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BRESEARCH AKD DESIGHd PROBLEMS INTRODUGED BY
INCREASED POWER OUTPUT*

By Oskar Xurts

There 1s a constantly increasing tendency toward the
development of higher power units for the alrplane. In
thie connoction new research problems arise whose solutlon
deuards the investigation in particular of all the possil-
bllities of fnrther development of the Otto or sparke
lznition engine. In what follows the qusstlon of the num-
ber and goometrical arrangement of the cylinders so lmpor-
tant in the denlgn of high performance power units will be
consldcred fron various noints of view. A discussion will
be glven of tho possibilities of the varlous working proc=
essos ond en luvestigation will be made of posslble means
for improving the continuous operation and tate-off per-
fornance, particularly tho methods of supercharging, in-
croasing thoe r.p.m., and erploying the two-stroke-cycle
engine. Finally, the question of lowvered fuel consumptlon
will Do gone into briofly.

The subJect will be treated under four headlngs:
I. Considerntions on the engine 1ay-oﬁt.
II. Increase 1n output per glven swept volume.
III. Improvement in the take-off performance.
I%. Lovering of the fusl consumptlon.

At the present time it cannot be predlcted es to
whether another type of airplane power unlt with better
performance will revlnce the spark-ignitlon and Diesel en-
gines cs nn airplane drive. ZEven if there do exist at the
present time some indications of the ultimate success, for
example, of rocket type drive, steam drlve, or lnternasl
combustion turbine, many years of investigetion and devel-
opment will still be requlired before the highly developed

'“Forachungsaufgaben.und Gestaltungsfragen bel Stelgerung
der Triebworkleistung." Iultwioee::, vol. 4, no. 4,
April 1937, »p. 11l6-126.
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reclprocating engine will dbe replaced by something hetter.

Since the fact must be reckoned with that the Otto
and Dlesel englnes willl still dominate the alrplane engine
fleld for a long time to come, 1t is the wurgont task of
research, 1n addition to conducoting investigations of other
more promising methods, to investigate all the possiblli-
tles of further development of the reclprocating englne so
that 1ts fullest posslbilities may be utiligzed.

Without going into the problem of very high-altitude
flight which, as a special problem in 1tself, will not be
g€lven consideration in the present paper, the following
questlions 2re of fundamental importance for the further
improvement of flight performance, namely, the form and
layout of high-performance englnes, raising of the engine
power, lmprovement in the take—=off performance, and lower-
ing of the fuel consumption.

I, CONSIDERATIONS OF GEOMETRIC LAY-OUT OF

HIGH-PERFORMANCE POWER UNITS

The tendency toward higher velocitles of flight on
the one hand and the requirement of high useful load on the
other hand, dring with them the consequence that every
country that has its own aircraft industry strives to de-
velop the largest engine power posslble conslstent wlth
lowv~performance weight. Although not all of the latest de-
velopments were exhibilted at the most recent Paris exhibi-
tion, it was nevertheless noticeable that the number of
alrplane engines of high output was consliderably increaseds
For these englines, not all of which were manufactured on a
production basls, outputs of 1,000 to 1,400 horsepowver
were indicated as short-time full performance at sea level.
Although, corresponding to the viewpoilnts and experience
of each manufacturer, these designs showed differences as
to structural form, number of cylinders, and cooling, there
may, nevertheless, be observed & goneral tendency toward
alr cooling, particularly in the case of the large alr-
cooled, double-row radial engine with 14 or 18 cylinders.
0f cpproxlimately ten types of enginoes of over 1,000 horse-
powor shown, seven -~ 1l.e., 70 porcont - were alr-cooled
radlal englnes.

In view of this striving of engine manufecturers to-
ward the development of engine types of increasingly higher
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output, it becomes necessary to give consideration to the
quostlon os to what structureal types pre to be glven pref-
eronce with respect to their power por unit weight, num-
ber of cylindere, and cylinder arrangoment in order thet
somc indicatlon may be obtained as to the lines of devel-
opment to be folliowod in the doslgn of now types. The
prodblom of cooling, with the losseos nssoclated therewith,
willl not be gone into here, since in what follows only
conestructional nnd thermodynamic fentures will be given
attention. The question will be discussed from the point
of view of totanl weight of englne, i1ts mounting, and the
effect on the anerodynamic efficlenoy of an alrplsne =
whether 1n any partioular case 1t is better to employ, inw
stead of o slngle englne ef high output, two smaller on-
glnes valch may be mounted in the fuselage (Koolhoven
typo) or bullt into tho wing ns flot engines and connectod
by on intormediate shaft to the propoller. -For a compar-
1son of tho drsg relations for thesc varlous engine lay-
outs ~nd mountings, tunnel tests aro still roquired. It
is probable, howover, that tho futuro will see the Justi~-
fleatlon of large as well ns smaller powor units corre-
sponding to tho purnosos for which. thoy wore designed,
slnco for high-altitude flight rnd steep climb the distri-
bution of the powor nmong smallor engines with sovercl
propollers apvoars to bo advantageous, whoreas for high-
spood flight it appoenre to be more advantageous to employ
& high power unit with a eingle propeller.

