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ABSTRACT

In the present work, the authors investigate the spray
evolution and, in particular, the atomization process in a diesel
engine bowl by using the KIVA3-V computational code with
different break-up models.

After apreliminary test of the break-up models sensitivity
to the grid size and topology, the same atomization models are
employed for the two-phase flow calculation in the combustion
chamber of a common rail, turbocharged diesel engine
conceived for future HCCI applications. The computations are
extended to the combustion process in order to proceed with an
overall validation with experimenta engine test data
characterized by variable EGR rates.

The liquid spray-air interaction is studied within a flow field
generated by the previous gas exchange process, the external
ducts being included in the computational domain. This allows
a more realistic evaluation of the fuel-air mixing under the
actual conditions occurring at different engine regimes.

NOMENCLATURE

B, constant in the Wave and KHRT model
CF1 pre-exponential factor in the kinetic equation
Crr constant in the KHRT model

r droplet radius

T Taylor number

u relative velocity
We Weber number

z Cylinder axis direction
Z Ohnesorge number
Greeks

Ly viscosity

g gas density

o liquid density

o superficia tension
T break-up time

INTRODUCTION

Most of engine manufacturers are interested in improving
high pressure diesel injection (HPDI) systems as the most
efficient way to meet the stringent emission targets of diesel
engines. Although HPDI has nowadays become a standard, a
continuous study of both the spray evolution and its
interaction with air is essential to understand and improve the
diesal combustion processes. A comprehensive overview of the
spray structure, the break-up of the liquid fuel into droplets and
the interaction between droplets and the turbulent gas flow field
and coalescence as well [1-4], enhances the knowledge of the
role of such physical processes for amore efficient combustion
and a reduced quantity of exhaust pollution. More and more
studies are currently carried out as to investigate the effects of
changes in the operating conditions of the diesel injection
system in terms of spray evolution and distribution in a
combustion chamber of light duty, common-rail equipped
diesel engines [4][6-10][13-15][17], [24].

Actually, a reliable prediction of the early phases that lead
to the reactant ignition plays a fundamental role for a correct
prediction of the combustion development. Basing on this
assumption, the authors investigate in this paper the spray
evolution and, in particular, the atomization process by using a
3-D computational code, the widely diffused KIVA3-V [5],
with the comparison of different break-up models implemented.
As shown in the following, the assessment of this task is of key
importance, regardless of the combustion model employed, for
proceeding with a reliable prediction of the whole in-cylinder
process. Therefore, some spray computations are preliminarily
performed in a diesel engine combustion chamber without
swirled or tumbled flows, in order to test the break-up model
sensitivity to the grid topology.

Then, the same atomization models are experienced in a
common rail, turbocharged diesel engine chamber conceived
for future extension to HCCI applications. Such computations
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take into account the flow fields that take place after the gas
exchange period. The engine simulation include the combustion
process in order to achieve an overal validation with
experimental engine test data, the latter referring to operation
with increasing EGR rates [25]. Actually, the adoption of
relevant levels of the exhaust recirculation aims at producing a
smoother, low NOx emission combustion profile [23]. In this
sense, such a process exhibits significant anal ogies with the one
occurring in a continuous flow combustion chamber when
approaching the Mild-Combustion regime, whose study the
authors are currently carrying out [18, 19]. The main aspects of
such a similitude consist of the high temperature of the reactant
mixture and of the strong dilution with inert species, together
with the fairly reduced temperature peaks throughout the
chamber. The more updated HCCI [16, 20, 21, 22] engines can
be therefore intended as a definite refinement of this concept.

This paper pays particular attention to the estimation of the
combined effect of the EGR ratio and the injection timing for
producing the desired smooth combustion profile. To this
purpose the evaluation of actual conditions for the reactant
mixture formation is worthy of particular care. Therefore, the
liquid spray-air interaction is studied within a flow field
generated by the previous gas exchange process, the external
ducts being included in the computational domain. This allows
a more redlistic evaluation of the fuel-air mixing under the
actual conditions occurring at different rates of exhaust
recirculation.

THE ATOMIZATION MODELS

In the following, the atomization models that have been
examined for the selection of the most appropriate one are
briefly recalled.

The TAB modd. The model is based on the TAB method [1]
proposed by O'Rourke and Amsden which presents Taylor's
analogy and considers the oscillating and distorting droplet and
a spring-mass system:

mx=F —kx—d x 1

The external force acting on the mass, the restoring force of
spring, and the damping force are analogous to the gas
aerodynamic force, the liquid surface tension force, and the
liquid viscosity force, respectively:
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The dimensionless constants Cr, Cy, Cy are determined by
comparing with one experimental and two theoretical results.

