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Large-Eddy Simulation of Fuel-Air Mixing in
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School of Aerospace Engineering
Georgia Institute of Technology

Atlanta, Georgia 50332-0150

In this study, a Large-Eddy Simulation (LES) methodology has been implemented
into the well-known Internal Combustion (IC) engine simulation code KIVA-3V and
used to study unsteady fuel-air mixing process in a Direct-Injection Spark-Ignition
type IC engine. This new code incorporates a LES approach (called henceforth
KIVALES) using the k-equation SGS model (Menon et al.,, 1996) and a modified
version of the Linear-Eddy Mixing (LEM) model. To evaluate the accuracy of KI-
VALES, comparisons between KIVALES, original KIVA-3V, and another high-order
LES code (well-validated elsewhere) are first carried out using flow over backward-
facing step and temporally growing mixing layers. These types of flows are well
known and therefore, sufficient data is available for comparison. Good agreement
is obtained with earlier DNS/LES or experimental study using the new KIVALES,
whereas the original KIVA-3V shows poor agreement. Next, both KIVALES and
KIVA-3V are used to study fuel-air mixing process with direct spray injection into
the cylinder. The comparisons between KIVALES with and without LEM and the
original KIVA-3V are also made. A qualitative comparison (since no experimental
data is available) suggests that KIVALES predicts significantly more unsteady mixing
regions than KIVA-3V. The implications of the non-homogeneous mixed region on

combustion are discussed.

1 Introduction

Recent progress in spray combustion has made
it possible to produce direct injection gasoline en-
gine that is expected to have advantages of both
conventional diesel and gasoline engines. Since cur-
rent port fuel injection type gasoline engine is at
the state-of-the-art and is less likely to experience
great progresses in the next decade, gasoline direct
injection technology is a promising technology, capa-
ble of achieving very severe emission standards and
restrictions such as EURO IV or SULEV. The crit-
ical issue associated with direct injection engine or
even other types of spray combustion system is that
we have to understand the liquid fuel evaporation
process and the subsequent mixing of the vaporized
fuel with air in the cylinder. This process is very
sensitive to the type of fuel injectors, its operating
parameters and so on, and it is apparent that the
successful control of spray dispersion and turbulent
fuel-air mixing process will imply an efficient direct
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injection engine.

To achieve this goal, the efficient use of compu-
tational tools is inevitable since the in-cylinder flow
field with spray is quite hard to visualize or to mea-
sure accurately even with up-to-date experimental
techniques. Numerical studies of direct injection
engine has been carried out by many authors,!:2
and they are comprehensively reviewed by Zhao.?
However, most of the Internal Combustion engine
simulations are performed using Reynolds-Averaged
Navier-Stokes (RANS) equations with turbulence
model such as the well known k& — ¢ model, which
the KIVA code? used in this study, also employs.
It is recognized, however, that steady-state models
do not have the ability to capture unsteady mixing
process inside the cylinder accurately since all turbu-
lence effects are modeled (therefore, the model is also
called a full-field model®). There is another tech-
nique called Large-Eddy Simulation (LES), in which
larger eddies are calculated explicitly in a space- and
time-accurate manner while smaller eddies that are
of the scale of the computational grid or smaller are
modeled using subgrid scale (SGS) models. Appli-
cation of LES to IC engines is relatively new and less
common while application of LES in other flow fields
is rapidly growing.® LES studies of IC engine flows
have been recently reported by several authors.”?
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A recent attempt by Celik et al!° actually imple-

mented LES models into an earlier version of the
KIVA code. Nearly all these earlier LES attempts
employed the Smagorinsky’s algebraic eddy viscos-
ity SGS model and no study so far has addressed
subgrid scalar mixing.

Here, LES with well-validated k-equation SGS
model!! is implemented into the most recent com-
mercial IC engine simulation code (KIVA-3V), which
originally solves the RANS equations with the k — ¢
model. The new code is denoted here as KIVALES,
and the accuracy of the code is evaluated with the
simulations of temporal mixing layer and flow over
rearward-facing step. The new code is, then, ap-
plied to direct injection engine simulations to study
spray dispersion and fuel-air mixing process associ-
ated with fuel spray evaporation.

To investigate scalar mixing at the small scales, a
subgrid scalar mixing model called the Linear-Eddy
Mixing (LEM) model is also implemented. LEM was
originally developed by Kerstein!? for stand-alone
turbulent mixing, but later, it was found to be effec-
tive as a SGS scalar mixing model for LES.13 LEM
is particularly attractive for turbulent reacting flows
since all the relevant scales are resolved in a 1-D
LEM domain inside each LES computational cell.
Thus, the reaction-rate and molecular diffusion ef-
fects can be computed in an exact manner without
requiring any closure model.

