
into the air. To attach a muffler will require a change of the cage
to a closed form with pipe attachment and additional cooling to kee
the now inclosed valve as cool as the open one. The muffier woul
have to be disposed symmetrically about the shaft and inwardly
radial pipes held against centrifugal force at the muffler, fitted to the
exhaust cage by shp ioint.s. These pipes must, moreover, be circum-
ferentially supported to prevent distortion. by variable sngular
velocities, and they will impose additional windage resistance. The
net effect will be a grester reduction of power and a greater increase
in weight than muffler attachment imposes on fixed cylinder engines.

It goes without saying that no aero engine with tanks and connec-
tions complete is adapted to its purpose if tilting even to very con-
siderable degrees interferes with its operation, and if it stops on
tilting to any a.njg]e that is remotely possible in real flying it certainl
must be rejected as fai]in,% in adaptability. There is considerable
uncertainty as to the angle and direction of tilt that aero-engine
adaptability requires, but the 15° required in the German and British
contests seems to be a very modest requirement. No one will deny
that the %reater the angle of tilt and the more independent of direc-
tion, the better the ad%abﬂity factor. The conditions when tilting
in flight may be quite different from those existing in a tilted engine
at rest, especially when the motion is in curves developing centrifugal
forces in all masses as well as in the lubricating oil and fuel feed
system. Therefore, in considering engine independence of tilting,
rapid change of motion as to speed and direction, but especially
direction, must be included.

Any changes of direction of motion that the planes could withstand
can have no appreciable effect on the motion or friction of the moving
magses, but the effects on Iubricating oil in the crank case or separate
tank or pipes and on the gasoline in the carburetor float chamber,
tank, a.ng _%ipw mey easily be as great as in extreme tilting. It is
quite possible to imagine a resistance to flow, for example, purely
gravitational or purely cenfrifugal, or both, great enough to cause
engine trouble, in the one case from failure of the carburetor and in
the other from overheating of bearings robbed of oil, or from flooding:
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of combustion chambers whose pistons get an excess. It is likewise
possible that the water-circulation system be similarly deranged by
opposition” to circulation, causing steam to generate in a jacket
expelling all water, and causing an overheating, with & possibili of
a crack, or by a éraj.nage of water from the radiator vent. an
e.lfm' e could so be designed that it could work on end, lyin.e%;ln its
side, or even upside down for a short time, but preferably indefinitely,
this would be the ideal. No such possibility is in sight, tho

enﬁil.nes are now operating in machines moving in curves and circles.
in ho:

rizontel planes, turning the engine on its side, but centrifugal
force replaces gravity and no flows are disturbed. Similarly, looping
or circle fiying in & vertical plane turns the engine so that it operates
first on end and then u sige down, but, as before, the centrifugal
force replaces gravity. Such is not the case, however, in a steep
climb or descent nor in the uptilting of one end of the plane due to
wind gusts. Here gravity flows are disturbed by the amount of side
and end angle. Crank shafts and pin bearings must receive new
and end thrusts which are not difficult to handle if they all are
pr%pr)erl journaled.
-shaft torque that is most uniform is best adapted to pro-
Eeller drives, as these propellers being made of wood for lightness may
e broken by sudden torque changes. Such changes also reduce the
average propeller efficiency and Eroduce reverse rocking forces in the
machine frame. Any engine with insufficiently steady torque for pro-
peller safety and for maintenance of high average efficiency may be
adapted by addition of sufficient fly-wheel effect between engine and
propeller. The same fly-wheel effect increases the crank-shaft tor-
sional distortion and crank deflection. and adds to engine weight.
Eniines that can give sufficiently uniform tolf&ue for the purpose
without fly-wheels must displace others, and while the four cylinders
in line engine seems to serve, it is true that the effort falls to zero
on dead center. Anything less than four cylinders is out of the ques-

tion, because the gas-pressure effort is entirely absent for a part ora ®

whole stroke or more. Increese of number of cylinders over four
mekes the actual effort or resultant tangential force due to com-
bined gas pressure and reciprocating inertia forces depart less and
less from the constant mean effort and minimizes the angular
velocity variations of the propeller without any other fly wheel
then itself. From this st&ndﬁi)sint the more cylinders the better,
though from others discussed this is not the case.