The lmportant factors to be considered in the design
of the enzines, particularly the effect of the number of
cylinders and cylinder size on the weight ver horsepover,
will be presented in a special report by Dipl.-Ing.
Bensinger. The following discussion will be limited to a
few of the questions concerning desigr features of high-
output power units of 1,300 to 1,600 horsepower. It is
here assumcd that the manufacture of propellers to suit
theso outputs 1s possidblo.

) In tho past year a paper was presonted by Wood (ref-
erenco 1) on the ralsing of the output :of an engine, and
tables vworo sot up giving dosign data, ovor-all dimon-
slons, and dlsplacemont volumes for ongilnos of 1,600 horso-
power for wvarlous ouembers of cylinders and lay-outs. Ac-
cording to this author tho in-lino ongine of tho futuro
wlll Do a nachine with a sixz-throw crankshaft with sovor-
al cylinders to onch crank. Ho considors 1t difficult,
hovovor, using a solid crankshaft, to vwhich he gilves prof-
eronce, to connoct more than four connocting rods
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(with split Dbig ends) to one crapnkpin. He accordingly en-
visnges the development of the in-line englne in the form
of an X englne wlth 24 cylinders. In the case of the ra-
dlal encsine, he bolieves that therc will be an increase in
the number of crankshaft throws, but o decrease in the
number of plstons working on & single crankpin. There will
be a corresnondling decrease 1ln the difference ln the head
resistance of the two-engine types.

In his lecture delivered at the beginning of this
year, Fedden (reference 2) has considered these questions
and discussed in particulagr the prospects of the air-~cooled
engine for the next five years. He 1ls likewlse of the
opinion that there exists a dcmand for the dovelopment of
ongines up to 1,500-2,000 horsepowor. In view of tho
welght per horsepower and the manufacturing costs, howov-
er, he lecans away from too great an increase in the numbor
of cylinders and soes the futuro development of the alr-
cooled engine tending toward singlo-row and double-row
radial onginos and multi-row engines. Tho 1nstallation of
tho horlzontally opposed engine completely within the wing,
he also conslders as giving promise.

Figure 1 glvos a comparison between the present en-
glne choracteristics and the valuoes which wlll be approached
in the noar futureo with incroased piston spoeds and booster
pressurcs. Theo valuos assumed by Wood, which are baseod on
a piston specd of ey = 15.3 m/s (about 3,000 ft./min.),

ond o moan offoctive prossure p; = 12 kg/em® (about 168

1b./s8qein.), &are likewise shown. According to the figuro,
for cn ongine of 2-liter capacity, spoods of about 3,300
TeDele wWith dlsplacoment porformances of 45 horsopower por
liter (0.74 hp.?cu.in.), wlll be attalned. Whother such
high piston spoods could be attained with the usual poppot-
typo valvc goar, cnnnot be predictod in view of the absonco
of dete in Gormany. For short-timo operation, spoods of

16 m/s (3,150 ft./min.) are indicated for the Bristol Pege-
sus engino. It may bde assumed, however, that with tho fur-
thor deveclopmont of the sleeve~type valve gear, there &aro
woll-grounded reasons for bolieving that the presont diffi-
cultios will be overcome and those valuos of piston spoed
reallzod.

Teoble I and figure 2 summarige the cylinder dimensions
for various goometrical cylinder lay-outs, tho required
frontoel areas, spoocds and welghts, and willl serve for a
comparigon of the merits of tho different cylinder arrange-
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monts. Anr engineoutput of 1,000 horsepower, attalnable

at present, 1s assumed = this will correspond in a few -
years to about 1,300-1,600 horsepower - and numbers of
cylinders from 9 to 32 are considered. According to the
studles carried out by the Institute for Engine Design on
the number of cylinders and cylinder size, the welghts and
dimengions may to a certain approximation be predicted

from certaln assumptions with regard to the stroke-bore

and connecting-rod ratios. In the table the welght re-
quired for cooling is included in the case of the radial
engine but not in the case of the liguid-cooled ln-line
enzines, all of which have equal radiators. It is found
that in certaln types of design the wolght and froatal

