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Abstract: In this study, the Computational Fluid Dynamics (CFD) simulation to mvestigate the effect of piston
crown to the fluid flow field inside the combustion chamber of a four-stroke direct injection automotive engine
under the motoring condition is presented. The analysis 1s focussed on the study of the effect of the piston
shape to the fluid flow characteristics. The fluid flow dynamics plays an important role for air-fuel mixture
preparation to obtain the better engine combustion, performance and efficiency in the appearance of swirl and
tumble flows. These two parameters represents the fluid flow behaviowrs occurred inside combustion chamber
which influences the air streams to the cylinder during intake stroke and enhances greatly the mixing of air and
fuel to give a better mixing during compression stroke. The numerical calculations were performed in a single
cylinder of 1.6 L of a 4-stroke direct injection engine running at wide open throttle condition by using the CFD
code. Two different piston bowls for considered engine speeds of 2000 rpm were considered to be compared
to evaluate swirl and tumble flows produced during mtake and compression stroke. The results obtained from
the numerical analysis can be employed to examine the homogeneity of air-fuel mixture structure for better

combustion process and engine performance.
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INTRODUCTION

The mn-cylinder flows of Internal Combustion Engine
(ICE) have drawn much attention to the automotive
researchers and scientist in the present times. It 1s due to
the fact that the flow structure generated by intake flows
1s related closely to the design and performance of the
ICEs. The production of high twbulence intensity is one
of the most important factors for stabilizing the igmtion
process and fast propagation of flame, especially in the
case of lean-burn combustion. In general, two types of
vortices are utilized in order to generate and preserve the
turbulence flows efficiently. These vortices are usually
know as swirl and tumble flows, which are organized
rotations in the horizontal and vertical plane of the engine
cylinder, respectively. They contribute to the
improvement of engine performance by accelerating
mixing of fuel and induced air (Heywood, 1988). Hence, it
18 indispensable for the development of an ICE with high
compression ratio to realize high turbulence intensity and
lean burn combustion.

Quite a few experimental works in visualising in-
cylinder flows have been conducted to measure velocity
fields by using the hot wire anemometry or lased
Doppler velocimetry (Stone, 1992). However, 1t 1s a really

hard task to perform it because the measurements of
in-cylinder flows in the reciprocating engine are
characterized by highly complex three-dimensionality,
turbulence and unsteadiness. A numerical approach
could thus be an alternative because of the capability of
CFD which has been developed for in-cylinder flow
predictions in recent 20 years. Gosman (1984) work can
be regarded as a pioneering one which applied CFD
simulation to mvestigate n-cylinder flows and since
then tremendous improvements have been achieved
in computational techniques m this field of study.
The CFD code of KIVA and STAR-CD are most
frequently employed as a commercial package programs
for in-cylinder analysis in the reciprocating engine in
present days. This computer codes are utilised to
solve the Navier-Stokes equations to produce detailed
descriptions of the mean velocity and the turbulence
velocity fields. While applying to the ICE case, the
CFD meodels should cover the specific problems
related the twbulent flow, high Reynolds number,
compressible flow and the complex geometry model.
Consequently, the computational times are usually
costly and require huge computer memory and even
High Performance Computing (HPC) facilities to reduce
the work.

Corresponding Author: Wendy Hardyono Kurmawan, Department of Mechanical and Materials Engineering,
National University of Malaysia, UKM Bangi 43600, Malaysia
2710



J. Applied Sci., 7 (19): 2710-2724, 2007

Based on the literature studied, several researchers
have conducted the research on the geometry of a
combustion chamber to determine fluid flow using
numerical methods. In the followimg, the previous study
of the fluid flow during intake and compression stroke in
ICEs will be highlighted according to its year of research
done. Mao et al. (1994) had calculated the ntake and
compression strokes for an axisymmetric case using a
finite element method. Chen et al. (1998) performed
calculations of the full intake and compression processes
and Dillies et al. (1997) also presented similar calculations
of a Diesel engine with one mtake valve for one
combustion chamber. The simulation of the detailed in-
cylinder air motion during intake and compression stroke
to examine the mteraction of aur motion with high-pressure
fuel spray mjected directly mto the cylinder also has been
accomplished by Kim et al. (1999). Celik et @l (2001) made
a review of computations based on large eddy simulation
(LES) and concluded that this method has great potential
1n this kand of application; however its computational cost
is still too high for engine design. In addition, Hyun ez al.
(2002) also has performed the numerical simulation by
employing the CFD code of KIVA-3 whereby the shape of
combustion chamber, swirl intensity and injection timing
are modified and the effect of mixture formation is
investigated. Sukegawa et al. (2003) and Wu and Perng,.
(2004) have performed in-cylinder flow analysis, but the
shapes of its piston attached to the engine cylinder were
relatively simple compared to the practical piston crown
i any ICE. Lastly, Payri ef al. (2004) who have carried out
the CFD modelling of the in-cylinder flow in direct-
ijection Diesel engines for mtake and compression stroke
with different chambers. Among the engine researchers,
many of them have not investigated yet the difference of
piston shape to the distribution of n-cylinder air flow
analysis, except the work done by Wu and Perng. (2004)
with their simple piston head and Payri et al. (2004) with
their real piston head. Therefore, a research study by
mean of numerical approach by using the CFD code for in-
cylinder air flow analysis and simulation with different
piston shapes in an automotive four-stroke engine with
direct injection system need to be carried out.

