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Abstract - In this paper some results concerning the structure and
evolution of fluid flow pattern during induction and compression in 4.-
valve engines with tilted valves were presented. Results were obtained by
dint of multidimensional modeling of non-reactive flows in arbitrary
geometry with moving boundaries. During induction fluid flow pattern was
characterized with organized tumble motion followed by small but clearly
legible deterioration in the vicinity of BDC. During compression the fluid
flow pattern is entirely three-dimensional and fully controlled by vortex
motion located in the central part of the chamber. In order to annihilate
negative effects of tumble deterioration and to enhance swirling motion
one of the intake valves was deactivated. Some positive and negative effects
of such attempt were elucidated. The effect of turbulence model alteration
in the case of excessive macro flows was tackled as well. Namely, some
results obtained with eddy-viscosity model i.e. standard k-¢ model were
compared with results obtained with k-¢&-f model of turbulence in domain of
4.-valve engine in-cylinder flow. Some interesting results emerged
rendering impetus for further quest in the near future.
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1. Introductory remarks

It is known for a long time that various typesooflanized flows in combustion chamber of IC
engines are of predominant importance for combuogtarticularly with regards to flame front shape
and its propagation. Some results related to thlated or synergic effect of squish and swirl amfé
propagation in various combustion chamber layouts aready analyzed and published [1, 2] but
results concerning the isolated or combined efé¢he third type of organized flow i.e. tumble are
relatively less presented and sometimes ambigy8ugl]. For instance some authors [5] studied the
development of swirl and tumble in five differemtdke valve configurations and found that when
both inlet valves are open no well defined tumkdevfstructure was created rendering quick vortices
dissipation before BDC. In spite of the fact thanble flow is inherent to multi-valve engines some
authors have demonstrated that some two-valve esg@rhibit characteristics similar to tumble flow
[6, 7]. In addition, the fairly similar fluid flowpatterns in the vicinity of BDC in various combasti
chamber geometries yield entirely different fluiov# patterns, spatial distribution of kinetic engf
turbulence and integral length scales of turbuldnde vicinity of TDC [8]. In such occasions the
significance of organized tumble flow is fairly aglve. Some theoretical and experimental results
show that tumble is of prime importance for specgbwer and fuel economy increase in modern
engines with multi-valve systems. The beneficidéat of tumble on CO, CH and NOx were also
demonstrated. From the theory of turbulence is knévat vortex filament subjected to compression
reduces its length and promotes rotation aroundxis yielding the movement on the larger scale



("spin-up” effect). It can be presumed that tumplesues the same rule i.e. the destruction of well
formed and expressive tumble during compressiakatgenerates the higher turbulence intensity and
larger integral length scale of turbulence in theimty of TDC contributing to the flame kernel
formation period reduction and faster flame propiagahereafter. The aforementioned logic imposes
the conclusion that the most beneficial fluid flpattern in the vicinity of BDC is well shaped high
intensity tumble. Some additional objectives insthpaper were qualitative and quantitative
characterization of fluid flow pattern during indien and compression in a particular 4.-valve eagin
the analysis of the valve/port assembly from thimtpof compliance with presumed ideal fluid flow
pattern, the effect of port deactivation and tHeatfof turbulence model variation on fluid flowdan
relevant turbulence parameters.

