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TWO-STROKE~-CYCLE ENGINES WITH UNSYMMETRICAL CONTROL DIAGRAM*
| (Supercharged Engines)**

By J. Zeman
INTRODUCTION

The exhaust port in 2-stroke-~cycle engines with sym-
metrical control diagrams (fig. 1) must always be higher
than the scavenging port .because of the exhaust lead. In
Diesel engines and in many 0Otto engines of the 2-stroke-
cycle type the width of the exhaust port is also greater
than that of the scavenging port; hence the time area for
the exhaust is in all cascs substantially greater than for
the scavenging air inlet. In consequence, no appreciable
pressure rise can occur in the cylinder during scavenging,
and if it should happcn, it is approximately equalized
again to atmospheric pressurc by the still open cxhaust
port after termination of scavenging. PFor that reason, it
is admissible in mathematical studies of scavenging to
equate the pressure in the cylinder to atmospheric pressure.
Thig premise and the further once, that the laws of dis-
charge applicable to uniform flows couwld be used as a basis
for the scavenging process - this assumption is doudbted
with apparent Jjustification, in reference 3 - have led to
methods of calculation for the port dimensions (and all
guantitices related thereto) which, with the application of
the correction factors obtained from actual engines, have
given sufficicntly exact results (reference 11).

The introduction and development of loop scavenging
have so stimulated the utilization of the cylinder chanber
that the mean pressure now rcaches approximately the same

*N"Zweitaktnaschinen mit unsynnetrischen Steocuerdiaogrannen.!
Autonobiltechnische Zeitschrift, vol. 41, no. 16, August
25, 1938, »np. 420-34, '
*¥*In thig report an cngine is terncd "supercharged" when
the cylinder pressure rises during scavenging and exceeds
atnospheric pressure at start of comnpression,
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value as for 4-stroke-cyclc engines, if the part of the
stroke lost through the ports is taken into account. If
a further rise of mean prcssure is desired, unsymmetrical
control diagrams (fige. 2) must be resorted to, for super-
charginge The constructive means, serving for this pur-
pose, are:

1) Interposition of an automatic orcontrolled clos=-
ing device ahead of the elevated scavenging
ports (Sulzer, Atlas-Diesel, Nohab, Fiat, cte.) s

2) Disposition of a controlled closing dcvice behind
the scavenging ports (M.A.N.);

3) Use-of-valve-scavenging, sleeve-valve, double-pise
ton,or suxiliary-reciprocating-engine (Junkers,
Doxford, Burmeister and Wain, Ceska Zbroiovka).

Except for installing an automatic valve in the scavenging
air duct, the unsymmetry in all cases 1s achieved through

the use of two mutually displaced crank gears or one crank
gear and a rotary control shaft.

As no ianvestigation of supercharging in Z2-stroke-~cycle
engines has been .published up to the present, this article
ig an attempt in that direction, with a view to establishing
the mathematical principles and the constructive rules for
the design of such engines.

In 2-stroke-cycle engines with unsymmetrical control
diagramn (fige 2), the general rule will be a greater in-
stantaneous area for the exhaust than that for the scaveng-
ing air during the first time interval of scavenging fol-
lowed by an interval during which the instantaneous area
of the exhaust is smaller than that of the scavenging air,
the process terminating with the scavenging port open but
the exhaust port closed., At first one is tempted to eon-
gider only the last stage as effective for the supercharge
(reference 5, fig. 12). But, since by equal gas volume
per second passing through scavenge and exhaust port, the
pressurc drop at the smaller opening is greatcer; this very

fact indicates that some 51gniflcance attaches to the mid~-
dle stage also.- And this suspicion grows when rcasoning
that the time interval of the last stagce caa be dbut small
by the usual arrangements and hence render no effective
supercharge possible. So the first consideration will have
to0 concern the pressure distribution in the cylinder during
scavenging and for open as well as for closcd exhaust.
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CYLIKDER PRESSURE DURIFG SCAVENGING

ST S a oo _ .

In the following it i1s tenporarily assumed that the
lead of the exhaust has released the cylinder charge
enough so that approximately atmospheric pressure prevails
in the cylinder when scavenging starts, Cases wherc no
such time interval igs provided for the exhaust lead will
be treated later on.

he flow through the cylinder is then such that, ow=-
ing to the pressure gradient between receiver and cylin-
der, the scavenging medium is accorded the inflow veloccity
at which it streams through the scavenging ports. This
velocity is lost entirely or partly in the cylinder
through friction aad turbulence. For expelling residual
gases and scavenging alr through the exhaust ports, it
again requires a pressure gradient between cylinder and
exhaust collector which nust be contested by the pressure
risec causcd by the inflowing scavenging air.

On account of the short -tirme interval availabls, no
appreciable heat exchansze is expected between charge and
cylinder wall (as proved elsewhere (refercnce 12).

Hence the following assunmptions nay be upheld:

1) The flow energy of tae inconming scavenging air is
destroyed in the cylinder. It corresponds to
the process of throttliapg, the air temperature
ig the sane before and after vassing through
the ports;

2) The phase change of the cylinder charge is adia-
batic;

2) It is further presumed that Husselt's approximate
theory of flow through diaphragns (reference 6)
is applicable to the flow through the ports.
Since sharp-cdged ports are more like diaphragms
than nozzles and this theory has proved satis-
factory in sinilar cases (reference 13), this
assumption seems well founded, although it will
be checked by test.
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Notation
constant, according to cquation (16) or (19);
constant, according to eguaticn (17) or (20).
quantity of fuel (kg) per kg mixture.
cylinder diamcter, (n).
weight, (keg).
gas volune leaving cylinder, (kg).

that part of Gg which raises the pressure in
the cylinder fron P, to Py, (kg).

the part of Ggp remaining in cylinder at end
of scavenging, (kg). :

Gouf1l + Ggi air-gas mixture available for conbus-
tion, (kg).

air (mixture) volume entering the cylinder, (kg).

Gg - Guurys the part of Gy serving for scaveng-
ing the cylinder, (kg).

pressure in cylinder, (kg/n2).

pressure in cylinder at opening of scavenge port,
(xg/n2).

nean pressure correspondiag to blower performance
referrad to scction and stroke of power piston,

(kg/n?).

nean pressurc corresponding to the theoretical
blower output, (kg/n2).

" pressure of the atmospherc ( = 10,000 kg/n?),

ka/n?).
nininum cylinder pressure, (kg/n2).

scavenge mressure (pressure in scavenge air re-
ceiver), (kg/n?).

is boost.
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pressure in cxhaust collector, (kg/n®).

cylinder pressure at closing of scavenge ports,(kg/n?;

(for air = 29.3) gas constant.

referred time interval of exhaust lead,

general temperature, mean temperature of cylinder

charge, (°K).

cylinder temperature at opening of exhaust port,
(°x).

tenperature of scavenging air in the receiver,
(°x).

nD?
2 2 4
D
= - Eﬁ_ dy and = - ﬂ4 (dx + dy), (m°).

nonentary piston displacement, 4V = ds

volume of charge lecaving the cylinder, (n®).
volune of Gg referrcd to state of atmosphere,
volune of charge entering cylinder, (m®).
volune of G

sp referred to P, (m=).

volune of cylinder at closing of scavenge ports,

(n®).
volune of comapression chanber, (n®).
anxiliary concept (fig. 11), (2°).
width of exhaust port, (m).
cffective fuel consumption, (kg/hp-h).
indicated fucl consumption, (kg/hp~h).
width of scavenge port, (m).
nomcntary'open exhaust scction, (n®).
monentary open scavenge scction, (m%).
fa,/D* S

fs/D‘ S

(n®)
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g, gravity, (n/s?).
i, s exhaust-port height neasured frbn dead center,
. harel = ha/S, (m).

hg, scavenge-port height, neasured from dead ceater,

Ng,o1 = Be/s, (m).

D=
k=7 —— s,
S 4
- -
: D2 i fuD® .
kg =| 7 (s =~ ha) + Vo! ~%— s cylinder volume re-
L
ferred to stroke volume at start of exhaust
opening,
2
. - 1w /1D
I, = {W/ i s
ln, nonentary free height of exhaust port, measured
fron control edge of piston, (n). .
g, mnomentary free helght of scavenge port, measured

fron control edge of piston, (m).
1arel = Ia/s
ISrel = lg/s
n, cungine r.pe.m,

P, pressure (other than as under P), (kg/cm®).

Pos» mean effective pressure, (kg/en?).
Popr Dcan cffective pressurc without subtraction of
‘ blower performance, (kg/cn?).
P;» mnean indicated pressurc, (kg/en®).

total

ct
[
]
0
<
B3
4]
[a)
o]
[0]
2]
.o

s, DPiston stroke, for reciproca
stroke, (n).

v, .mean specific volume of cylinder charge, (m3/kg).