In this study, the CFD code of STAR-CD with the
capability of moving mesh and boundary algorithms,
including the valves and piston movement capability was
emploved in this study to investigate the effect of the
piston crown shape to the fluid flow field. Other than that,
the homogeneity of awr structure for fuel mixing
preparation that occurred inside engine cylinder was also
assessed to determine the better piston crown. The
motivation behind this study 1s that the thud flow with
different combustion chamber has an influence in air-fuel

mixing preparation and generation of turbulence as well as
exerts great impact on engine performance. Two different
combustion chambers with realistic geometry utilised for
a 4-stroke automotive engine with direct imjection system
will be considered in detail for in-cylinder flow
calculations during intake and compression stroke. In this
work, no simplifications of the geometry model and mtake
calculations mvolve intake port and moving valves was
constructed so that the flow field could be analysed
completely. The numerical calculation is performed to
obtamn the optimum parameters mentioned above for such
engine, which influences to accomplish the better air and
fuel mixing for the rapid combustion process. In order to
study the effect of the combustion chamber shape to the
fluid tlow field, two characteristics of large scale mxing
were analysed m-depth to identify the behaviour of swirl
and tumble flow along degree of crank angle.

The numerical computation was executed using the
transient analysis of intake and compression stroke for
two piston crown, which equipped with its boundary
conditions. The engine speed considered in this work is
2000 rpm with the fixed valve timing and lift. The two
parameters for the fluid flow characteristics acquired from
the simulation will be taken inte account to verify the
homogeneity of air structwre for mixture preparation so
that the better air-fuel mixture and combustion process
can be achieved In particular, the differences observed
for the two different piston bowl shapes in the parameters
configuration of fluid flow characteristics during intake
and compression
conclusions can be drawn out. From the observation, the
optimum shape of piston crown can be determined and
chosen for the improvement of combustion processes in
order to obtain the better engine performance and
emissions. It 15 expected that the present study will
provide an insight of the mnfluence of the piston bowl on
the characteristics of air structure pattern for a direct
injection engine. Tn addition, the present CFD study can
be used as a research tool to observe the complexity of
fluid dynamics mnside engine cylinder. This research can
be carried out to provide the alternative method instead of
the experimental equipment of Particle Tmage Velocimetry
(PIV) or Laser Doppler Anemometry (LDA).

stroke are discussed and some

CFD MODELLING OF ICE PROCESS

The CFD simulations of this study were performed for
intake and compression strokes by using the moving
mesh-boundary  algorithm. Every contained event
represents the different mesh and boundary geometries
for every different crank angle in each step of engine
cycle. Hence, m order to perform the proper CFD
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simulations for an internal combustion process, the
analysis and calewlation should be carried owt by using
the unsteady (transient) calewlation, moving meshes and
boundaries, high compressible Feynolds mumber, high
fluid  dynamics charactenistics (hubulence irtensity),
momertian, heat and mass transfer and complex
geotetrie s model and chemical-thermal dependerd aswell

The equations  employed to  describe mass
ot ertien, ener gy and k- ikl ence model inthe wector
nuotati on without sowrce terms from spray and chemicad
reactions due to under motonng codition are expressed
as follows:
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where, pis the denaity; 1 the velodty vector; P the
pressure; & the turbulent Ascous stress tensor, I the
specific mternal energy and j the hedt flie wector
including  tbulent heat condocton  and  enthalgy
diffusion effects.
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ENGINE GE OMETRY AND OPERATING CONDITION

The engine model stadied is a typical single-cylinder
of aCHG-D engine with toro intakee and exhaist valves as
showty it Fig 1 equipped with two considered pistons
shapes (Fig 2. As mentiotied two piston o owns were
congidered to itrvestigate the behaviow of sl and
tunble flow s ocowred inside oylitder i order to obtain
the suitable piston shape for the combustion process of
such enigine. These two shapes are trepresertative of the
teal engine geometty model that usaally operated to