In shock tube experiments the critical Weber number for break-
up was found to be We, =~ 6. In these experiments t, =% and

Yo = yo =0. Thus from eq.(3):
C
y(t) = ﬁw&— coswt) (4)

The model predicts break-up if and only if y>1, which occurs
if and only if:

Cr
2 We>1 (5)
C
k™b

Therefore the model gives the experimental result if:
AT 2We, =12 (6)

crit
E

The constant C, is obtained by matching with the
fundamental oscillation frequency: C, =8

For oscillations of the fundamental mode Lamb gives a
value of C; =5 for the damping coefficient.

The Wave model. The Wave model [2] is based on the
instability of the surface waves driven by the aerodynamic
forces acting on the jet. The liquid jet, injected from the nozzle
in the shape of blobs with a radius ‘a is broken into smaller
droplets of radius‘r’:

r= BOA )
The law of variation of the blob radius 'a due to break-up is:

da
—=—(a-r)/r (8)

dt

The break-up time is expressed by:
3726Ba
oo 21252 ©
AQ

where A is the wavelength of the most unstable wave
disturbance and Q is the maximum wave growth rate:
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We, being the Weber number: We,=
o
Z the Ohnesorge number: Z= e
Re
T theTaylor number: T=Z*We,°
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The two model constants By and B, must be adjusted for a
better fitting of the numerical results with the experimental
ones. In particular, By is set at the same value i.e., B, =0.61 by
Reitz [3], Liu et a. [11] and Kong et al. [12] while in these
works different values of B in the range from 1.7 to 30 were

chosen such as Belardini et al. [7] who carried out a sensitivity
analysis of Wave model by varying the model break-up time
constant.

The KHRT model The Kelvin-Helmholtz wave model and the
Rayleigh-Taylor model have been implemented in KIVA 3V
code [4]. The KH model is based on the Wave model [3]
presented in the code and is used to predict the initial break-up
of the injected blobs or the intact liquid core.

The Rayleigh-Taylor (RT) model is used in conjunction with
the KH model to describe the secondary break-up of the
droplets. This model predicts instabilities on the surface of the
droplet that grows until a given characteristic break-up time
when it breaks up. The droplet acceleration is:

3 2
_C-ng r

(
3 or (11)
where Cp is calculated as:
Cp = Cpysfera (1 + 2.632y)
Apr = 20Cgr/ Kgr
(12)
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where Cgr is an adjustable constant and Kgr is the wave
/ | Gl Pr — Pg) |

number equal to: S0

Once the RT waves have been growing for atime greater than
the break-up time (trr = C./Kgr, Where C, arbitrary constant
equa to 1 usualy), the droplet break-up happens. The new
droplet radiusis:

7. — wCrr [ Kpr (13)

CALCULATIONSAND RESULTS

In this study the computational results were obtained by using
the KIVA-3v code [5] and they are referred to a set of
experimental data of a four stroke, common-rail, turbocharged
four-cylinder diesel engine with externa EGR (table 1). Both
the experiments and the numerical simulation were carried out
to the aim of defining conditions for a smooth combustion
development. In this sense, such activities can be intended as
preliminary studies of the real HCCI operation.

The figure 1 represents the full computational domain that
includes the inlet and exhaust ducts and valves. The cylinder
and duct structured mesh was obtained by using the ICEM
meshing tool.

Bore 84 mm

Stroke 90 mm

Connecting rod 136 mm

\Volume Displacement | 499 cm®
Compression ratio 16

Table 1. Cylinder Data

Grid sensitivity and choice of the atomization model. Two
types of grid sensitivity analysis were necessary for this
computational case. The first one refers, as usual, to the grid
size independence that was reached after with a mesh of
104000 cells (the cylinder and bowl volume discretizations
being of nearly 58000 and 5000 cells, respectively). In addition,
issuing a conformal structured mesh within a rather complex
domain involves an unusual cell distribution within both
cylinder and bow! regions (fig. 1), so that the behaviour of the
several atomization models should be carefully checked.

Therefore, the final validation of the computational grid has
been performed by varying both the mesh topology and the
break-up models. In particular, for the atomization of the
injected spray the TAB, Wave and KHRT models are used to
analyse the grid sensitivity on spray predictions. In figure 2 the
six jets are represented in the same operating conditions with
the TAB model but with two different grid topologies, say the
polar and cartesian ones. The symmetry of the jets is well
simulated only with a polar grid and a higher penetration is
observed too.

