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There is a coastantly increasing tendency toward the
development of higher power units for the airplane. i
this connecction new research problems arise whose solution
demands the investigation in particular of all the possi-
bilities of further development of the Otto or sparke
ignition enginee. In what follows the gquestion of the num-—
ber and geometrical arrangement of the cylinders so impor-
tant in the “esign of hiszh performance power units will be
congidered from various points of view. A discussion will
be given of the possibilities of the wvarious working proc-
esses and en investigation will be made of possible means
for improving the contianuous operation and talke-off per-
fornance, particularly thc methods of supercharging, in-
creasing the r.p.m., and ermploying the two-stroke-cycle
engine., Finally, the question of lowered fuel consumption
will be gone into dbriefly.

The subject will be treated under four headings:
I. Considerations on the engine lay-out.
II. Increase in output per given swept volume.
III. Improvement in the take-off performance.
IVe ZLowering of the fuel consumption,

At the present time it cannot be predicted as to
vhether another type of airplane power unit with better
performance will revlnce the spark-iganition and Diesel en-
gines os nn airplane drive. Zven if there do exist at the
present time some indications of the ultimate success, for
example, of rocket type drive, steam drive, or internal
combustion turbine, many years of investigation and devel-
opment will still be required before the highly developed
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reciprocating engine will be replaced by something betters

Since the fact must be reckoned with that the Otto
and Diesel engines will still dominate the airplane engine
field for a long time to come, it is the urgent task of
research, in addition to conducting investigations of other
more promising methods, to investigate all the possibili-
ties of further development of the reciprocating engine so
that its fullest possibilities may be utilized.

Without going into the problem of very high-altitude
flight which, as a special problem in itself, will not be
given consideration in the present paper, the following
questions are of fundamental importance for the further
improvement of flight performance, namely, the form and
layout of high-performance engines, raising of the engine
power, improvement 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 velocities of flight on
the one hand and the requirement of high useful load on the
other hand, bring with them the consequence that every
country that has its own aircraft industry strives to de=-
velop the largest engine power possible consistent with
low-performance weight. Although not all of the latest de-
velopments were exhibited at the most recent Paris exhibi-
tion, it was nevertheless noticeable that the number of
airplane engines of high output was considerably increaseds
For these engines, not 2ll of which were manufactured on a
production basis, outputs of 1,000 to 1,400 horsepower
were indicated as short-time full performance at sea level.
Although, corresponding to the viewpoints and experience
of each manufacturer, these designs showed differences as
to structural form, number of cylinders, and cooling, there
may, nevertheless, be observed o general tendency toward
air cooling, particularly in the case of the large air-
cooled, double-~row radinl engine with 14 or 18 cylinders.
0f opproximately ten types of engines of over 1,000 hieirise=
power shown, seven - i,e., 70 percent - were air-cooled
radial engines.

In view of this striving of engine manufacturers to-
ward the development of engine types of increasingly higher
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output, it becomes necessary to give consideration to the
guestion as to what structural types are to be given pref-
ercnce with respeect to their power per unit weight, num-
ber of cylinders, and cylinder arrangement in order that

‘somc indigation may be obtained as to the lines of devel-
‘opment to be followecd in the dosign of now typess. The

problem of cooling, with the losses associated therowith,
will not be gone into here, since in what follows only
constructional ond thermodynamic features will be given
attention. The question will be discussed from the point
of view of total weight of engine, its mounting, and the
effect on the nerodynamic efficiency of an airplane =
whether. in any particular case it is better to employ, in-
stead of o single enszine of high output, two smaller on-
gines waich mny be mounted in the fuselage (Koolhoven
typc) or built into the wing aos flat engines and coanected
by on intermedinte shaft to the propeller. For p compar-
ison of the drag relations for these various engine lay-
outs ond nmountings, tunnel tests arc still required. It
is probable, however, that the futurc will see the Justi=-
fication of large as well as smaller power units corre-
sponding to the purvoses for which thoy were designed,

‘since for high-altitude flight nnd steep climb the distri-

bution of the power n~mong smaller engines with soveral
propellers apoecars to be advantageous, whereas for high-
specd flight it appenrs to be more advantageous to employ
e high power unit with a single propeller.

The important factors to be considered in the design
of the enzines, particularly the effect of the number of
cylinders and cylinder size on the weight per horsepower,
will be presented in a special report by Dipl.-Ing.
Bensinger. The following discussion will be limited to a
few of the questions concerning design features of high-
output power units of 1,300 to. 1,600 horsepower. It is
herc assumed that the manufacture of propellers to suit
thesc outputs is possible.

In the past year 2 paver was presented by Wood (ref-
erencc 1) on the raising of the output of an ongine, and
tables werc sct up giving deosign data, over-all dimen-

siong, and displacemont volumes for cngines of 1,600 horse-

power for various zumbers of cylinders and lay-outs. Ac-
cording to this author the in-linco cngine of the future
will be o nachine with a six-throw crankshaft with sever-
al cylinders to cach crank. He considers it difficult,
however, using a solid crankshaft, to which he gives prof-
eronce, to conncect more than four connceting rods
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(vith split Dbig ends) to one ®rankpin. He accordingly en-
visoges the development of the in-line engine in the form
6f an'X eongine with 24 eylinders. In the ecase of the ra-
dial engine, he believes that there will be an increase in
the number of cronkshaft throws, but a deecrease in the
number of pistons working on a single crankpin. There will
be o corresvonding decrease in the difference in the head
registance of the two-engine types.

