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Scavenging Characteristics of a Two-Stroke-Cycle
Engine as Determined by Skip-Cycle Operation

P. M. Ku and T. F. Trimble

A meihod for determining the mass fraction of Tregh chavpo 1o the c:,r].inde; of the two-
slrokceyele engloe, from messuvements of engine powsr under pormal operstion and with
engine fired only once in peveral cycles uf;femtiurn iy deseribed,  The results ohisined from

a crankeass-scavenged engine are prdkent

1. Introduction

The two-siroke cyele engine, in order to develop
one power eyele for every revolution of the crande
shaft, must rely on the action of an suxilivry device,
konown as the ﬂc&?entgli]ng pump, to expel tha comhbus-
tion producte from the cylinder and to fill the eyl-
inder with fresh charge. The scavenging pump may
be and frequently is physically separate from the
engine cylinder proper. In the crankease-scavenged
engine, the cyhnder-crankease-piston combination
serves 43 the scavenging pump,

The ideal objective of the seavenging process is, of
course, to replace completoly the combustion prod-
ucts in the engine cylinder with fresh charga delivered
through the inlet ports, without meantime losing any
of the freeh charze throueh the exhaust ports, In
thi= manner, maximum power 13 derived from the
cylinder with the least expenditure of scavenging-
pump power. In practice, such an objeclive i3 never
attaimable, hence the excellence of the seavenging
proeess must be judged by the mass of fresh charge
retained in the engine cylinder per unit Lime, in
relation to the mass of fresh charge supphied per unit
time by the scavenging pump,

It follows irom the above that two mass rates per
unit time, viz_, that supplied by the scavenging pump
snd that retained in the angine cylinder, are requirad
to define ihe seavenging charactoristics of an engine.
M these two quantities, the mass supplied by the
geavenging pump per umt time can be directly
measured by the wse of a flowmeter placed in the
inlet system. The mess vetained in the engine evl-
inder per unmit time i= not, however, subject to a
direct incasurement, For its detarmingtion, & num-
ber of indirect methods have been devised and
atudied [1,2).' In peneral, such methods are either
extremely laborious, or linldle to considerable errors.
This paper describes a rather sinple method for the
determingation of an important releted quantity, the
mass fraction of fresh charge in the engina evhinder
after port closure, On the bagis of tesis performed
on & crankcase-acavenged engine, this method ap-
peared to be quite praclical and reliable.

L Flgures in braskata Indieies the Dtasture peferamees ot the end of Ui paper.
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2. Nomenclature

For analytical purposes, it is convenient to reduce
the two mass rates mentioned nbove to nondimen-
gsional quantities. In this connection, seversl difi-
ferent systems of nondimensionalization [1,3] bave
been preposed. KEach proposed system has certamm
attractive features, thus the particular chaica ia, at
least to some extent, a matter of personsl preference.

A system rather similar to that emploved by
Tavlor and Rogowslki [1] 18 ueed. To nondimen-
sionalize the mass of fresh charge supplied by the
geavenging pump per unit time, the tarm “seavenp-
ing rati”, H,, as defined below, iz introduced,

— Ml'
R. _pIV‘N’

To nondimensionalize the mass of fresh charge re-
tained in the cogine exlinder per unit time, the term
figeavenging efficiency”, ¢, is ntroduced,
g =M
T p VN

{1}

{7

where
M,=mass of fresh charge supplicd by the
seavensing pump per unit time,
M.=mnss of fresh charge retained in Lhe engine
eylinder after port closure, per unit of
time,
pa==density of fresh charges computed on the
basis of inlet temperature and exhaust
pressure,
V= dizplacement velume, .
N=ongine gpeed, revolutions per unit fime.

In the wbove expressions, displacement wolume
V. is used basically as a matter of convenience, for
this is the volume nsed in defining the mean effective
pressura of the engine.  The introduetion of exhaust
presaure inte density tecm g, 1s eapﬂciaﬂy eonvenient
for enpines with late exhanst closing, in which the
exhgust pressure rather than the inlet pressure
excreises controlling influsnce on the density of the
eylinder contants at the time of port closure.
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For the purpose of the present paper, it is helpful
to note that the quantity A, is related to the cylinder
volums at the instant of port closure, as follows:

M= EF;I"an {3"}
whera

e=maes fraction of frech charge in the engine

cylinder aftar port ¢losure,
m=avarage density of the cylinder contents at

the instant of port closure,
Vy=cylinder volume at the instant of port

osure.

