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In this paper some results concerning the combined effect of the tumble flow and
combustion chamber geometry layout variations on flame front shape and its prop-
agation through homogenous mixture of isooctane and air are presented. Spatial
distributions of NO in different combustion chamber geometries are presented as
well. The basic combustion chamber geometry layout considered consists of the flat
head with two vertical valves and a cylindrical bowl subjected to variations of
depth and squish area. All results presented were obtained by dint of multidimen-
sional modeling of reactive flows in arbitrary geometry with moving objects and
boundaries with modified KIVVA3 and KIVA3V source codes. Two additional com-
puter codeswer e applied to generate boundary conditionsfor KIVA3V calculations
with moving valves. The AVL TYCON code was used for the calculation of valvelift
profiles, and AVL BOOST code was used for the calculation of relevant data set in
the valve regions. Different combustion chamber geometry layouts gener ate differ-
ent levels of squish, and the combustion effectsin essence depend on theinteraction
of that flow with tumble. It was found that for particular combustion chamber
shapes with different diameter/depth aspect ratios entirely different flame front
shapes and propagation velocities were encountered primarily due to variations of
fluid flow patternsin the vicinity of top dead center.
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Introductory remarks

Itisknown for along time that various types of organized flowsin combustion chamber
of spark ignition (Sl) engines are of critical importance for combustion, particularly with regards
to flame front shape and its propagation [1, 2]. Some results related to synergic effect of squish
and swirl on flame front shape and its propagation through various combustion chamber layouts
were already analyzed in previously published papers|3, 9-12, 18]. However, theisolated or com-
bined effect of the third type of organized flow i. e. the effect of tumble or “tumble-like” intake
flow on flame front shape and its displacement is not sufficiently clarified ensuing in part due to
the ambiguity concerning the exact definition of tumbleflow. Namely, in spite of thefact that tum-
ble flow isinherent to multi-valve engines some two valve engines exhibit characteristics similar
to tumble flow [4, 8, 13-17]. In the rest of the paper, in lieu of tumble or tumble-like flow we are
considering amore general intake flow. In addition, one of the reason is also computational fluid
dynamics (CFD) with al the difficulties ensuing from 3-D grid generation of real multi-cylinder
engine and experimental verification of numerical results. For that reason, in this paper, the com-
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bined effect of squish and intake flow on flame front shape and its propagation was analyzed as a
part of a broader, more general, research concerning the effect of intake port/valve geometry and
combustion chamber layout variations on flame parameters. One of the goals was to establish if
the full control of flame front shape and its propagation can be achieved through squish variation
only. For that reason numerical results of flame front shape and its propagation, for the case with
no intake flow (no valves), were presented in chapter Theisolated effect of squish, and compared
with numerical results of flame front shape and its propagation, for the case with valves, presented
in chapter The combined effect of squish and intake flow.

Combustion modeling

The analysis of this type requires multidimensional numerical modeling of reactive
flows in complicated geometry. Therefore a KIVA3V code [5] was applied for the analysis of
the effect of intake flow modeling on flame parameters. The code encompasses the valve/port
geometry in an explicit manner. Taking into account various options contained in aforemen-
tioned code the following assumptions were adopted:

— flame propagation is controlled by turbulent diffusion modeled via a k-¢ model of
turbulence,

— chemistry was modeled with quasi global irreversible reaction of iso octane oxidation
(CgH4g) followed by two group of reactions, those which proceed kinetically and those
which reduce the chemical heat release,

— the ignition was not modeled but rather by-passed and replaced by-energy deposition in
spark cells (artificial rise of temperature in spark cells),

— the commencement and the length of energy deposition was not adjusted with reference to
the location of peak cylinder pressure determined with BOOST code [7],

— in the case with valves the relevant set of data on open boundaries were calculated with
BOOST code aswell, and

— valvelift curves and valve timing were calcul ated through series calculations with TY CON
code[6].

Results
The isolated effect of squish

The analysis of the isolated effect of squish on fluid flow pattern, flame front shape
and its propagation were obtained through squish area variation (SA) from 23 to 63%, asrelated
to bore cross-section. The combustion chamber geometry layouts are shown in a form of
axonometric plotsin figs. 1-3.

