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Numerical PredictLion of Lhe Gas Flows in a
Ruciprocating FCngine Cylinder During Infake Stroke

(153 report: inviscid flow)
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ABSTRACT

This paper presents a method for predicting the in—-cylinder zas
flows during the intake stroke of four-stroke engines. A
simplified engine model with a deep~bowl pision confguration, and
a central intake valve was used. An invisecad ULwo-dimensaonal
axisymmetric flow was investizated. The wmodel used a finite
difference nprocedure with an  expandingscontracting zrid in
axisymmetric representation. Tlie major source of troubles for the
convergence of Lhe solulion was Lhe unsleady tLurbulent jel low
issuing from Lhe intake valve which required very small (Lime
intervals for the solution compared with Lhat during Lhe
compression stroke where there 1s no jet. flov exislLs, Resulis
show 3 complicated (Jow field during Lhe inlake stroke i engine
like-geametries.

1.INTRODUCTION

The combustion rate, fuel=-air mixing, ensine performance and
formation of pollutanls of an engine are all highly dependent on
the Tlow field that exists in the enzine cvlinder (11, Most atren-—
tion has been given to simmulate tLhe compression sbtroke leading
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combustion process [2,3) It is clear that the flow during the
compression stroke 1is strongly influenced by the initijial
condilions at the beginning of compression stroke, i.e., the end
of intake stroke. Since early experiments, it has been recognized
that the major source of turblence and swirl in the englne
~cylinder in the intake stroke i=s the shear flow past tLhe intake
valves [(4-B). So, it is useful to have valuable insight jinto (he
structure of Lhe flow rield during the intake struke.

A three—-dimensiona) madel is  required to calculale such a
complex flow. However, two—-dimensional studies are sLill useful in
allowing Lhe Lestinz of new ideas easily and economically [9). As
a first approximation, solution is obtained in a two-dimensional
model of a cylinder with an axisymmetric inlet valve. The engine
speed of rotation is so high duringz the intake process Lhat the
flow is madeled via a large inviscid core plus a small viscous
houndary layer at ULhe walls as cbnventinnally done in
aerodynamics. An inviscid snlution might also be the practical
vehicle for the initial studies af Lhe f(low Trield during the
intake stroke [11]. 1t allows t.he concentration upon Lhe problem
of unsteady turbulent jet flow issuing {rom the intake valve and
the convergence of it.s numerrical soluntion.

In the present. study, the turbulent flow zenerated by  Lhe
movenznl, ot the pilst.on from the TDC o the 8DC durinzs the inlbake
stroks o a leep=—howl axd=vimctrre combstbion chamber  wilh o Ule
flow from a centrally localod valve is prediclted. The prediclion

was carried ocut using a rcomputer program hased on a finite-
difference algorilClun.

2. HATHEMATICAL FORMULATION

2.1 GOYERNING CQUATIONS

Use 1is made of a cylindrical coordinate systenm (r,0,2z)
whose—axis 1is set oh Lhe cylinderr axis and its origin is at the
centre of the cylinder head a2s shown in Fiz.1. The companents of

Lle velocity h are u, v, w in the radial, tangential, and axial
directions respectively.

Since the low pattera can be regarded as  axisymwetrical, all
derivatives wath respecet. La Ghe Langentinl  direction 0 are
neglected in order to simplify the mathematical description and Lo
reduce computations required. The szoverninz equations are the
continuity and the momentum equations. For a two dimensional
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inviscid unsteady axisymmetric flow, they t,ake Lhe following form:

1 g a
— —Crpn) + —Cpw) =0 (&
r dr dz
(2] 10 2 a3 pv? or
—(pu) + — —Crpu’) + —(puW) — — + po— = D 2>
ot r dr oz T ar
2 10 3 puv
—(pv) ¥ — —Lrpuv) + —(pvd) + =0 [@ch]
at r 274 b
a 1 9 a s or
—(pW) ¥+ — —(rpuwd + —Cpw" > + p— =0 a)
oL r Jdr oz oz

where L denotcs the Lime, p the rluid density, and P the pressure
devided by the density.

Decouse Lhe piston velociiy is small compared with sonic speed,
Lthe density is assumed Lo be constant during the 1untake period. It
is also assumed Lhal (he workinzs Cluid is an ideal alr, chemical
reaction andd heat transiey are nol considered.

During the motion of Lhe piston, the bDoundaries of (he
integratiun area will vary wath Lime. To mnke these  boundar pers
Lime 1ndependent, the movable coordiaate system discussed in (31
is used, in which the time derivalive of ULhe general dependent
variable $ will pe calculaled from Lhe relation:

o @ ad @ ad ¢
(—) . = (— - <35
at frx a v ey ° 9z
z
- "P in the cylinder space.
h
where W= 6>
wp in the bawl.

¢, w_asd h stand for general dependenl variable, Lhe pisLon speed
and the distance between the piston Tace and the c¢ylinder head.
respeclively.

2.2 UOQEE}RY AND TNITIAL CONDITIONS

The normal velocities at all solid boundaries are set cqual o
Lhe velocily of boundary, t.e., zero for all solid beundaries
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except atL Lhe piston, where Lhe axial velocily is equal Lo Lhe
piston velocity. Slip conditions are assumed [for the other
velocity components. At the axis of symmetry, the radial and
tangential velocilies are equal tn Zero, and Iws/dr=0 and dPrdr=0.

The inlet flow was assumed to enter the cylinder parallel to
the direction of Lhe valve-seat annulus inclination, and, the mass
flow rate is assumed  equal o the rate af change of  volune
displaced LY the pisten multiplicd by the ambient density.
Computations were initiated as the exhaust valve closed, radial
and axial velocities were sctL Lo ba zero, and a solid Laody of
rotation is assumed wilh a swirl number of the order of the piston
rotational speed.