In hig lecture delivered at the beginning of this
vear, Fedden (reference 2) has considered these questions
and discussed in particulgr the prospects of the air-—cooled
engine for the next five years. He is likewise of the
opinion that there exists a demand for the development of
engines up to 1,500-2,000 horsepowor. In view of the
weight per horsepower and the manufacturing costs, howev-
er, hc lcans away from too great an increase in the number
of cylinders and sees the future decvelopment of the air-
cooled cngine tending toward single-row and double-row
radial engines and multi-row engines. The installation .of
the horizontally opposed enginc completely within the wing,
he also considers as giving promise.

o

=
4

igure 1 gives a comparison between the present en-
gine characteristics and the values which will be approached

in the ncar future with increased piston spceds and booster S
pressurcs. The values assumed by Wood, which are based on

2 piston Sjecé of ecp = 15.3 m/u about 3,000 ft. /nln ).

and o mecan offcctive pressurey p, = 12 kg/cm (2bout 168
1b./sqein, ) are likewise showne According to the figure,

for an cngine of 2-liter capacity, speceds of about 3,300
TeDeMe with displacement pcrformances of 45 Lorsenomer pexr
liter (0.74 hpe/cuein.), will be attained. TWhether such
high piston specds could be attained with the usual poppet-
type valve goar, cannot be predicted in view of the absenece
of deta in Geormany, For short-time operation, spceds of

16 m/s (3,150 ft./min.) are indicated for tho Bristol Pega-
sus ecnginec. It may be assumed, however, that with the fur-
ther devclopment of the slceve-type valve gear, there arc
woll=grounded reasons for believing that the present diffi-
cultlos will Dbe overcome and these values of piston speed

ealigeda

Table I and figure 2 summarize the cylinder dimensions
for various geometrical cylinder lay-outs, the reguired
frontal arecas, specds and weights, ond will serve for a i
comparison of the merits of the different cylinder arrange-
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ments. Ar engine -output of 1,000 horsepower, attainable

at present, is 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
stuéies carried out by the Institute for Engine Design on
the number of cylinders and cylinder size, the weights and
dimensions may to a certain approximation be predicted

from certain assumptions with regard to the stroke-bore

and connecting-~rod ratios. In the table the weight re-
quired for cooling is included in the case of the radial
engine but not in the case of the liquid-cooled in-line
engines, all of which have equal radiators. It is found
that in certain types of design the weight and frontal

arcas come out to such values as to make them practically
inapovlicable. The l6-cylinder V and horizontally opposcd
enginc, the 32-cylinder X and E, as well as the l8-cylinder
radial engine are favorable while the 12-cylinder V, the
Pd4=cylinder H and X, and the l4-cylinder radial engine are
somewhat less advantagcecous. All other lay-outs are inappli-
cable for the power under consideration. The 32-cylinder
engines in the X and H arrangements are, to be sure, quite
small in cross section, but in spite of their favorable
weight/power ratio it is doubtful whether such a large
numnber of cylinders, on account of the associated high man-
ufacturing cost and the many structural nparts required s
find actual application. The l6~-cylinder V engine and the
24-cylinder H nnd X engines with 60° angle, on the other
hand, offer quite practical solutions for the power here
nssumed. The l6-cylinder H or X engines show up unfavora-
bly, however, and give little promise of development. Even
the 24=cylinder X enginc with 90° angle receives a somewhat
large cross soction, olthough this arrangement will probably
find justification for particular purposese The question
whether in the case of the 24-cylinder cngine, the H arrange-
ment with two crankshafts or the X arrangement with a2 single
cronkshaft, has the advantage, cannot as yet be answered dof-
initely. According to our investigations no essential dif-
ference in weight will resulte. In the case of larger air-
planes with thick wings, the horizontally opposed engine
installed within the wing at right angles to the direction
of flight, with remote propeller drive, will practically

not increase the head resistance. Tn ‘any’ cage, 'thig arrange-
nent requires a svecial wing construection. This opposed-
engine typve of arrangement has already been the subject of
many investiszations and has been practically applied, for
example, to the 12-cylinder Pctez engine. On account of

the compromises made neccssary ian the airplane structure,
however, this arrangement will always be limited in appli-
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cation, In recent literature the advantages of the.hori-=

ontally opposed arrangement have often been emphasized.
A further study, however, from the point of view of the
airplane structure is necessary before any definite con-
clusions as to its advantages may be reached.

The foregoing considerations on the various possibil-
ities of lay-out of high-performance engines cannot, nat-
urally, inelude all posgible pointg of view whiech in any

particular case determine the design. The ease and cost
of nroduction will have to be taken into account as well.
In particular, the above~indicated relations will vary if,
for gome 'particular reason ='in the case of a Diesel en=
? ne, for example, in view of the high compression ratios =
higher bore-stroke ratios will have to be chosen. The
conclusion reached oy FPedden, namcly, that too small eyline
deres should not be chosenm has, as will later be sghown, a
eervalin justifications

A guestion that hag not yet been solved experimentally
and which cannot be discussed in this connection, is the
behavior of air cooling at the higher altitudes. To throw
light on this problem, investigations on the heat transfer ¢
at high-altitude conditicns and single—cylinder investiga-
tiong at the high-altitude climatiec conditions are necessa~
ry, after which the advantages of the two types of cooling
will be better understoods