Fig 11 & schematic view of typicd engine model with
piston of owy &

Pistom & Pt B

Fig Z: Geometry of the combustion chamber

Tablk 1: Spec¥x stion of the eru=me mhodel for ¢ Hotal corudibor
Erzine par areters Tfalne Thait
Mnnber of orlivders 4

Type Balire

Displacemert vobore 1596 an!
Buore 78 M
Stroke 24 i
Cormecting Tod lanath 131 M
Cravks radix 44 i
Coprpress 1ot Tatio 10 -
Trtakie wrakme openitys 12 b
Tritakie wratwre closite 48 4B G
Exfunast wale operdis 45 LED
Exumst vrale closing 1a 4TI C
hladiromn dalie wrabue Lt 8.1 T
hlaorronn exhanct wale it ] i
Combustion chamber EBoalpicston -

obtsinn the higher compression ratio as well as the
optirey combustion processin a CHG-DI engine. Piston
& has s bowl at the certre of its crown piston while piston
B has the deeper bowl wolme than piston & and iz not
located inthe centre of its crown

The specificationis and characteristics of operating
cotdition from engine wodel studied that will he
employed for the computationsl study and boundary
cotucditiofn of CFD analyais duting intake and compression
stroke summarizsedin Table 1.
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NUMERICAL METHODOLOGY

The CFD code of STAR-CD for fimite volume method
has been utilised to solve the discretized continuity and
Navier-Stokes equations. This CFD code 13 commonly
used for ICE and has the high capability of solving the
transient, compressible, turbulent-reacting flows with
sprays on the finite volume grids with moving boundaries
and meshes. Fully hexahedral meshes of intake and
exhaust ports and combustion chamber are utilised here
due to the requirements of moving mesh. Piston and valve
motion are carried out by cell activation and deactivation
and supported by vertex motion routines. The code is
competent of handling the complex geometry and
enabling the computational domain to include intake and
exhaust ports, valves, valve seats and the combustion
chamber with moving piston.

The numerical methodology and computation of this
ICE case 18 based on the pressure-correction method and
the PISO (pressure implicit with splitting of operators)
algorithm. The second upwind differencing scheme
(MARS) as the spatial discretization is used for the
momentum,
temporal discretization is the implicit method, with variable
time step depending on the stage of the engine cycle. At
the begmning and the end of mtake stroke, when the
valve lift 13 quite small, there are high local velocities n

energy and turbulence equations. The

the discharge zone. Therefore, the time step must be small
enough as 0.1 CAD per iteration) m order to accomplish
the stability criterion (Versteeg and Malalasekera, 1995).
During the middle phase of mtake stroke and alse during
the compression stroke, before the piston reaches TDC,
the time step is set up at the 0.25 CAD per iteration by
reason of the highly computational cost since there are no
high local velocities. In addition, the valve positions have
been closed and the effect of air flow during compression
stroke to the numerical stability of CFD calculation is not
too highly mnfluenced. Fmally, near TDC, the time step
must be reduced again to 0.1 CAD per iteration because
of the effect to tumble and the small clearance between
the piston and the cylinder head.

The runming calculations started when intake valve
opeming and continued to the compression stroke without
the fuel injection. These both variables are calculated as
homogeneous in the whole domain. The valve overlap
period is also taken into account when the residual gases
come out from the exhaust port. The initial values for
pressure and temperatwe for engine operating speed of
2000 rpm were obtained from the experimental work and
test from a single cylinder research engine test bed. The
initial turbulence intensity was set at 3% of the mean

flow, which is quite sufficient for fully turbulent fluid
flow, whereas the integral length scale was specified
proportional at 0.4% based on the Prandtl’s work as a
result of the distance to the nearest solid wall (Launder
and Spalding, 1974). Constant pressure boundary
conditions were carried out at both mtake and exhaust
ports so that the dynamics effects were neglected. The
walls of intake and exhaust ports and the lateral walls of
the valves were considered as the adiabatic condition.
The constant temperatre boundary conditions were
allocated independently for the cylinder head, the cylinder
wall and the piston crown that outline the walls of the
combustion chamber. The temperature on each of these
walls will be calculated numerically m the form of iteration
for every time step automatically.

GRID GENERATION

A grid generation program has been exploited to
generate the grid to create the hexahedral cells for the
engine model. The computational domain for the CFD
calculation covers intake ports and valves, the cylinder
head and the piston bow] as shown in Fig. 3. The number
of cells varies from 90,000 cells in Top Dead Centre (TDC)
position and around 180,000-200,000 cells in Bottom Dead
Centre (BDC) position, where about the half of the cells
used to generate the mesh at the cylinder head and piston
bowl in the case of considering the grid sensitivity and
reasonable computer run time. The fine grid structure 1s
necessary for mesh snapping during the valve movement.
The hexahedral cells have been adopted for the mesh
generation because they provide a better accuracy and
stability compared to the tetrahedral cells. The much
important motivation about the use of hexahedral cells is
the requirements of moving meshes and boundaries to
accomplish the CFD calculation.