It can be seen that combustion chamber isin form of cylindrical bow! with variable di-
ameter and depth ranging from 2.533, 2.806, 3.071, 3.34, and 3.609 cmto 1.383, 1.155, 0.9653,
0.815, and 0.698 cm, respectively. The compression ratio waskept at 9.5. Supplementary datato
be taken into account are bore/stroke ratio = 8.25/9.2, total cylinder displacement = 550 cm?,
volumetric efficiency n = 0.82, mixture quality A = 1, and engine speed n = 2000 per minute.
Thefluid flow pattern during compression, for all five cases, ismainly controlled by piston mo-
tion and is similar except in the vicinity of top dead center (TDC). Theflow field pattern repre-
sented as velocity vectorsin x-z plane for the case with SA = 23% isshown in fig. 4.

It can be seen that dueto ingress of fluid from squish zonesmall vorticesin clockwise di-
rection with regard to theleft side, provided that it isstipulated as such, are formed around the per-
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Figure 1. Axonometric plot of Figure 2. Axonometric plot of Figure 3. Axonometric plot of
combustion chamber with combustion chamber with combustion chamber with
SA = 23% (no valves) SA = 54% (no valves) SA = 63% (no valves)

imeter of cylindrical bowl (see fig. 4). Under the influence of flame arrival (larger velocitiesin
front of the flame front) these vortices are reducing their size and the entire flow field isis gener-
aly flame dominated (see fig. 7). The fairly similar situation is obtained for SA = 34%. On the
contrary the situationisdlightly different for casewith SA = 44 and SA =54% (showninfig. 5).
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Figure 4. Flow field pattern in x-z plane, y = 0, at -9.78 deg aTDC
(SA = 23%, no valves, extreme case) (color image see on our web site)
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Figure5. Flow field pattern in x-z plane, y = 0, at -0.01 deg aTDC
(SA =54%, no valves, real case) (color image see on our web site)

No quiescent zone exists anywhere except in the soothing zone behind the flame front.
Vortex flow around the perimeter of the bowl is well formed and strong enough to reach the
zonein front of theflamefront but not to the extent to deteriorateit. Obviously, thyroidal vortex,
located around the perimeter of the bowl, rotates in the direction, inward, to the central part of
the chamber, encountersfluid flow in front of the flame front, mergeswith it and contributes to
the overall acceleration of the fluid flow in that region. The net result of coinciding flow ob-
served in that region is flame acceleration in that region as well.
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Inthe casewith SA = 63% (fig. 6) the flow field and the flame propagation are entirely
sguish dominated instead of flame dominated as it was the case with SA in the range from 23 to
44%. The vortex flow around the perimeter of the bowl is excessively strong and protrudesin-
wards to the extent that it constrains the flame propagation particularly in the upper part of the
combustion chamber. It isinteresting to note that in the case of flame dominated flows the maxi-
mum kinetic energy of turbulenceislocated in the central part of the chamber indicating that the
effect of squish flow is negligible.

E.mzﬁm SEE IR
f.-‘-hm‘-.l_‘-,'.-k-“.::nfar,rqr‘_rj.-"—‘:
_§

{.‘?"l jar A ir

TSSO s AN
b s it B L O il e ot

Ul o o R T

ﬁ"‘-—aH-—F—'_.l_J,la'r|Jll.-‘{'1-\.‘_'~—r""(-'|r
. -\.-'-"-"‘-'-'-'--\\_1—-‘—\-"""'"?
Tﬁ""“-"..a—'__.—-’"-’"'"'”"""“!-"“1‘1""-"‘
I"--.._,__,.I_'__:___.'._.__ﬁ\'l.'ll'I1Ir.-.~_‘.._“,__.....ﬂ.l'|
I'--u___‘_,_'__lv,_r___"\ e |r_-|.h_.\_\.\_‘.._‘_;.¢r|

L Y L A B B T A

e ettt b = 8 =l ]

Figure 6. Flow field pattern in x-z plane, y =0,
at 0.06 deg aTDC (SA = 63%, no valves, extreme case)
(color image see on our web site)

