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Prediction of the Gas FIow and Concentration of Fresh Charge Iin
the Cylinder of A Two-stroke Cycle Uniflow Engine During
Scavenging

Md. Imtiaz Hossainr

ABSTRACT

Ttrc quasi three-dimensional DICE** code is modified to predict gas flow and ttre concentration of fresh charge
in ttre cylinder of a two-cycle uniflow scavenged diesel ertgine. The modified code incorporates the geomery of
lhe relevant cylinder and the port assemblies as well as the physical conditions of operation. The flow is assumed
axi-symmeric. The inlet ports are simulalcd as an annular opcnning in the liner. The exhaust, port is simulated as a
central hole in the cylinder head and a valve with a given molion is maintained ftere to describe the opcnning and
closing of tlre exhaust port The mathematical modcl consists of seven dependent transport equations in the quasi
three-dimensional form. These equations are then transformed into a form so as to allow the domain of solution to
be confined in the volume occupied by the gas and also fit the geometry of the cylinder ports. The transformed
equations are solved nuJnerically employing the finite difference techniques. Results are presented in the form of
mean velocity held, turbulent kinetic energy disribution and gas concentrarion distribution inside the cylinder.

INTRODUCTION

Investigations directed to identify the causes of the
unwanted features of ttre 2-cycle engines reveal that
the performance of the two-cycle engines depends
largely on the effectiveness of scavenging the
cylinder. Thus the scavenging process of the two-
sroke cycle engines deserve proper attention because
except for its unacceptable fuel consumption and
undesirable emission the two stroke cycle engine is a
very lucrative prime mover.

The scavenging proccss in the two-cycle engines
are considerably different.from that in the four-cycle
engines. In this paper, tlie flow-structure prevailing
inside the cylinder during the gas-exchange process in
a uniflow two-cycle engine is closely examincd so far
as tlrc gas-motion and is composition is concerned.

Studies reported in Mirko er al (1985), Sanbom et
al (1985), Sweeny (1985), Sher (1982) and Ekchian
(1979) give an account of the flow visualisation
studies on the scavenging process in given engine,
cylinders. The information about the in-cylindcr flow-
fields are, therefore, of the qualitative naturc. Expcri-
mental measurements reported in Snauwaert et al
(1986), Vafidis et al (1986), Nishimoto et al (1984),
Sung et al (1982), Tindal et al (1974) and Ohigashi

(1960) provide some quantitative information on the
effects of various parameters like 'Inlet Port Angle',
'Flow Reynolds Number', 'Exhaust Geomeiry,,
'Swirl'etc. on the in-cylinder flow-field mosrly under
stcady-state conditions of operation but there is little
information on the composition of the gas in the
cylinder. Investigations by Diwakar (1987), Wakisaka
et al (1986), Yamada et al (1986), Amsden er al
(1985), Diwakar (1985), Verhoebe (1985) provide
multi-dimensional computer models for assessing the
in-cylinder flow structure in further detail but again
information on the in-cylinder gas composition and the
manner in which the gas composition varies with time
as scavenging proceeds is absent.

Assumptions:

In order to predict and analyse the fluid motion in
the cylinder of a simulated two-stroke cycle engine the
following main assumptions have been made.

i. Both the fresh charge and the products of
combustion obey the ideal gas and the New-
tonian viscosity laws and they have properties
same as that of air.

ii. The cylinder wall temperature may be regarded
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as being steady.

iii. The in-cylinder processes can be adequately
described by their statistically averaged
properties and hence the conservation of mass,
momentum and energy oqulions may be solved
in their ensemble averaged form.

iv. The information about the turbulence structure
and its effect on the mean flow can be provided

by the K-e model.

v. The turbulent PrandtVschmidr number may be
assigned a constant value of order unity.

vi. The inlet florts on the cylinder may be considcrcd
as a slit on the circumference.

vii. The systom may be reduced to a twodimensional
prcblem by utilizing the symmeuical gcometry
of the cylinder and port assembly with respect to
a plane which contains the'cylindcr axis.

viii. A uniform velocity prohle is assumed at the inlet
and exhaust ports and rp brck-flow is allowed.

ix. The instan[aneous composition of the exhaust
gas is equal o the local gas composition at a
point adjacent to the exharst pat

n

MATHEMATICAL MODEL
a

Under the above assumptions the flow-ficld inside
the cylinder was detcrmined by the solulion of ssven
dependent transport equations, namely: the
conservation of total mass, the conservation of the
mass of fresh charge, thg conscrvation of axial
momentum, the conservation of radial momcntum, lhe
conservation of energy, the transport equation for
turbulent kinetic energy and the equation for thc rate of
dissipation of turbulent kinetic energy.