Vg, specific volume of scavenging air in the receiver,
(n®/xg).



uTe

e

9]

WeA.CosAs Technical Memorandum No. 908

specific volune. of scavenging air after passing
through scavenge ports, (n®/kg).

specific volume of scaveaging air in cyliader,

referred to P,, (ud/kg).
piston travel, computed from top center, (m).
piston travel, comfuted from botton center, (n).
time, (sec.).
or arc, crank angle, {(deg.).
bc./D
bg/D

total blower efficicney.

g!
N, nechanical cfficicency of the ecngive.
K (= 1.4 for air) specific-hcat ratio.
A connecting-rod ratio.
w Wusselt's dischearge factor {(refercuce 6).
Y ffusselt's discharge factor for the exhaust port.
Lo
WS Hudselt's discharge factor for the scavenge port.
Thie subscript "rel® indicates: interrupted by {(referrecd
D
to T2 g (f, h, and 1 cxcepted).
4
The dash ! indicatoes interrupted by (relative to)
r v § = X - ¥ v
J— . 3 0 .
| 2 L+ 2 and respectively.
L s smD?/4 s snD?/4
The pressure change dP in tine interval dz in the
cylinder can be detornined from the gas volume inducted in
the cylinder dGg, fron the gas leaving the cyliander dGg,
and the volume change A4V caused by piston stroke.

7

P
aG, = VU, f, N//_is_ az (1)
vS
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Aside from cylinder pressure, back pressure, and slot
arca, the gas volume leaving through the exhaust ports 1is
also depcndent on the exhaust-gas temperature and specific
volune, i.e., whether residual gases, scavenging air, or a
nixture is exhaustced,.

Assuning the state of exhaust gas to be identical
with the mean state of the charge, we have

A6y = Yoty / —g— dz Co(2)
Because of
Pyvg = P ¥ (3)

owing to assunptioa (1) dGg has, after entering the cyl-
inder, the volune

M
AVg = ¥ a4 Gy = %5 Pofq s/ Pevg dz (4)

while the volume of the gas leavinsg the cylinder referred
to mean condition in the cylinder is:
avy = v 4 G, = Vof, /P v dz (5)

The inflowing ¢as volune displaces part of the charge,
hence has a volume-decreasing effect; the outflowing gas, a
volune—~increasing effect. Then the charge renaining in the
cylinder goes through the sane phase change as if the vol-
une had changed by the anount of

& Viotpr = =3 Vs + @ Vg + a7 ()

According to assunption 2, 1t is:
P

Tence from equations (4) to (7) follows the phase
equation
Pv=RT Povg= R Tg4 (8)

and fron the relation between tine, r.p.m., and crank set-
ting:
30

d z = d w (9)
. n o
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d P _{ 30k Ty~ 1 Pav *
/ : —_ /T - K ——— 10
T Lnn R%%]dﬁv,'nﬂ/R F T i e (20)
In this cquation the bracketed factors are invariable
for a certain case; fs/V and fa/V, _as well as
% g X are geometric functions of ao and readily obtainable.

P P
is dependent on the ratio —, VY, on ratio ?§; if

S

Ps and Py arc considered constant, then Vg and Wa
are functicns of P T as mean temperature of the cylinder
content is dependent on the temperature of the residual
ases, on the scavenging-alr teuperature, on the nmixture
atlo of scavenging air: residual sgas (i.c., from the
scavenging-air volune entered and left up to the particular
time interval and fron the residual-gas volume discharged
up to the sanme instant), and lastly, on the nonentary cyl=-
inder pressure P. Although the presentation of this re-
lation ianvolves no fundanental difficulty, it nevertheless
rakes the calculation extremely conmplicated. However, by
virtuc of the available data on the temperature during
scavenging (reference 5) it is always possible to enter
the relative value in equation (10) by estimation. Bearing
further in mind that the maxinmum which T rnay attain, is
the residual-gas tenmperature (zbout 500° C.) while the
lowest possible tenperature must always be higher than Tq
(about Tg = 273° + 50° to 100°), a variation of T within
the bounds of 773° abs. and 403° abs., i.e., a variation of
v@r within the limite of 28 and 20 nay be counted on.
Hence, in order to aveid the difficulties introduced when
allowing for the variability of T, it is suggested to en-
ploy a congtant mean value of T, so that in general o/ T
should range at around 23-25. Then we have as invariable
values

¥*Thig cquation (10) is the basic equation for all charging
and discharging processes 1in 2- and 4-cycle engines, If

fg = 0, the equation presents the pressure course during
exhaust (in 2- and 4-cycle cengines). If fo = 0, it is
the equation for the pressure during the suction stroke in
4-cycle engines and for the pressure during the purc charg-
ing period in 2- and 4-cycle engines. If, finally, fg and
fo = 0, it prescants the pressure equation during conpres-
sion and expansion, respectively. The combustion period
alone is inpossidblec to represent by (10), because in its
formulation heat input and output were excluded conformadbly
to assunption.
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= BTG By = 2 W Py
30K
T"O"Ln

and cquation (10) assumes the forn:

725 — 1 f . f_ -
S J/Tg Ps | Vest - f72 5A/T,_,_M_l Ts yo2-x2 8T (11)
177 Lo Rean " v
A zeneral soluiion of this differential cquation is
out of the question, especially as the functional relation-
ship betwvecen VY, £, V, and o« and P, respectively, does
not lend itself to convenient interpretation cxcept in
graphical or tabulated form. Heunce it is recommended to
d1v1de the zone of the crank circle in guestlon into a nun-
ber of parts (not necessarily of equal size) and to deter-

™
N &L .
rniane P d in the ceater of each part for a number of or-
~

dinate vw‘ues (which with given P is directly possible).
In this manner it is possible, as indicated in figures 5
and 7, starting from the known initial state to obtain a
broken line which hugs the actual integral curve with any
approxination (depending on the size of the parts). The
exscution of the process of solution, which for special
reasons affords in the present case accurate resulis even
with relatively rough divisions is taken up asgain later on.

The general equation (11) is, for practical purposes,
modified. In scavenging~slot cngines the instantaneous
port area f can be referred to diameter and stroke:

£ =D s £ 4t | (12)
£,=D s £, - (13)

In addition to this:

*Anv eventually existing incliration of scavenging ports
toward the axis of the cylinder is to be alloed for. (Sec
also reference 11l..) - ' :
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L e
V= (s”y) ﬂ14.. "+ Vo
or - NI
m D®
v = (s‘—x-y) 2 + Vo,

for double-piston-type engines, where as a rule V, can
be appraised at 6 percent of the displacencent:

. ) :
v “4D S{S y+0.06}

i

S

or (14)

.2 < .
v=“Ds{S"X"J+o.06
4 s

Thus cquation (11) assumes the forn

n Do
or
a P <d J) 1
= 1 - At _—
T Ay fgtl g BPWVy £l tKPF " o (15)
where
A Tg P ’
A= 92,3 —=E 2 (16)
n D
B = 92.3 o Tnoan (17)
n D
For rectangular ports, it is:
£ 1! 1 £ 1 - 1
T8 ral b s rel a rel ta ta rel
hence
d P

1
ay 1
= Iy t - ! 1
- AWslgt g B P Wl g nP( S ) - (18)
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where '/Ts Pq
A =92.3 by ———rr (19)
n D
B = 92.3 ga.._mn_w (20)

n D

Equation (11) can be sinplified sinilarly for valve~
scavenging enginesg, although it is not shown here.

If the scavenge ports for a certain operating statoe
are too great 1t may happen at the cnd of the scavenge
cycle that the pressure P 1in the cylinder rises higher
than the scavenging pressure Py, in which case the charge
from cylinder into the scavenge-air recciver is reduced.
Conformably to equation {5) the air volune leaving through
scavenging ports in time interval & z ig then:

AV, =Vg £, 4/P v d z (1a)

whereby Es is dependent upon the ratio PS/P. Then
equation (10) reads:

da P 30K 1 - f
— = ——VR«/Tmean!P"JJ = -
d o Ln T J 5
%’zon JT ]P fy _ P ay (10a)
- S & - K= a
Lo w nean | 7 i

The coastant of the first fterm corresponding to this state
is therefore equal to 3 for equation (15) and equal to

B £ for equation (18).

{a

Deternination of Scavenging-Air Volume

Aside from the pressure (or the obtained terninal
pressurc) the inducted amount of scavenging in air npust
be determined also; first, with a view to the correct di-
nensions of the scavenging punp; sccond, for uppralsal of
the scavenging efficicncys The eﬂnloyod equation (1) {(1la)
is suitably changed to:
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30 /P .
§ d Gy = == [ =& fg 4 21
B vy ws s & @ e ( v)
which for scavenge-port type of engines gives{
- 30 Py
a G, = — = D g VY, T, 22
S a T Vg Vs “Spel (22)

Knowing thig, the pressure distribution $S can be estab-
lished and cquation (22) integrated, which is preferably
carricd out in scctions, whereby the sane divisions as
for the pressure are cemprployed, i.c., deternined for each
section

30 D s Py

A A 2 U

“ — 7o Vs Taron A o (23)

and add up the obtained partial amounts.