arecs come out to such values as to mako them practically
inapplicable. The l6-cylinder V and horizontelly opposod
engino, the 32-cylinder X and H, as well as the 18-cylinder
radlal englnoe are fevorable while the 12-cylinder V, the
24~cylinder H and X, and tho l4-cylinder radiesl engine cre
somowant lesc advantagoous. All other lay-oute are inappli-
cnblo for the power undor consideration. The 32-cylinder
onglinos in the X and H arrangements are, to be sure, guite
snall in cross section, but in splto of thelr favorable
welght/nower rotio it is doubtful whother such a large
numbeor of cylinders, on nccount of the cssoclated high men-
ufpcturilng cost and the many structurel ports requlred will
find octual application. Tho 1l6-cylinder ¥V engino and the
24-cylindor H nnd X englnes with 60° nngle, on the other
hand, offer quite practicel solutions for the power here
nssuned. Thoe lé-cylinder H or X englnes show up unfavora-
bly, however, nnd glve little promiso of developmont. Even
the 24~cylinder X ongino with 90° anglo recoives a somewvhant
large cross soctlion, nlthough thia arrangemont will probadbly
find Justlfiention for particular nurposos. The guestion
whether in the case of the 24-cylindor ongine, tho H arrango-
mont with two crankshafts or the X arraongement with o- single
eronkshaft, has tho advantago, cannot as yet be answeroed dof-
initely. According to our investigations no essentlal dif-
ference in welght will result. In the cose of lgrger alr-
Ploneas with thick wings, the horizontally opposed englne
instanlled withln the wing ot .right ongles to the direction
of flight, with remote propeller drive, will practically _
not increcse the head resistance. In axy case, this arrconge~
ment regulres a sveclal wing construction. Thls opposed-
engine type of arrnngement has already been the subject of
wony invostigations end has been praooctically applied, for
exnmple, to the l2-cylinder Pctesz engine. On account of

the compromisos made nocessary in the airplane structure,
howevor, thls crrangement will always be linited 1in appli-
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cation., In recent literature the mdvantages of the.hori-
zontally opposed arrangement have often been emphasized.
A further study, however, from the polnt of view of the
alrplane structure is necessary before any definite con-
cluslons as to 1ts advantages may be reached.

The foregoing considerations or the various possibil-
ities of lay~out of high-verformance engines cannot, nat-
urally, include all possible points of view which in any
particular case determinoc the deslign. The ease and cost
of productlon wlll have to be taken into account as well.
In vorticular, .the above-indicated relations will vary 1if,
for sone particular renson =« in the case of a Dliesel en-
gilno, for oxample, in view of the high compression ratios =
hlgher bore-stroke ratios will havo to be chosen. The
conclusion rcached by Fodden, nanoly, that too small cylin-
ders should not be chosen has, as will later be shown, a
cortaln justificaticn.

A question that has not yet been solved cxporimentelly
and which cannot bo discussed in this connection, is the
boheovior of alr cooling at the higher altlitudes. To throw
light on this problem, investigaticns on the heat transfer
ot hlgh-altitude conditions and single-cylinder investlga-
tions at the high~altitude climatle conditions are necessa-~
ry, after which the advantages of the two types of cooling
will be better undorstood.

In the choice of the number of cylinders and the
swept volumes when new dosigns are contemplated, the re-
qulrod high-altitude performance nust be given considora-
tlon sinceo the supeorcharger output must still be supplled
by tho ongliaoc and the hilghest attainable pressuro ratlo is
limlted dy the ongine. Furthermoro, thc admissiblo supor-
chargo pressure must take into conpgideratl on the start of
englne knocking, which is essentially determined dy tho
supcrciharge tomporature. Considerations on the high-alti-
tude performance and the thermodyneamics of the engine with
oxhaust turblne supercharging, will not be gone into iaore,
since they wlll bo the subjocts of soparate reports. Evcn
if 1t doos bocomo possible within a short time to dovelop
gsnark-ignitlor ongines with oxhaust-turbine suporchargers,
the goor-drivon suporcharger will novertholoss contlnue to
bo usod also in the futuro for cortaln purposes with fur-
ther improvomort in output and efficlency.

As o conplemont to the forogoing romarks, i1t 1s worth
whilo to lnvogtigate thoe roletlions botwocn the plston dlen-
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eter and the number of cylinders for high-altltude engines
with mechenical - superchargers, 4s an example, let two en-—
€lnes be chogen . vwhich- at 8 kllometere (about 26,000 fcoet)
altitude cdeliver 1,200 and 750 horsepower, respectively,
and are provided with single or two-stage superchargers
for this altltude. The adiabatic supercharger efficlen-
cles are apsumed to be 65 and 76 percent, respectively.
Although these values are as yet not attalnable, they will
be approached in the near future since there are well
founded reesons for believing so. Figure 3 shows the com~
puted relation between the number of cylinders and the
cylinder bore where for the mean piston velocity the com-
mon present-day value of 13 m/e (2,600 ft./min.) has been
assumed and a compression ratio of 6.6. The practical
range for tho piston dlameters is limited between 120 and
160 mm (4.76 and 6.356 in.). The numbers of cylinders

glven 1n the figure are the structurally feaslible ones men-
tioned avove. In both cases the admieslble supercharge
temporature was taken to bo 350° XK. where for Nag = 0.65,