Theflame propagation through combustion chamber considered isrepresentedinform
of iso contours of temperatures ranging from minimum to maximum and is shown for corre-
sponding SA casesinfigs. 7-9. The exact location of the flame front is determined in the zone of
maximum line densities due to equal temperature difference of iso contours. Spark plug is lo-
cated on z-axisin all five cases. Flame propagation through unburned mixtureiscontrolled, ex-
cluding macro flows, by turbulent diffusioni. e. by highintensity of turbulence and cascade pro-

Figure 7. Spatial distribution of iso contours of temperaturein x-z plane,
y =0, at 0.06 deg aTDC (SA = 23%, no valves, extreme case)
(color image see on our web site)

 — — |

Figure 8. Spatial distribution of iso contour s of temperaturein x-z plane,
y =0, at 0.06 deg aTDC (SA =54%, real case)
(color image see on our web site)
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Figure 9. Spatial distribution of iso contours of temperaturein x-z plane,
y =0, at 0.06 deg aTDC (SA = 63%, no valves, extreme case)
(color image see on our web site)

cess of tearing or breaking up large vorticesinto smaller onesfully complying with assumptions
imposed by k-¢ model of turbulence. Anyhow, at least five conflicting mechanisms, acting in
concert, described in [1, 2] are of prime importance for the determination of flame front shape
and its displacement. These are, inter alia, flame generated turbulence, compression by the
flame, increase of the viscosity behind the flame front, the sign and the magnitude of the density
gradient across the flame front, and the effect of large heat release due to chemical reactions.

As can be seen in fig. 7 for the case with insufficient squish effect (flame dominated
flows) the flame front shape is widen, its propagation slow and controlled solely by aforemen-
tioned mechanisms. For the case with SA =54%, showninfig. 8, thefull support of macro flows
is encountered.

The flame front shape is nearly spherical and it propagates faster than in previous
cases. Thelarger velocitiesin front of the flame front coincide with vortex flow around the per-
imeter of the bowl causing faster flame propagation thereafter.

Finally, for the case with SA = 63%, shown in fig. 9, all negative aspects concerning
squish dominated flame are clearly legible. Namely, we are nearly faced with the break up of the
flame front in the upper part of the chamber. In addition, the tip of the flame front, being ex-
pelled downward, along the z-axis, forms the mushroom shape yiel ding the appearance of pock-
ets of unburned mixture in the upper part of the combustion chamber in the later phase.

The combined effect of squish and itake flow

The analysis of the combined effect of squish and intake flow on flame front shape and
its displacement was carried out for identical combustion chamber geometry layouts asin section
The isolated effect of squish, i. e. for SA in the range from 23 to 63%, shown in figs. 10-12.

According to the results, presented in section The isolated effect of squish, it was quite
obvious that two insufficient squish cases (flame dominated flows) were entirely irrelevant (SA =
= 23%, SA = 34%) and therefore excluded from the analysis. In these two cases flame propaga
tion behaves as in the case with flat piston.

In the case with valves, combustion chambers, showninfigs. 10-12, weretreated asan
integral part of the complete engine shown in fig. 13.

Ascan be seeninfig. 13, in addition to the single cylinder (C1), various components
such as air cleaner (F1), plenum chambers (P11, P12, P13), bending (5), restrictions (R1-R3),
and pipes of definite lengths and diameters are included (1-11). The distance of two reference
points (MP5 and MP6) were specified in such a way to correspond to the location of open
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Figure 10. Axonometric plot of Figure 11. Axonometric plot of Figure 12. Axonometric plot of
thecylindrical combustion thecylindrical combustion thecylindrical combustion
chamber (SA =44%) with valves  chamber (SA =54%) with valves chamber (SA = 63%) with valves
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boundaries (SB1, SB2) in figs. 10-12. Each element requires pertinent set of specifications.
Namely, for acylinder it implies, in addition to the valve/port specifications (port surface areas,
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port wall temperature, geometry of valve assembly, clearance, valve lift curves, vave timings,
etc.) the geometry of the chamber (Heron, no offset, as shown in figs. 10-12), spark plug loca-
tion, ignition timing, etc. Thevalvelift curvesfor thesinglecylinder, showninfig. 14, were cal-
culated with TY CON code [ 6], spread out along crank angle, appropriately shifted and included
in both BOOST [7] and KIVA3V [5] codes.