Because of complexity of the engine model, the
computational mesh 1s divided into four areas with
different topologies, where each area has been meshed
separately as shown i Fig. 4. This approach is used to
obtain a good quality grid (mesh) and to reduce the
meshing time significantly. The comnectivity of the
various sub-domains is ensured by means of arbitrary
interfaces that connect every faces of the zones. Both
intake ports meshes have been created using a similar
topology, where the cell are oriented in the flow direction
and joined with a cylindrical structured mesh in the zone
upstream of the valves. The grid above the valves both
intake and exhaust has been constructed by the
revoluton of a structure mesh section. During the
compression stroke, when intake valves are closed, the
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Fig 3: The computational domain of the engine moodel

Fig. 4: The clipped zection wiew of the computaiona
dotn ity

sub-domaineg of intake ports are already discommected
from the caleulation to reduce the computational time and
cost as well

&g mentioned above, the simulation requited a
moving mesh and boundary dlgorithm em bedded into the
STAR-CD programume. The moving mesh and boundary
alzorithun for tho s engitie model has been developed inside
STAR-CD by dedaring the everts for each time step we
define and then activating the grid 1t order to move the
mesh The concept of mowng mesh is that the cell 15
siueezed to Zero volume over one time step, with Al its
corterts (presmae, temperabure, moass,  momm e,
enthalpy, ete.) being expelled inta the neghb ounng cells.
Hence, conservati on is satisfied exactly evenwith remonral
of any cell layer. O the other hatd, whet the cell layers
ate added, they grow from zero size o thedr full wolume,

i

Fig 5 The mowang mesh intake stroke (g), bottom dead
cettre (W) atd cothpression stroke ()

abzothing the consetrved wariables theough their faces
(CD Adapeo, 2004). Bome e amples of moving meshes and
bowdaties deweloped for the CFD simulati o model are
given in Fig 5, which are intalie stroke, the position of
piston at BDOC and the compression stroke. As the totdl
marher of computational cell 45 around 180,000-200,000
cells, the frpical CPU time taken for the simodation of
cotpl ete witakee and compre ssion stroke with the fluchaate
titne steps 18 aroatd 10 howrs on a 4 CPU-3GT Qrign 300
with 56 ME dynamic memory wsed dusing the nsming
atialyai s,

& grid dependency test for the engie computati onal
tesh has been performed for the puarpose of checking the
finer mesh configoration employed 1 this study. The
refined mesh has the more quarter mamber of cells
(Fig &4 as the second case than the cwrert mesh
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Fig 6: & grid dependency test of engine conputational configurat on
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Fig ¥: Inoylinder presswe for a grid dependency test

corfiguration (Fig 6a) as the first cage. Onthe other hatd
the third case 15 the mesh configuration with half finer
mesh (Fig 6c) than the first case. The petformed gnd
independence study has proved that the guarter and half
finer mesh does not influence to the solved mamercal
parameters, such as clinder pressure and tem peratiwe as
showninFig T and®, respectively. From the point of view
of the comparison parameters presented here, it 12 also
representative of the resmidts in other parameters of the
cotibustion chatmber, such as il ratio, hamble ratio and
turbualence velocity field Ascanbe seeninFig 7 and 8,
there ate no sigrificast differences between the CFD
solublons obtaitied betweetn the three compression
caloulaticts. H owever, the CPU costs are niearly tripled in
the case of the refined computational mesh and it does
fiot gwve  the advantages to the CFD caleulation
Therefore, it can be concluded that the ourrent normal
mesh can be used to obtain the rumerical stability and
accuracy for the present in-cylinder flow analyais

RESULTS AND DISCU S8I0N

The detaled ramerica study to investigate  the
effect of the piston crown shape to the flud flow field

Sy
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¥
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30 S0 N EX D0 M0 6 &D SM &0 &S0 M0 T T
Craclr anglle (Aagras)
Fig. 2: In-oylinder temperature for a grid dependency test

characteristics for a d-stroke direct itjection engine under
motoring condition has been carried out The results
preserted are discussed fior fluid flow field characterstcs,
together with its discussions for the two different piston
crowns In addiion, the graphs of globa variations for
each parameter are plotted according to degree of crank
atgle

Here, the wvelocity wector field as the large-scale
mixing during irtake and compression stroke in the
cylinder for two piston crown will be analysed and
investigated To analyse inecylinder air motion inside the
cylinder, saritl atnd tam ble ratios for both o the sideways
and normial directions are calodated at each tme step o
every crank angle degrees of engne cyele to 1dertify the
behaviow of fluid flow field characteristics atmong taro
differerit piston shapes.