Experinmental Check of Egquatioan (10)

This check was decned nccoeossary for two reasons:
first, to asccrtain whether objections raised against the
use of stationary discharge forrulas in the scavenging
process are founded, then to verify the applicability of
Nusselt'!s discharge factor to the flow through pPorts. A
Junkers double piston engine, type HEK 85, engine No., 5408,
was available for the tost. Its principal data were (a
sinilar cangine is described in reference 5) 2

Bore 65 nn
Strokc.of botton pigton 120 nm
Stroke of top piston 30 nn
Total_stroke. 210 nn
Crank‘sctting 15°

Fornm, dimensions, and position of ports are indicated in
fizure 3. The charging pump was cut out by removal of
the valves and replaced by e electrically driven Roots
blower,. The inducted air volume was meastured with Mano-
schek type oil oscillation gas neter. An cqunlizing tank
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of 600 liters capacity was nounted to the pipe line dbe-
tween blower and engine. Unfortunately, lack of space
prevented mounting the tank closer to the engine, so that
pressure fluctuations were unavoidable despite the fact
that the whole crankcasc chamnber gserved cqually as re-
ceiver. The Diescl engine was driven extcrnally, the cyl-
inder chamnber was rccorded by Maihak indicator subsititut-
ing for the injection nozzle. Figure 4 illustrates one of
the diagrans as obtained at different scavenging pressures
and r.pele For the mathenatical check the stroke curves
of both pistons were plotted as fractions of the total
stroke. Then the ports on the engine were recorded and
plotted suitadbly (height in fractions of total stroke,
widths in frectiocns of cylinder diameter). The result was
figure 3, which gives for every crank setting the nonmen~
tarily opcn port areas. Futting, in addition, the distance
of the dead ceonters at -

. 1.06 = &
s 7 DR/4

the value -———— 2 + 0,056 can be read direct from the
S

chart. For lack of spece the digtance 1406 has been
shortened to 0.2b, for which rcason it is necessary to add
0.81 to the recorded figures. The results are appended in

table 1, The chart also gives the value é_§_§~é_l for

each part, thus affording the geometric principles for the
calculation,

The ecxperinental coaditions (fig. 4) further yield:

m., P J 383 x 14750
A=92,3 XS 78 - 92,73 363 = 713000 (16)
n D 560 x 0,065

Since there is no ignition or condustion, ‘/Tmean nay be
approxinated equal to A/TS during the scaveaging cycle,

Then: JU— o
¥ Taaan R
B = 92,3 —— = 92.53 48453 (17)
_ n D 550 x 0.085

The scavenging ports heing tco great for this revolution

speed, scavenging air flows back into the rcceiver at ter-

nination of the scavenging cycle. For this stage, A is
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replaced by B P in equation (15). The further procedure
with consideration to cquation (15) (V¥ walues to be taken
fron reference 6) is forthwith apparent from table 1 and
figure 5. The latter also shows the actually recorded
pressure variation taken from figure 4 and reduced to

erank angle as couparison. The agreement of the two curves
is perfect at the beginning and in the middle of the cycle;
discrepancies occur at the end of scavenging which can be
sumnarily explained as being due to the sinking of the
scavenging prcecssure during thie time interval and to inac-
curacies in plotting. The first task in computing the vol-
une of scavenging air is to define

v, = 293 X 363 _ g yn 13/y,

s
14750

whence the constant in equation (23):

0.065 x 0.21L % 30 14750
A o becomnes cqual to

0.002617 or 0.005234, according to whether A a = 0,0785
or 0.157.

This coastant, nultiplied by £ 1 Vs glives the
Sre

anount of alr inducted duriag each stage. Its sum in the
anount of 0.003406 kg/stroke is in good agrcement with the
neasured value of 0.00385 kg/stroke.

: This affords proof of the applicabllity of equation
(10). 4As this equation contains no experimentally obtaincd
corrcction factors, it constitutes an added approval of
the applicability of HNusselt's discharge factor for sinilar
cascs. - :

"Stationary" or WDynamic!" Treatment of Scavenging Cycle
The accord of the true with the thecoretical pressure

distridbution cn the basis of stationary discharge formulas

nakes it necessary to regord this probler also (refereace

3).

FPundanentally it involves two gquestions, to wit:
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1) Is the effect of acceleration so great that an
appreciable departure fron the law of discharge
for stationary conditions is imminent?

2) Is the flow in the cylinder like that in a sta-
tionary flow?

To question 1) - accordiang to figure 5 no such de-
arture is disceornible in the present case. Adnittedly
the conditions in the Junkers cngine are particularly fa-
vorable to the extent that the scavenging ports connect
dircetly with larger chanbers serving as receivers. Then
it is, of course, always attenptcd to arrive with a scav-
enge port greater than the maxinum port section. But even
if this were otherwise, the valwe a = woto/l {(the cri-

terion for the departure from the stationary discharge
forumlas, equation (15)in reference 3) is usually so
great* in the usu~nl . designs that any appreciable effect
would have to be considered as special case.

To question 2) - there is no doubt that hare a non-
stationary process of the nmost complex kind, is involved.
Hence the scnernl acceptance in practice that reliable
tests on scavenging cguality nust be made while the engine
is running and that exparinents on stationary models (for
instance, reference 4) mevely afford rough reference data.

[S)

Scavenging and Boosting

With the foregoing result of being able to predict
the pressure curve and the scavenge air input in a certain
casc, it is nade possible to investigate the problem of
obtainadble power and best arrangement. In the face of the
nany variables involved ~ coastructional arrangements, di-
nensions of inlet and exhaust jiorts and their position in
the control diagran, anount of scavengling ailr and head
scavenging pressure, type and efficiency of blcwer'employed,

*Nornally the rate of inflow w, assesses at-about.180
n/s the total anglc during which the scavenge ports are
open, anounts to about 1000, so that the port opening lasts

/ 8.\ .
50° or t4 = 88 50 —~Z; hence a = 1500 . A design less
n 360 n : 1 n .
pronising in this respect is illustrated in fig. 121 of
reference 11, where n = 500, 1 = 0.22; hence
[0 1500 = 13.6-

500 x 0.22
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and, lastly, the scavenging nethod = it is admittedly un-
likely that -there is: only one favorable golution. . Tha.
Present article is therefore restricted. to an exanina-
tion of the fundamental relatlonshlp of various variadles,
while attenpting for the rest to survey the other rela-
tions fronm the data.

., To Yegin with, we therefore linit the variables by
fixod assunptions to two, namely, scavenging pressure and
volune of scavenging air., The effeect of change of these
quantities on the cngine power is explored. To avoid
unneccssary difficulties in the cwlculatlon, a sinple de-~
sign 1s chosen: a single-piston engine with n D = 100
(reference 11), conventional piston~-controlled exhaust
Torts, inlet ports with slceve valve which controls the
start of inlet. The relative width and height of the
rectangular exhaust ports is 0.9 and 0,14, respectively.
The cCimensions of the scavenging poris and of the slecve

valve are such ans to satisfy two obvious conditions:

1) the slceve valve opeuns after the cylinder charge has
beenr sufficiently relieved through the exhaust; 2) the
tine arca of the inlet is so designed that a return of
scavenge alr in the receiver is precluded or is at least
so small as to induce no appreciable chargsing losses.
The iastant of cpening of the rotary slecve valve can be
defined by conputing the time area for the exhoust lead.
To chicek the conplionce with condition 2) the pressure
curve duriang scavenging must be known.

The opening monent of the slceve valve can be accu-
rately deterninced from the exhaust-port dinensions by

neans of equation (13) (lg = 0) and approxinately with
equation (6a) of reference 11. In the latter case, the
equation :

{ ¥ L ’ ikl *

& g =ZB M= L "-{PPan-l}

5D 2780y Tk -1 . (FalP)

rnust be evaluate

*¥mhig egguation iy b1ven incorrecctly in refercnce 11 as a
result cof interchanged nuncrator and denoninator of the
-2
k-1 _
be observed that.the ¥ wvalue according to Husselt already
contains thoe factors p and 2 g. The equation is approx-
inately valid only, because it premises the cylinder pres-
surc in excess of the critical durihng the whole exhaust
cyecle.

factor

« The wording above is correc but it should
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With the assessed values: Py = 40,000 kg/m® abs;
T, = 873° K; the V¥ valuc according to Hussclt = 1.748;
relief pressure P = P, = Py = 10,000 kg/m2 and kz =
0.86 + 0,06 = 0.92, ’ :
il

we have

S, = 0,031

The shoded area in figure 6 nust correspond to this
figurce (notc the scalcs). In this manner the moment of
opening of the sleeve valve is ascertained at 21° B.T.C.
The rotatory spced of the inlet sleeve valve, that is,
the slope of the opening line, is assumed to be known.
With a l7-percent scavenging-port height at §S = 0.8,
for instance, figure 6 can be conpletely plotted. The
cvaluntion of this diagran affords the lines 2 to 7 and
14, 15 in table 2. Then the pressure curve for the scav-
énging pressures cilted in table 3 is detcrnined. Table
2 and figure 7 contain the complete calculation for Pg =
15,000 kg/mz, for the othcecr scavenging pressures only the
pressure curve is indicated in figure 7.