2 Governing Equations
The conservative equations for compressible flow
are filtered with a density-weighted box filter to ob-
tain equations for LES, and they are described as
follows.

3,5+<9,5'TZJ- _ 75

opu; 0 ,_ =
o T oz (puiu; — 75 +77°) =FF  (2)
dpe 0 , __ _ sgs
W-&-—é;:(puje-l-q,-l—hj )
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= p8-+”8 + ©°%9° 4 TI°9° + @* (3)
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where stress tensor 7;; = —pé;; + 0y = —pdi; +
2p(8i;—1/3S5kx0:5), and heat flux ¢; = —k0T/0x; +
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pzm 1 Pm YV m. Throughout this study, Fickian
diffusion is used to model species diffusion velocity
Vi,

Following original KIVA code, we employ the spe-
cific internal energy equation rather than the total
energy equation.’? To the authors’ best knowledge,
specific energy equation has never been published
elsewhere in a context of LES except by Celik et al.
However, in that work, the details of the closure of
specific internal energy equation was not described.
Therefore, for completeness we describe the deriva-
tion and filtering of the internal energy equation in
the Appendix.

In the above equations, the following subgrid re-
lated terms are unclosed and have to be modeled:

T =l - G, ()
hi%® = plew; — ew;) + [P — ), (6)
du; ou;
sgs e -l
(] Jij a:rj O3j al‘j’ (7)
Oop _ Op
HSgS —_ . —— PP
uJ axj uJ 6:1:j ’ (8)
% = plwYm ~ &Yy, and (©)
059 = BlVimYm — Vim¥m). (10)

These terms represent subgrid stress tensor, sub-
grid heat flux, subgrid viscous work, subgrid velocity
pressure gradient correlation, subgrid species mass
flux and diffusive mass flux, respectively. The clo-
sure of these terms are considered in the following
section.

3 Subgrid Modeling
The small scale effects on a resolved scale is ap-
proximated by SGS models in LES. Even though
LES is less model dependent than RANS, the se-
lection of SGS models is of great importance and a
challenging part of research in LES. In this study,
k-equation model developed by Menon et all! is

adopted. In this model, subgrid stress tensor 7;7°

is modeled as 7;7° = —2p1/t(S,-j - (1/3)Skk65j) +
(2/3)pk®9°6;;, with eddy viscosity given by v, =
C,k**V/2A using subgrid turbulent kinetic energy
k*9%, which is provided by solving the following equa-
tion.

aﬁk3g8 + ap,l‘zjksgs

= PSS _D* 9 TS+ W°, (11)

where the production term,
sgs

Ps3® is closed by
(Ou;/0z;), and the subgrid energy dissipation
rate term D®9° is closed by C’Epksgss/z/A. The
transport term 7°9° = V-{(pvy/Pr;)Vk®9¢}. For the
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present study, C, and C. are constant and chosen
as 0.067 and 0.916, respectively.!> A more expen-
sive dynamics version is also available,'®17 but is
not used at present. The last term W* is the sub-
grid turbulence effects due to spray, and this term
follows the original KIVA model.'4

The species mass flux $9° is modeled by gradient
diffusion closure,

Ut 8}’;7;

(I)?gs = -,
v pSct Or;

(12)
in the conventional approach and the present study
also uses this closure (KIVALES). The diffusive mass
flux 6;%, is ignored in this study since this term is
small compared to ®;7;.18

The velocity pressﬁre gradient correlation term
[1*9¢ is ignored, and h;gs term is modeled by gra-
dient diffusion h;gs = —ﬁuth/Prt(af/&rj), by the
analogy from H®9° term closure.!® Finally, 69
stands for subgrid viscous work, and following orig-
inal KIVA-3V, is modeled by SGS turbulent energy
dissipation rate ©°9° = D%9° = C, pks9s3/2 /A. This
term has been neglected in the earlier LES stud-
ies.18:19 The implications of this term in terms of
SGS model is discussed elsewhere.?°

4 Linear-Eddy Mixing Model

An alternate approach to study scalar mixing is
based on the LEM model. In this model, the scalar
conservation equations are not filtered. Instead,
these scalar equations are implemented in a sub-
grid simulation model within the LES grid. This
model was originally developed by Kerstein!? for
stand-alone simulation of turbulent mixing, and was
extended into a subgrid model of LES.!* LEM mod-
els subgrid scale mixing process in a one-dimensional
computational domain within each LES cell. There-
fore, each LES cell has a 1-D LEM domain within
it and this 1-D domain is resolved with a grid
fine enough to resolve the smallest turbulent eddy
{e.g., Kolmogorov eddy). The key advantage of this
model is that the two inherently different mixing
processes, turbulent stirring and reaction-diffusion,
can be treated separately but concurrently. Also,
due to the 1-D nature of the LEM, the computa-
tional cost of subgrid simulation is also reasonable.