For the purpose of ignition and valve timing optimizations and in order to obtain the
appropriate set of requisite values for KIVA3V code such as pressures (fig. 15), temperatures
(fig. 16), velocities, species densities, and turbulence parameters, alarge number of preliminary
engine cycle calculations (transients, traces, series) were carried out with BOOST code.
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The slightly different values obtained for different SA were appropriately included in
KIVA3V code.
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The evolution of thefluid flow pattern for combustion chamber geometry layoutswith
valvesisshownin figs. 17-22.

Figure 18. Fluid flow pattern in x-z plane,
y =0, at 300 deg aTDC (SA =54%)
(color image see on our web site)

Figure 17. Fluid flow pattern in x-z plane,
y=0, at 180deg aTDC (SA =54%)
(color image see on our web site)

Figure 19. Fluid flow pattern in x-z plane,
y =0, at 350 deg aTDC (SA =54%)
(color image see on our web site)

Figure 20. Fluid flow pattern in x-z plane,
y =0, at 180 deg aTDC (SA = 44%)
(color image see on our web site)
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i

Figure 21. Fluid flow pattern in x-z plane, Figure 22. Fluid flow pattern in x-z plane,
y =0, at 300 deg aTDC (SA = 44%) y =0, at 350 deg aTDC (SA = 44%)
(color image see on our web site) (color image see on our web site)
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During opening of intake valve the intake flow hits the piston crown, curlsand com-
mencesto formthevortex flow around y-axiswith itscenter of rotation in the zone beneath the
exhaust valve. At the same time the intake flow strikes upon the cylinder wall, rebounds, hits
the piston crown, curls and hits the face of intake valve promoting the fluid flow separation
and forming of two vortices, the first one located beneath the | eft side of intake valve face co-
inciding with vortex flow around y-axis and the second | ocated beneath theright side of intake
valve face rotating in the opposite direction. During induction the intensity of vortex flow
around y-axisis increasing and its center of rotation gradually shifting to the central part of
combustion chamber. In addition, the vortex flow due to separation, being squeezed by vortex
flow around y-axis reaches the narrow zone in the close proximity of intake valve affecting
that zone only while the other vortex flow due to separation is pushed to the cylinder wall
(figs. 17, 20). Obviously, in the case with valvesthe fluid flow pattern at the very beginning of
compression is entirely different in comparison with zero velocity field. The higher intensity
of vortex flow around y-axis during compression promotes the destruction of all vortex flows,
except those around z-axis and at 300 deg aTDC its center of rotation isentirely displaced in
the zone beneath the intake valve. At that angle commences the stretching of the vortex flow
around y-axisi. e. the vortex flow around y-axisis subjected to compression by piston move-
ment and slowly squeezed out from the intake valve zone (figs. 18, 21). The squeezing out of
vortex flow around y-axis continues up to 350 deg aT DC when there is no vortex flow in the
intake valve zone. Onthe contrary, in the exhaust valve zonethe vortex flow around y-axis ex-
hibits the certain effect (figs. 19, 22). Namely, in the case with valves during induction and
compression the center of rotation of vortex flow around y-axisis gradually displaced from
exhaust valve zone to intake valve zone and vice versa. The existence of vortex flow around
y-axis in the exhaust valve zone in the vicinity of TDC dominantly affects the flame front
shape and its propagation. In the case with no valves such avortex flow was not encountered.
Obviously, fluid flow patterns for SA = 44% and SA = 54% are entirely identical.
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Figure 26. Spatial distribution of isocontours
of temperaturesat 350 deg aTDC (SA = 44%),
per spective plot (azimuth —130°,

elevation +30°, twist 0°)

(color image see on our web site)
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Inthe case with valves flame front shape and its propagation for squish area of 44% and

appropriate anglesis shown in figs. 23-29.

Instead of Common Graphycs System [19] used for visualization of all previousresults
GMYV UNIX code [20] was used for the visualization of flame results in the case with valves.

A particularly interesting set of visualizations could emerge, such asthose presented in
figs. 30 and 31, by dint of adequate combination of azimuth, elevation and twist angles.