Cnmbim'n%'eq (2} end (3}, the secavenging officiency
msy then be written

ea=e{pfo) (VI Vo). (4

Thiz paper deals with & method for the determina-
tion of the quantity ¢, and eq (4) shows the relation
between thie quantity snd scavenging efficiency.
The ratic V,,."I/q’., i3 obvicusly determined by port
timing. Neo a,ttemtﬂg hes besn made to determine
the ratio p./p, in present investigation. How-
ever, some qualitative remarke may be in order here.
The ratio p.fp, i8, in general, inflyenced by hest
transfer between the fresh charge and the engins
parts, flow resistanee st the inlet and axhaust ports,
and the dynamics of flow in the scavenging system.
For engines with late exhaust closing, if the hest
transfer, flow resistance, and flow dynamics effects
were negligible, then the ratio p./p, obvicusly would
become umty, Thus, g/p, provides = measure of
the combined eifact of heat transfer, flow resistance
and flow dynsmics in this instance.

For engines with late inlet elosing, the relation
may best be expmined by writing

pfps=pslpel (pf oy = (pf PPl

whara
s;=density of fresh charge at inlet temperaturs
and inlet pressure,
Pe=inlet pressure, ahsolute,
fe=-exhanst pressure, absohite,

Applying this expression ta eq (4},
&= e(pe/pe) ( PofD) (Vo V). (5]

Hern the ratio p,/p, accounts for the static effect of
inlet preszure, as mgainet the axhaust pressurs used
in the definition of scavenging efficiency. For
engines with late inlet closing, the ratie p./s; provides
a messure of the combined effect of heat transfer,
flow resietance, snd flow dynamics. In the idesl
case where thess effect= are negligible, the ratio
p=fpy Teduees to unity,

3. Principle of Skip-Cycle Mathod

In the normal operation of & two-atroke cyele
engine, when the engine firez every Et.yhda' the
cylinder is {ull of combustion producte at the begin-

process. At the end of the
scavenging process, only s {raction of the combustion
products remains in the cylinder. Now, consider
the ense when the engine iz allowed to fire for one
cyele and then sfip, or run without firing, for several
cycles. Obviously, any combustion products that
remain in the cylinder must come from the firing
cyele.  Accordingly, the p ssive scavenging ac-
tion of the skipped cyeles results in progressively less
combustion products, or progressively more fresh
charge, in the cylinder after each skipped cycle.

Tﬁe above condition cen be rather =atizfnctorily
represented by a simple mathematical relationship.
Let f denote the mass fraction of residual gas re-
tained in the eylinder during normal operation,
The muoss fraction of fresh charge during normal
operation is then

ning of the scaw

a=1—7, {6

Let it be assumpd that tha conditions of heat trans-
fer, low resistanca and flow dynamice are not signifi-
cently influenced by skip cycling—an assumption
whie,]? appear= to be justified hy the experimentsl
results reported herein. In that case, the total
muss of retained cylinder contents would remain
substantially econstant, and likewise the mass
fraction of cylinder contents to be passed from ene
cycle to tha next. Consequently, if the enpine is

owad to fire only onee in n cycles of operstion,
then for each of the firing cycles, the mass fraction
of eombustion products remsining in the eylinder
would be 75, and the masa fraction of fresh charge
in the eylinder after port cloaure would be

=1 _.f' {?}

Figure 1 givezs a plot of (1—/™1/{1—F) wversus §,
for several values of A The cwrve for n=cw
represenis the limiting case where the cylinder con-
tains nothing but freeh charge,
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Plat of {I—f)j(1—f} versuz f.
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Tha skip-eycle method for the determination of
¢ is based on the premise that at constant fuel-zir

ratic and best-power irnition timing, the indicated
- thermal ecfficicncy of a2 given internzl combustion
engine i3 very nearly constant over a wide ranpe of
operating conditione. The indicated mean effeetive
preszure of a two-stroke oycle engine supplicd with
o premixed fuel-nir charge, and operating normally,
can be expressed, in terms of scavenging efficiency
defined previcusly, ss follows,

ttnep=Jep FEm,, (8)

whera

smep=indiratod mean effective pressure (nor-
mal operation;,
F=fuel-air ratio,
E.=heating value of the {uel,
ge=indiceted thermal efficleney based on
fuel guantity retained in the eylinder,
J=mechanical equivelent of heat,