These may be completely represented by a general
transport equation of the form:

$ teOl + div (pug) = div( r, srad 0) + s,

For a particular dependent variable 0, the
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appropriate meaning of the diffusion coefficient f,
and the souroe term Sg are summerised in Table 1.

The values of the turbulence model constants are
provided in Table 2.

Tsble 1

The gird structure adoptcd for the analysis is
shown in figure l. It consists of arbitrarily spaced
plancs of cons[ant r and z. All the scalar quantilics
including angular velocity, enLhalpy, density and
viscosity are calculated at the nodal points of ttre grid.
The velocities are located at tlre mid-position bctween
the pressures which drive them. For unsteady
(moving piston) calculations a grid structure of mesh
sin?4 X 34 wasemployed.

Table 2

Turbubnce model

Congant

Value

Cr 1.44

C2 t 9r.

K 0.4187

Conservarion of Vsiable

0

I'6 Sq

Total mass 0 0
Mass of Frestr
cfisrc

x Dan,t 0

Arial nrorncntum vz l{ 'ressure

radient in
irection +
lher vtrrrr:as

Radial

Momentum
u,

I'lt
'ressuro

radient in
irection +
*rer sources

Total energy h
ltvcn 'aPOt

Turbulcnce
Kinetic cnercv

K H'/q G-pe

Disipation rate

of turbulence
K.E.

€ I,rvq CIGeK-
C2pe?fi<+

pev.II
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E 9.793

q 0.9

('1( 1.0

O€ -t.22

unpteady sitrutions were surtcd from a point when the
exhausivalve j*t b"sT5flry.

Geometrical and Operaring Condirion

A coordinate Eansformation was neoded as all the
grid lines parallel to the piston surface move up and

down in Eulerian cGordinates while the scavenge port
boundaries are fixed in such a co-ordinate system. To
avoid this, a modified scheme based on Sher (1982)
was used whereby the cylindcr domain was dividcd
into two rnesh zones: zone I consisted of a volume
confined by tho piston surface, the uppcr boundary of
the scavenge port (an imaginary surface) and the
cylinder wall; zone 2 contained the remainder of the
volume confined by thc imaginary surface, the
cylinder head and the cylinder wall. The cycle was
then divided into two periods. During the period in
which the scavenge port was open, zone I expanded
and contracted while zone 2 rcmained fixed in volume.
During the othcr period zone I collapsed to a surface
auachcd o the pison surface and zone 2 expanded and

contracted.

The finite difference equations were then obtained
by numerical integration of tle transformed differential
equations over a finite volume and an incremcnt of
time. The finite volume was a simple cell containing
eithcr a scalar quantity or a velocity component. Witl
this process, forward differencing in time was

employed, resulting in a fully implicit scheme which
allowed relatively large stcps in time to be taken
without instability of the equations and a hybrid of
central and upwind differcncing in space was

employed which allowed tlre whole range of Reynolds
numbers of the fluid flow to be acuratclv comDuted.

The finite difference equations'werei solved
subsequently in an iterative fashion using an
alternaiing diiection line-by-line solution procedure.

Emf,t,.flScifications 
and operating

The ensine ceomelry and the oDeratins conditions
for the un5teady-state ialculationS resemtrle the data
used bv Diwakar (1987) from a two-stroke dicsel
entine bf Elccuo-Mod ve-Division of Gencral Moors.
Ttie ceomerical and oocratins conditions are orovidcd
in Ti'ble 3. The exhau'st vdvE was sivcn an brbitrarv
motion and the exhaust oncnins vdrsus crank-anslE
dau definins this motion'is sh6wn in Table 4. The
conesoondin--r niston motion was calculated from the
standard pistdn velocity formula. The calculations in

t8

Table 4

Exhaust valve opening

Geomelry Ooeratine Conditions

Bore 0.23U2m

Stroke 0.2794 m

Con. rod length0.5842

m

Cleararrce 0.0164 m
Ru\nin 0.033 mRu, o.oz m

Port 0.0369 m

Velve Seqt nnole ASO

RPM =900
Intake manifold

presssure = 261.M

kh
Exhaust manifold

pressure = 239.M

kh
Intake port angle

reahive to nadial = 20o

Crank angle from tdc Fraction of exhaust

nort oncninp

0.0 0.0

90.0 0.0

104.0 0.0

10.0 0.033

120.0 0.r r66

130.0 0.230

140.0 0.393

150.0 0.656

r60.0 0.863

170.0 0.979

173.0 1.0

180.0 0.917

190.0 0.77

200.0 0.545

210.0 0.344

220.0 0.182

230.0 0.074

2?9.s 0.0

3m.0 0.0

360.0 0.0
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Boundary Conditions