Arrangement of a given number of cylinders radially about one
crank produces the same torque curve as the same cylinders in line,
provided their cranks in the latter case are separated by the same

les asg their cylinder axes in the former. en, however, these
cylinders in line have cranks parallel in pairs, as in the four and six
crank ements, the torque will not be as uniform as when these
are Tadially 315 ed about one crank. It appears, however, that the
6 cylinder in Iine, 6-crank arrangement, in which the torque mever
dnzlps to zero, is quite uniform enough for practical work, and the 8
and 12 cylinder V arrangements are progressively better. There is
no reason for adopting the radi ement if, as is the case,
other objectionable elements are introduced, because the above is
%c())od enough and anything better not worth another disadvantage.

mparison of turning efforts for any arrangement of c¢ylinders and
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cranks is easy if they be plotted to a crank angle or crank path
base by the usual standarg methods. Many of these curves have
already been worked out and may be found in the literaturs, including
the inertia as well as gas-%resmre force effects, and for such reference
is made to the bibliography in the appendix. In no case may a fly
wheel be introduced in aero engines to dampen torque variations
because of weight limitations.

Balance of reciprocating parts in view of the light and flexible char-
acter of the engine supﬁorts which are part of the ﬂy'in%-machjne
structure, is probably the most important of the adaptability fac-
tors, because lack of balance means free shaking forces or moments
on the whole system, and these being regular and periodic may
Eeriodica.]l synchronize with the na periods of wires, struts, and

eams, and so cause displacements of such increasing amplitude as
may be responsible for rupture. In no other engine, including the
sutomobile, motor boat, and even the light shell of the racin oat,
which comes nearest, is the support so frail and of such small mass
capacity for absorbing vibration forces. Therefore, all unbalanced
forces or couples and the full displacements or vibration of the
engine as & unit are communicated directly to the flying-machine
structure practically without any modification. Moreover, aero
engine weight being so small in comparison with other engines, its
own, mass resists displacement by its free unbalanced forces and
couples less than any other. For these reasons good balance is
essential to aero engines, but absolutely perfect balance is not.

Shaking forces and moments in engines are due to both recipro-
cating and rotating masses, and vibration or rocking is the result of a
failure to balance these forces and moments. Shaking forces due
to rotating masses can be balanced tEel'fe(‘,tl by other rotating
masses disposed on opposite sides of the shaft center with proper
numerical relation between centers of gravity, radii, and weights.
If the plane of rotation of the original rotating mass is not the same

« ag that of its balance weight or weights, then thers will be an unbal-

anced couple even if the centrifugal forces are in balance, unless
balancing masses be disposed properly in separate 1pl&nes, themselves
properly related. Due observation of these simple and well-known
relations make it & perfectly easy and simple matter to balance
rotating parts of an engine by adding suitably disposed extra rotaﬁnﬁ
balance masses. Such dead balance weights are, however, prohibite
by the service requirements of least weight per horsepower, so the
actual rotating working parts must themselves be so disposed as to
balance each other. ese parts include the cranks, pins, and
rod ends princi(pia.]ly but also such small parts as the cams. If
ins rod ends are balanced, other minor rotatin%f]gl];ts

y P &n AR
may be neg.’(ected, though. they set up inevitably some small s

forces, especially as the speeds are so high, and these forces vary wit.
the square of the speed. .

Accordingly, to balance centrifugal forces and couples, due to
cranks and their attached rotating masses, of fixed cylinder engines
similar cranks must be suitably osed with reference to the;l%‘fst.
To avoid unbalanced couples with balanced forces more than two
such cranks are necessary and in different planes. Two similar
cranks at 180°, three at 120°, or any number equa]lJ spaced will
result in force balance, because each introduces an equal force vector,

I
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and, the sum of the vector angles being 360°, these vectors will form
a closed equilateral force polygon, which means, of course, a zero
resultant. Each set of such eq all spaced cranks is characterized
by a free couple, to balance which a similar and opposite couple must
be introduced i)y adding & similar set of cr with equal but
reversed angular spacing.

Applying this reasoning to fixed cylinder engines, it appears that
the least number of cranks that can give couple and force%a.la,nce is
four, set at 0°, 180°, 180°, and 0°, and the next smallest number, six,
set at 0°, 120°, 240°, 240°, 120°, and 0°. Of course any multiples
of these four and six crank arrangements will also yield such balance.
This indicates a condition of inferiority of the fixed cylinders star
engine with many cylinders circumferentially diseose about each
crank, compared to the.single-row and double-row V engines of equal
number of cylinders. These star arrangements must have as many
multicylinder stars, each working on its own crank, as the single and
double rows of parallel mangbement hes cylinders, in order to secure
equally good rotating mass balance. is would impose on such
fixed star cylinder engines an excessive number of cylinders, unless
crank counterbalance weights were introduced, with consequent loss
of the weight advantage otherwise due to the star arrangement.