In the choice of the number of cylinders and the
swept volumes when new designs are contemplated, the re-
quired high-altitude performance nust be given considcra-
tion since the supercharger output must still be supplied
by the cngine and the highest attainable pressure ratio 1is
limited by the cngine. Furthermore, thc admissible super-
charge pressure must take into considerati on the start of
engine knocking, which is essentially determined by the
suuorCAurgo thmbor vture. Congiderations on the high-alti-
tude nerformance and the thermodynamics of the engine with
exhaust turolne supercharging, will not be gone into acre,
since they will bo the subjects of separate reports. Even
if it does bocome possible within o short time to develcep
snark-ignition cngines with cxhaust-turbine supcrchargers,
the gear—driven supcrcharger will neverthelcss continue to
be msed also in the futurc for certain purposes with fur-
ther improvement in output and efficlency.

" . . . i
As o conplencnt to the foregoing remarks, it is worth
while to invecstigate the relations between the piston dianm=-
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eter and the aumber of cylinders for high-altitude engines
with mechanical superchargers. As an example, let two en-
gines be chosen wvhich at 8 kilometers (about 26,000 fcet)
altitude deliver 1,200 and 750 horsepower, respectively,
and are provided with single or two-stage superchargers
for this altitude. The adiabatic supercharger efficien-
cies are assumed to be 65 and 76 percent, respectively.
Although these values are as yet not attainable, they will
be apnproached in the near future since there are well
founded reasons for believing so, Figure 3 shows the con-
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/s (2,600 ft./min.) has been
assunmed and a compression ratio of 6.56. The practical
ronge for the piston diameters is limited between 120 and
160 mm (4.76 and 6.35 in.). The numbers of cylinders

given in tho figure are the structurally feasible ones men-
tioned above. In both cases the admissible supercharge
temperature was taken to be 350° XK. where for Nag = 0.65,

the supercharge pressure is 0.9 atmosphere, and for R,gq =
0.76, it is 1.1 atmospheres. In the region of small
numnbers of cylinders the curves run very steep and flatten
out as the number of cylinders increases; that is, with
too strong a decrease in the cylinder bore the number of
cylinders rapidly increases. It therefore follows that
within this region the advantages which are obtainable by
a decreased cylinder bore will hardly make up for the rap-
idly increasing disadvantages of a high number of cylin-
derses It is further seen from the figure that, for exam-
ple, for a bore of 158 mm in the case of a 1,200 horse-
power engine and a supercharger efficiency of Tggq = 0465,
18 cylindcers will be required, whereas for TMy4 = D5 ,
the corresponding number will be only 16, - If ecylinders of
120 mm were used it would lead to a structurally expensive
32=cylinder engine, whereas with a 136 mm bore it will
still be possible to use a 24~cylinder engine. For Tgq
0,76, the 24~cylinder arrangement could be used with 116
mm bore. Too great a reduction in the cylinder dimensions
would thus lead to a structurally disadvantageous number
of cylinders as pointed out by Fedden., ZEven with the
fuels at present available for continuous operation the
supercharge temperature of 77° should set an upper limit.
The reduction of the total swept volume below a certain
value, however, would make supercharge cooling necessary
with 2ll the nssociated structural disadvantages since 1t
will be neccessary to apply higher supercharge pressuress
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The figure further shows that the improvement in the super-
charger efficiency is also of great significance for the
structural lay-out of high performance units. These con-
siderations bear particularly on the continuous operation
at the working altitude assumed. It will later be pointed.
out that for take-off and climb smanller cylinders, which
permit higher supercharge pressures, are more advantageous.

II. THE IICREASE IN THE OUTPUT
PER UNIT DISPLACEMENT VOLUME

Prospects of Various Working Processes

In order to attain the above-~mentioned values ( My =

12 kg/em* ¢y = 15 m/s (2,000 ft./min.)) with the high-
verformance power units, much research is still required.
Before toking up the various methods of attacking the prob-
lem.g brief discussion will be given of what prospects are
offered by the several known working processes, particu-
larly for the airplane engine. Figure 4 shows the results
of an investigation by the Institute for Thermodynamics

and Working Processes on the various attainable perform-
ances for three different processes, namely, the injection
Otto engine, the four—-stroke-cycle and the two-gstroke~cycle
Diesel engines with supercharger driven by the engine and
by exhaust turbine, The values are for a forward velocity
of 400 kn/h (about 250 mi./hr.) at sea level and were com—
puted on the basis of the vpolar of an airplane such as is
used todaye The air-excess ratios shown in the figure

hnave alrcady been vartially attained or will certainly be
attaincd shortly., For cach altitude the required super-
charger output is shown. Assumptions nust further be made
as to the cfficiencies and sigzes of radiators, concerning
which there arc as yet no expecrimental data available.