Applying eq {4} to this expreasion,
imep=Jep Vo Vi) FE,. (%)

Under skip-cycle operation, eq (9} can be modified
to read

imfp,z.};ml[‘?‘f[{t} FEﬂﬂlr {lu}
where imep, is the fmep of the firing evcle with firing
occurring once every n cycles of operation. The
quantities p,, ¥, and 9, are constant, under the as-
sumptions mnde praviously.
Combining eg (9 and giﬂ}, and introduecing the
values for « and », as given by eq (B} and (7],

imepo_ e _1—f"

P

mep e,
It is seen that ae n epproaches infinity, «, approaches
unity for any value of f less than unity, in which case
e=imeplimep, a8 a limt. This relationship,
tho simple, is unfortunately diffieult to apply in
practical determination of e, becavee it 13 di cuﬂ o
extrapolate with any remsonable accuracy for the
value of émep, from readings taken with the neces-
sarily limited values of w in any Fram;iml experiment.
Exporienee indicatesz that it i= tar more satisfactory
to solve for tha value of ¥ from the ratio of fmep./
tmep for finite values of #, and then obtain e=1—}¥.
Figure 1 can convenlently be used for this operation.

4, Exparimental Equipment

pir-coolad, crankcase-
for the experimental

(11}

A =small single-eylinder,
scavenged cngine was used

investigation. The principal dimensions of this
engineg opro 2= follows:
Bore . ______________________________ 2. 5 1k,
Bbroke___ ... z io.
Diaplamment volume, .. o _________. 8 H1§ in*
Cylindar samprosslon rtio______________ 7.405
Croankesse eompresaion Tatio_____________ L. 44

Tha engine employs conventional loop senvenging.
The tota! transfer port area &t the erankease is
1.27 in.k the total indet port area is 1.41 int and
the tota! exhaust port area is 0.89 in*® Tha rotary
valva has & mazimum opening of 1.32 in.* The
port timing of the engine is chown in 2,

The cogine was connected to & smaﬁucrlecctﬁc dy-
ammometer. The engine speed was measured by an
electric tachometer, accurate apeed control being ac-
complished with the aid of a stroboscope directed
upon & s:;?ad ?whael, An MIT hydraulic scale
[4] wns u for dynemometer torque measurement.

Fipure 3 is & schematie diagram of the experimental
getenp. A= indicated, air waz supplied by & centrif-
ugal blower, through appropriaste contrelling snd
measuring devices, to the engine rotary valve inlat
(herein defined as the engine inlet}. el {(a 20:1
gﬁsa]incs—oil mixture} was supplied under pressure,
through appropriate controlling snd measuring de-
vicea, to the inlet surge tank, where it was mixed

Port temeng of the enpine wused fn the experiment,

Ficvre 2.

Filavre 3.  Schesmialic diagram of the sngine refup.
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with the inlaé air. The air rate wes measured by
calibrated sharp-edged orifices of the ASME

taps design [5].  Two orifices were vaed to cover the
rangn of Ec experment,  Calibrated float-type flow-
meters were used for fuel rate measuremant,  Agein,
two instruments were used to cover the entire ex-
perinental range.

Tha engine was enclosed 1 a duct, and was cooled
by air supplied by & blower. The siaticns for the
mesaturement of pressures and temperatures are indi-
cated in the figure,  All femperatures were measured
by means of thermoeouples, The pressures were
measured by mercury and water manometers,

Figure 4 shows the ignition circuit used in the ex-
peritnent. The circuit was desicned basically to
operate a3 » conventions]l avtomotive ignition sys-
tem. Thare were four seis of breskers: the mmin
breaker, a, o ting at crankshalt speed, and the
auxilisry breakerz, b, ¢, and d, operating at reduced
speeds. Thereduced speeds were obiaired by mount-
ing the camshafts, b, ¢, and d, in & gearbox giving
gpeeds i the progression of 1, ¥, and 4. The whole
azsembly was then driven through chain and sproc-
kets by the crankehaft. The sprockets could be
changed to furnish a speed ratio of sithor 2 or 3
between the erankshaft and ghaft b, In thig fachion,
the suxilisry breakers conld operate at cither ¥, ¥,
and ¥ of crankshalt speed, or ¥, ¥, and ¥s of crank-
shaft speed.