As regards the processes acconpanying scavenging,
table 2 (and specifically the values on line 11, 12, 13,
and 16, which together fornm the values in line 17) 1is
very instructive.

To illustrate: If the numerical wvalue of line 13 is
positive great at high positive values of line 17, 1t
neang that the pressure rise is due to the preponderance
of inflow. 3ut if the value in line 13 is small, zero,
or negative even, the value in line 16 positive, then the
pressure risc is duc to the compression of the charge as
a rcecsult of piston motion.

The findings are aos follows: As for the Junkers en-
zine the curve for thé pressure rise is nade up of three
pieces. The opening of the scavenge port is immediately
followed bDy a steep pressure rise as a result of the in-
flowing scavenging air,. In the central portion, the
pressure curve is flat, with a eylinder pressure about
the sane as that for a stationary cylinder flow with wide-
open exhaust and scavenging ports (values in line 13 near
zero). Toward the end of the cycle the pressure .rises
anew as a result of the compression due to piston motion
and because of the fact that the charge flow-off is pre-
vented by the rapidly reduced exhaust. area. :

Since the tcrminal boost pressure at Pg = 20,000 kg/n?
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is lower than . P,, at ‘Pg = 15,000 kg/m® about equal to
Py, but at low scavenging pressures higher than Py, the
port dimensions arc in this res pect corrcct or rather too
snall for scavenging pressures above 15,000 k;/m , but
too great for those below 15,000 Pb/ « As o ”hneral

rule, low scavenging pressures require small port arca.

Another fact established is that, apart fron temper—
aturc, the head of the Dboost pressure is not solely de~
cisive for the suitability cf the arrangencnt, but also
the noreant, or rather, the plston setting at which it 1is
obtained. "All boost pressures located on the sane con-

pression curve are equivalent (figs. ¢ and 9). Hence the
desirahility to reach naxinuvm hoost pressurcs as early as
possible. In this respect, engines with controlled-cx-

haugt port or vaTve gscavenging onglines in which the scav-
enging air is inducted through the port, and the exhaust
evacuated through valves, as well as double-~piston and
auxiliacry-piston c¢agines are superior.

) The scavenging air input 1s preferably referred to
the displacement, in order to avold the assunption of def-
inite dincnsions for sitroke and bore in this general cx-
anple.

Dauvation (23) then talos ths form

A Gy - SRR
s 120 ¢ Pe
- -~ 8 S
== = b0 Gy g = | =& LR g g4 b (28a)
7 D Lo n Dy vy
S
4
For instonce: for P, = 15,000 kg/n?®  ond Ty = 343° abs.:
T 29.3 x 343
A [ &
v, = B = - = 0.67
: P, 15C00
hence
120 (. g
. —_— I = 11}7. 58
_ L m® nD J
Results and interncediate values are given in figure,

10 and table 3.

(503
H

A part Gpoogt ©OFf the total inducted scavenging
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Gy 1is utilized to boost the cylinder pressure from P,
to Py, while the remainder of the scavenging air Gsp
scavenges the cylinder. This means that Gsp of itself

could not produce a pressure rise in the cylinder, whence
the inconing G—SP is faced by an identically great out-
flowing volunme.,

A picture of the coursc and the success of scaveng-
ing may now be obtained by separating the processes which
in reality are contemporary with respect to time and space:
Visualize in the cylinder a very thin,floating piston scrv-
ing merely as partition (fig. 11), whose position is gov-
erned by the condition of equal pressure above and below 1it,
Then assume that Gppogt enters in chanber 1, Ggp 1n

chanber 2 with the same timec rate of distribution as occurs
in reality. The pressurc in both chambers rises fronm Pn
to Py. The pressure is plotted as rising curve in rela-
tion to the auxiliary piston setting, HWote that the pres-
sure rise in chanber 2 is, conformably to assumption, due
solely to the volume change caused by the auxiliary piston,
not to Gsp. After termination of the process the auxiliary
piston is removed and the charge mixed. Since the total
input is the same as in reality, the amount of fresh air in
the cylinder will be the sane in both cases, with the pro-
vigion, of course, that the quality of scavenging renains
unchanged. Following a tenmporal separation, the process
then is as follows:

1. Phasc: The auxiliary piston is directly at the
cover, Ggp flows through the ports and scav-
enges the cylinder, The pressure in the cylin-
der is unalteradly equal to Ppn. At the end of
this phase exhaust and inlet ports close.

2. Phasci Gboost enters chamber 1, the pressure in
both chambers riscs from Pp to Pye. Then the
auxiliary piston moves, the terminal state is
the sanme as before, if the scavenging efficiency
is naintained, At this stage the relation be-
tween auxiliary piston position and cylinder
pressure is readily obitainable, provided the
cylinder volume renains always equal to Vg,

Having assuncd adiabatic change of state in all chanbers,
that is, in chanber 2 also (heat exchange between fresh air
and rest gas outwardly does not appear) it is at any in-
stant
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1

K Ko e o —
e (V= T) T P ""vn*“n? Ty= V. i;lv,,z-,‘(_Pn/P)_,.l&_ (24)

| SO |

Consider, thec, any instant of phase 2: The pressure
in Dboth chanmbers is P, the volume of chanber 1 is V.
Ag the auxiliary piston moves 7V, 1is changed by a V,
in tine interval 4 z, at the sane time as d Ghoost

cnters. According to equation (3) this quantity of air
has o velune

d vbOOSt = P a G-’DOOSt (25)

hence 4displaces an identical volune of the charge from
chanber 1. Thus the charge volume of chamber 1 underwont
a changse anounting to

O LT S S (26)

This change of phase also is adiabatic. FHence (sce
equation (7)):

Vi

v = - a P (27)
S TR P

ltotal

Fronm ecquations (24) to (27) follows:

: 1 1 1
ac _=——-——{Pd.v + Ly ap
boost P vg 1 Kk j

1 1
1 - - e
= Jda(pv,) + 2= 8y, ap- L8y pFPE dP}(EB)
R Ty “ K K

which, integrated and the corresponding limits inserted,
gives

Py, Vo 1 - P, /P, _
Gy oost = (29)
008 R T \

Since, as a rule, it is nore expedient %to refer
Gboost to the displacenent,it affords with
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. 2
ky = Vo /T2 s, or ky=1

- m _D?
1 hsrel + Vo/ ) s

in scavernge—-port engines,

Py 1 - (Pn/Py)

Gboostrcl kg R T ' (29a)
] K

In the present example k5 = 1 - 0.17 + 0,06 = 0,89,

whence Gy, o4¢ 2n& congseguently Gsp = Gy = Gygoogt can

be conputed (table 3).

Lowever, equation {(2¢) holds only so long as Py & Pg.
With Py> Py i.e., scavenging air flowing bYack
into the receiver, thec solution of Gyga,et is uncertain,.
It is safcr then to put Py = Pg.

While Gygyogt then remains comupletely in the cylin-
der, heance wholly available for conbustion, GSP scavenges
the cylinder with result sinilar to the conventional 2=~
stroke ceagine with symnetrical control diagran. These cen=~-
ditions can be graphically represented by plotting the scav-
enging air volunc left in the cylinder after scavenging
against the scavenging mediun input k in parts of the dis-
placenment, with parts by volumc of cylinder displacenent as
usual, as ordinate scale (references 2 and 11). It yields
a curve which in principle approaches, after a nmorc or less
stecep rise, a horizontal line asymptotically, which theo-
retically should lie at distaunce
1o- hsrel
The shape of the curve is therefore dependeant on the port
heights and the size of the compression chamber.  On the
other hand, plottins the scavenging air volume renaining
in the cylinder in parts of V,, affords a release fron
these gquantities, the asynptote lics in all cases at dis-
tance 1 from the axis of the abscissa. For the sane roa-
sons it would also be correct to plot the scavenging input
in parts of V,, dut that would introduce difficulties of
another kind. '

2
+ Vo/ﬂjfL'S from the abscissa (provided hg > hy).

For 2-stroke engines with symnetrical control diagran
and crankcase. scavenging punp, a series of such curves
taken by List (reference 2) arc available. Although the
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tests serving as a basis for these curves were 'not made
on~the running -engine and the altered .conditions of the
present exanple (constant scavenging pressure, higher
pressure in cylinder during scavenging, etc.) undoubtedly
affect the individual point on the curves, they still are
representative of the fundamental shape, which, after all,
is of paranmount inportance in a general study. Thus the
curve for reverse scavenging and 1.48 bore-stroke ratio

is %o be used after proper conversion and carcful comple-
ment for the subsequent argunments (fig. 12)., Obviously

it is to be noted that in 2-stroke engines with synnetri-
cal control diagrams the volume of scavenging air is re-
ferred to the state of the atmosphere. Using the previ=-
ously cited division of the scavenging process with re-
spect to tine and space in a boosting and a scavenging part
as a basis, it follows that the volunc is defined by the
lowest cylinder pressure Pn* and the temperature of the
scavenging alr in the receiver, that, according to eguation

(3)

P R
Vep = Vg == 2Ts (30)
Pn Pn
whence
R Tq
Vep = Ggp —= (31)
Pn
or, when resorting to the correlated values,
Air dinput k = V /1'-—D—i s = G 2 1s (32)
< SPf 4 SPre1 P,

The air-input factor then permits the determination of the
air volume renaining in the cylinder (for instance, by
neaas of fig. 12) from which the corresponding air weilght
Geg can be ascertained. The sun Gp = Gphoost + Gg TeCP—-
resents the total result of scavenging and bDoostiag, it is
the air volume available for combustion.