The curves are therefore useful in indicating the order of
magnitudes involved and may change as further data are 0 b-
taincd on new supercharger orocesses. The absolute alti-
tude performances are not comparable since the outputs per
displaced volume are different for the vower units investi-
gatede In the case of the two-stroke-cycle engine, the
welleknown highly developed and advantageous scavenging
process of Junkers, whose efficiency should hardly be ex-
ceeded by any different type of structure, hag been 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.
Two=strole-cycle Otto airplane engines have not yet been
built, therefore no information on them is as yet avail-
able, More will be said later about the posslbILities’ of
development of this type of design. The essential result
of these considerations is that at higher altitudes the
propulsive outputs referred to the sea-level output (not
the absolute outputs., which in the case of the Otto engine
is in all cases greater due to the higher output per liter)
do not differ much from each other. In particular, it is
to be noted that also the four-stroke-cycle Diesel process
shows promise. The fact that the curwve here lies higher
is the result of the small expenditure required for the
exhaust cooling. The questions of the fuel consumption
and range still require special investigation. Similarly,
the question of weight/power ratios, which in the case of
the Diesel 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 engine, con-
siderable increase in output has, in recent years, been
made possible by the development of new fuels denoted as
"100 octane." These fuels permit higher compression ra-
tios and supercharge pressures and therefore may also af-
fect the engine size for a given output. The effect of
the 100-octane fuels on the dimensions and power/weié‘ht
ratios will not be considered here since test data are
still unavailable. Fedden has already discussed the pos—
sibilitiecs of such fuels and has divided the future power
units into 87-octane and 100-woctane engines. Fox¥ super—
charge operation still further studies are to be made on
the scavenging possibilities and the admissible supercharge
pressures for continuous operation. The latter factor,
as has already been mentioned, is of prime importance with
respect to the magnitude of the displaced volume and the
fuel consumption. The qucstion of the lowering of the
waste hcat on the application of higher supercharge pres-
sures to obtain higher short-time performance at take—=off
will be considered later.

Figure 5 shows the attainable mean cffective pressures
obtained from single-cylinder tests at various supercharge
pressures and with different valve timing, and also shows
the fuel and air consumption. With the proper choice of
vnlve timing and lower supercharge temperatures, consider-
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able increases may be obtained in the mean effective pres-
sures without any appreciable increase in the specifie
fuel consumption. This increase in output is also accom-
plished by the scavenging of the combustion space, such
scavenging being 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-
ficiency. Investigations already started on this subject
are to be complemented by further studies, extending the
investigations to higher rotational speeds. The question
as to wvhether it is worth-while changing the valve timing
during operation, as has at various times been proposed,
needs further explanation. Several investigators - for
example, Ricardo (refercnce 4) - have recommended ."strati-
fied" supercharging as a means for increasing the perform-
ance and lowering the fuel consumption. In practice, 1t
will no® be gimple to obbain such stratificabtion, partieus
larly ot the higher rotational specdse It is nevertheless
desirable to ascertain whether such stratification is pos=
sible, whether it is likely to be successful, and whether
the additional structural weight made necessary, is justi-
fied.

Caroselli, in an investigation on engines with mechan-
ically driven superchargers for a nominal altitude of 6 km
(20,000 ft.), has considered the question of the most fao- :
vorable supercharge pressures to apply and came to the con-=
clusion that, for example, an engine with a degree of su-
percharge of 1,3 and with a supercharge stage that can be
disconnected or with a controllable supercharge drive of=
fers the advantages of small frontal area and high take-
off performance but in other respects - for example, that
of fuel consumption - is inferior to the low supercharge
engine and so is inapplicable for large ranges.

Another constructional and theoretical investigation
has further confirmed the result previously obtained in
the congiderations on cylinder size, that very small cyl-
inder dimensions such as are common in racing automobiles
using high supercharge and high piston speeds have no ad-
vantages for large airplane engines since the saving in
weight which results from the smaller displacement volume,
is offset 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 possibility of further development of such an engine
is therefore very limited so that this line of investiga-
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tion offers no promise. It would, mnbreower,! be NecCEBESaTy
to apply nultistage supercharge in order to obtain ade-
guate take-off performance.

: In this connection it may be worth-while to investi-
cate what these relations would be on the introduction of
a stageleoss regulation of the supercharger without any
losses, the significance of which was pointed out by Nutt
in his lecture last year before the Lilienthal Society.
The exampnle previously chosen of an engine of 8 km working
altitude will again be used. On this engine investigation
was node to determine what performances in climb were ot-
tainable under the assunption that normal 87-octane fuel
was enployed and that a highest admissible supercharge
temperature of 350° K, corresponding to 77° 0. was not ex-—
ceeded.

Figure 6 shows the computed outputs for various supér~
chavger pressures in percent of the engine output at 8 km
flying altitude. No cooling of the supefcharge air between
the supercharger and the engine is provided. The contin-
uous line represents the upper limit of output obtainable
at o supercharge temperature of 77 C. The dotted lines
give the outnuts at various supercharge pressures between
the linits of 1.16 and 1.5 atmospheres. In climbing flight
the supercharge pressure nust be held constant up to the
point of intersection with the boundary line by means of a
regulator, while from there on after reaching the highest
permissible temperature the supercharge pressure must be
lowered. Although it is again seen from these considera-
tions that engines with snall pistons - for which, on ac-
count of the smaller waste heat, higher supercharge pres-
sures are pernissible - have the advantage over large
piston engines in climb, it is nevertheless clear that too
high a sunercharge - for example, above 1.5 atmospheres -
gives no further appreciable advantages and the time dur-
ing which these supercharge pressures may be applied be-
comes shorter if no special means are taken for lowering
the waste heat.