‘the supercharge pressure is 0.9 atmosphere, and for WR,.q =

0.76, it 18 1.1 atmospheres. In the reglon of small
nunbers of cylinders the curves run very steep and flatten
out as the numbor of cylinders incroases; that 1s, with
too strong a decrease in the cylinder bore the number of
cylinders rapldly increases. It therefore follows that
wlthin thls reglon the advantages which are obtalnable by
a decreased cylinder bore will hardly make up for the rap—
1dly increasing disadvantages of a high number of cylin-
derse It ls further seen from the figure that, for exam-—
ple, for a bore of 1568 mm in the case of a 1,200 horse-
power engine and a supercharger efficlency of Tggq = 0.65,
18 cylindcre will be required, whereas for fTzgq = 0.75,
the corresponding number will be only 16. If cylinders of
120 nm were used it wounld lead to a structurally expenalve
32-cylinder engine, whereas with a 136 mm bore it willl
8tlll be possible to use a 24~cylinder englne. TFor Tgg =
Oe76, the 24-cylinder arrangement could be used with 116
mm bore. Too great a reduction in the cylinder dlmensions
would thus lead to a structursally disadvantageous number
of cylinders as pointed out by Fedden. KEven with the
fuels at present availlable for continuous operation the
suporcharge temperature of 77° should set an upper limit.
The reductifon of the total swept volume below a certaln
value, howover, would make supercharge coollng necessary
with all the nssociated structural disadvantagos since 1t
wlll bPe necessary to apply highor supercharge pressuros.
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The flgure further shows that. the improvement in the super-
charger efficlency 1s nlso of great significance for the
structurel lay-out of high performance units. These con-
slderations bear particularly on the continuous operation
at the workling altitude assumed. It will later be polnted.
out that for take~off and climb smaller cylinders, which
permlt higher supercharge pressures, are more advantageous.

II. THE INCREASE IN THE OUTPUT
PER UNIT DISPLACEMENT VOLUME

Prospects of Various Working Processes

In order to attaln the above~mentioned values ( Dy =
12 kg/ew®*, e, = 15 m/s (3,000 ft./min,)) with the high-

performance nower unlts, much resesrch is stlll required.
Beforc taking up the various methods of attacking the prob-
len a brlef discussion will be given of what prospects are
offered by the several known worklng processes, partlcu-
larly for the airplane engine. Filgure 4 shows the results
of an investigation by the Institute for Thermodynamics

and Working Processes on the varlous attainable perform-
ances for three dlfferent processes, namely, the injection
Otto engine, the four-stroke-cycle and the two-stroke—cycle
Diesel engines wlth supercharger drl ven by the englne and
by cxhaust turbine. Tho values are for a forward veloclty
of 400 kn/h (about 250 mi./hr.) at sea level and were com=-
puted on the besls of the polar of an alrplane such as 1s
used todoaye The alr-excoss ratios shown 1n the filgure

haveo alrondy boon vartially attalned or will cortainly bo
cttelnod shortly. For cach altitude the required super-
charger output 1s shown. Assumptlons nust further be made
as to the officloncies and sizes of rediators, concerning
which there aroc as yet no exporimental data available,

The curves are therefore usoful in indicating the order of
magnltudes lnvolved and may change es further data are ob-
tained on new superchargor processes. The absolute alti-
tudo porformances are not comparable since the outputs per
displaced volume are different for the power units investi-
gatede In the case of the two-stroke-cycle engine, the
well~known highly developed and advantageous scavenglng
process of Junkers, whose effielency should hardly be ex-
ceeded by any different type of structure, has Dbeen assumed.
High~altitude engines with other scavenging processes used

* (168 1b,/sq.in.)
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at present would in all cases show up to disadvantage.
Iwo—=stroke~cycle Otto alrplane engines have not yet been
built, therefére no- information on them is as’ yot avall-—
able. Hore will be sald later about the possibilities of
development of thls type of design. The esgential result
of these conslderations 1s that at higher altitudes ‘the
propulsive outputs referred to the sea-level output (not
tho absolute outputs, which in the case of the Otto engine
18" in all cases greater due to the higher output per liter)
do not differ much from each other, In particuler, it 1is
to be noted that also the four-stroke—cycle Diessel process
shows promise. The fact that the curve here lles higher
is tho result of the small expendlture required for the
exhpust cooling. The questioneg of the fuel consumption
and rengo still require gpeciel investigation. Similarly,
thé question of welght/power ratios, which in the case of
the Diecel engines with their larger dimensions should be
somewhat higher, will not be gone into here.

Increase in Performance through Supercharging

In the case of the 4~stroke-~cycle Otto englne, conw-
slderable lncrease in output has, in recent years, deen
made possible by the development of new fuels denoted as
"100 octene." These fuels permit higher compression ra-
tlos and supercharge prossuros and therefore may also af-
-fect the ongine sige for a given output. The effect of
the 100-octane fuols on the dimensions and power/weight
ratlios will not be considered hore since test data are
still unevallable. Feddcn has alroady discussed the pos—
81bilitios of such fuels and has divided the future power
unite into 87-octane and 100-octane engines. For super—
charge oporation still further studlce =ro to be made on
the poavengling possibilitios and the admissible supercharge
pressurcs for continuous operation. The lgtter factor,
as has already been mentioned, 1s of prime importance with
respect to tho magnitude of the displaced volume and the
fuel consumption. The quostion of the lowerlng of the
waste hoat on the application of higher supercharge pres-—
suros to obtain higher short-time performance at take—off
wlll DPe consldered later.