The main breaker was used to control the spark
advance at oll times. The spark advance was read
by an automotive timing hght. To obtain normal
operation (a=1), awitch A should he closed, in which
case & spark would be produced every time the main
breaker was opaned. For skip-cyele operation, the
awitch giving the desirad value of # shouid be closed
and all other switches opened. In that case, the
primary cirenit would be completed only for the
cycle for which ignition was desired. For that cycle,
a spark would be gmduced at the instant the main
bresker waa opened.

The indiceied mean effective pressure, imep, was
computed from dynsmometer readings teken with
ehgine firing and motoring, by the familise relation

mep=CLP,+Fy),
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Fraoes 4.  Circuil diggram of the ignditon symiem,

where
’=a constent,
FPy=dynamometer reading taken with engine
firing,
P=dynamometer reading taken with engine
motoring.

Under skip-cycle operation, the indicated menn effec-
tiva pressure of the firing cvcle, imep., was computed
from the dynamometer readings as follows

imepe—=n C(F,+F;,

where %, as defined egrlier, is the number of cycles
of operation per finng eycle.

5. Results and Discussion

Three series of runa were made, with the ine
speed, inlat pressure and exhayst pressure varied in-
ependently. With the exception of the variable
whoase effect was being measured, all operating vari-
ﬁhlles were maintained coostant at velues shown
elow:

N, vngine spesd_ ___________rpi__ 1, 800
Py, inlet pressure (inchoa of mereury,
abaolubed ..o e an ““Hga.. 20082 0.0
g;, axhaust prassno_ o ____ . “'ng._, &0 02 4008
' inlet tempersture__________ F__ 100 %1
T cooling  air gutlet  temperature
*F__ 130 +3
F, fuel-nirratio____._.________._._ 0.080 L0 0dl

The highest enging speed used iv this experiment
was 3,000 rpm. Linutation of the dynamometer, as
well as vibrations of the installation, did not permit
opcration at ligher speeds.

Figure § shows the vanation of #mep, thp, and air-
flow rate, M, of the engine, under best-power spark-
advance cotditions, over a fauly wide range of en-
gine speed, inlet pressure, and cothavst pressure.

Figure 6 shows the variation of imep, vereus spark
advance under skipcycle conditions, &t 1,500 rpo.
Note the progressive decrease in hegt-power spark
advanee, and thoe progressive increase In frep,, bs
the velue of # was increasad.® Ap indieation of the
da of reproducibility of the experiment can be
lmmgimh?; noting that rezults of thres sets of runs, made
on three different cecazions, have been ncluded in
this figure.

From data presented in the form of figure 6, the
vilyes of best-power spark advance and smep, under
best-power zpark-advance conditions, could be de-
rived for each set of operating conditions. In this
manner, figeres 7 and 8 were constructed. Note
how the imap, curvea with varicd exhanst pressura
cross each other, and cross tha curves with varied
mlet presgure (fig. 8). This behavior clearly shows
that & wvaristion of exheust pressure affected not
only e but also p, in ag (#).

The 4mep,fimep curves shown in figures 9 and 10
wers derived from the imep, data pressnted in figures

1 Thg varlathul of tha betl-poWer spiork Al vano malects the eflect of « oo Eame
apedd, T whrlatbsl of Frpa. 35 9xporiad o the bacia of eq (11).
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7 and 8. Nate that because the variable p. was
eliminated in this mathod of presentation, the émeg,f
imep curves in fipure 10 appeared in a systematic
order with respect to the ratie p,/p..
* Figures % and 10 also present the valuas of o, as
derived from the imep,/imen data given in the same
, by the method outlined in section 3. Note
that the value of ¢ for each case remained subsian-
tially constané over the range of » investigated.
This constaney of the value of « 12 gratilying, in view
of the complexity of the scavenging process and the
simplifying assumptions made. By averaging the
resulis obtained at several values of &, a rather
reliable value for « may thus be derived.

The results presented in figures 9 and 10 are sum-
marized in figure 11. It is interssting to note that
the maes fraction of fresh charge in the eylinder was,
within ex‘pmmﬁntal accuracy, s function of scaveng-
ing ratic onl dless of the individual valuea of
engine speead, " infet resstire, oF exhAUsL pressure,
within the rnnge of the variables investigated,

The assistance provided by Edward Bryant in
setting up the experimental equipment and in oper-
ating the engine 15 gratefully acknowledped.
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