Rotating cylinder star engines are peculiar, because with fixed
cranks all parts of the engine are rota,tnng—cyjjndem and frames in
purely circular athsé‘ngistons and wrist-pin ends of rods in a sort of
oval path, while crank-pin ends of rods are fixed. According to
this the cylinder and frame are in force balance when axis angles are
equal, and all being in one plane there is no unbalanced moment.
_ The centrifugal force due to the rotation of the piston is a maximum

and radially outward when the piston is at outcenter, and & minimum
at the incenter position with regular symmetrical gradations between.
The net effect is & resultant force constant in amount and direction
acting radially outward along the crank and exerting a hftm% action
if the crank points up, but not producing any vibration so long as
the speed is constant. From the balance standpoint, therefore, the
rota star is superior to the fixed star arrangements, but is no
better than the four and six cranks and their multiples with parallel
rows of cylinders. :

Reciprocating masses of fixed cylinder engines, such as pistons,
wrist pins, and an appropriate part of the connecting rod, gevelop
inertia forces for uniform rotary motion of the er that can be
expressed by an equation of the form of Fourier’s infinite series, each
successive term being proportional to a trigonometric function of a
multiple of the angle of rotation from inner dead center and to in-
creasing powers of the ratio of crank to connecting rod length. The
reciprocating inertia force of one set of reciproca parts is there-
fore the sum of an infinite number of forces of different periods or
frequency, the first being largest and ite period that of ‘an engine
speed, each successive one being smaller and of longer period. :%ﬁese
re&;ifprocata’ng forces and the couples due to them must be balanced
gg ectly if gosmble; and if not, as well as possible. The forces due

valve and valvegear reciprocation with accelerations determined
by cam form may be neglected, thoug(rlh of course if these could be
balanced in a simple way it would be desirable.
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Balance of main reciprocating forces is possible onlff by opposing
equal and opposite masses of equal simultaneous acceleration, or by
arranging reciprocating masses in groups, so that the vector sums of
their inertia forces become zero. ere is, however, a partial balance
possible by the use of crank counterweights or otherwise disposed
rotating masses frequently used on stationary and locomotive enf'ines,
but normally prohibited on aero engines, on the principle of exclusion
of all dead weights, even for balance purposes. A rotating crank
counterweight exerts a radial centrifugaf force which may be resolved
into an axial and a right-angle component. This axial component
may be made equal to the first-period inertia force, and, being, of *
course, opposite, it serves to balance this force. The right-angle
component is, however, left and of equal intensity, and so, of course,
are all higher period inertia forces. "Such counterweights are there-
fore quite useless alone for flexibly supported engines, though when
used with one particular combination of pistons and cylinders they
become serviceable without very great weight increases. This special
cage is that of two cylinders set \?at 90°, for here there are two first~
period inertia forces at right angles, which are in balance with one
counterweight, of mass dquivalent to one of them for first-period
forces, though higher period forces are still free.

As first-period inertie forces are similar to the axial components
of rotating centrifugel forces, a similar grouping of multiples serves to
groduce balance effects. Such, for example,is the case with the

our parallel cylinder four-crank &rrangements in which, without
balance masses, the first-period inertia forces are balanced, and, of
course, also in the 8-cylinder V, which is a duplication of similar parts.

All combinations of arrengements of reciprocating parts for
parallel, fixed ster, and rotating star cylinders can be examined
mathematically or graphically, and most of the proposed a.rra.ngl;o;
ments have been so studied and are reported in papers and boo
noted in the bibliography of the appendix. Of these perhaps the
most elaborate is that of Kolsch in his book published in 1911, where
conclusions are reproduced on mass balance of both rotating and
reciﬁrocabing arts. Engines that are in complete mass balance
without introduction of balance weights include the fixed cylinders
6, 8, 12, and 16 in a row each with its own crank, the 12 and 16 in two
rows V with two cylinders per crank, the two cylinders opposed
axes in line with two cranks and its multiple, and all rotating star
cylinder armn%?ments having four or more cylinders per star.

hose that are balanced for rotating masses and for the first period
reciprocatin? mass forces but not higher ones, without balance
weights, include the fixed cylinder engines of the four parallel cylinder
four-crank arrangement and its twin or 8-cylinder V.