Fig. 1 O/I;nder and duct mesh
and computational domain
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i"g'. 2. Fue jetsin two different 'g'ri"d's
obtained with the TAB mode!.

Therefore, in this study the choice of the Wave model
seemed to be the most appropriate for proceeding with the
calculation of different engine operating conditions, by using
the structured cartesian grid that results from the mesh
generation consistent with the valve geometry. Once reached a
satisfactory agreement with the experimental data, a fina
refinement with the KHRT model was experienced.

17T IZAKHRT

Fig. 3 .Fuel jetsin a cartesian grid obtained
with Wave and KHRT break-up models.

In figure 3, the droplet distribution is shown for the other
two atomization models, Wave and KHRT, in a cartesian grid
where the jet symmetry is fulfilled. In these last two cases the
increased jet penetration lengths due to larger droplets
overcomes the grid shape. The particular, tip penetration trend
of two jets confirms the higher sensitivity of the TAB model to
the grid: in fact, each jet presents a different penetration (fig.4).
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Fig. 4. Tip penetration of the first and the second jet
with different break-up models.
Speed 2000 rpm
Boost Pressure 1.75 bar
Injected Fuel Mass 2.2*107 glcycle
Oxidant / Fuel Ratio 36.4
Rail injection pressure range 1450 — 1650 bar
Nozzle 6 holes
Hole diameter 0.160 mm
EGR ratio 0 271% | 57%
Fuel/Oxygen Equivalence Ratio | 0.432 | 0.453 | 0.528
Fuel injection start (deg. ATDC) | 4.7 292 | -53
Fuel Injection Interval 9.3 deg.

Table 2. Engine operating conditions

Simulation of engine operating conditions. The
computational cases refer to a part-load condition (66% of full
load, BMEP = 8bar), for three different EGR levels, according
to the specifications given in table 2. The fuel injection timing
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was determined in order to produce, in all cases, the auto-
ignition at the approximately the same crank-angle. Therefore,
the fuel injection is advanced as the EGR ratio increases, since
the larger injection advance is compensated by higher ignition
delays. The velocity profile of fuel injected is practically the
samein al cases (fig. 5).

confirm that the combustion process attains a fairly lean
development because of the combined effect of the injection
timing and of the air dilution with the exhaust at the higher
EGR rates.

1.0

0.8
0.6
0.4

0.2

Non-Dimensional Injection Velocity

00 T TT I T TT I T TT I T TT I LI I B | I
0 2 4 6 8 10
Angle, deg.
Fig. 5. The fuel injection velocity profile.
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Fig. 7. Computed in-cylinder temperature
for different EGR levels

The choice for injection timing results in a relevant shift of
the experimental pressure peak after the top dead center (fig. 6)
and, mainly, in a smoother combustion profile than those
usually induced by more advanced fuel injections, as shown in
the following.

80 —

i "\m
70 - \‘

pay
40 —B— EGR=27%
—&— EGR=5%

pressure, bar

30 I T T T | T T T | T T T |
340 360 380 400
crank angle, deg.
Fig. 6. Experimental in-cylinder pressure
for different EGR levels.
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Fig. 8 In-cylinder mass variation during the gas exchange
process for different EGR levels

The figures 7 and 8 show the computed in-cylinder average
temperatures and the mass variation during the gas exchange
for the three different EGR levels. The latter exhibit a
practically identical behaviour, since the pressure at the inlet
and exhaust duct boundaries are nearly the same for all cases.
Regarding to the mean temperature profiles in fig. 7, these

Since the calculations include the open valve periods, more
engine cycles are to be computed to reach the numerica
convergence (fig. 9). The latter must be intended, for unsteady-
periodical flow cases, as the achievement of a satisfactory
periodicity of both the in-cylinder conditions and the external
flow fields. In particular, at the third cycle the calculation is
stopped since such a periodicity has been reached. The
converged periodical results should ensure that the
instantaneous local values of all the flow and thermo-chemical
parameters only depend on the boundary conditions, regardliess
of the initial conditions assigned. The unsteady flow, open
boundary, calculation include the two-equation, k-¢, turbulence
model. Therefore the inlet boundary conditions consist of the
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total pressure and temperature together with the turbulent
kinetic energy and length scale. The inflow gas composition is
assigned accordingly with the EGR level.