Figure 6 shows the attalnable meean offective pressures
obtained from single-cylinder tests at varlious superchargo
pressures and with different valve timing, and also shows
the fuel and air consumption. With the proper choice of
vanlve timing and lowor supercharge tompersntures, conslder-
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able increases may be obtained in the mean effectlve pres-
sures wilthout any appreciable increase in the specific
fuel consumption. This increase in output is also accom-
plished by the scavenging of the combustion space, such
scavengling belng successfully applied, as is known, to
Diesel engines and leading to a lowered temperature at the
end of the compression stroke and a better volumetric ef-
ficlency. Investigations already started on this subject
are to be complemented by further studles, extending the
Investigations to higher rotational spmeeds. The guestlon
as to wvhether it is worth-while changing the valve timlng
during operation, as has at various times becn proposed,
needs further explanation. Soveral investligators - for
exnmplo, Rlcardo (referonce 4) -~ have recommended "strati-
fled" supercharging as a moans for increasing the perform—
anco and lowvering the fuel consumption. In practice, it
will not be simplo to obtain such stratification, particu-
larly at tho higher rotational specds. It is nevortheloss
dosirable to ascertain whother such stratiflcation 1s pos-
slble, vhother 1t is likely to be succocssful, and whether
the additlonal structurnl weight made nocessary, is Justi-
fled.

Carosellil, in en investigation on engines with mechan-—
lcrlly driven superchargers for a nominal altitude of 6 km
(20,000 ft.), has congidered the question of the most fa-
vorable supercharge pressures to apply and came to the con-
clusion thot, for example, an engine with a degree of su-
percharge of 1,3 and with ~ supercharge stnge that can be
disconnected or with a controllable supercharge drive of-
fers the advantages of gsmall frontal areg and hlgh take-
off performance but in other respects - for example, that
of fuel consumption - 1s inferior to the low supercharge
engine and so is inapplicable for large ranges.

Another constructional and theoretical investigation
has further confirmed the result nreviously obtained in
the considerations on cylinder size, that very small cyl-
inder dimenslions such as are commor in racing automoblles
using high supercharge and high piston speeds have no ad-
vantages for large alrplene engines since the saving in
welght which results from the smaller displacement volume,
is offget by the increased size of the supercharger: With
high supercharge for full-load performance at 6 km, for
example, a supercharger for 8 to 9 km would be necessary
and hence, also, supercharger cooling would be required.
The possibllity of further development of such an englne
is therefore very limited so that this line of investiga-
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tion offers no promise. It would, moreover, be necessary
. to apply multistage supercharge in order to obtain ade—
quate take-off performance. =

In this connectlion it may be worth-while to investi-
gate what these relations would be on the introduction of
e stageless regulation of the supercharger without any
losses, the significance of which was pointed out by Nutt
in bis lecture last year. before the Lilienthal Socilety.
The example previously chosen of an englne of 8 km working
altitude will again be used. On this engine investigation
was npde to determine what performances in climb were at-
toinableo under the assumption that normal 87-octane fuel
was employed and that a highest admissible supercharge
temperature of 350° K, corregponding to 77° C. was not ex—
ceeded.

Figure 6 shows the computed outputs for various super-
charger pressures in percent of the engine output at 8 km
flylng altitude. No cooling of the supercharge alr between
the supercharger and the engine is provided. The contin-
uous line represents the upper 1im%t of output obtalnable
at a supercharge temperature of 7?7 C. The dotted lines
give the outputs at various supercharge pressures, between
the 1linits of 1.16 and 1.5 atmospheres. In climbing flight
the supercharge pressure must be held constant up to the
roint of intersection with the boundary line by means of a
regulator, whlle from there on after reaching the hlghest
permlssible temperature the supercharge pressure must be
lowerede Although it i1s agaln seen from these consldera-
tions that engines with small pistons = for which, on ac-
count of the smaller waste heat, hligher supercharge pres—
sures are permigsible - have the advantage over large
plston engines in climb, it is nevertheless clear that.poo
high a supercharge - for example, above l.6 atmospheres -
glves no further appreciable advantagee end the time dur-
ing which these supercharge pressures may be applied be-
comes shorter 1f no speclal means are taken for lowering
the woste heat.

Summa riging, the following may be definltely stated
with regard to the questions of cylinder sige and super-
" charge. Structural advantages with regard to weight/power
retlp ond frontal areas are to be expected from the appli-
cation of small cylinders. On account of the displacement
volume required of high-altitude engines when the dimen-
slons are reduced below certain values, however, a large
number of cylinders, with the associlated structural discd-

-



12 N.A.C.A. Technical Memorandum No. 840

vantages, becomes necessary. Small pistons are favorable
for climd but the high supercharge leads to increased
structurcl welght on the vart of the supercharger. The
doclsion os to the one or tho other tendency must be made
in accordance with the object that 1t is desired to attain.