These plotswere used for the determination of flame propagation vel ocitiesthereafter.
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Figure 32. Spatial distribution of isocontours
of temperaturesat 330 deg aTDC (SA = 54%),
per spective plot (azimuth —130°,

elevation +30°, twist 0°)

(color image see on our web site)

Axonometric plots of flame front shape and its propagation for sguish area of 54% and
appropriate set of angles, asin the case of SA = 44%, are shown in figs. 32-38.

The appropriate set of plots for determination of flame propagation velocities in the
case with SA = 54% arelaid down in figs. 39 and 40.

Useful information regarding the flame front shape and its displacement are gained by
dint of visualization of isocontours of temperaturesin x-y cut planes at different but fixed z-co-
ordinate as shown in figs. 41-48. Only afew selected plots are presented.
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Corresponding plots as regards flame front shape and its displacement in x-z plain (z =
= const) for SA = 54% are set forth in figs. 44-47.

As can be seen in figs. 23 and 32 the spark plug is centrally located. Obviously, the
flame front shape isextremely irregular and characterized with non uniform spatial propagation
for both cases (SA = 44% and SA = 54%). Deflection of the flame commences from the very be-
ginning (time of ignition) and isaffected directly by vortex motion around y-axisin the zone be-
neath exhaust valve. Namely the persistence of vortex flow in the zone beneath exhaust valveis
the prime reason for the continuous defl ection of the flamefront. This deflection is getting more
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Figure 38. Spatial distribution of isocontour s of
temperaturesat 369 deg aTDC (SA = 54%),
per spective plot (azimuth —130°,

elevation +30°, twist 0°)

(color image see on our web site)
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Figure 40. Spatial distribution of isocontour s of
temperaturesin x-z plane, y = 0, at 360 deg
aTDC (SA =54%) (azimuth —90°,

elevation 0°, twist 0°)

(color image see on our web site)

expressive due to piston movement to TDC and that is fairly legible in plots regarding flame
front shape at consecutive angles. Such a trend continues ahead for squish area of SA = 44%
(figs. 23-31) and squish area of SA = 54% (figs. 32-40) and yields the appearance of detention
zone beneath exhaust valve. Slightly higher kinetic energy of turbulence in the case of SA =
=54% (fig. 50) than in the case with SA = 44% (fig. 49) generates dlightly faster flame propaga-
tion. In principle, it should be noted that fairly similar situation is encountered for the whole
range of squish area (SA = 44% up to SA = 63%) indicating that the effect of squish in the case
of intake flow is relatively negligible. Namely, the effect of tumble flow or tumble-like flow
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Figure 44. Spatial distribution Figure 45. Spatial distribution Figure 46. Spatial distribution
of isocontours of temperatures  of isocontoursof temperatures  of isocontours of temper atures

in x-y plane, z=10.2 cm, at in x-y plane, z=9cm, at in x-y plane, z=10.2cm, at
355deg aTDC (SA =44%) 340 deg aTDC (SA =54%) 340 deg aTDC (SA =54%)
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around y-axisis dominant. The same conclusion can be drawn out from flame front shapes and
propagation in x-y cut planes for different crank angle. Namely, the flame front shapes are en-
tirely identical in x-y plane at z=9 cm (bowl) for the whole range of SA upto 355 degalDC as
can beseeninfigs. 41-47. Slightly larger red and green areasin x-y planeat z=10.2 cm, in the
case with SA = 54% (fig. 48) in comparison with SA = 44% (fig. 44) are due to slightly higher
kinetic energy of turbulence (figs. 51 and 52) ensuing from slightly higher vortex intensity inthe
zone beneath exhaust valve for SA = 54%.
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The chemistry was
represented with one irre-
versible fuel oxidation re-
action (octane) pursued
with three slow reactions
which proceed kinetically
(extended Zeldowich me-
chanism for NO forma
tion) and six fast reactions
which are assumed to bein
equilibrium [1, 2, 17].
Twelve components were
tackled to in total and their
gpatial and time distribu-
tions, together with other
relevant parameters, ca-
culated for different geom-
etry layouts. It should be
noted that the number of
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Figure 47. Spatial distribution of
isocontour s of temperaturesin
x-y plane, z=9cm,

at 355 deg aTDC (SA =54%)
(color image see on

our web site)
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Figure 48. Spatial distribution
of isocontours of temperatures
in x-y plane, z=10.2 cm,