The attention being focused on the influence of both the
flow conditions and atomization models, the combustion model
employed for a full engine cycle caculation consists of the
classical one-step kinetic mechanism of fuel oxidation within a
finite rate — eddy dissipation approach [26]. The self-ignition is
governed by the Stringer relationships [27] for the ignition
delay. The latter are only sensitive to the local thermodynamic
conditions and fuel/air ratio, so that the combustion simulation
a the highest EGR levels would be worthy of a more refined
modelling, by taking into account the relevant oxygen defect
and the inert species contents. An attempt in this sense will be
shown in the following, when referring to the 57% EGR case.
The combustion simulation is completed by the system of
chemical kinetic equations for the mechanism of thermal nitric
oxide formation [ 28].

of the first oxidation reaction respect to the standard value of
6x10* 11, Some significant benefits can be detected when
adopting the two-step approach with alower CF1vaue. In this
case a better reproduction of the early partial oxidation is
obtained, as demonstrated by the satisfactory fitting of the slope
of experimental pressure with the computational one.

80 —
T EGR =27 %
T B1=5
60 —
- 4
=} 4
% 40
a -
20 —
0IIIIIIIIIIIIIIIIIIIIII
0 360 720 1080 1440 1800
crank angle

Fig. 9. In-cylinder pressure for the first three engine cycles.
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Fig. 10. In-cylinder pressure varying B; constant .

For the basdline case (i.e., EGR rate=0) the effect of the
Wave model B; constant on the in-cylinder pressure has been
analyzed. As shown in figure 10, the best B; constant value to
match experimental data is in the (5 — 7) range, athough the
ignition start is clearly advanced. The same values have been
used in the case 2 (EGR rate=27%) as reported in figure 11 and
case 3 (EGR rate=57%). For case 2 the B; constant is
optimized to a value 5 for a better fitting of the experimental
pressure curve. The same vaue was used in the third case (EGR
=57%) but the longer ignition delay, due to the very high
exhaust gas presence in cylinder, makes difficult the matching
of numerical and experimental data. As expected, the only
atomization model refinements are not sufficient, with the
conventional models for ignition delay and fuel oxidation, to
reproduce the actual combustion behaviour. To this aim, a two-
step oxidation mechanism has been introduced to separate the
CO from the CO, formation, like anticipated. In figure 12 the
pressure trends are reported and compared to the one-step
mechanism results, by varying the pre-exponential factor (CF1)

EGR =27 %
—&— Bi1=5
—A— BI1=7

---- &p

pressure, bar

0
T T T I T T T I T T T I T T T I T T T I
1000 1040 1080 1120 1160 1200
crank angle, deg.
Fig 11. In-cylinder pressure varying B; constant.

In figure 13 the fuel burning rates are plotted for the three
cases examined: a fairly smoother trend is obtained in the third
case (EGR=57%) where the poor oxygen amount slows down
the heat release rate. The introduction of the two-step
mechanism confirms a more realistic prediction of the early
combustion development which was already detectable in the
experimental pressure curvein fig. 12.

Referring to the EGR = 27% case, in figures 14, 15, 16 the
distribution of the swirl index (say, the ratio of the air
z-vorticity to the engine angular speed) in both ducts and
cylinder are displayed during the air inlet phase and at two
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different positions along the compression stroke (80° BTDC
and 20° BTDC respectively). These figures put properly into
evidence that the air vorticity originates from the intake process
and it partially extinguishes during the next phases. However,
the swirl index still remains at a significant level when the
piston is close to the top dead center and the injection processis
going to start. This situation is better emphasized in fig. 16 by
the swirl index distribution in abowl cross section.

The next figures (17,18,19) show the spray and velocity fields
in the piston bowl after the injection start, so highlighting the
actual droplet-air interaction within a flow field generated by
the gas exchange process. Figure 20 represents the swirl ratio
distribution in the combustion chamber calculated at 6° after
the injection start. This figure puts into a better evidence that
the higher swirl level in the peripheral regions exert a stronger
influence on both spray distribution and jet deviation.