2. Modd and computational method

The analysis of this type is inherent to multidimei®nal humerical modeling of non-reactive
fluid flow and therefore it is quite logical to dgsuch a technique particularly due to fact tha the
only technique that encompasses the valve/port gaggrtayout in an explicit manner. In lieu of the
fact that, in its essence, multidimensional modetgire initial and boundary conditions only their
applications is fairly complicated and imply sonssw@amptions and simplifications [9]. The full 3D
conservation integral form of unsteady equationgegang turbulent motion of non-reactive mixture
of ideal gas is solved on fine computational gridhwmoving boundaries (piston and valves) in
physical domain (66.000-682.000 cells) by dintwed Wifferent codes [10, 11, 12, 13, 14] and [15]. |
both cases the numerical solution method is basealfally conservative finite volume approach. All
dependent variables such as momentum, pressurafyjearbulence kinetic energy, dissipation rate,
and passive scalar are evaluated at the cell cehtsecond-order midpoint rule is used for integral
approximation and a second order linear approxondtr any value at the cell-face. A diffusion term
IS incorporated into the surface integral sourtcerafmployment of the special interpolation praetic
The convection is solved by a variety of differengcischemes (upwind or donor cell, interpolated
donor cell, quasi second order differencing, cémlifferencing, MINMOD and SMART). The rate of
change is differenced by using implicit schemes kaler implicit scheme and three time level
implicit scheme of second order accuracy. The dvectution procedure is iterative and is based on
the Semi-Implicit Method for Pressure-Linked Eqaas algorithm (SIMPLE). For the solution of a
linear system of equations, a conjugate gradigye tf solver (CGS) is used. Two different model of
turbulence were used. The first one is nearly foryars old ke model based on Boussinesq's
assumption which is certainly the most widely useddel for engineering computations. On the
contrary to some other models, such as Reynoldssstclosure model [16], its implementation is
numerically robust due to simplicity of the modeldaat the same provides an acceptable level of
accuracy for particular applications. The secone isirelatively recent k-f model of turbulence i.e.
eddy-viscosity model based on Durbin’s ellipticasedtion concept [17, 18, 19, 20]. This model solves
a transport equation for the velocity scale raionstead of imaginary turbulent normal stress
component. In addition, the pertinent hybrid bougd®nditions were applied [21].

3. Resultsand discussion
The analysis of fluid flow pattern during inductiamd compression was based on a fairly
complicated geometry layout presented in figs.12an@bviously, combustion chamber is constrained



with dual intake and exhaust valves. In spite @ fact that it is not of crucial importance the
inclination of intake and exhaust port is’2d 22 respectively. The basic block data sheet consists
of bore/stroke ratio = 9.2/8.5 cm, inlet valve hel@meter = 3.65 cm, exhaust valve diameter = 3.25
cm, squish gap = 0.115 cm, engine speed RPM = 8500 and mixture qualith\=1. It should be
stated that maximum valve lift is Li=0.962 cm whilee other geometrical data (relative location,
valve shape etc.) could be seen in fig.1 and 2thé case with simultaneous valve opening the
commencement of intake valves opening was set’BTBC and their closure at 198TDC.
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Figure 2. Persp. view of the combustion chamber geometry layout with 4-valves (bottom view)

The evolution of fluid flow pattern and turbulenaeas pursued in five cut planes (in x-z

plane, y=2.1 cm, passing through one intake ancemhaust valve, in symmetry x-z plane, y=0, in y-z
plane, x=-2.1 cm, passing through both intake \&lue y-z plane, x=2.1 cm, passing through both
exhaust valves and in x-y plane at z=8.6 cm). TWuwéion of fluid flow pattern, represented as
vectors, in vertical x-z plane (y=2.1 cm or y=-2riLéor simultaneous valve opening) is shown in fig.
3, 4 and 5. As can be seen in fig.3 high velocitgke jet flows over the valve, strikes upon trstgn
crown, curls and commences to form an ellipticalaped vortex around y-axis in counterclockwise
direction, provided that it is stipulated as sumithe left side of the valve. A small tumble-likertex
motion is created by the intake jet in clockwiseadiion to the right side of the valve (fig.3).

Figure3. Fluid flow pattern in x-z plane, y=2.1cm, at 60° ATDC, k-¢



At 60° ATDC these two vortices are of the same intendity.3) indicating the zone of
coinciding flow followed by separation region justneath the intake valve face. These two vortices
are part of thoroid ring vortex that can be vedfie fig. 6.
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Figure4. Perspective plot of the combustion chamber and valve/port geometry layout (squish
area = 62%, cyl. bowl)
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Figure6. Fluid flow pattern in y-z plane, x=-2.1cm, at 30°ATDC, k-¢

Namely, the center of rotation is equally distrémitaround the perimeter beneath the valve
face. The increase of tumble motion intensity akimam valve lift and further movement of piston
downward exerts the attenuation of the vortex flmwthe left side of intake valve. Obviously, the
vortex flow is squeezed out and its shape becoiegated (along z-axis). It's interesting to ndtatt
the center of rotation of tumble motion is in tlaeng position. The well formed tumble flow around y-
axis reduces the activity of that vortex to theeanthe vicinity of cylinder wall particularly fro the
moment when valve movement changes its directig{t In the vicinity of BDC the direction of