The boundarv conditions are incorporated by
soecification of thrJ dependent variables oi associateil
fluxes or linkages between the two at the enclosing
surlaces of the chambcr which include the inlct and
outlet aperturcs. The velocity and tempcratue across
tlre walf layer are describcd by :

in ensine cvcle calculations and are as follows:
for s"ubsonic flow

-n=CoA'Po

'[+)*]
forY+ < 11.63

forY+ > 11.63

and T+ = Y+

re.( eY*)

and for sonic flow

in =C A o
a d 'r 

u

U+=Y+

u. =+

r*=6,,,1u..t(#,,,)]

-i

J5)=onl un 
-,.l[5-]The function'Iuo,rJ -'"16r,,'lL6r,rl

where 61 and 65,1 are laminar and turbulent Prandtl

numbers respectively and thcir values are 6h= 0'7,

6ir,r = 0'g'

The wall shear stress and the dissipation rate within
the fully turbulcnt sub-laycr is definctl by:

where K=o.4187 andE=9.793 and The stagnation enthalpy in the fluid entering
through the ifi'let port and thb'exhaust valve are given
by:

ho=cor+fu?++TiT

where !U I is &e kineric energy of fre mean flow

rd iu . U . is tlre turbulent kinctic energy.

The turbulent kinetic energy and is dissipation rarc for
the flow entering inlet port and the exhaust valve are

ci4
evaluated from K^=0.01U2^ and t^= #*1
followins the convention. Thc turbulent leneth-scale
l4 at inTct port was estimated as 4.5Vo of"the port
heisht while that at the exhaust valve was estimatcd as
4.5Vo of the valve gap.

Initial Conditions

The program permits specification of the initial
conditions arbitrarilv as lonq as thev are
thermodvnamicallv confistcnt. In th-e Drescnt siluarion
the initiirl orcssuie and Lcmocraturb in the ensine
cylindcr wbre providcd by specifying the trap"ped
piessure and tegrpcrature. t'tris was lypically, P63p =
5.98x105 N/mz and Tran = l198oK. During th-e
unsteadv calculations thc initial concentration of the
fresh aii in the cvlindcr was assumcd to be zero while
the concentratiofi of frat of ttrc burnt gas w:ls assigncd
a value of l. The initial value of the in-cylinder
turbulence kinetic energy was given as 0.57o of the
souare of mcan niston vdlbcitv. The initial value of fte
tuibulcnce lcndth-scale was assumcd to 37o of the
chambcr bore. The inirial field values for the dcnsitv
were evalualcd from fte lnppcd conditions. The initial
value of the dissioation ratc of the turbulent kinctic
enersv was calculalcd lrom the soccificd initial valucs
of trfibulcnt kinetic encrgy and thc lurbulence lengt]r-
scale. The initial field vilues of viscosity were sc1 to
those at. standard atmosDhcric conditions since thev
affected the calculations vcry little. The initial valucl
of all other variables were sct !o zcro.

3t

ci *t
9=--KY

.Lr
. pcf *tru

frldt =-* toe.(gy-)

Within the viscous sub-layer, the wall shear stress is
siven. The turbulcnt kinctic energy and is dissipation
iate for the flow entcring through inlct port apd the

exhaust valve are evaluatid from Ka= 0.btU42 anO

t' 3 3\

,o =[cf *'n)fio following the convention. The

turbulent length-scale 14 at inlet port was estimated as

4.5Vo of the oort heieht while that at the exhaust valve
was estimated as 4.5Yo of the valve gap.
by:

The boundary

pUt'=-F

conditions at the symmetry axis are

given by $= o for all the variables except the radial

velocity which is itself zero.

The prohles of the axial and radial velocities across
tlre aneitures were spccified assuming that the flow
enter'ed the inlct poit or the exhausf valve with a
uniform distribution. The equations used for the
calculation of mass flow rate aie typical of those used
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RESULTS

. The prgdiqtions,.include contour plos of velociriesi! the endre flow-field. Vector diagiams of rlre flow-
field in ttre ra{ial-axial ptane ue at6-diiwn so'rtrirl-riie
existepce of any recircu.laring zone can be-e*It
iden ti fi ed.. The abo ve res u I G arE o-bGin eO'ioi 

-vanous

grank-angle dqgryes of inrcrest. In addirion ro *reG.
for obtaining.information about the distribution of
lresh air and burnt gases in the flow-field. the
concen tration con rours- are p lotred. f tie ieiui iJ hii6
been. presenred in figures'z-fo. rtie cffi[-aiili;
lglitr-qr^-.^h,ogq!.are l49o , 1690 and 239o after op
ocad cenre (atdc).