Summarizing, the following may be definitely stated
with regard to the gquestions of cylinder size and super-
chargeos Structural advantages with regard to weight/power
ratio and frontal areas are.to be expected from the appli-
cation of small cylinders. On account of the displacement
volume required of high-nltitude engines when the dimen-
sions are reduced below certain values, however, a large
number of cylinders, with the associated structural disad-
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vantages, becomes necegsary. Small pistons are favorable
for climb but the high supercharge leads to increased
structural weight on the part of the supercharger. The
decision as to the one or the other tendency must be made
.in accordance with the object that it is desired to attains

Increasing the Speed of Rotation

The tendency toward increased piston speeds up to 15
or 16 m/s has already been referred to. It is a question
whether this methods; if wnovother difficulties arise at the
piston, giveg any further adveontages when used with the
poppet-valve gear. Caroselli had previously established
the fact that in the case of airplane—-engine cylinders a
mean velocity at the valve inlet sections of 60 m/s (124000
ft./min.) gives the best volumetric efficiency and the max-
imum mean effective pressure, and that a velocity of 90 m/s
(18,000 ft./min.) should not be exceeded. Although these
velocities are still considerably above those which Ricardo
hnd determined as most favorable for automobile engines,
it is a fact known to every engine builder that in certain
types of cylinder-head designs it is difficult to employ
large port 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 applied only Dby
Bristol., Theoretical investigations have shown that with
suitable sleeve-~valve designs more favorable time areas
may be obtained than with the usual valve gear. Naturally,
this is not the only point of view from which the sleeve-
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 it is desirable that
research and development work be continued along this line.

Figure 7 shows a comparison of the mean effective
pressure asg & function of the speed for a very good poppel-
valve engine with the values to be expected from a sleeve-
valve engine. The poppet-valve engine which was run with a
supercharge pressure of l.3 atmospheres, had the most favor-
able port areas obtainable., Although for a speed of 2,300
TeDPeMa, the mean velocity of the gas at the inlet is Ve =
50 m/s (10,000 ft./min.), the mean effective pressure drops
after this speed. In the investigations on the sleeve-
valve gear, however, the pressure increased almost linear-
ly up to about vz = 100 m/s (20,000 ft./min.). Whether
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thig is due to o better discharge coefficient or to less
heating of the charge in flowing in, has not yet been de-
‘termined, ZFurther investigations along this line are nec-
essary to throw light on thesc processes. It is safe to
assume, however, that with the 51ecve~type of valve gear
considorrble furthcr improvement in the performance of the
Otto enginc may be expected.

The Two-Strokc-Cycle Process in the
Otto (or Spark-Ignition) Engine

In the discussions on the improvement in performance
of the Otto ongine, the gquestion always arises as to wheth-
or o further decrease in the weight/power ratio cannot be
attoined with the two-stroke-cycle process. In this con-
nection it is often wrongly assumed that the two-stroke-
cycle practically doubles the output per unit of swept
volume, Unfortunately, however, on account of the higher
heat loading of the piston and the reduction in the effec-
tive stroke by the scavenging ports, only a portion of the
expccted increcsed output as compared with the 4-stroke-
cycle for equal piston velocity is obtainable, in view of
which the lack of data available cannot be definitely
‘gpecifieds Unquestionably, a two-stroke-cycle engine, pro-
vided it may be run with o reasonable expenditure in scav-
enging air, has the advantage of a uniform turning moment
and smaller inertia forces, and hence lower structural
londs, so that some economy may be expocted in structural
Woight -

At the author's initiative and following some sugges-
tions by ILutz, somc preliminary investigations have been
conducted on the possibilities of several types of familiar
valve gears and a brief discussion of them will be given
here,

In laying out a design for a two-stroke-cycle enginece,
it is first of all necessary to see that the valve gear
provided gives the required zareas for allowing the expan-
sion of the gnses and for scavenging., Under the pssumption
of equal piston speeds, severnl arrangements may be com-—
pared, referring the port areas to the piston area. Figure
8 shows o comparison of four different two-stroke-cycle
ecylinders with familiar types of valve gear, namely, an
opposed-piston engine, a four-valve, two~stroke-cycle en-
gine with scovenging from below by piston-controlled slots,
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a rotating sleeve-~valve engine, and a roller sleeve-valve
engine with gimilar scavenging. In the cage of all four
cylinders the same crank angle is assumed for the total
exhaust time. It is further assumed that the outputs

are the same for all the cylinders. The diagrams show
the variation of the opening of the outlet areas as well
as the magnitude of the mean outlet area referred to the
working piston area. For all cylinders equal scavenging
time areas per cm?2 of piston area are provided for which
the inlet times are given in the figure. The megn areas
from the beginning of exhaust up to the opening of the
scavenging ports are also shown. These cross—~sectional
areas are of prime importance for the expansion process
of the exhaust gases. The advantage of the opposed-piston
engine is clearly brought outs The same port areas na
probably be attained with the U-cylinders, for which sim-
ilar relations apply. ZFrom the comparison between the
uniform motion of the slceve-valve gears with the nonuni-
form opening of the poppet-valve and opposcd-piston en=
gine, it is scen th&t for cqual maximum openings the two
lanst-mentioned types of wvalve gears have a clear advan-
tage from the point of view of the control of the scav-
enging and exhaust processes. It is to be observed, how-
ever, that the design of a separately driven, nonuniformly
mnoving valve gear member is kinematically and dynamically
not simple to carry out with high-speed engines without
encountering difficulties. Thus, for example, with the
four—-valve cylinder shown, the accelerations set up al-
rcady lie close to the present-day limits. With nonuni-
fornly moving sleeve-valve gear, similar difficulties will
naturclly be met with. The comparison of the different