vortex flow is changed due to tumble motion andrdie reduced entirely to the close proximity of
intake valve face (fig.5). In addition, the cemérotation of tumble motion is slowly displacedtte
right side of cylinder wall Such a movement ildeed by new vortex formation in the corner
located adjacent to the bottom right side indigatime subtle deterioration of general tumble mutio
Non-uniform distribution of tumble intensity aloygaxis and two symmetric vortices in x-y plane in
the vicinity of cylinder wall are responsible féretdeterioration of tumble flow near BDC. Namely, a
can be seen in fig.7 the tumble intensity in veitiglane for y=0 is more expressive than tumble
intensity for y=t 2.1 cm. No deterioration of turalshotion in vertical plane for y=0 is encountered.
In addition, larger velocities are encounterechia ¢entral part of the chamber ensuing partly ffeim
penetration from the flanks. This activity is enbeah by vortices in x-y plane which prevent the
tumble motion in vertical plane (y=+ 2.1) to reabl cylinder wall. The net result is the deflectifn
fluid flow in y-z plane (x=2.1 cm) along z-axis afaimation of symmetric vortices adjacent to piston
crown (fig.8).

Figure8. Fluid flow pattern in y-z plane, x=2.1 cm, at 175° ATDC, k-¢

The formation of tumble motion is observed as whaibugh evolution of fluid flow pattern in
x-y plane, as shown in fig. 9 and 10.

Figure9. Fluid flow pattern in x-y plane, z=8.6 cm, at 60° ATDC, k-¢



Figure 10. Fluid flow patternin x-y plane, z=8.6 cm, at 175°ATDC, k-¢

A symmetric flow structure is created about thenplaf symmetry of the cylinder head, y=0,
even though no conditions of symmetry were apptedhe flow. It should be noted that variable
visible segments of valves are due to valve movémaAs can be seen in fig. 9 the synergic action of
the flows over the two intake valves generatest drgaeling across the cylinder away from intake
valves, formed approximately in the midway from tyéinder center to the right wall. Two counter-
rotating vortices are observed on the very lefe sifithe cylinder. Regions of low velocity magnieud
are identifiable on the very right of the cylindadicating large velocity component in z-direction.
Annihilating effect of the combination of the flow evident in the upper part of the symmetry plane
(fig.7). As can be seen in fig.10 two counter riogtvortices are clearly legible on the very rigide
of the cylinder as well. The entire region is emgalwith counter rotating vortex motion in the
vicinity of BDC. Namely the curling of the flow igbvious in the central part as well indicating the
ingress of the fluid flow from the flank followedybdeterioration of tumble motion. During
compression, the quick decay of vortex motion emzbne beneath intake valves and in the vicinity of
piston crown is encountered. Further movement stiopi upwards yields the restitution of organized
vortex motion with its center of rotation aroundOx=The fairly expressive w-component of the
velocity in the zone of intake valves is observeddering 1D fluid flow thereafter. In x-z plane,
z=8.61 cm, on the very beginning of compressionikensive flank flows exerts detention of strong
coinciding flow along x-axis, y=0, and changeditgction to intake valves.
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Figure 11. Fluid flow pattern in x-y plane, z=8.6 cm, at 270°ATDC, k-¢
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Figure 12. Fluid flow pattern in x-y plane, z=8.6 cm, at 345° ATDC, k-¢
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Figure 13. Spatial distribution of kinetic energy of turbulencein x-z plane, y=-2.1 cm, at 345°
ATDC, k-¢

High intensity coinciding flow in x-y plane is f&rsimilar to the fluid flow pattern in x-y
plane during induction but in opposite directioig.(fL1 and 12).

Non-uniformity of fluid flow pattern along y-axissifollowed by non-uniform spatial
distribution of kinetic energy of turbulence alopgxis. Namely, in x-z plane, y=-2.1 cm, the zone
with relatively high kinetic energy of turbulencespread out through the entire region (fig.13)levhi
in symmetry plane, y=0, the zone with high kinegitergy of turbulence is, due to strong coinciding
flow (u-component dominant flow) squeezed to theezbetween cylinder wall and intake valves
(fig.14).
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Figure 14. Spatial distribution of kinetic energy of turbulencein x-z plane, y=0, at 345° ATDC




Such a non-uniformity along y-axis yields chardstar and fairly inconvenient “bean-like”
shape of spatial distribution of kinetic energytwrbulence in x-y plane, as can be seen in fig.15
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Figure 15. Spatial distribution of kinetic energy of turbulencein x-y plane, z=8.6 cm, at 345°
ATDC

In order to prevent strong coinciding flow alongaxis yielding inconvenient spatial
distribution of kinetic energy of turbulence in tieinity of TDC port deactivation was included in
analysis as well. The rationale for such a stegthies presumption of fairly convenient mutual
interaction between tumble and swirl, not obsenvetthe case with simultaneous valve openings that
could contribute to the better spatial distributi@inkinetic energy of turbulence in the vicinity of
TDC.