Increasing the Speed of Rotation

The tendency toward lncreased plston speeds up to 15
or 16 m/s has already been referred to. It is a question
vhether thls method, 1f no other difflcultles arlse at the
pigston, gives any further advrntages when used with the
poppet-valve gear. Caroselll had previously established
the fact that 1n the case of alrplane—~engine cylinders a
mean veloclty at the valve inlet sections of 60 m/s (12,000
ft./min.) glves the best volumetric efficlency and the max-
imum mecn erfective pressure. and that o veloclty of 90 m/s
(18,000 ft./min.) should not be exceeded. Although these
velocitles are stlll considerably above those which Ricardo
hnd determlned as most favorable for automoblile engines,
it 1s a fact known to every engine bulilder that 1n certailn
types of cylinder-head designs it is difficult to employ
lerge vort areas and that the acceleration forces set a
limit to the increase in the valve 1ift. An improvement
of the inlet port areas is expected from the use of the
sleeve~valve gear which so far has been applled only by
Bristol. Theoretical invostigatlons have shown that with
sultable sleeve~vrlve designs more favorable time areas
nay be obtalned than with the usual valve gear. Naturally,
this 1s not the only point of view from which the slesve-
valve gear is to be judged. Other advantages which have
often been brought out in the literature on the subject
and are therefore assumed to be well known, similarly speak
in favor of the sleeve-valve gear, so 1t 1s desirabdle thet
research ond development work be contlinued along thisg line.

Figure 7 shows & comparison of the mean effective
pressure as o functlon of the speed for a very good poppet-
valve engine with the values to be expected from a sleeve~
vnlve engine. The povpet-valve engine which was run with a
supercharge pressure of l.3 atmospheres, had the most favor-
able port areas obtalnable, Although for a speed of 2,300

TepeMa, the mean velocity of the gas at the 1lnlet 1s Vg =
50 m/s (10,000 ft./min.), the mean effective pressure drops
cfter this speed. In the investigations on the sleeve-
valve gear, however, the pressure increased almost linear-
ly up to about vg = 100 m/s (20,000 ft./min.). Whether
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this 18 due to o botter digcharge coefficient or to less
heating of the charge in .flowing in, has rot yot beon de-
termined. Iurther investigations along this line are nec—
essnry to throw light on theseo processes. Ii 1s safe to
assumo, howover, that with tho sleove~type of valvo gear
consldornble furthor improvement in the performance of the
Otto oaglino may bde oxpoeocted.

Tho Two-Stroko-Cycle Process 1n the
Otto (or Svark-Ignition) Engine

In tho dlscusslons on tho improvement in performance
of the Otto ongine, the question alwnys arises as to wheth-
er n further docrease in tho weight/power ratlio cannot be
atteinod with the two-stroke-cycle process. In this con-
nection 1t is often wrongly assumed that the two-stroke-
cycle proctically doubles the output per unit of swept
volume. Unfortunatoly, however, on account of the hlgher
heat logding of the piston and the reductlon in the effec-
tivo stroke by the scavenging ports, only a portion of the
expcctod incroansed output as compared with the 4-stroke-
cyclo for equal piston voloelty is obtalnabdle, in view of
which the lack of data avollable cannot be deflnitely
spocifieds TUnqucstionably, a two-stroke-cycle englne, pro-
vided it may be run with o recsonable expenditure in scav-
enging air, has tho advantage of a uniform turning moment
and smaller inertia forces, and honce lower structural
londs, so that some economy may be expoctod in structural
wolght.

At tho nuthor'!s initiative and following some suggos-—
tions by Lutgz, somo preliminary invostlgetlions have been
conducted on the possibilities of several typoes of familiar
valvo gears and a brief discusslon of them will be glvon
hero.

In laying ofit n design for a two-stroke-cycle engilno,
it is first of all necessary to see that the valve gear
provided gives the required arens for allowlng the expan-
sion of the gases and for scavenging, Under the pssumption
of equal piston speeds, severnl arrangements may be com=
pared, referrihg the port ateas t6 the piston area. Filgure
8 shows o comparison of four different two~stroke-cycle
cylinders with familiar types of valve goar, namely, &an
opposed-piston engine, a four-valve, two-stroke-cycle en-
gine with scevengling from below by piston-controlled slots,
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a rotating sleeve-valve engine, and a roller sleeve-valve
engino vwith glmilar scavengling. In the case of all four
oylindors the same crank angle 1s assumed for the total
exhoust time. It 1s furthor assumed that the outputs