arranzenents brings out, however, also the following. With

the opposed-piston engine the inlet and outlet close si-=

multaneously whereas with the other designs the application

£

of equal specific inlet and outlet time-areas leads to
earlier closing of the inlet. For high altitude engines

such an arrangement is not feasible on account of the scav-
enging—-air loss so that for these systems it is practically

required that the outlet angle be chosen smaller than is

here assumed for comparison. Taking account of the possi-
bility of after-charging in order to utilize fully the re-
guired 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 like
the two-stroke-cycle rotary sleeve-valve engine 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 expansion to the
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scavenging air pressure is first completed near the lower
dead center so that practically no time is available for

scavenging whereas the minimum scavenging angles reguired
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
scavenging 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-
piston engine or the engine with U-eylinders increased
structural weight is required., Information concerning the
heat loading of the piston and the scavenging efficiency
can oanly be provided by tests. On the application of
greater piston 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 it appears possible, in the case
of small sporting and training airplane engines for which
also no high charging is necessary, to apply the two-stroke-
cycle nrocess. Investigation on this point would be desir-
able.

III, IMPROVING THE TAKE-OFF PERFORMANCE

The foregoing considerations on the improvement in
verformance by supercharging assume the application 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 certain
conditions, such as for example, in the case of airplanes
with very high wing loading or where small flying fields
are used high short-time loads cannot be avoided. The re-
quired increase in the charge pressure leads, however, %o
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 Tre-
sults Ways will therefore be sought to reduce this great
loading. The followinz possibilities show promise for at-
taining this object. These are well known but must still
be comnared as regards nractical application.

a) Application for take-off of a spvecial fuel that
permits 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.

Vith regard to the above vossibilities several inves-

tigations have been conducted which, although not giving a
complete answer to the question, do n»nrovide data that in-

dicate the lines of further study to be followed. Figure

10 +sh

e
ows the behavior of several important fuels used with
charged engines and brings out the fact, already fa-=
o some extent, that the octane number offers no
scale of comparison for the knocking behavior in the case
of supercharger operation and that under these operating
conditions another sgseries of fuels different from those
used with the C.F.R. engine tests must be applied. Of
particular advantage is the three commonent mixture con-
sistiag of 30 Bi, 40 Bo, and 30 alcohol, and giving an oc=
tane number of 90, This mixture was applied 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 11,
With the aviation gasoline two series of tests at fuel
temperatures of 55° and 100° C. were carried out and with
the mixture only one test at 100° C. The quantities of
weter required for no-knock operation are also indicated
on the figure. Tith the aviation gasoline of 87. octane
and at a temperature of the charge of 55° 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
g thus sPiTL poissiblie for bthe mixture with slight water
expenditure. In 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 increase in the mean effective pressure.
The quantity of water that must be injected with the 87
octane aviation gasoline before the knocking of the mix=
ture sets in is considerable and at 100° C. is about doubdle
the amount at 559 C. The cooling effect shows up in 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, vhile with "stanavo"
about 30 percent more, and with a water consumption of 70
percent of the fuel consumption, in both cases with no=
knock operation. .
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laturelly, no final conclusion ecan be drawn on the

sigs of these test results obtained on a somewhat old
type of cylinder and at low nigton speed. TFurther inves-—
tigation under conditions of water cooling, air cooling,
and greater speeds is required, It is to be expected,
however, that the advantage of the mixture fuel will re-
main also at higher heat loading, that water injection,
whichearries with it certain disadvantages will not be
reguired, and that a special fuel for take-off, as has
already partially been applied, will enable kaock free
operation also at high supercharge pressures.

IV. LOWERING OF THE FUEL CONSUMPTION

Finelly, the reduction of the fuel consumption is an
important factor in the furtaer development of the Otto
engine, narticularly for the long-range engine. In-the
foreign literature there have in recent times appeared re-
ports purporting to have succeeded in attaining extremely
low smecific fuel consumptions even bettering those of
nes. TFigures of 150 g/ho.hr. (0.33 1b./hp.hr.)
fal

l—" ol

Diesel ecu:

w

are cited without any indication being given, however, for
what output these values were attained and wnether they
referred to engines on the ground with low-loading or high-
altitude engines. Investigations of this kind have for

some time besn conducted under the supervision of the DVL
that rely mainly on previous investig -ations of Ldohner on
operation with excess air.