Figure 16. Fluid flow patternin y-z plane, x=-2.1 cm, at 60° ATDC, port deactivation, k-&

As can be seen in fig.16 port deactivation meaas dhe of the intake valves is kept closed
and as a consequence the fluid flow pattern isepntasymmetric. The evolution of the fluid flow in
the cut-plane passing through one active and ohaust valve is shown in fig.17 and 18.

Figure 17. Fluid flow patternin x-z plane, y=2.1 cm, at 60° ATDC, port deactivation, k-¢



Figure 18. Fluid flow pattern in x-z plane, y=2.1 cm, at 170° ATDC, port deactivation, k-¢

Figure 20. Fluid Fluid flow pattern in x-z plane, y=0, at 170° ATDC, port deactivation, k-&

At the very beginning of induction the fluid flovagtern is fairly similar to the previous case
(fig.17). Namely, two counter rotating vortices and y-axis are observed as well. On the contrary to
the case with both intake valves opened there isomgtraint imposed by fluid flow through another
intake valve and therefore no squeezing out ofexomotion in the intake valve zone is encountered.
The majority of the fluid flow is directed astragcapromotes vortex motions around y-axis in a $et o
parallel x-z planes (fig. 18 and 19). The flankaffofrom the zone with active intake valve promotes
the formation of two concentric vortex flows aroupéxis in symmetry plane, y=0 (fig.19). The
intensity of the inner vortex prevails and its asdgotation gradually moves to the central parthef
chamber (fig.20) and persists there up to the émdmpression stroke (fig.21).

Figure21. Fluid flow pattern in x-z plane, y=0, at 345° ATDC, port deactivation, k-g



The evolution of the fluid flow pattern in x-z gpliane passing through inactive intake valve is
shown in fig.22 and 23.
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Figure 23. Fluid flow pattern in x-z plane, y=-2.1 cm, at 170° ATDC, port deactivation, k-g

Large soothing zones in fig.22 indicate strong mponent velocities. In the vicinity of BDC
well formed vortex motion around y-axis, similartt@t in symmetry plane, y=0, is observed as well
(fig.23).

Figure 24. Fluid flow pattern in x-y plane, z=8.6 cm, at 170° ATDC, port deactivation, k-¢

It's interesting to note that the entire zone attive intake valve is engulfed with large-scale
vortex motion. In addition to the vortex motion and y-axis, strong vortex motion around z-axis, in
the vicinity of BDC, is encountered as well (fig)dgeing transformed, due to its increased intensity
into well formed swirling flow in the vicinity of DC thereafter (fig.25).
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Figure 25. Fluid flow pattern in x-y plane, z=8.6 cm, at 345° ATDC, port deactivation k-g

The spatial distribution of kinetic energy of tuldnce replicates entirely the fluid flow
pattern and is shown in fig.26 and 27.
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Figure 26. Spatial distribution of kinetic energy of turbulencein x-z plane, y=0, at 345° ATDC,
port deactivation, k-g
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Figure 27. Spatial distribution of kinetic energy of turbulencein x-y plane, z=8.6 cm, at 345°
ATDC, port deactivation, k-g



As can be seen in fig.26 and 27 the spatial digioh of kinetic energy of turbulence is more
convenient than in the case with simultaneous @ntakve opening. Namely, regularly shaped zone of
high kinetic energy of turbulence is located in temtral part of the chamber and occupies theeentir
region along z-axis between piston crown and cgliftead. Some initial results related to the effect
of turbulence model variation k-and Reynolds stress closure) were already prabeintea
companion papdR?2]. The effects of further turbulence model alteratom the evolution of fluid flow
pattern and spatial distribution of kinetic eneafyurbulence in 4.-valve engine were presentdtim
paper i.e. in figs.28-39 below. Namely, figs. 28, 34 and 37 are related to standard rkodel of
turbulence while figs. 29, 32, 35 and 38 are relatek<-f model of turbulence. Due to symmetry in
x-y plane results for both model of turbulence waresented in the same figure (figs. 30, 33, 36 and
39). In order to alleviate comparisons of fluidvilgatterns particularly in the case of turbulence
variation the set of subtle different colours weneployed as well.