at 355 deg aTDC (SA =54%)
(color image seeon

our web site)

species and chemical reactionsthat can be accounted for isarbitrary and islimited only by com-
puter time and storage considerations. Only a few representative results as regards nitric oxide
(NO) were selected for presentation in this paper. NO isahigh enthal py component that appears
due to high long lasting temperature during combustion. The formation proceeds in the zone of
burnt mixture immediately after flame arrival. The certain effect could be imparted to equilib-
rium concentrationsof N, N,, O,, O, OH, and H asreactions of NO formation are very slow in
comparison to other reactions. Thefinal concentration of NOinany point isaffected by the tem-
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Figure 49. Spatial distribution of
isocontour s of kinetic energy of turbulence
(tke) at 360 deg aTDC (SA = 44%),
per spective plot (azimuth —130°,

elevation +30°, twist 0°)
(color image see on our web site)
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Figure 50. Spatial distribution of
isocontour s of kinetic energy of turbulence
(tke) at 360 deg aTDC (SA = 54%),

per spective plot (azimuth —130°,

elevation +30°, twist 0°)

(color image see on our web site)
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Figure51. Spatial distribution of Figure 52. Spatial distribution of
isocontour s of kinetic ener gy of
turbulence (tke) in x-y plane,
z=10.2cm, at 360 deg aTDC
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the shape of iso contours of temperature indicating that the commencement of NO formation co-
incideswith flamearrival. It should be noted that the | ocation of iso contours of maximumNO is

Figure 53. Spatial distribution of isocontour s of
NO concentration in x-z plane, y = 0.01 cm,

at 345 deg aTDC (SA =44%)

(L =9.589438-21075, H = 8.0304-10%)

(color image see on our web site)
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Figure55. Spatial distribution of isocontour s of
NO concentration in x-z plane, y = 0.01 cm,

at 360 deg aTDC (SA = 44%)

(L =8.24495.104, H = 7.7206:10°3)

(color image see on our web site)
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Figure 54. Spatial distribution of isocontour s of
NO concentration in x-z plane, y = 0.01 cm, at
345 deg aTDC (SA = 54%)

(L =1.032654-104, H = 9.2934-10%)

(color image see on our web site)

Figure 56. Spatial distribution of isocontour s of
NO concentration in x-z plane, y = 0.01 cm

at 360 deg aTDC (SA =54%)

(L =1.012.103, H =9.116:1079)

(color image see on our web site)
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Figure57. Spatial distribution of isocontours of Figure 58. Spatial distribution of isocontours of
NO concentration in x-y plane, z = 9.65 cm, NO concentration in x-y plane, z=9.65 cm,

at 360 deg aTDC (SA = 44%) at 360 deg aTDC (SA = 54%)

(L =6.9183-10%4, H = 5.5027-10-3) (L =8.6967-10%, H = 7.639-1073)

(color image see on our web site) (color image see on our web site)

in the zone of spark plug (shifted to the right) and follows the location of iso contours of maxi-
mum temperaturesin al figuresindicating that both the time of reaction (equilibrium delay) and
gpatial distribution of temperature are of critical importance for NO formation. Slightly higher
temperature and faster flame propagation in the case of SA = 54% yield penalty as regards to
NO. Namely the integral value of NO until 360 deg aTDC, in the case of SA = 54%, is
3.57243-10* g while the corresponding integral value of NO, in the case of SA = 44%, is
2.833:10%g.

Conclusions

In the case with no valves the squish plays an important role in flame front shape and
its displacement. For particular combustion chamber with no valves three entirely different
forms are encountered i. e. the insufficient squish (SA = 23-44%) yielding flame dominated
flows, moderate squish (SA = 44-54%) yielding nearly spherical flame and excessive squish
(SA = 63%) yielding sguish dominated flame. For particular combustion chamber with valves
the af orementioned flame characterizations are not valid at all i. e. flame front shape and its dis-
placement are fully controlled by intake flow. The strong vortex flow around y-axis beneath the
exhaust valvein the vicinity of TDC generated by intake flow annihilates entirely any effect of
squish ranging from insufficient to excessive one and causes the detention of the flame propaga-
tion in that zone thereafter.
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