In table 4 the results and several intermediate valucs
of the calculation as applied to the exanple are shown,

*In the exanple, it is Pn = Py = Py this, however, nced
not always be the case,as explained farther on.
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while figure 13 giving tﬁe sane data as curves, forms the
basis for the sclection of the scavenging pressurc. . For
the sun Gp = Gpgggt + G forns the starting point for

conputing the indicated power, Gg and L orec decisive
for the powaor absorption of the blower, in conjunction
with the power~plant friction they are the gquantities
which define the effective power and the mnechanical ef-
ficicncye. Obviously, their solution is contingent upon
the values representing the known air-fuel ratio, and con-
bustion as well as the compressor characteristics. It
will be observed, of course, that the compressor charac-
teristics nust be already accounted for in the determina-
tion of T4, which had been tacitly assumed in the exan=
ple. Since the calculation of the indicated power in
nixture scavenging engines introduces additional diffi-
culties, the troatment is for the present limited to
Diesel engines. For such engines, a theoretical air re-
quirenent Lpsp of the fuel, an air ecxcess factor A,

and an indicated fuel consunption b3 without regard to
oxygen content of exhaust gases, affords

p. = 27 GIlrel

i (33)
A by Ipin

To compute the compressor output or its corresponding nean
pressure, the compressor cycle must be known. The course
of the comnprcssion and expansion curves as well as the air
inlet and exit control nust, of course, be taken into ac-
count. Isothermic conpression is probably never attain-
able (refercnce 11)., With adiabatic compression, it is

Pgt = V"rel Pl l-<Pc5/Pl K -1 _, (34)

while for compressors fecaturing a sudden pressures rise
(DNoots blowers, ctc.)

Pt = Vg (Fe - P1) (35)

6]

At low scavenge préssures the last cquation can also be
enployed approxinately for adiabatic cotrse of the conpres-
sion curve. In all cascs the total efficiency g nust

be known from which then the mnean pressure corresponding

to the actual blower power is obtained at
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b 2 _ Pat
P = —u kefln or P, = P kafcon® 36
& g o f/ e 15 - ‘:10000*"11'@'” L’/ . , (36)

Thc tcrnlnntlon of the oxanple stlpulates certaln
assunptions regarding combustion, gear losses, and con~
pressor characteristics, which in reality naust DLe replaced
by test data. As regards the total efficicncy of the
blower itseclf, its reclation to the back pressure nust also
be accountecd for. As a general rule, the total efficicncy
incrcoscs with increasing pressurc in blowers whose volu-

noetric efficiency does not drop abnormally with increasing
back pressure, since the leakages can be kept at a nininun
by constructive safeguards. But if the leak es cannot be
recducecd helow a certain stage, i.e., the volumetric effi-

clency drops rapidly as the back pressure rises (ioots
blower, positive displacement tywve) the total efficiency
drops very rapidly with increasin; presgure after reaching
a naxinum value.

It would serve 210 useful purmose to include assunp-
tions concerning the course of the blower efficicncy in the
exonblc and so restrict the genercl validity still nore.
dence we shall figure with a value of Ny = 0.6 unrclated

to the back pressure. Tlie contustion ig¢ characterized by
the following values:

Liin = 13.85 kg3/kg (gos oil), A = 1.8, Di= 0.14 kg/hpy-h

gear friction at 10 percent of the indicated hp., so that
Vep = O0¢9 Di. This gives the values of table 5.and, in

turn, of figure 14, According to it, the highest mean
pressure obtainable under the given conditions is 5.9 kg/cmz
at Py = 14500 kg/m2 scavenging pressure. The aspect of

N should also be observed, which amounts to nn = 0.75 at
Pe = 549 kg/cn?

Effcct of Port Dimensions and High Speed

The model example has demonstrated the basic relations
between scavenge air pressure and scavenging volume as well
as the effects on scavenging and boosting result, i.e., on
the output. In the design, the nuncrical influence of dif-
fereat port sizes nust, of course, be considered in order
to assume the nost offectlve arrangencnt for the particular
conditions, 3But for merecly follm«rlnb the ¢ffect of port
size in gen erwl outllnes it suffices to sinply change one
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quantity equivalent to the time arca of the ports, l.e.,
the engine characteristic n D. This has the advantage

of rendering part of the daota obtainced from the exanple
anenable to use. The calculation for a scavenging pres-
sure of Pg = 20000 kg/m® and n D = 100, 200, and 300
yieclds (table 6 and fig. i5).. In view ¢of the fact that
in the chosen arrangencat the second stecep pressure rise
is leoss due to the inflowing air than to mnotion of the
piston, i.c., conpression of the charge,an exaniazation of
figure 15 and table 6 yiclds the fellowing: The helght

of the achicved terninal pressure is 1n surprisingly wider
linits indepcandent of the high speed and hence of the pord
arco itself. The steepncss of the pressure rise changes
in the first part of the scavenging period, and the scav-
enging volume Gg. Thiis an increase in speed or a reduc-
tion of the scavenging ports within certain limits lowers
the scavenging volune Gsp’ while the boost volune Gpgpogt

renoing unchanged. IHence 1t is possible to reproduce the
conditions of optimunm air input figure k without change
in scavenge and Dboost »ressure, whereby not only the ob-
tainablc power but uader circumstances also-the cooling
effected by scavenging and in nixture scavenging engines
the fusl consunption arc decisive. However, it should be
borne in nix that this characteristic is also dependent
upon tlic relationship of the counrse of port opening aand
miston notion. Heunce other conditions ray nrevail for
double, auxiliagry-piston and valve-scavenging engines.

.

™

Exhaust Iort Dimensions

_ Dosides the scavenging ports, the dimensions of the
exhaust port can also be changed. For coanstant cxhaust
lcad and consgtant time arca of the scavenging ports this
node of action alsoc affects the pesition of the ports in
the control diazrans, Furthernore, since the head of cyl-
inder pressure (in the median part of the scavenging period)
corresponding to the stationary flow depends on the ratio
of inlet to outlet arca, this precaution acts on the whole
pressure rise during scavenging, i.c., evokes more far
reaching coasequences than changes on the scavenging sec-
tion alone.

Mizturc Scavenging Engines

Here the conditions arc different insofar as losses
in scavenzing nediun are .syaonynous with fuel losses. If

Loin ig the theorctical air requirement of the fuel, A,
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the ratio of air wéight input to Ipin, where A nay
~exceed or be- less -than -1, -then 1 kg .of. scavenging nediun
consists of B kg fuel and 3D Lpin A kg air, or 1 kg
of scaveanging mediun contains ‘

3 = 1 kg of fuel
1 + Lpin A

Hence Gg kg of scavenging nmedium contain B Gy kg of fuel
of which, however, only 3 G, = B(Gg + Gpoost) ever reach
cormibustion, while ZB(GS - Gn? is carried off undburncd.

With Dbs; denoting the indicated fuel consumption ob-
tainable in the 4-stroke engine under otherwise identical
conditions, the ncanrn indicated pressure in the 2-stroke
engine follows at

Gll s 1
Py = 27 re — (37)
(1 + N Inin) by
against the true indicated fuel consunption of
— G
by = by 2 (38)
/G
"
in the 2-stroke engine. Hence the effective fuel con-
sunption is given by
. Cn 4
be = bi/ng = bi/ﬂmgg (39)

For gasoline engines it anounts to approxinately:

Lnin = 14 kg/kg, A =1, by = 0.2 kg/hp-h. The equations
(37) and (39) togzether with the foregoing values applied

to the basic diagran of the cxanple (table 7) gives figure
17, which explains the conditions in the carburetor engine.
The corresponding mean pressure was put at the same head

as on the Diesel engine. According to figure 16, the fuel
consunption rather than the obtainable pg max 1is decisive.
Hence the scavenging pressure should be so chosen that the
fuel coasunption remains in the central flat zone of the
consunption curve. The absolute height of the consumption
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in the ecxanple does not Jjustify a negative appraisal of
such engine, because the port arrangement for this purpose
is expressly unfavorable. It should rather be attenpted
to rcach comparatively small Ggp at great Gpoost values

{.¢., to provide smaller port sections. Then the factor
Gn/GS can be kept great. At the sane time, considerable

residual gas renains in the cylinder, which acts as a re-
action brake and increases the knock stability of the
nixture. In this manner, the conpression ratio can be
reised ard Dy lowered. It is therefore within the

realn of possibility to design nixture scavenging engines
with conparatively favorable consunption figures. Engines
of this type are few. The nuch cnployed V engine of the
Auto-Union rcnains, notwithstanding the separately arranged
lift-piston pumps, a crankcase cngine in its operating
eycle (rcference 10), with symnetrical control diagran and
natural aspiration. '

It is obvious that nixturec scavenglng engines with
separate blower and approxinately constant scavenging
pressure nust be designed as supercharged engines. Dut
then their prospects are not unfavorable, provided, of
course, that a suitadle fan is availadle. This in %turn
brings the design of 2-stroke alternating cengine within
the recalnm of possibility.