&g mentioned previously, swirl and tumble flows are
always generated during irfake and comperession stroke
of ICE due to the high tabudence in the oylinder. Swirl
tefers toa rotational flow within the cylinder aboat its avis
and is used to promote rapid combustion And tumble is
a rotationa motion abot a ciroumferential aeis near the
edge of the cleat ance volume 15 the piston crown o i the
cylinder head whichis cavsed by squshing of the -
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cylinder volume as piston reaches near TDC. Both swirl
and tumble flows are commonly characterized by a
dimensionless parameter employed to quantify rotational
and angular motion mside the cylinder, which are known
as swirl and tumble ratios, respectively. These values are
calculated by the effective angular speed of in-cylinder air
motion divided by the engine speed. The effective angular
speed 13 the ratio of the angular momentum to the angular
inertia of moment. The mass centre of the charged in-
cylinder air 18 considered as an origin for the calculation.

In order to facilitate the comparison of the results
under different piston shapes, the three variables (swirl,
sideways tumble and normal tumble ratio) plotted in this
study are presented m the non-dimensional form by
applying the equations as follows:

op — OOH, ©)
2plw
TR, = 60H, (7)
2pLw
60H
TR, —— (&)
2pLw

where, H,, H, and I, is the angular momentum of the in-
cylinder gas about the x axis, y axis and z axis,
respectively. I, I, and I, is the moment of inertia about the
X axis, y axis and z axis, respectively. In addition, w is the
crankshaft rotation or engine speed m the unit of
rotation/minute. A schematic view of reference axes for
the analysis and calculation 1s presented m Fig. 9. The
origin of the coordinate systems shown in the figure is
only for a reference to illustrate swirl and tumble
directions and magnitudes.

The in-cylinder air motion before fuel imection
process is such important to certify a proper air-fuel
mixture, which finally affects on the complete combustion
inthe engine cylinder. Tn the following some details of in-
cylinder air motion without fuel injection during ntake
and compression stroke for the engine speed of 2000 rpm
are figured out to describe the velocity vector in the forms
of swirl and tumble flows.

Figure 10 shows the velocity fields during intake
stroke (100P after TDC) for two combustion chambers on
the XY cutting plane (at Z = 10 mm of cylinder head axis)
as shown in the top figure, the X7 cutting plane (at
Y = 7 mm) as shown in the middle figure and the YZ
cutting plane as shown in the bottom figure. Tt can be
seen that there are strong annular jet flows for two
combustion chambers in the area near the valve curtains
because the flow and velocity field in this degree of crank

Swirl (SR)

Fig. 9: Schematic view for the defimition of swirl and
tumble axes and directions (SR: swirl ratio, TR,
sideways tumble ratio, TR, normal tumble ratio)

angle reaches to the maximum value where intake valves
almost open at the maximum lift distance. And this strong
annular jet flows make a clockwise swirl on the one intake
valve and a counter-clockwise on another intake valve as
shown clearly for each piston crown shape. At this stage,
the piston speed 1s nearly constant and intake valves are
almost fully open (maximum lift). The toroidal vortex that
developed in the early part of intake stroke has already
disappeared. Nevertheless, a new clockwise vortex can be
seen 1 the centre of the engine cylinder, especially under
intake valves as a result of the jet motion towards the
central part of the cylinder, which does not collide directly
with the cylinder walls. This annular jet flows that
mnpmges on the wall 15 deflected axially towards the
piston with centre bowl and produces an elongated vortex
along the wall. Tn addition, the top figure confirms that
there are several vortices exist with no predominant
pattern and there 1s symmetry flow field due to a vertical
plane situated between the two intalee valves.

During the later phase of the compression stroke, the
axial upwards field encourages a gradual increase of the
swirl velocity in the top part of the piston crown as shown
inFig. 11 for two piston crowns. Tt also can be pointed out
that when the piston at the position of 30° before TDC,
the axial velocity vector of air in the engine cylinder is
practically complete to be mixed with the fuel n many
areas or zones. During the compression stroke, the
turbulence generated by the annular jet flows during the
previous mtake stroke decay quite quickly and remams
seem to be distributed homogeneously along the engine
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cylinder. The combustion chamber shape of an [ICE is
basically does ot alter the global in-cylinder air motion
bt it is affect to the welocity field close to the piston top
surface (tear cylinder head) during the later phase of
cogn i ession steoke where the fuel injection start to begin
atid the spark plug isreadyto burn the air-fuel mivtre to
start off the combustion process. One importart thing to
be noticed from the present it oylinder analysis of the
engirne is that the composition of ar mixtare within

cylinder is homogeneous enoagh before the fuel is
injected directly into the piston bow] and then igmited by
spark plug to start the combustion process,