Figure29. Fluid flow pattern in x-z plane, y=const.at 340 deg. ATDC, k-&-f

During induction and large portion of compressitmole (up to 270 deg. ATDC) no legible
differences as regards the evolution of fluid flpattern and spatial distribution of kinetic enecdy
turbulence were observed and therefore not predehte to economy of the paper. The significant
differences are commencing in the vicinity of TD)amely, the fluid flow pattern and less intensive
colours in figs. 29, 32, 30 (right) and 33(rightah in figs. 28, 31, 30(left) and 33(left) indicdéss
expressive vortex flow and generally smaller velesiin the case of &f model of turbulence
yielding somehow the detention of vortex displacente the exhaust valve zone thereafter. Larger
velocities in the case of kmodel of turbulence are encountered in x-y plaevall (figs. 30 and 33,
left).



Figure 30. Fluid flow pattern in x-y plane, z=const. at 345 deg. ATDC, k-¢ (Ieft) and k-&-f(right)

Figure 31l. F Fluid flow pattern in x-z plane, y=const. at 360 deg. ATDC, k-¢
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Figure 33. Fluid flow pattern in x-y plane, z=const. at 360 deg. ATDC, k-¢ (left) and k-&-f(right)

Differences in fluid flow patterns are pursued inst@aightforward fashion by certain
differences in turbulence intensity and spatiafriigtion of kinetic energy of turbulence in albples.
It can be seen that in the case afkodel of turbulence the maximum kinetic energyuobulence is
located in the central part of the chamber (figé.a®hd 37) while in the case ofék model of
turbulence the maximum kinetic energy of turbuleiscshifted to the intake valve zone (figs. 35 and
38). In addition, in the case ofek-high values of kinetic energy of turbulence pieaad engulf
nearly the entire chamber (figs. 36 and 39, let)levin the case of K-f these zones are obviously
smaller and akin to characteristic bean-like fofigs( 36 and particularly 39, right). Such a



behavior largely affects all other in-cylinder pesses that incur such as mixing, combustion
and etc. In general &-model of turbulence generates higher values oétliinenergy of
turbulence over the broader part of the chambemélyg k€ over predicts its value.

Figure 34. Spatial distribution of kinetic energy of turbulencein x-z plane, y=const. at 340 deg.
ATDC, k-¢

Figure 35. Spatial distribution of kinetic energy of turbulencein x-z plane, y=const. at 340 deg.
ATDC, k-&-f

Figure 36. Spatial distribution of kinetic energy of turbulencein x-y plane, z=const at at 340
deg. ATDC, k-¢ (Ieft) and k-&-f(right)

Figure 37. Spatial distribution of kinetic energy of turbulencein x-z plane, y=const. at 360 deg.
ATDC, k-¢



Figure 38. Spatial distribution of kinetic energy of turbulencein x-z plane, y=const. at 360 deg.
ATDC, k-&-f

Figure 39. Spatial distribution of kinetic energy of turbulencein x-y plane, z=const at at 360
deg. ATDC, k-¢ (left) and k-&-f(right)

4. Conclusions

The fluid flow pattern during induction and comgies in the particular combustion chamber
geometry of 4.-valve engine is extremely complea antirely three-dimensional. In the case with two
valves opened tumble motion during induction isdielegible and followed by gradual deterioration
in the vicinity of BDC due to non-uniform distriban along y-axis. During compression strong vortex
flow around y-axis and fairly expressive coincidifigw along x-axis in reverse direction is
encountered contributing to the inconvenient spdiribution of kinetic energy of turbulence imet
vicinity of TDC. Some benefits concerning genenatdd swirling flow and better spatial distribution
of kinetic energy of turbulence in the vicinity ®DC were gained with port deactivation. Even in the
case of the most excessive macro flows such asdh¢ountered in 4.-valve engines the turbulence
model variation strongly affects the on-going etiol of fluid flow pattern and spatial distributiafi
kinetic energy of turbulence. In generat knodel of turbulence generates higher values aoftkin
energy of turbulence over the broader part of thamber than corresponding&i- model of
turbulence.
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