100

Pressure (bar)
3
l

4F--- Exp
40_
J—Jll— OneStep Oxidation; CF1 = 6.0e1l
30 || —@— Two-Step Oxidation; CF1 = 4.5¢10
Jl—&A— Two-Step Oxidation; CF1=6.0el10
20 |||||||||||||||||I|||||I|||||I

1070 1080 1090 1100 1110 1120
Crank Angle, deg.
Fig. 12. In-cylinder pressure varying the CF1 constant and the
oxidation mechanism. Case EGR =57%
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Fig. 13. Fuel burning rates calculated with WWave model
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Fig.15. Air swirl index distribution
during the compression stroke (80° BTDC)
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Fig. 16. Air swirl index distribution
during the compression stroke (20° BTDC)
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Fig. 21. In-cylinder pressure with Wave and KHRT models.
Case EGR=0. 'Y or ‘N’ indicates whether or not the liquid/gas
velocity interpolation method is activated.

The final CFD and combustion calculations were performed
with the KHRT atomization model. In figure 21 the simulation
results are shown by varying the B, and Cgr constants of the
model. In particular, the sensitivity to Cgr is very low and a
value of 0.1 was selected as suggested by Reitz [4]. Besides, in
order to reduce the grid cell size sensitivity, as previously
discussed, an interpolation method was introduced for
estimating the liquid/gas relative velocity as cell-centered
valuesinstead of the usual vertex-based values.

In figure 21, the character ‘Y’ or ‘N’ stays for ‘with’ or
‘without’ interpolation method. It is possible to observe that the
vertex-based method leads to an over-estimation of the pressure
levels, so that the interpolation method appears to be more
appropriate when dealing with non-well refined meshes.

In order to analyze the sensitivity of the system to the B;
constant, the effect of a decrease from a value of 40 [4] to 30
was examined. When varying the break-up timing related with
B;, both the liquid penetration and the vapour distribution
undergo relevant changes as shown in figures 22 and 23. A
lower pressure curve peak is attained in the case B;=30 as a
consequence of the lower jet penetration and of the less
uniform fuel distribution.

The last considerations suggested that the B; value is worthy
of a new expressly addressed optimization and a value of 38
was selected as the best compromise for fitting the
experimental data at the different EGR levels. Figures 24 and
25 compare the pressure trends and the fuel burning rate
calculated with the two atomization models (Wave and KHRT)
in the case with an EGR rate of 57%. The smoother combustion
behaviour that results from the KHRT model also allows better
results in terms of NO concentration to be expected.
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Finally, in the figure 26 and 27 CO and therma NO
concentrations are plotted for the three cases examined with
variable EGR rate. Higher EGR rates involve a CO increase
that partially diminishes the benefits from the relevant decrease
in nitric oxide production. It must be underlined that these well
established trends are obtained after a reliable estimation of the
residual contents after the gas exchange process. Figure 27 also
compares the results of the numerical results with the Wave and
the KHRT models. The latter leads, in all cases, to a reduction
of the predicted contents in thermal NO, as a result of the
smoother combustion development, already observed in figs. 24
and 25. The overall comparison with the emission data from
experiments confirms that the latter model would be helpful to
a more accurate prediction of the NOy decrease with the EGR
ratio. The qualitative agreement of the nitric oxide trend does
not still correspond to a satisfactory fitting of experimental data
with the numerical results. Such a consideration clearly
confirms that a careful assessment of the combustion modelsis
needed after the flow and atomization model setup.

Fig. 22. Soray and fuel vapour distribution in the bowl.
KHRT model with B1=40.

oS / fr

Sl [T N
Fig. 23. Soray and fuel vapour distribution in the bowl.
KHRT model with B1=30.
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Fig. 24. In-cylinder computed pressure with Wave and KHRT
atomization model. EGR = 57%.
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Fig. 25. Fuel burning rates computed with Wave model and
KHRT atomization model. EGR = 57%.

CONCLUSIONS

The authors have addressed this paper to a comprehensive
assessment of several problems that arise when dealing with the
CFD simulation of an up-to-date common-rail diesel engine.
Starting from the selection of the most appropriate bresk-up
model for high pressure driven liquid jets, they have proceeded
with examples showing both the flow field and the air-spray
interaction and, finally, with the comparison of the pressure
cycles and combustion developments with the related pollutant
formation at different EGR levels.

Some encouraging results have been achieved in terms of
optimized selection of the main constant of the break-up sub-
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models for areliable engine simulation in a wide range of EGR
levels. Nevertheless, some problems are left open, like those
referring to a proper choice of the oxidation mechanisms for a 1000
satisfactory description of the combustion development with
increased inert contents in the reactants, as resulting from high

EGR rates. £
The future improvements of both the atomization and g
combustion sub-models will therefore address the authors S
work to give a more appreciable contribution to the theoretical _ﬁ
studies and design challenges of the next generation diesel ™
engines. O 100 —
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