The global variations of swirl ratio for the teo pistons
are caloulated and displayed in Fig 12, For the parpose of
commpiting swritl ratio, the reference values for @ and ware
takery at the cylinder axiswherex =0 and v =0 As can be
seert from the graph, the swisl in the cylinder is generated
eatly chring the intake stroke, The mavimuwm i3 achieved
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tueat aroutud 1407 after TDC, where the piston reaches its
max it instantaneous speed and the valwve opening is
inits maximum distance. After that, the discharge velocity
into the cylinder decreases and swirl will decline slowly
during the rest of the intake stroke. [tathe first pat of the
compression stroke, the tretid contirnies to decrease due
to the friction at the cylinder wall Howewer, switl is
developed as the flow accelerates in preserdng its
angilar motmentm within the smaller dameter piston
bowl when approaching TDC, Dwing the compression
stroke, swirl is necessaty needed to interact with squish
flowr to generate a very complex flow field for the purpose
of enthaticing se-fael mixtore daing fuel irgecticn. Tnfact,

piston & 15 able to generate bigher soarl ratio than piston
B with small range differences duting intake  and
compression stroke. From the analyais, it can be verified
that the capability of producing switl ratio for two
differerd combustion chambets at same engne speed is
relatively differert due to the frictonwithin cylinder wall
atd itsirtake ar fl ows influenced by combust an cham ber
head.

Subgequertly, the behaviow atd variation of tumble
flow i the sideways direction inside engine cylinder can
be geennin Fig 13, Tumble about the r-axis becomes
negative it the eatly of the intake stroke and reaches a
mirdtmm o arourd 60° after TDC. After fhis crank angle,
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there is a quick change, which leads to a maximum
positive mimble at around 1307 after TDC Thes difference
condition can be atinbuted to the development of the two
dommant vortices caused by the jet-bulk flow mterachion.
As the valve lift near fo the ¢losed position, the tumble
ratio at the x-axis will be decreased gradually uniil the

Craitk mmgle (diogroe)

T
190 20 2W

10 330 30|

early part of the compression stroke before going up
agam during the middie of the compression stroke. After
that. the sideways tumble ratio will decrease at the certain
degree of crank angle near TDC. The extracrdinary thing
to be mentioned here is that the piston B produces the
mueh lower magnitude of sideways tumble ratio along the
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rest part of the compression stroke  This condition means
that the piston B is not able 1o produce the homogeneity
of air structire along eyvlmder, which needed to prepare
the condition for fuel mjection period

The myvestigahon of tumble ratio m the normal
direction finally can be fipured out m Fig: 14, The figures
show the normal mumble ratio and its variation oceurred
inside engine evlindsr Tumble about the y-mas begins
with a negative sense and changes its sign dramatically at
the early part of mntake stroke. Thia transient béhaviour is
characterized to the very complex nature of the early flow
field By 1 2P after TDC, a dominant tumbling motion has
been developed and decreased merementally as the valve
Lift closes untl the early part of the compression stroke
And then, it will increase again slightly at the maddle part
of the compression stroke before dinunishing again as
piston approach TDC. From Fig. 14 1t can be concluded
that piston A can generate lugher tumble ratio on the
normal side (v-axis ) during ey intake siroke

From the performed CFD study, the computational
approach has showed that piston A has the capability of
producmsg the lugher swirl ratio and higher normal as well
as sideways tumble ratios This occurs due to the reason
that the shape of piston plays an important role 1o the
awirl and tumble ratio as the maximmm mtake valve Lt
oceurred dirmg intake stroke. This circumstance means
that the shape of piston A plays an important role 1in

producing the Tuid dynamics parameters during intake

and compression stroke as 1t has been determmed from
CFD analysis that piston A hes the capability of
producing betfer fluid flow Geld characteristics.