aroe the sgpme for all the cylinders. The dilagrams show

the variatlon of the opernlng of the outlet areas as well
as the magnitude of the mean outlet area referred to the
working plston area. For all cylinders equal scavenging
time crens per cm? of plston area are provided for which
the lnlet times are given in the figure. The mean areas
from the beglnnlng of exhecust up to the opening of the
scovengling vorts nre also showne These cross—sectional
areas are of prime lmportance for the expanslon process

of the exhaust gases. The advantage of the opposed-piston
enginoe is cloarly brought out. The same port areas may
probebly be nttalned with tho U-cylinders, for whilch sim-
llar relations apoly. From the comparison between theo
uniform motion of the slceve-valve gears with the nonuni-
form opening of thoe popnet-valve and opposed-piston en-
g€lno, 1t 1s soen th&t for oqual maximum openings the two
lrgt-mentlioned types of volve gears hove a clear advan-
tnge from the point of view of the control of the scav~
enging and exhaust processes. It is to be observed, how-
ever, that the deosign of a separately drivon, nonuniformly
moving valve gear member is kinemantically and dynamicelly
not simple to carry out with high~speed engines without
encountering difficulties. Thus, for oxample, wlth the
four—-valve cylinder shown, the accelerations set up al-
rorndy lie close to the present-day linlts.  With nonuni-
fornly noving sleeve-valve gear, similar difficulties will
naturelly bo met with. The comparison of the different
arransenents brings out, however, also the following. With
the opposed-Diston engine the inlet and outlet close si-
multarneously whereas with the other designs the application
of equal specific inlet and outlet time-areas leads to
earlier cloeing of the inlet. For high altitude englnes
such an arrangement 1s not feaslble on account of the scav-
enging~air loss so that for these systems it is practically
required that the outlet angle be chosen smaller then is
here assumed for comparison. Taking account of the possi-
bility of after-charging in order to utilize fully the re-
quired scavenging pressure it may even be found desirable
to close the inlet after the outlet. Figure 9 shows that
these requirements lead to the result that an engine llke
the two-stroke-cycle rotary sleeve-valve englne here pre-
sented shows no promise of success. The figure shows the
expansion of the exhaust gases against the piston displace-
ment as determined by computation. The expvansion tc the
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scaveaglng alr pressure is first completed near the lower
_dead center so that practically no time is available for
scavenging wheéread the minimum scavenging angles regquired
amount to about 80 crank-angle degrees and the inlet must
open 400 before the lower dead center.

The above simple types-of design with the impaired
scavengling conditions thus offer no promise for high-out-
put power units unless new methods showing - fundamental im-
provements are found. In the case of the favorable double-
plston engine or the engine with U-cylinders lnecreased
structural welght 1s required, Informatlon concerning the
heat loading of the piston and the scavengling efficlency
can only be provided by tests. On the applicatlon of .
greater vlston areas it will probably be difficult to take
care of the heat loading of the Otto two-stroke-cycle en-
gine. On the other hand 1t appears possible, in the case
of small sporting and training sirplane engines for which
also no higzgh cherging is necessary, to apply the two-~siroke-
cycle process. Investigation on this polnt would be desir-
able.;

III. IMPROVING THE TAKE-OFF PERFORI/ANCE

The foregoing considerations on the lmnrovement in
verformance by supercharging assume the anvlication ‘of nor-
mal fuels of 87 octane number and the maintenance of an ad-
missible temperature of the charge permitting no knock oper-
ation (about 77° C.). In take~off, however, under certailn
condltlons, such as for example, in the case of alrplanes
with very high wing loading or where small flylng fields
are used high short-time loads cannot be avoided. The re-
quired increase in the charge pressure leads, however, to
higher charge temperatures than were indicated above and
therefore to knocking and to such high cylinder and piston
temperatures that piston seizing and overheating may Te-
sults TWeys will therefore be sought to reduce this great
loading. The following possibilities show promise for at-
talning this object. These are well known dbut must still
be comjared as regards practical applicatlon. .

a) Anulication for take-off of & speclal fuel that
" pernits high charge pressures and temperatures
without the danger of knocking.

b) Injection into the combustion space of water, the
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evaporation of which lowers the compression and
combustion temperatures.