Pressure Curve Zuring Scavenging with Insufficient
Exhaust Lead

If the %ime area of the exhaust lead is too short,
the pressurec Py, in the cylinder during opening of the
scavenging ports is higher than the pressure in the ex-
haust nanifold Py. . This does not affect cquation (11),
hence the pressure can be determined as before, except
that the starting point of the pressure curve is higher,
ag- illustrated in figure 17, for the conditions of the

example, Pg = 15000 and P, = 13000 kg/m®, along with
the pressurc curve for P, = Py. The niddle and final

part of the pressure curve remaix the same. The lowest:
cylinder pressure Pp Dbecomes substantially higher
(10,800 kg/n?), and the total air input Gy drops
slightly from 2.197 to 2,183 kg/n®. On the other hand,
Gpoost becomes, according to equation (29) equal to
0.266 as against 0.316 kg/n® for P, = 10000 kg/m®. Pre-
cisely the nmost valuable part of the scavenging air - be-
cauge it is mot exposed to losses - is reduced.
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The effect of a rise of Pu in the exhaust nanifold
over~the-atmospherie pressure. is sinilar:. As .P,. or Py
increases the advantages of-the unsynse trlcal control dia-

-gran vested in the supercharge are nore and nore lost,
& i

the cycle of the engine approaches that of a common 2=
stroke engine operating in proximity of higher pressure.
This could be obtained equally as well in a different man-
ner; say, by throttling the exhaust. Then it no longer
involves a supercharged but a pressure-scavenging engine.,
These facts assume special significance in mixture-scav-
eaging engines. Hence the design rule of ample exhaust
lead o~d of exhaust pipes designed for mininum flow resist-~
ances and absence of deleterious exhaust vibrations.

Dlower

The greatest problem in 2-stroke-engine design re-
nains as befocre the blower. In stationary and ship plants
of normal high speed the piston blower has proved practi-
cal and renains a favorite in spite of its comparatively
high price. More recently the Roots blower (the modern-
design types) has.also found some favor. Its fitness for
this purpose is unquéstionable, although its assenbly with
the eangine does not enhance the general appearance, and
the noise abatement presents difficulties, which, however,
will De overcone.

Sut, for small high-speed engines, the blower still
renains the most serious obstacle. Only the well-known
Junkers with single- ~acting piston pump has made any head-
way in this respect. No rotary blowers are used except
for experimental purposes. The difficulties are too well
known to require repeating, except for some remarks about
the demands of the supercharged enginz on its blower.

Typical for such an engine is the great r.p.nm. range
within which it nust operate and remain "elastic." The
concept of elasticity hay be considered as being cleared
up (references?, 13, and 14), Aside from other charac-
teristics = in this case unimportant - this means that
the noment characteristic curves (Pe) from a point located
at the lowecst pOSSIblu Tepo.ml., AUSt be descending with in-
creasing r.p.n. at all throttle or fuel pump settings.

‘Four-stroke Otto engines sa tisfy this requirement so much

better as the ratio of section of carburetor air scoop to
piston displacement is smaller, In Diesel engines, this
characteristic depends chiefly on the fuel pumpe. It




30 ¥.A.C.A. Technical Memorandun- Ho. 908

usually calls for some artificiazl intervention, at least
in the slow speed range. Although the 2-stroke-cycle
Diesel engine does not rest solely on ifts punmp character-
istics, the arguments here are confined to the Otto engine
(nixturce~scavenging type) because it brings out these con-
ditions more sharply.

The deternination of the pressure-curve and of the
scavenging volume of a certain engine (= example) at dif-
ferent r.p.t. or different n D affords the curves shown
in figure 10. ©Plotting a straight line parallel to the

.ordinate axis and then the scavenging pressures corre-~
sponding to the intersection points against the n D, we
find the connecltion between scaveange-air pressure and
r.p.nt. for constant scavenge-air volume (fig. 18), i.e.,
with a blower vhose efficiency is independent of the rT.p.n.
and the back pressure. The rising boost pressure indicates
an increase in Gpoost and consequently a drop ia Ggp =
Gg - Gphpoogts through which Xk becomes smaller. The re~
sult is that the share G of .Gy, 1left in the eylinder
is comparatively greater. Hence the guantity of mixture
left in the cylinder and conseqguently also ©p; increase.
Admnittedly the blower output itself increases, but this

can nake good the rise in py; only if accompanied by a
substantial drop in the total blower efficiency. 3But that
would be followed by very adverse fuel consumption figures.
The requirement therefore will be that the blower reach

its maximun efficiency at comparatively low engine speed
and low back pressure and that it decrease at increasing
speed with concurrent pressure rise. At the same time,

the over~all efficiency throughout the whole range should
be as high as possible., For a number ‘of reasons only the
rotary blower comes in guestion on gasoline-driven mixture-
scavenging engines. The only reliable rotary blower for
bizh 'speed at present (t 1e positive displacement blowers

of importance for airplane engine being disregarded in

this connection) is the Roots blower in its modern design
versions. The efflclency of this blower increases at un-~
changed back pressure with the r.p.m. At constant r.p.m.
the ef Ilclency drops very quickly with indreasing back
pressure. - Since the last effect is certainly predominant
this type appears, with proper choice of dimensions and
‘speed, or better, of the ratio engine speed to blower
specd, t0o satisfy the above requlrements (Venediger thinks
otherwise, reference 8).
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Cronkcase EBungines

The foregoing investigations deal exclusively with
2-stroke engines with separately disposed blowers for
which the scavenizing-air pressure is approximately con-
stante In true crankcase engines (characteristics: scav-
enzing pressure drops to around aimospheric pressure,
scavenging-air volume, referred to displacement, smaller
than 1) the application of uansymmetrical control diagrans
secns at present useless, as no boosting is possidble.

But even in such engines an unsymmetrical diagram may be
of advantage, because the exhaust section can be reduced
without reducing the the exhaust lcad and the closing

of the exhaust port can be cffected before or with the
closing of the scavenging port. These measures can in-
flucnce power and consumption. If, in addition, the con-
trol diagram is variable, improved flexibility may result
under certain circunstances (reference 9). Moreover, un-
synmetrical adJjustable control diagrams can he obtained
with very simple consitructive means, The mathematical
treatment of these conditions appears at present hopeless,
which makes ezperinental elucidation of the problen that
nnuch nore necessarye.

COUCLUSION

The prescnt state of engine design is characterized
by the fact that in various fields of application the 4-
stroke engine has reached its potential limits. Thus,. for
given weight or space conditions (aireraft engines, trucks)
the output can in many cases be reached only by supercharg-
ing, On 4-stroke aircraft Diesel engines even this measure
barely suffices to assure adegquate volunetric efficiencies,
which explains the limited use of such engines. For these
spheres of application, the change to the 2-stroke engine is
Just as inevitable as it was two decades ago iIn the design
of large engineg. The very fact that a 4-stroke engine fit-
ted with supercharger has the same structurally undesirable
features as the 2-stroke engine leads to a preference for
the latter. And this explains why everywhere* the develop~
nent of the 2~stroke engine is pushed energetically.

*Mveryvhere (for instance, reference 1) and not in Germany
alone, to guote an English reviewer of ny book: The most
patriotic Briton or Frenchman could hardly deny %o German
(Continued on next page) o
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The present article is an attenpt at supplying the
nathenatical data for a partial problem of 2-sitroke-en-
gine design as indicated previously (reference 11). The
application of the calculating method is predicted on the
knowledgze of the scavenging output curves (sce fig. 12):
establishnent of these curves at different conditions is
one of the nost urgent necessities of 2~stroke engine de~
sign. However, even with the available data, the method
can be used in the design as o check. The prediction of
the pressure curve is a tinc-consuning task. 3But even if
it effects only a small saving in expcrimental labor the
task will be well paid.

Pranslation by J. Vanier,
Hational Advisory Committee
for Aeronautics.

(Continued fronm preceding page) engineers the credit for
the greater part of the progress that has been mnade (the
4-stroke Diesel is meant) and it is therefore instructive
to see how in Germany the 4-gstroke type has received a
check, and now, both openly and behind the scenes, there
is fevérish activiity in the development of small 2- stroVe
Diesels (Engineering, July 24, 1936) )

e e, ey = e = S
B T ST 2 T z



10,

1ll.

12.

13.