1 Tntzke

[ additon to the expression of velocity field as swirl
and tumble ratio; the turbulence field within combustion
chamber can be depicied i the presenl research. 1 1=
presented m non-dimensional form by pormalizing the
value by the mean piston speed ¥V, The turbulent veloetty
evolution 1 the rwo piston geomeines considered was
iven it Fig. 13, In the CFD caleulations, the fuctuating
turbalent velosty 5 gpiven by (2731 accarding to the
assumption of 1soiropic turbulence in the k-2 model for
high Reynolds number The brbulent velocity decays
almost linearly as it approaches TDHT and will star ifs
downward motion during the expansion stroke. Sinee the
bowl gecmetry is open {or two pieton crowes, the radial
motion 15 weak and the sqmsh effect small, which are
located relatively far from the walls, It is also clear thar the
turbulence generation rate is faster than the turbulence
dissipation rate. The hgheat nurbulence velocity peaks
appear durmg the maxmmum opemng of mntake valves due
to the lagh velocity speed at the area of valve curtam. The
magnitude of tubulence velocity will be increased a bit
after BDC pesition and then continue to decrease until
approaching TDC. The turbulence velocity of piston A 18
higher than that of piston B due to its smaller piston
crown shape and 1t gives an advantage because the
turbulence gereration rate is ligh as the turbulence
dissipation rate 15 small The smaller piston bow!l of piston
A has an effect to the incoming air as if 15 more easily o
suck the fresh air into the combustion chamber and
results m lugher veloaities around the valve curtain area
during the maxmiwm mtake valve opening. Therefore, the
higher hululence generation rate has been proved by the
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Fig. 15 Caloulated nrbulence veloeity versus crank angle
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Fig. U6 The computed streambimes at 108° atter TDC {intake stroke )

CF1} caleulanen that it 13 produced by piston A In
conclusion. the nrbulence model for lugh Reynolds
number employed m this study s thus able to adequately
captire these strong velocity Muetuations In addition. it
has been tanetically verified that the isotropie turkbulenes
assumption of the k- model 5 reasonably acourate for
caloulations of the in.oylinder flow, particularly m open
combustion chambers, where there s strong inleraction
between swirl and squish and more generally 10 zones of
the cylinder where the radial flow does dommate the flow
pattern oceurred.

Lastly, the other in-cylinder feature charactersstic to
examine the air Dow iside ovlinder and perceive the effect
of combustion chamber shape 15 the unsymmetrical
structire of the flow (Fig. 16), In this figure, the
instantaneous streamlinegs at | 087 after T, represented
vy continues lmes, are shown There are some streamlines
presented to smmulate the am-flow motion  inside
combustion chamber as it can be seen that the swirl s
already generated al some location of eylinder wall during
mtake stroke. As mdicated by the symmetrical projections
of the streamlines. the flows are seen to be quute
symmelneal about the centre plane between two valves
due to the symmetrical runter, port and valve setting
This symmetrical fow stoeeture and pattern unplies that
the bulle lows from the two valve openmes do nol mix
together sipmficantly. As can be seery the blue line of
piston A streams cylindrically inside evlinder when the air
comes in from intake port at the maximum vabve 1ift if
comparing 1o the air mixture of pisten B, This condition
will give a clear phenomenon that the piston A can be
adopted to give s homogeneous condition, which
provided by the CFD caleulation instead of experimental
test. It 15 also mteresting to notce m the computation that
the detatled mwveshgation of ar motion (swils and
tumbles behaviowr) in the combistion chamber can be
carried out by using the CFT) code
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NUMERICAL VALIDATION

A mumnenecal vahdation was provided as a proof that
the performed CFD sunulabion has Deen correc! and
accurate with the experimental study, The validation is
presented i the form of me-cyvlinder pressure dunng
ke and compression stroke between the CFD code
and available experimental data In this section, the
compatison between simulated and  experimental -
oy linder pressure under motorng condition 15 presented
accordmg to a certain engme operahing condibions and
speed

The experitnental setup for the purpose of validating
the CFD sumulation was carmed out m a test ng of Smale
Cyhnder Research Engme (SCEE) as shownm Fig. 17 The
available data i=ed for the numerical validation was
performed by comsidering some  important  fechnical
aspects. During the expeniment, all engine boundary
conditions were fixed Plercelectric pressire semsors
(Eistler 6061 B were mstalled on the combustion chamber
to measwre the cylinder pressure occurred during
combuston process. In order to obtamn the boundary
conditions at 1ntake and outflow bonmdaries for the CFD
analysis, thermocouple sensor were installed at nearest
possible to the evlindsr head so that the temperature of
mtake and exhaust ports can be determmed o be used
mside CFD aimulation The fuel mjection supply and
ignition  Hming was controfled ntelligently by an
Electronie Control Una (BCTT) installed inside the engine
The shape of piston crown used for the present validation
study 15 the piston A due to the reason that the mston A
had been inserted inside the test rig mitially, while piston
B has not available vef for the experimental atudy

The comparison was performed m the engine speed
of 2000 rpm. The measurement data for mtake port
temperature and pressure are 32 K oend 102 bar,
respactively,  These  two  data was  applied inio
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Fig 17: The SURE testrig of CNG-DI engine
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Fig 18: Caloulated and measured inroylinder pressure under motoring condition

commpnaational mesh for CFD analya s to repr esent the real
engine modeling Figore 18 dlustrates a comparison
betareen the cal culated and experimental pressure ourves
under  the motoring condiion duwimng intake  and
compression stroke. It 1s indicated that the calculated
maximuh pressure is in a close agreement with the
meanred reqidt Therefore the CFD computational mesh
and calcuationn petformed in this investigation of
turbulence characteristics are able to represert the real
condition ocourred inside the CHG-DI engine and have
the capakility to be inplemented for Hather irtensive
calewlation. As can be seery the coylinder pressure
obtained from the CFD simulation has the higher sralue
due to the reason that the trpical CFD simulations do net
take into account the friction losses took place within
engine clinder, Hence, the mumerical calewd ation has the

tagher cylinder pressure compared to the experimental
data and it 15 vsually accepted for any validation of
simmulation results.