Tigurc 12 shows the result of a laboratory single-
cylinder test carried out on a modern test cylinder at
n = 2600 r.p.m., & compregsion ratio of 7.7 and using an
aviation gasoline with an increased lead content (octane
nunber about 90) and without supercharge. It may be seen
that the minimum vnlue of the consumption lies within a
pegion of excess ailr ratios of lsl:%0 1s2 agreeing well
with the previous tests of Lohner. On the single cylinder,
which hasgs a relntlvelv bad mechanical efficiency, a full
consumption of about 182 n/hn.ar. (Bg:4 Libe /bn hr.) was
measurec. The region within which this minimum value an-
plies is very limited. In any practical case it will be
difficult to keep within this range due to difficulties
in mixture -distribution and somewhat higher values will
be met with which in this case of multicylinder engines
should be of the order of 170 to 180 g/hp.hr. Fedden re-
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fuel consumption ef L6 g/hp.hr. in cruilging
t at 60 percent of full load. The results of the
give quite good agreement for practical conditions,
v
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hose of Fedden. With supercharger operation the

fde Pte

n changes insofar as the fuel consumption becomes
ally somewhat higher but the region of minimum val-
s somewhat flatter. Conclusive data are as
not available. The discussion here given is meant
serve only as a contribution to this problem and is
ended to lead to further studies.
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In the foregoing discussion only a small portion of
the field of investigation has been concidered, which is
of importance for the further development of power units
in the near future., In the highly developed state to
which engine design has already attained further progress
will no lonzer be by sudden jumps and the problems  for
investigation and development will become more and more
difficult as greater refinements and improvements in the
working processes are achieved. It is to be expected
that still greater power units will be duilt and that the
weight/power ratio will further be reduced. Some of the
ways indicated in this report for raising the mean effec=-
tive pressure and the piston velocity, in connection with
which in particular the sleeve-valve type of gear offers
new possibilities, appear to be suitable as means of ap-—
proaching this subject.
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Characteristics of 1,000-Horsepower Airplane Engine at
Vi = 13 n/s (about 2,500 ft./min.) (s/d = 1.0) and

le2-atmosphere supercharge at 4 kilometers altitude

Nunber of cylinder 3 1.2 14 16 18 24 S
Horsenower/cylinder | 111183.3|71.5|62.5(55.5| 41.7 31,3
€ylinder capacity, | .
liters 4.9 13.12 12,48 |12,03| 1la% l,12 074
Stroke and bore 184 | 158 | 147 | 137| 129 113 o8
BsDie M 2120 /2470|2660 {2840 | 3020 3450 3980

Section of engine
nacelle through
Bront cylinder

V engine - 0sbd | = 043 | - = =
X engine = - _ lo.ss| - [20.:0.8 | 0,43
. - 60°:0,54

H engine = - - Qg?o | = D«83] 0,38

Flat engine - = = " & - "
Radial engine,

diameter (m) 1610 | - 1190 {2 1130 — =
Weight

V engine (kg) - 660 | - 620 | - - -

X engine (kg) - - - 710 | - 640 605

H ongine (ke) - P 520 | » 640 605

Flat engine (kg) - - - - - - -

Radial engine (kg)| 710| - 640 | - 615 - -

franglation by S. Reiss,
National Advisory Committee
flor Aeronautics,
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Figure a.- Test set up for air-cooled airplene engines in the Institute
for Power Plant testing of the DVL.

*ON UMpUBIOWON TBOTUYOSL ‘Y')°V°N

(0)4°]

% °31d



N.A.C.A. Technical Memorandum No.

1.5 5UP

3

]

er-
ch"rg.e =

dagaee

8

hp./liter

S

‘Q\

73 % x

4 24
Number of cylinders

Fig.l.- Output per liter as a func-
tion of the number of cylinders.

50 %
" \ Fig.3.-Relation between cy- p
‘\ linder bore and number e 7 -
g W—of cylinders for 1200 and -/gkn] . A ‘/,/"
\\\ 750 hp. output at 26250 ft.| * 7777 V2l
D A Va-ltitu.de . BT // // .
- \ X % . 9 ’ Without Redvctron of
g \ ) \ vperchorger efficiency 7oy = 0.65 V4 - 5 /f_q.h ¥ Supercharger -
\\4\( ” " " =0.76 ///// With ovtput(n, =0.55
it .
[} ; T04p.
2 O \&\ 2 & V/
g QAp\ ,\ Piston diom. 160 / /
- TR . £ 4
S, 20 5 Piston ]
5 Diontissss: e i e >
S e —~— L
i T e 7 -
\\\\;::;_- ’ ,i‘ ¥ / ,/
Piston veloeity 2559 1 /min, : 7
= E=65 Useful load %/A/ /
///:. :/ wiir. 4) Reduction of ]
/) Naat 't supereh
%7 4 With }o:fpuf/y:;;y:l;ﬁ
o
i 4 6 4 ZH % B o 32 pa
Number of cylinders 4 P
consumption
70 - v
a,2stroke cycle diesel engine A=2.2 Jz } i w
1 y b,4 " n " nw=/.6 *]/M
) N Sl g ; ' / r
N o g
@ A e AN . . N T I~ | _— Compression rotio g=6
\o\ ’ 6\‘- ~, | ¥ r:’;i :’l’z"’;‘:h;;’;_‘ Excess air ratio A~0.9
& N\ & | er. 28 O Best timing -
N ':r/;i'ban/'- ; A New BMW f/)rr/hg
\\ colly driven & ® 0/d BMW timing
70 . Superchorgenr = | |
% 5 t } 0.24
% LS , \"D":Aa aey .
& N PR \\o o | consumption
% . ‘ : l ' i\\ ':: ‘<w/
”__Flg.4.— Relation between e N f
the propulsive output N B = o _
w—&nd the altitude for various \\ 7 12 W A 18 T
cylinder Working processes in b : Supercharge rotio Yo
#i-percent of sea level output. Fig.5.-Useful power, m.e.p.,and fuel
| | I
e consumption with supercharger

i WA
Altitude

840

2V 60°

16V 45°

Pige. 1.2,3,4,5

16H 24X 90°

1 Boxer

w .
% Fig.2.- Frontel ereas for liquid-ccoled

engines of 1000 hp.(V=2600 ft./min.;
stroke/bore=1.0, supercharge pressure=
1.2 at. at 13000 ft. altitude).