Introduction of balance masses gives complete balance to fixed
cylinder star engines of four or more cylinders and a balance of first-

eriod reciprocating inertia forces but mot of higher ones to the
and 4 cylinder V and the 3-cylinder fixed star radial. This
fundamentel need of balance weights for fixed radial cylinders is
also mathematically demonstrate b¥ Milner, who says: ‘“The
engine will be completely balanced for primary and secondary

forces by a mass '72£ times that one of the pistons (“n2=number of cyl-
inders””) and diametrically opposite and same radius as the crank.

4
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Of course this is in addition to the mass required to balance the
rotating parts of the engine. The rotating cylinder engine ordinarily
has one connecting rod heavier than the others which itself makes
perfect balance impossible.

More cylinders and cranks than are necessary to give the required
torque constancy, or the required balance, or the total power within
the cylinder diameter limit can not be accepted. Each additional
individual cylinder cerries with it sources of additional trouble
and Increases the chances of unreliability, however much the con-
sequences of failure may be reduced. least allowable number
on this basis appears to be 4 fixed cylinders in line or radial fixed or
rotating. The maximum should be 6—c%1inder 6-crank in line for
balance or 8-cylinder V for torque, both advantages being equal
in the 12-cylinder V, or twin 6. Of course the rotating cylinder
engine of equal number of cylinders and symmetrical parts is just
as good in torque and balance, and even a lesser number down to
four equal in balance, though deficient in torque, but these rotating
cylinders are in no way superior to the above arrangement. Stars
fixed cylinders of equal number are equal in torque to the same
number rotating if similarly disposed, but inferior in balance unless
rgxlbing counterweights are introduced, in which case equality
results.

CONCLUSIONS AND RECOMMENDATIONS.

In the following brief statement of recommendations and con-
clusions, which are presented in the form of a list, no effort is made
to devefop arguments in support of each because it is ‘believed that
the text and appendices of the report themselves serve as sufficient
support. No specific type of engine, form of part, material, or
design constant is recommended, because it is believed that atten-
tion at this time must be directed mainly to methods of procedure
that will lead to improvement. Naturally specific recommenda-~
tions on design could be made, and these will be available at such
time in the future as they may be desired.

1. The art has developed several typicel arrangements of ergine
and several different designs of each type that may be regarded as
of proven acceptability as to weight per-horsepower of engine and
thermal efficiency, but which require considerable work to perfect
and standardize 1n detail and material without any further inventive
work than properly constitutes part of the normal routine of research
and designing engineers. These ?es are the 4 and 6 cylinders
in line, each with its own crank, the 8 and 12 cylinder V with two
cylinders per crank, all fixed ¢ finders and operating with both air
and water cooling, preferably the latter, for long flights, and finally
the radial star rotating air-cooled cylinder form for short flights.

2. There have also been developed a very large number of special
designs of engine, which in some instances have been built and used
but In others remain mere suggestions. Each one of these is prac-
tically an invention in itself, the precise practical value of which
remains more or less in doubt. To properly develop the good points
of these and other inventions to come, and to reject or eliminate
unfavorable elements that are always present in new machines that
have not yet stood the test of time, much work must still be done,
quite independent of the research work so necessary for final perfec-
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tion and standardization of the now acceptable and more or less
largely used types noted above.

3. Eireot governmentel aid is an absolute necessity to the art
both for the perfection and standardization of accepted types an
for encouragement of further invention. Private contributions
should also be encouraged, whether for use in connection with the
governmental establishment or independently.

4. There should be & regular buying program providing for the
purchase of a fixed minimum number of aero engines yearly, to en-
courage existing engine builders to spend the money necessary to
Emduce what is wanted to meet aviation specifications, because the

est shops will not enter the field without some definite assurance
of a fixed amount of business, for which they are, however, quite
ing to compete.

5. The aviation engineers should standardize service specifications
for engines, limiting the specifications strictly to those items that bear
directly on service, so designers and builders may know definitely
what conditions must be ed without beingbhampered with pur-
poseless limitations ag to the means to be used by them.