7ith regard to the above possibilities several inves-
tizations have been conducted which, although not giving a
completc azswer to the guestion, do nrovide data that in-
dlcete the lines of further study to be followed. Figure
10 shows the behavior of several important fuels used with
superciarged engines ané¢ brings out the fac*:, already fa-
miliar to some extent, that the octane number offers no
scale of comperison for the knocking behavior in the case
of sujercharger operation and that under these overating
condliions enother series of fuels different from those
used with the C.F.R. englne tests must be applied. Of
particular sdvantage 1s the three component mixture con-
slstiag of 30 Bi, 40 Bo, and 30 alcohol, and giving an oc-
tane nunber of 90, This mixture was espplied in comparison
tests on a BHW VI single-cylinder engine (compression ra-
tio 7.3) with normal aviation gasoline of 87 octane and
water injection and the results are shown in figure 1ll.
‘With the eviation §asoline two series of tests at fuel
temperaturcs of 55° and 100° C. were carried out and with
the mixture only one test at 100° C. The guantities of
water required for no-knock operation are also 1indicated
on the flgure., With the aviation gasoline of 87 octane
and at a temperature of the charge of 559 C. knocking sets
in at 1.1 atmospheres supercharge and at 100° C. tempera-
ture knocking is set up below supercharge whereas the mix-
ture without the addition of water admits of a pressure
of 1.36 atmospheres without knocking. No-knock operation
is thus stlll posslible for the mixture with sllght water
expenditure. 1In the case of the gasoline with water in-
Jection there will be no knocking up to a pressure of 1.6
atmospheres. The increase in the pressure of the charge
corresponds to an lncrease in the mean effectlve pressure.
The quantity of water that must be injected with the 87
octane aviation gasoline before the knocking of the mix-
ture sets in 1s considerable and at 1000 C. is about double
the amount at 55° C, The cooling effect shows up 1n the
lowering of the exhaust temperature. If these two results
are compared it will be seen that at a temperature of the
charge of 100° C. and with respect to normal start of knock-
ing at a pressure of 1.35 atmospheres 35 percent more out-
put can be obtained with the mixture, while with "stanavo"
about 50 percent more, and with a water consumption of 70
percent of the fuel consumption, in both cases wilth no-
knock operation. -7



H,A.C.A., Technical Memorandum Ko. B840 17

Jaturally, no final conclusion can. be drawn on the
basls of these test results obteined on a somewhat old
typo .of cylinder and at low niston speed. Further inves-
tigation under conditions of water cooling, air cooling,
and greater speeds 1s required. It 1e to be expected,
however, that the advantage of the mixture fuel will re-
maln also at higher heat loadlng, that water injection,
whichcarries with it certain dlesadvantages will not be
required, and that a speclal fuel for take-off, as has
elready partlially been applied, wlll enable knock-free
operatlon also at high supercharge pressures.

I1V. LOWERING OF THE FUEL COHNSUMPTION

Finelly, the reduction of the fuel consumptlion 1s an
important factor in the further development of the Otto
engine, narticularly for the long-range englmne. In the
foreoign literature there have in recent times appeared re-
ports purporting to have succeeded i1n attalnlng extremely
low s@nocific fuel consumptions even bettering those of .
Diesol eugines. Figures of 150 g/hp.hr. (0.33 1b./hp.hr.)
are cltod without any indication being given, however, for
what outnut these values were attalned and whether they
referrod to engines on the ground with low-loading or high-
altitude englnes. Investigatlons of this kind have for
some tine bern conducted under the supervislon of the DVL
that rcly mainly on previous investigatiorns of Lohner on
operqtion with excess ailir.

Flgure 12 shows the result of a laboratory single-
cylinder test carried out on a modern test cyllnder at
n = 2600 rep.m., & compression ratio of 7.7 and using an
aviation gasoline with an increesed lead content (octane
nunber about 90) and without supercharge. It may be seen
that the minlmum value of the consumption lies within a
region of excess alr ratios of l.1 to l.2 agreelng well
with the previous tests of Ldhner. On the single cylinder,
which hapg a relatively bad mechanical efficiency, a full
consumption of about 182 g/hp.hr. (0.4 lb./hp.hr.) was
measured. The reglon .within which this minimum value ap-
plies 1s very limited. 1In any practical case 1t wlll bde
difficult to keep within this range dus to difficulties
in aixture distridution and eomewaat higher values will
be met with which in this case of multicylinder englnes
should be of the order of 170 to 180 g/hp.hr. Fedden re- -
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ports a fuel consumption of 176 g/hp.hr. in cruilsing
flight at 60 pmercent of full loead. The results of the
DVL gzlve qulte good agresment for praectical conditions,
with those of Fedden. With supercharger operatlon the
diagram changes lnsofar as the fuel consumptlon becomes
naturally somewhat higher but the region of minimum val-
ues becomes somewhat flatter, Coneclusive data are as
7et not avallable. The discussion here given 1s meant
to serve only as a contributlon to this problem and is
intended to lead to further studles.

In the foregoing discussion only a small portion of
the field of Investigation has been consldered, which is
of importance for the further development of power units
in t-e neer Tuture. In the highly developed state to
which engine design has alrendy attainoed further progress
will no lonjer be by sudden Jjumps and the problems for
investis~ntlon end developmont will become more and moro
difficult as greater refinements and improvements in the
worlking processes are achleved. It 1s to be expected
that still greater power units will be bullt and that the
weight/power ratio will further be reduced. Some of the
ways indicated in this report for ralsing the mean effec—
tive pressure end the niston veloclty, in connectlon with
which in particular the sleeve-valve tyne of gear offers
new possibilities, apvpear to be sultable as means of ap-
proaching this subjJect.
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Pigure a.- Test set up for air-cooled airplene engines in the Institute
for Power Plant testing of the DVL,
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