DISCUSSIONS

. lrom the point of view of those concemed with tlre
design and improvemcnt of internal combustion
gngtnes,,the unstcady-.flow solution of the in+ylinder
lloqproblems would be much dcsirable. The rjuroose
ot- the^ prcsent program is a small step towhrds
achle.v.ing mat goal. The geomctrical and operatins
conotuons choscn lor the engine conesnond to thE
lMD two;troke diescl engine-of rhe Gdixal [,iob;
Rescarch Laborarory wir6 rhe bowt stiii,ci'6isro:i
r.epraceo by a llat-bp piston. The running'spccil wad
octermtned on the basis of the volumctrlc-flow-rate

;$dSfriliiltftiJ8ffi f ff if,fsti'jl'"f#"tfl
ln a real englne-the scavenging proccss is allowcd
aDour one-urd ot Ute tolal cycle time and thc Dort area
varies during that time. Hcficc it tuas assumiO nat to
get a bett'er rcpresentation of 0re vclocity ficld. which
prevails inside the cylindcr, the engine speed should
qe accgrdjngly reduccd. Allowing -a facrbr of U3 tor

H3 B?"ff iyTf, iiJ'l.Tlffix''Jf ff '.|lx.: frl# f
fglgryinq,$e appr.og:iare value of tre engine ipd;?
was estrmatcd to be 450 rpm.

The vector plot of figure 2 at l49o CA (crank-
qngte) ls qurte straigh!-lbrward whcre Lhe {lowoccurs
due to the pre-slule ilifference between the inlet and the
exhaust, manifolds. The flow comcs in throush the
intake pors esr,ab_tishes a vcry- Cmali ?,iiir1-fiitiiii
regron Oue lo lhe ilow entrainmenl. near the cylindcr
wall. The flow-field tras simitarirv id-trar ir5din"a ti,
Diwakar(1987) except rhar thc r6circul:rrion;car dt6
wau ln hts case ts slronger. Thc differcnce mieht be
auribured ro.some extcnito rhc diffcrcntmeani 5i i"iJt
port modellig berween rhe rwo solurions- it iiwoitli
menloning rfnt Diwakar modclled rhe individual inlet
porl's wnlle tn the prcsenl program the port was
assumc_d to be a unilbrm slot on the-cylindcr
circumference. Ar rhis posirion rtre OiirriUuriori rii'rtri
Bngenuat veloclty is segn to be limited to lhe areas
closer to the outer radius in the piston end as shown in
figure 5.

..At 1690-CA posirion the flow-field inside rhe
cyllnder . clearly shows Lhe prescnce of two
reclrculalron zones. Onc recirculation zone is in the
lower half of rhe cylindcr near rhe cylinder waiianO
the sccond recirculiition is near ttre axis. The formei ii
seen to have grown from its earlier size in rfre aiiat _
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dr.ectiop due to the upward motion of the fresh charse
mouceo-by th-e axial pressure gradicnt. The lattEr
pl-lt1lgs.lrom about thr. ee{urrcrs of rhe rotal cylinder
lengm oown to $e piston lop as shown in filure 3.
As lar as the periptpral recirculation is concemez there
|$ nor nlq$ d4teryncg between the prcsent results and
qlosc ot Dlwaler but in his case the axial recirculation
does nor nor exrend upro rtre pisrrin toi. f[iliiirinli
oovlous. Hls plston geometry contain-s a bowl which
reotrects the ilow upward *r-ereby the growth of the
reclrcuhuon is.restrictedlo $e mjd-cyfinder area. Atws crank-angte about three-quarterb of the whole
gxl{rqer e.xperieqcgs rhe swirl ielociry. The conrours
or ntgner upgenual velocityare scen tb lie in ttre mid-
laglug. regron. The magnitude of the tangential
veroctttes show a <bcreasing trend in the dowristream
direction as shown in figure?.

. At?3.9o C{ when bo$ inl€r and exhausr valves are
closcd, rhe vclociry frcld gcrs rycat<ei as Oliridnirratci
rn lrgure4.-t'he recirculating flow in the wallarea issecl to disappcar bqr ee icirculation atitie axiii
regton.pcrslsB. Swirl vclocity is sccn o sprcad overtne whote gf lqe cylindci volume. The lowest
lSngenud vetoclttcs @cur near the cylindcr axis andue swlrl_ Contours rearrange thcmsblves in such apatrern rhar rhe highcr_rhE raOlus, rhe-biiser rh;
Ilagnrtude. ot swirl. This is shown in lTiure 7.nowevcr, tt should be norcd that at the pision end

::i1_9i:t'jlttion is.like rhar at l.6eo CA, i.e. highcr
umgcnud vctoctltes in thc mid-radius region.