6. The Government should conduct annual test compe-
titions of engines on rules to be prepared and widely published at
least 10 months in advance, and revised yearly immediately following
the closing of the previous contest. For those engines that make the
best records, substantial rewards must be provided in the form of

cash griza, or buying orders, or both. ese cash prizes may be
rovided by Government appropriation, by private contribution, or
oth together.

7. There should be established a standardization research labora-
tory with & permuanent staff of engineers selected for efficiency. This
staff should conduct the competition tests, over not more than two
months of the year, including the reports, and during the rest of the
time should carry on tests for design and performance data of every
engine of the accepted class noted in Ne. 1, but of no others. Other
engines are to be admitted only on the recommendation of a second
laboratory staff devoted to developmient of invention noted in No. 8.

8. There should be established a laboratory for development of
inventions submitted bﬁ anyone, when those inventions seem prom-
ising. ‘This staff must be quite independent of that of the standard-
ization research laboratory noted in No. 7, and should ]%referably be
located in quite a diﬁeren(};lglace. Its engmeers should be, in ability
and temperament, quite different as well. When in this iabora.tory
an engine, engine part, or accessory not in the accepted class, has
been brought to & condition where its performance is equal or superior
to what is in the accepted class, then it may be recommended to the
standardization research laboratory for or study and perfection.

9. In at least one of the Government shotps, possibly located in one
of the navy yards, actual construction of engines of the accepted
classes should be undertaken on about the same beasis as is now fol-
lowed for ships, the mili shop competing with civilian shop in
price and performance. Safeguards must be introduced to prevent
any discouragement of private enterprises or charges of unfairness in
this competition.

10. cers and enlisted men who may be charged with the care
of aero engines in service should be assigned to auty, first, in the
Government aero engine shops, then in both the standardization
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research and the invention development laboratories, and finally in
the engineering office noted in No. 11, for instruction.

11. There should be established a staff of srlu‘glsarwm ing and designing
engineers for internal combustion engines. is staff should prepare
all purchasing specifications, prepare engine test competition rules,
receive and use all standardization data from the laboratory, exercise
ﬁ:neral direction over both the laboratories, and prepare detailed

awings for the shops.

12. There should be established the closest possible relation be-
tween aero-engine development and that for other classes of internal
combustion engines in which the military now has or may in the future
have an interest. Among these are included submarine engines, ship
and launch engines, automobiles and auto trucks, gun and transport
traction engines, and stationary electric generation sets for wireless,
mine firing, searchlights or general service. The same designing
staff, Jaboratories, and shops that should be established for aero en-

ines can slso advantageously undertake similar work for these othear
mternal combustion engines, as most of the fundamentsl training
knowledge, date, methods, and skill required for the one is also of equai
service to the others. Similarly, officers and enlisted men of those
other branches of the servﬂilce Sﬁan lb% given adeq%ate instrucﬁorflﬁ by
temporary assignments to theshop,laboratories, and engineering office.

13. ﬁliciﬁy of data should be promoted by governmee;tlgf publi-
cation of reports to keep alive the general interest in the needs of the
Military Establishment in the internal combustion engine field,
because the greater the interest the greater the contributions of the
profession. is publication may also take the forin of papers pre-
pared by engineers of any of the various staffs and presented to the
national engineering societies. Not only should domestic results be
thus given publicity, but all foreign papers and official reports of
value sho be translated and republished. 'Whenever date is
regardéd as being strictly militery in value and where publication is
therefore deemed inadvisable, such material can, of course, be with-
held, but it is believed that in ﬁeneral both Army and Navy have
more to gain than to loge by publicity of engineering data on engines.

14. It 18 regarded as of tst'w utmost importance that advantage be
taken by the Government of the service of such civilian engineers as
have Fivenspecial attention to thestudy, commercial development, and
use of internal combustion engines of all classes, and more articuiarlg
those not engaged in manufacturing, though not excluding those of hig
professional standing that may be so engagbed. The gglecia.l knowl-
edge, skill, and experience that these men can bring immediately to the
service of the Military Establishment should prove as invaluable here
as it has abroad, in Germeany, for example, first in organizing the
various working staffs recommended above, and later in working with
them. Advantages may also be taken of the laboratories of such of-
the engineering schools as have specialists of the above type on their
faculties, or as may be.located in large centers where such men not
associated with engineering schools may have their regular offices.

15. No recommendation is made on the details of the organization
of these various staffs and their coordination with the existing Army
and Navy Departments and bureaus except as to necessity.

Nore.—Part 3 omitted. See note on Preface, page 187.
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