W.A.C.A., Technical Henorandun Fo. 908 33

REFLRENCES

Saagert, P. H.: XNeuzeitliche Eisenbahnfahrzeuge in
Anerika. VDI, vol. 81 (1937), S. 510.

List, Hans: Crankcase Scavenging of Two-Stroke-~Cycle
Ellgines. Tc JMQ I‘IO- 516, 1;.1‘3.-80}&0, 19290

Lutz, O.: Grundsfitzliche Betrachitungen iber den Spilil-
vorzang bel Zweitaktmaschinen. Forschung, 3d. 5
(1934), 5. 275.

Lutz, 0.: Untersuchungen Uber die Spllung von Zwei-
taktnotoren. 3erichte Heft 1, Stuttgart, 1931,

¥Yeunann, Evrt: Der Spil- und Ladevorgang bei Zwei-
taktnaschinen., Forschungsarbeiten, 1930, EHeft 334,

Hugselt, W.: Die Strdnung von Gasen durch Blenden.
Forschung, 5d. 3 (1932), Ss. 11.

Richter, L., und Zenan, J.:! Belastung, Fahrgeschwin-
digkeit uad Breunstoffverdbrauch. ATZ, Jahrgang 38,
Heft 13, July 10, 1935, S, 327-30. :

Venediger, Herbert J.: Untersuchungen an schnellaufenden
Auflade-Drehkolbenverdichtern. ATZ, Bd. 36, Ieft 23,
Jee. 10, 1933, §. 579-83, and licft 24, Dec. 25, 1933,
5. 619-22,.

Venediger, ¥. J.: Crundsatzliche Betrachtungen zum
Zueitaktverfahren. ATZ, Bd. 39, Heft 11, June 10,
1936, 8. 273-80.

Venediger, H, J.: Stand und Entwicklung der Zweitakt-
notoren fiir Kraftfahrzeuge. VDI, Bd. 81 (1937),
S. 187.

Zemah, J.: Zweitaktdieselmaschinen. Vienna, 1935.
(Julius Spriager).

Zenan, J.: Verdichtungsverluste bei kleineren Zwei-
toktdieselnctdren, Forschung, Bd, 6, Heft 3, Hay-
June, 1935, &, 129-38.

Zenan, J.3 Die natlirlichen Kennlinien von Vergaser-
notoren. ATZ, Bd., 38, Heft 17, Sept. 10, 1935, 5.
426~28.



o et e e e,

34 N.A.C.A. Technical Menorandum No., 908§

4. Zenan, J.: Der Fahrzeugdieselﬁotor. Petroleun, Bd.
33 (1937), N¥o. 6, S. 1. '

List, H., and Niedermayer, EB.: Versuche an der Zwei-
taktdieselnaschine., PForschung, Bd. 8, Heft 6,
Wov./Dec. 1937, S. 265-78. (This article was pub-
lished after completion of report.)




N.A C.A. Technical Memorandum No. 908 } Table 1

Table I
... 1| Partmo, | 2 ' 3 " 5 8
2 da 0,0785 0,0785 0,157 JISE 0,157 0,157
3 i’—“—j-_—"—f— 0,08 0,953 0,975 1,002 1,020 1,0476 1,0555
4 fu et 0,00542 0,01085 0,0422 0,06751 0,08293 0,08886.
5 farar 0,0855 0,0008 0,0908 0,0908 0,0908 0,0908
6 Facar 0,00569 0,0204 0,0421 . 0,0655 0,0791 0,0842
7 Fara 0,08 0,093 0,0008 0,0882 0,0868 0,086
8 P.ggsumed | 10000 | 10050 | 10050 | 10160 | 10600 | 10700 | 11600 | 11500 | 12200 | 13300 | 12400 | 12600
9 v, ' V1,378 | 1,373 | 1,373 | 136 | 1306 | 1,202 | 1,160 | 1178 | 1,05 | 1,03 | 1,013 | 0,072
10 v, o |o12 | 012 | 0286 | 0,631 | 0,670 | 0,048 | 002¢ | 1,072 | 1,001 | 1,008 | 1,142
1| P UN 5590 | 5570 | 19980 | 19780 | 39200 | 38750 | 54150 | 54900 | 59200 | 58300 | 60850 | 58300
12| 8Pyt 0 5500 | 5600 | 12830 Y 29250 | 31800 | 46750 | 45250 ] 54700 | 56100 | 57100 | 59760
13| Difference 5500 | 70 | 14280 | 6930 | 9050 | 6950 | 7400 | 9650 [ 4500 | 2200 | 3750 | —1460
" “—’i“’i — 0,0235 { — 002 1 — 0,033 — 0,023 —0,013 — 0,002
15 ("_’%‘ﬂ)';}; — 0314 i — 0,261 ‘ — 0,2095 —0,1423 —0,079 — 0,012
16 14P (“—f"—y_)' 211; — 4395 ‘ ~44;i:ﬁ‘| —3710 | — 3110 ' — 3135 | — 2310 t — 2200 | — 1350 } 1360 | — 208 ' — 212
w i‘; 41195 i—4350 t+10620{ +3220 | 4-6840 1 +3815 | 45080 1 +7360 ' +3150 l 840 | 3542 ‘—1662
18 v, 1,379 j 1,36 | 1,209 i 1,168 ‘\ 1,043 ] 0,992
W 46 0,00001955 | 0,0000707 7! 0000287 | 00004125 |  0,000454 | 0,000461
; Gy oot 0,0034oe_i«g/gtroke
Table I (continued)

| ; 7 8 " 9 10 it " 12 13 : 14

2 i 0,157 0,157 [ o 0,157 © 00785 0078 | 0078 ! 0,078

3 ! 1,052 1,039 © 1,014 [ 0879 0,946 L0921 ' 0,892 ‘ 0,862

. 1 009016 - 008886 | 008203 0,06751 0,050 0,0353 001985 .  0,00542

s '[ 00908 00808 ' 00849 0,053 | 0,027 0 ‘ 0 ‘ 0

¢ 00857 00855 | 00817 0,069 , 00528 | 0083 | 002225 |  0,00020

71 0,063 00874 | oosw | oess | ooz 0 0 ! 0

8l 12500‘ 12700 | 12600 | 12700 12600! 12700 | 12900] 13100 | 14000 13700 | 14600 " 14700 ) 15000| 15200 ’ 15400 | 15600

|
o' 1,125 | 1,158 1,142 1,158 | 1,142* L1868 | 1188 1217 | 1,313 1,284 I

5, 0002 | 0,952 | o,972| 0052 | 0972, 0,852 | 0,908 0,862 | 0,598 0,708 | 0,216 0,075 —0,207—0,435|— 0,532'— 0,617
0

151 60600 ' 58160 | 59150 | 58100 | 66500 55500 ) 44550 | 42400 | 22500 | 26650 | 5900 | 2050 |—4800 | —7100 | — 2400 | —3215
! ! .

2} 58400 [ 61300 | 60700 e2100 | 58100 | 50500 ] 41050] 42700 | 22200, 21250 } |

13 2200 —3150 —1550|—4000=—1600|—4ooo\ 3500.—3oo| 300 | 5400 | 5900 | 2050 |—4soo;—7100 —2490 ' —3216

“: +0,009 1 40,0195 40,03 -+0,041 +0,023 -+0,027 40,029 4-0,029

| !
5+ 00545 J 40,1185 ‘ 40,188 ' 40,2667 +0203 | 40344 +0,414 40,430

16] 954 - 069 ’+2uo[+2125:+3310§+3340 +4815i+4890|+5740i+5620i+7030 + 7080 - 8700 - 8800 | 4- 9270 | +- 9390

; . [ ; ) -
17+ 3154 " — 2181 : + 560 ; —1875 1+ 1710| — 660 l+ 8315 ; 4+ 45% '+ 6040 i+ 11020+ 12830] -+ 9130 | -r-3000 I+ 1700 | - 6780 +- 6185