Figure 8 shows the conlour plot for the
concentrationof frcsh charge at l49o CA shortly after
m,e lnrct port has.opened. Most of the cylinder'is still
rlileo.wtlJt lhe exha^ust gils. Frcsh chargihas staflcd lopusn ln and all the l-rcsh charge conccn-tration contours
are arranged ncar the periph'cral regioniios6-io-thJ
mlel poft.

At 169o CA when the. inlet port is nearly fully
open, rhe rcgion conraining rh6 ireih 

'c-ha;id 
ffsgrown rn srze appreciablv. Considerins rhe- c?inr..,,,grown in size appreciably. Considering rtrJc?nnur

navtng.tle targesl. conccnfadon of fresh-charSe as fielronl ot tresh au rt may bc observed that the lront hasfrgnlof freshEir ir may be observed rdihll,fii ii{n
*q:'p:lg:llry:lJl,i liogla n sdfil4 iis1,r"E
This indiiatcs'r}ar rhe ireitr ctriir nls tntrtcatcs unt the lresh charge cominq thro-ush fte
rnlct port moves axially upwardpushing-thc reiidual
il'$ry#fr fJ8iff f i'il,iHyHf.'_s$i,*"*:#'iFtr:ga_sgs rn rronl oI lt. I nus the mrd_radius recion of thecylinder.is well scavengca. rhrough i-uil"?'nif nJ
c ylinder len grh.. The rec ircutation Fdlioni?t'rtJ aiiit"yr.rruur rullBUl.--t ne rcclrcutatton rcglons at Lhe axis
ilS-lfg_T-cJall, howcver, elqill 6e residuat gases
$ergby prod uc ing rcgions' of high co,idei,l6ii3i"oi
Durnl gascs tn tnose zoncs.

. At I80o CA tlre lrcsh charge front moves furrher
rnlvprd and as such the size oI the unscavenccd coreof tlre residuals is reduced. The region o-i?iiiiuat
gases near the wall is also seen to"shrink Filther
down. lhe cyl inder, rurbulcnce d i ffusion anri-iil itr swiri
vcloctty conhminal.es the frcsh charge as is-evident
lrom the location of thc conlours in fig'lue 10.

CONCLUSIONS

The present program successfully predicts the
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Figure 2 z Velocity vector plqt in the
axial-radial plane at 1490 CA.
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Figure 3 : Velocity vector
radial plane at

plot in the axial-
1690CA.
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Figure , 5 : Contour plot of langential mean
velocity at 1490 CA.

Figre 6; Contour plot of Tangential mean
velocity at 1690 CA.

Contour plot of Tangential mean
velocity at 2390 CA,
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,Figure

Figurc

8: Contour plot of Concentration of
fresh air at 1490 CA.

9: Contour plot of Concentration of
fresh air at 1690 CA.

Figure 10: Contour plot of Concentration of
fresh air at 1800 CA.
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unsteady flow-field inside the cylinder of a motored
unillow-two-stroke cycle engine. There are, of cours€,
minor differences 'in the- flow structrires when
compared with results of similar work carried out by
othei workers. The differences have been exolaineil
by the basic physical Drocesscs *rat take olacb in the
two situaticins. The' contribution of ihe piston
movement and boundary conditions in this rbspect
have also been analysed. 

-

The prediction of the concentration disnibution bv
use of fhe present program is quite satisfactory. Thb
corresponding contour plots have considerable
agreement with similar work undertaken by other
workers even though certain asDects of the dath had to
be assumed (e.g. iillct and outtbt turbulcnt qunrir,ies,
exhaust concentration distribution etc.). In sbncral the
Dredictions showed that the scaveniins irocess is
idversely affectcd by the strong swirl-prcidriced inside
the cylintler.

As a means of sainine insieht into the in-cvlinder
flow developm'ent ilurin! scavenging the
comDutational fluid dvnamic c6lculations Shoiv srcat
potcirtial. However, b'cfore thc potcntial can bcTully
icalized and utililed, the mo'dcl clearly require-s
improved boundary conditions and a mlch more
codrplete validation ihan ttrat which is attempted here.
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Figure 4 : Velocity vector plot in the
axial-radial plane at 2ggo CA.
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