3. CALCULATIOR AILGORI TIIM

The finite-ditference method is uwsed for ULhis  problem. The
gzoverning equations, shown above, are transferred ta the fionite
form using the same algorithm presented in (32, Two different
stagzered zrids are used for the vector aad scalar variables
{12,13). The staggered gzrid system was discussed in detail by
SEtephens et al. [14), and successlfully used by El Kady et al. (31].
The zrid layout used, is illustrated in Fig.2.

A variable axial spacinz was used to allew for the change 1in
the distance between the cylinder head and the piston top. The
grid system consists of 1o radial nodes., 7 radial nodes for the
pLston Jdeep-bowl, and variable axial nodes ranging from 5 ta 17 in

the cylinder =pace and from 14 Lo 7 in the piston deep-bowl.

The first. step o ehtbaining Lhne flow rietd arfterr 0 Lime
increment AL is to guess Lhe veolocity companrpnts u, v and w Dy
using the pressure rield in Lhe present bime t. As these velocity
caomponents do not satisfy the continvity equation, which is an
elliptic Paission’s equation, velocity components and pressure
must be corrected as Lo salisfy GLhe continuity equation. An
iterative procedure is applied until the continuity equation is
satisfied Yor each zZrid node. The absolute values of 1residuals,
which are rcalculated (rom each discretization equation, are used
in order to confirm the coverzgency of solution. Compuiation has
been performed relying on Alternatinz Direction Implicit. method
ADI usinz the TriDiagonal Matrix Alzorithm TDMA [15].

As a fully converged solutiaon is reached, the calculation is
advanced to the follovwiug Lime step.

4.RESULTS AND DISCUSSTION

Calculations were made using an axisymmetric engine model. A
sm2ll size direct injection diesel engine of 120mm bhore-102.8mm
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stroke with a centrally located bowl of 37.5 mm depth, and a
diamcter of 48 mn and an axisymmevric intzke valve of (5 dezree
—seat ansle werc used. The engine speed considered is 2400 rpm. A
related problew developed in the convergence ©of Lhe numerical
=3’ 1t.ion te the air Ject Flowing from the intake valve, It required
a very small time step for the solution compared to its value
during the compression stroke where there is no Jet flow exists
[2,3].

The total time jnterval which corresponds to the complete
strolke travel 1s divided into a number of time sleps. Several time
step calculalions were performcd, A typical Lime sbeps of 0.5 and
1.0 degree were used, ten solulion sweeps of variables per ULime
step were sufficient. ennuzh Lo ensure full convergence. The
result.ant. velocity in the r—z plane, the pressure difference and
Lhie tangential velocity are shown in Figs.(3-63 hy the way af

contours for different crank anzgles during the intake stroke.

The overall structure of bLhe Tlov is characterized by o et
flow with a large vortex residing in the vicinity of the
canlerline This is due Lo Lhe hizh speed ylow issuing from ihe
narrov valve clearance.

A complicated flow is generated in the cylinder and  Lhe
vortices varies with Lime and space. The flow complexity 1is much
hizher ncar mid-stroke, peak velocities also exist., The velocitaies

near corner are low showving a dead region with width vavying with

Lime. The tLtungential velocity chonges in bolb  radial  and  axial
directions, hence Lhe assumpt.ion o' a solid body of rotation abu
the besinning cof compressicn stroke seams to  be a crude

approximation,

The calculated resulbls of pressure and velocity distributions
at, BDC can be now used as 1initial valuves for compression f{low
simulation.

5. CONCLUSTIONS

The in-cylinder flows in the 1intalke stroke, which could
influence the flow during compression, combustiva and then the
performance at reciprocsaling engines were  estimated  gumevaically
The 1law Wi caleulated tHom an inyiseing ax isymmoed e
two—-dimensional mmodel, A cenbtrally located intalte valve is assumed
with a 'low parallel to the direction of the valve-seal annulus.

Flow in thec cylinder ond the vortices varies with time and
space. AL the end of Lhis stroke the axial and tanzentaial
velocities were varying in bobh radial and axial directions, which
make it. crurde assumption to take a solid bedy of rotation at the
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bexinning of compression stroke. It can be safely said that tle
numerical simulation method with tLhis treatment of the Jjet (low
from the valve can be xtended and used Lo simulate the viscons
unsteady flow as a better approximation for the flow by choosingz a
suitable turbulent model.

6. NOMENCLATURE

b’ Bowl depth.

a Grid spacing in r-directinn.

dk Crid =pacing in zZ-direction.

r Scalar field.

h The instantanecus piston displacement.
P Pressuresdensity.

r, ©, =z Cylindrical coordinates.

ro Bowl radius.

v, Cylinder radius.

L Time

»

U The velocity vestipr.

u Radial velocaty

v Tangzential velocity.

W Axial velocity.

v, The ionstant:meous pistan speoed.
{3 Yalve-seat inclinat:ion angle.

e Cranle anzgle.

o Uuoneral dJdeprndenl, voriable.

el Density.
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Fig. 3 The vector lines of the velocity Urz during ({ntake stroke.
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Fig. S The contour lines of the pressure dilference Of Lhe flov
during iptake stroke.
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A= 0.3, B= 0.6, C= 1.2,
D= 1.8, E= 3.0, F= 3.6,

G= 4.8, li= 5.4, I= 5.0,

J= 7.2, K=B.4, L=9.0, M=12.0, and N®14.4 m-s

Fig. 6 The contour llnes of the tangential velocity

during, intake stroke.