18 0,97 0,96 0,958 ! 0,868 0,67 0,218 — 0,435 —0,675

9 0000457 .  0,000446 0,000417

i 0,0003065 0,0000877 0,0000109 + — 0,0000226 — 0,00000816

20




Table II Table III
: P, kg/m? | 12000 | 13000 | 15000 lzoooo
1| Part no. 1 2 3 | 4 | 5 | 8 ’ 1| s ‘ s . 10
1 . | . A N : — T, ok | a8 | 30 | 348 | 313
‘ ‘ R
2 } da 0,0818 0,0818 0,1636 0,1636 ) 0,1636 0,1636 1 0,1636 l 0,1636 ' 0,0818 0,0818 v, m¥kg | 0842 0,743 » 0,67 ‘ 0,546
5 Kl B 1, ! 65 | 0,030 7 A
3 | - 10.06 1,041 1,08 1,067 1,069 ’ Lost . 1,02 | 1,005 0,9 ;0.8 0,904 A=10232, XIT) 144500 | 174300 | 205000 | 285000
- Ty Ty T T T T n i
4 [ 0,022 0,07 0,138 0,169 i 0,181 | 0,142 | 0,115 0,075 i 0,040 : 0,014 -
e T R R R p=o23c, YTme | 101 | 191 ’ 11 | 1,1
5 1, 0,121 0,130 0,137 0,139 0,131 ;0,113 0,085 0,045 0,010 0 !
A | i 1
- _— e —— —— — _ O - .
_ , , ‘ ; 1% 4 ‘/p_/.,_ e | 1286 | 1468 | 1862
6 Wen 0,0211 0,0666 0,1305 l ol | ols | 0197 I 0,114 00717 | 0083 0,015 at nD
- T T T T N A B o T T - 2| 115 1
7 Lon 0,1162 0,1238 0,1206 0,1312 ’ 0,1246 ‘ 0,1095 ‘ 0,0845 I 0,0466 0,01075 i [ P g/ 0 3350
‘ | | — e S e N G kgmt| o876 | Loz | 22 ' 32
8 P umed 10000 ! 101060 | 10300' 1040011300 ! 11400 12400 12200 12500 12400 12500 12100‘12800 12000 13300 13400 14000 14100 14800 14700 - !
Assume I I ‘ | : i ; l f-‘v, - Gunrn kg/mt] 0,088 | 01967 ! 0316 D05
111,08 94 ' 0,974 | 0,954 , 2 . T T R - :
9 Y 1,397 | 1,387 | 1,364 | 1,351 (1,239 1,225 |1,053 {1,09: l 1,0 3 1 003 , 1,033 | ‘ 0,894 ° | 97 l 0,9 ‘ 0,867 i 0,845 % 0,683 ‘ 0, 6:)0 ‘ 0,258 ; 0,342 , Table v
R R T A ‘ N , . .
10 " 0 |0,216 | 0435 | 0,511 | 0,873 | 0,899 | 1,108 [1,072 t 1125 1 1108 ‘ 1,125 | 1,158 l 1173 | 1,188 ; 1,243 \ 1,254 ; 1,313 | 1,322 ]‘ ' P, kgm: | 11000 | 13000 | 15000 | 20000
- i — i [ e e . p
11 Ay lyn 6040 | 5890 | 1862018240 | 33300] 32800 | 34450 35700:32400 33100{29150 28050 ' 22870 22400113800]13450‘ 6200 | 5730 820 1086 ] p kgfem? | 4,32 6,95 8,05 9,4
- | o IR ! ! T . ]
12 BPy,l'\u 0 | 4840 |10600|12570| 24410/ 25350 | 34400 32700|3345013‘7700|29400|307a0 24250/ 24750]14700 14950, 3775 | 3830] Per-09p, kgfom?| 3,88 6.25 ’ 7.25 8,45
— — = — | e il e e Vera o | 1w | 188 | 2m
- -2 =27 - —2350 - - 3 -
13 Differ’nc. 6040 | 1150 | 8020 | 5870 ; 8890 | 7450 | 50 | 2950 ' 1000| 400 ' -250 l 2700 ' 1380 ;2350 9(}0 1500 2425 1 1900 i 820 1086
B : . k ! —F— — P, kgmt| 70 | 3780 | 8000 | 21300
14 Ayls —0,01 —0,007 — 0,0085 +0,0035 +0,012 | -+0,025 . 0,032 +0,046 +0 024 | ~+0,0275
- | | ) ! p. kgfem*} 0118 | 063 1,33 3.6
15 (—— . Aa —0,11075 —0,0815 —0,0376 -+0,0202 i -+0,0698 10,148 40,1946 ‘ --0,291 ; +0,315 ! 0,372
: | | ! | I Table VI .
6| 14P (T”) Y 1550 —1565 —1175(—1185'— 594 '— 600 '+ 350 |+ 345 +12°0’+1010 +2590 2630 +3490 1-3515 +.»420 5160 16170 —-|-62"0 7710 47650 . 20000
7 T T A i A
. ‘ i \ R
17 _‘;'; 4490 (—415) 0845 | 4085 | 8200 | 6350 | 400 | 3205 220 1610 2840 -T0 | 2110 1165 J. 4520 ; 3960, 8505, 8120 | 8530 | 8736 2D mfmin 100 200, 300
18 ¥ 1,302 1,358 1,239 1,080 1,04 1,013 0964 086 i 0,668 0,345 P, kg/m* 19350 19220 19000
19 46, 0,03845 01133 0,4080 0,44 0,40 0,343 ‘( 0,264 0,1538 0,0318 0,00575 Gures kegfm' | 3,28 1,6918 L1517
20 Gurer 2,107 kg/m? ; Table VII
P, kg/m®| 11000 | 13000 | 15000 | 20000
G kgfmt |'0876 | Loz | 22 | 328
Table IV :
P, kgim? | 11000 | 13000 | 15000 | 20000 Gus  bgin? | 087 ; o807 | Lowt | 1218
a i
vy uwifig | 0925 | 096 | 1005 | 103 GG 0 | osar | 041 | o¥
o Y y . X -
kgfem? | 501 807 | 93 | 1095
k=Gp.,-v | 0748 | 1306 | 1802 | 31 P o : >
eyl Pe=09p kpfem? | 451 © 7,26 | 837 | 9,88
050 | 076 | osm1 .82
g:z; |Gl 0. P kgfem?| 0118 | 0,63 | 1,33 |36
linder [g, o 0481 07 |.0m8 | 0668 N 0877 | 0822 | 0757 | 0572
b, kghph | 0365 | 0423 | 0562 | 0945

806 'O WNPURIOWSN TBOTUYOSL 'V O V'N

L9'6‘v’‘e‘z soTquy
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: curves and oLy 4 s
[/ =
¥ 3/ referred part dimensions ;“f; ;a; /A 5 T |
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\ - [} Exha
3’% T @ defining the geometrical ZZ ortu“l iy -72—1“ Q"T-j
P L alm o principles for evaluating‘a'm L | .\ ! ,g {
g% L - w eq. 15. The following " | Crank angle B |;4 l ,
43 e | ol-28 relate to table 1, To BfT c 0P80 400 300 20 0P, Ca 20° 3 40° B B AT.C.
® 3 '5).3 i1lustrate: part no. 10, o of bottom piston
2@ i $© The shaded arees give fg 11(=0.06751) and f, ,1(=0.0543), i.e.
g Q| 2 5 the velues of line 4 and 5; the length I-I + O.g{(=0.979) is
O 2920d ] 8. '

equal to s-+y_ +0.06, i.e, the value of line 3, Hence

Figure 4.~ Indicator card of the scav- f's rgl = 0.06751/0.979 = 0,069 and f', pe] = 0.0543/0,979 =
enging cycle of the Junkers 0.0555 and are the vslues of lines 6 and 7. In addition, the
engine « experimental values: n = 560, difference of Il II ~ III III = 0.041 = (Ay - Ax)/s, line 14,
volure of air indicated by blower: 1:74  gives 0.041/0.979+[(4y - Ax)/s| ', which, multiplied by 1/Aa
mslmin..room temperature 18°C, 735mm/Hg, gives the value of line 15, o N

P22’ *sPuL
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Bl T. .C.‘ .500400\30020 T c zaojgongﬂvl T c.

Crank angle

Pigure 6.- Piston path and
part height for
1llustrative engine, The
evaluation gives,as in
figure 3,the lines 3,4,5,6,
7,14, and 15 of tabdble 2. "
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Pigure 12.- Scavenging results for
loop scavenging (adopted
and extended according to reference 2)
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e risure 9,~ Despite the fact
e that Py1 is smaller
| than P,p the charging result
in the first case is bdetter,
since the pressure line
empties in a higher located
pressure line, the charging
voluwe is better than in the

second case,

291047

Figure 8,-~ Despite the difference

in obtained boost
pressure both scavengings are

equivalent, since they pass in

the same compression curve, i.e,
the charging volume is the same
in both cases,

B kglmtabs
- / /
26000
2600
Y
220
20000 / /
18000 < 4
0001 %/7?“ ' @’/ “04\0
Ham Q 5

S

1m0 R T

volume for different engine

Scavenge air
Figure 10.- Scavenging pressure
against scavenging

charscteristics,

7%*

e‘
P A%
————— L =

29201

Tigure 11.- Two-stroke cycle engine
with scavenging and
boosting seperated in time and space,
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5000 5 :// /.'il f f
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P z i
[T | | % !
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2 63‘/!’/ !/”7"
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Figure 13.- Scavenging result.

Ailr volume left in
cylinder sgainst scavenging air
input.
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Figure 1l4.-Indicated and mean
effective pressure,

Figure 16.- Indicated and mean
mechanical efficiency against &s

effective pressure,

amount of scavenging air in
Diesel engines. The maximum
Pe can be found by parallel
shlftlng of pg line.
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Figure 17.- Pressure variation
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30,000 £ Carel = 2
Py kg/m2 abs
26,000 [ -
: Gypel = 1.5
y /
22,000 7
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Figure 18.~ Rise in scavenging

pressure with .the
r.p.m. and constant scavenge air.
volume.
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