The achaal validati o of the manerical peedi ction from
CFD results in an internal combustion engitie 15 through
the utilisation of some bdgh-cost visualizsati on equiptment,
such as Patticle I oage Velocimetsy (PIVY), Laser Dopler
Avnem aetty (LTWAY of ay visualisation method Inthis
shudy, the limitation of high inwvestment on those
equipments has became an obstacle to employ it to
validate the CFD data Therefore, besides the in oplindsy
pressure comparison during motoring condition, the other
techrdcue of rumerical assessment used to validate the
results obtaned from CFD caloulation it this research is
the typical swidl and tunble ratio produced from the other
teseatchers,
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Theoretically, the magnitude of fluid flow and
turbulence parameters are depend on the engine size,
speed, valve opening and closing timing, bore and stroke,
piston crown, wutial pressure and temperature and other
engine configuration. For swirl and tumble ratio, the
magnitude obtained in this study are in the range of
typical value of swirl and tumble ratio based on the
current literature review (Kim et al., 1999; Heywood, 1987,
Suh and Rutland, 1999; Han and Reitz, 1997; Luo et ai.,
2003; Bailly et al., 1999; Han et al., 1997, Han and Reitz,
1995). Therefore, the investigation on the effect of piston
crown to the dynamic flow and turbulence m this study,
which results some parameters mentioned above have
adequate comparison to be recognised as a valid and
accurate CFD result.

CONCLUSIONS

The investigation and analysis for the characteristics
of in-cylinder air motion under motoring condition 18
numerically carried out by solving intake and compression
stroke by CFD code with the moving mesh and boundary
capability. Transient moving valves were exactly modelled
to resolve intake-generated swirl and tumble motion
characteristics in the area of valve curtain and engine
cylinder. The evaluation in present study is carried out for
two shapes of piston crown to evaluate the effect of
different combustion chamber shape to the fluid flow field
for the preparation of air-fuel mixture before fuel injection
begins. The solved calculation of CFD analysis for every
crank angle throughout intake and compression stroke 1s
presented to examine and verify the behaviour of those
mentioned characteristics for overall piston crowns
furnished with its discussions thoroughly.

The global varations of each characteristic versus
crank angle during intake and compression stroke has
been determined to exhibit the effect of combustion
chamber shape within engine cylinder. During intake
strtoke the shape of the piston crown does play a
significant role to the developed large scale fluid motion
as the most significant component of mixing parameters
during the whole process of engine by characterising it
with the swirl ratio, sideways and normal tumble ratio.

In general, this study shows that in-cylinder CFD
predictions yield a reasonable result that allows improving
the knowledge of the in-cylinder flow pattern and
characteristics during intake and compression strokes
instead of using the experimental test by Particle Image
Velocimetry (PTV) or laser Doppler anemometry (LDA). At
this moment, this CFD in-cylinder analysis result has not
been validated with the experimental result of flow
visualisation due to the highly experimental equipments,

devices and measurement tools. However, the cylinder
pressure of motoring condition has been validated against
the experimental measurement and it reveals that the
developed engine model and its moving mesh have a
capability to approach the real engine conditon In
addition, the study and analysis presented here
represents a first step towards our understanding of air
motion field inside cylinder for an automotive four-stroke
internal combustion engine with fuel direct injection
system. Besides of that, CFD can be used as an efficient
design tool to develop the other internal combustion
engine analysis to produce an optimun engine
configuration. For future work, the application of Large
Eddy Simulation (LES) model to mvestigate the behaviour
of fluid flow in an internal combustion engine can be
performed for better understanding of these complex
phenomena of fluid dynamic, such as the work has been
done by Haworth (2000), Lee and Lee (2006) and
Thobois et al. (2005). However, the relatively high
computation cost will be occurred as a consequence from
the use of LES model due to their numerical algorithm and
the hardware resources to carry out this kind of huge task
is not adequate for us to perform at the moment. Lastly,
the optimum piston crown investigated from the present
study, which is piston A will be used as a further
examination by carrying out it into the combustion and
emission formation analysis.
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