022

operation.




Outlet area per cm® piston area

N.A.C.A. Technical Memorandum No. 840 Figs. 6,7,8
m.
fee T
0% o Useful load
% O
Ps= 1.7 ofm m ..af"'\' 7t %
=350 %— 1 gt 5
A
160% > _ w 13- rcharge
Tk _m-z;,,»}\ Temp. of charge #3504 (77 'Z')’con.ft
i
. e 4
Tt —— B st o, e
#o% = g e
<2, [
5‘%’ l——-g".’ibloz},,_ \'~\ 2 d5mfs’ vel. of gas @
\\\ A iU Sleeve voyy,
120% i T \\ wo == 7 P L. 5
SR = o0, '
Supercharger pres. ps= consl’.\"\ et 0 mfs o i ~
stogeless regulation of super- o m.e.p. L
3w charge pressure without losses. V73
33 m o
Rth S horger eff. =0 7% 0% Ouvtpot - :
s < s & z=torarn)| s
*S f A > l l | 770 — —7
gl 7 AR
D)
R T T R e |
7 Z 3 4 F 6 7 hm & Bw 20 50 T rpm i 50
Altitude

Pigure 7.~ Useful power and mean

effective pressure for
an engine with poppet and sleeve
valve gear.

Figure 6.- High altitude perform-
ance for stageless reg-

ulation to constant supercharge

pressure and supercharge temperature.

Is1 s
emjin l onfn? |
e 2
/(f,,, =0,301 (
VE] + 93
|
¢ | a At | N
— Jam "0117 \ \
S\ ; Sl
& A Sam 005 \T\
0 .0 - . = by

Ao b ur s o ds
Poppet velve engine

{i F w
Opposed piston engine

g5 Ag= outlet opens 251 LR A
o Ey= inlet v e ,\\\
e e " tloses 4 e
A~ outlet ™ / \
#+— UT= lower dead — 03
center \\\
N 42 ,
Snon

Ggr 7 = O1 .-ﬁ s

@ﬁm'ﬂr” 2
ol Chooas .

46 & ur & As A6 & ur & As
Rotary valve Roller valve

Figure 8.~ Valve gear sections for two-stroke cycle
cylinders with various outlet valves.

2
/';ﬁ/rr‘




N.A.C.A. Technical Memorendum No, 840 Figs. 9,10,11,12
1
End of exponsion
‘ ;" i b # m.e.p. for: \I
ay 4 N L 22+ JStonavo 87-ta < 55°C
_ \\ g | Jrawdr-mewt el oonoee
3 2 \ 5 T Special Fuel lgemp?t T F__'— / ”’;{,"Hf"
\ .g 0 1%'/ / :Z / water
2 Scavenging i \w‘g P | injection
)
; _ | pressure_120/m 5 S IT = ?/‘ 73
| 3 & — !
0 ; T ; &
<—¥ };/ ® 3 7 1 T t
| | | Limits of output for
ki Ffr rots
| . el R
A ‘g 0 £ / Jection.
N3 4 &g Start of knocking without water injection, :
o\ \ac =9
;{; “00‘ gg‘ 720 t f - t
| N | Water
{ P 7M-—1—+ consumption l 4 /
Biguirgp, AR T 4
(¢ aagle- ] consumption /
. % | |
N & : T /. t
| |
2"‘0/« w0 T T Z | -~
z <& % I P
S A B | g T -
% . <¢=>—*””7 e
o 7 77 12 73 7y 5 atn. 75
Supercharge pressure
Figure 11.- Increase in output and
5 water consumption for
v ot /N g knock-free operation using water
Figure 9.- s 5 1?Jection with an 87 octane avia- |
Expansion pro- /( § tion fuel and a three-component 90
! cess in a two- / y octane mixture.
=
stroke-cycle ear 2 Lo P R L N
. o N, N
cylinder. / N NI e
LA RY \" benzol
LADI Q)
07234 6am NN Ez oSN
T < —Nauie TN IS
#0; = B 8L X N
be| 3, Cylinder capacity 2.0 liters, constont thrott/e s % N N
LRy setting, n=2600,€ =7.66 s N\ 3 \ ) N
20 Aviation engine +0.128 Vo/ Yo /’bﬂ"ﬂ;)4 _f——’— i \? % X TRape- e
Slhpk \ ; | 1 i § :’:g 0 & Tl"”""j X
220 ™ T — IF - e — = TN S o Ay A T
e | ! r EEEEA N \ ;
m e :/,//-.- sl
’_/./ o T W W W W o 0 ¥ K W N W Dm w
. : = S TR ot " Supercharge pressure
| AL
; et = —%  r.p.n= 1800 comp. ratio €= 6.0;
, ».\ N\\~\\\\\> full throttle setting; ignition §2° |
g d before u.d.c.; cooling temp. 100~C.
e
T ~
o = o ' Figure 10.- Start of knocking for
— several fuels at various
o 2 Z iz i w X @ temperatures of the charge &s a func-
Air excess ratio tion of the pressure of the charge. |

Figure 12.- Effect of air excess
ratio on fuel con-
. sumption (single cylinder test).