To implement LEM, the species conservation
equation is re-written in the following form:

19) (R Y, 190 Yo

o Ty 5~ 5a Py, =0 (19
where i; is the Favre-filtered velocity and u} = u;—
@; is unresolved velocity. Note that this equation is
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not filtered unlike Eqn.(4). Therefore, no additional
closure is required. This equation is solved in three
phases employed in KIVA as follows:

YE-Yr _ 198 oY, ,0Ym (14

At p(’?xjp ™ Oz ; % Oz; )
Yot - vB ~ 1y OYm

QA (Uj + U’j) 5;;— (15)

Superscripts n, A, B denote respectively time level,
phase A, in which spray and chemistry is solved,
and phase B, in which Lagrangian fluid motions
are solved.!¥ At present, we have not implemented
subgrid combustion, but this extension can be ac-
complished within LEM subgrid model. Equation
(15) is solved on the resolved scale while equation
(14) is implemented in the 1-D LEM domain in the
following form.

p 10 _ 8Y,

-~ Fstir
ot pasp mgs tim

(16)
where s is a coordinate along the LEM domain. In
these equations, the molecular diffusion is imple-
mented in the first term of the RHS and is solved
explicitly as in a DNS while the subgrid scale advec-
tion (turbulent stirring) denoted as F3*" is modeled
by a stochastic process. This is briefly discussed be-
low, and more details can be found elsewhere. 131521

Turbulent stirring is implemented as random re-
arrangements of the scalar field along the 1-D do-
main. This random rearrangement physically repre-
sents eddy motion smaller than-the computational
grid size, A and is governed by two parameters: a
distribution of eddy size ! in the subgrid domain
() = (5/3)(1=8/3) /(53 — 3_5/3) in the range
7 < 1 < A and an event frequency per unit length
A:12

A 54 vRe%9® (3/77)5/3 -1
5 A 1 (A
where subgrid Reynolds number is defined as
Res?® = u'Afv, and v = /(2/3)k%95. The as-
sumption of statistical isotropy in 1-D domain is
implemented by choosing the location of the events
randomly from a uniform distribution. The random
rearrangement events occur every stirring time inter-
val. The stirring interval is given by Aty = 1/AA,
and in each event, segment that is affected by this
random event is chosen according to the distribu-
tion described above and the rearrangement follows
a triplet map procedure.!?
To implement LEM into LES and to allow for ad-
vection of the subgrid scalar fields across LES cells

(17)
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due to the large-scale resolved motion, a Lagrangian
advection process is employed to model the process
in equation (15). This concept suits ALE (Arbitrary
Lagrangian-Eulerian) method, which is used in the
KIVA code. In ALE method, Lagrangian phase and
advection phase are treated respectively. There have
been various attempts to address this issue.l®19
In this study, linear superposition of subgrid field
according to the local cell-face volume flux is im-
plemented based on the recent work of Pannala??
since this method suits phase C (advection phase)
of KIVA. In this method, each upwind side subgrid
scalar field is superimposed onto the adjacent down-
wind side subgrid field, and its ratio is determined
by the local volume-flux ratio (u- AAt/V).

5 Results and Discussion
5.1 Temporal Mixing Layer

First, the ability to simulate scalar mixing pro-
cess of the new KIVALES code is examined using
temporal mixing layers. The flow is initialized by a
mean streamwise velocity with a tangent hyperbolic
profile and with the fundamental instability mode
with a non-dimensional wave number a = 0.446,
which is the most unstable wave number mode pre-
dicted by Michalke.?> This initialization of veloc-
ity profile follows earlier DNS study by Metcalfe et
al.?* Another study by Riley and Metcalfe?> showed
that it takes a non-dimensional time of around 8
for the fundamental mode to grow and saturate.
They non-dimensionalized time by 8;/AUy, and the
present study also follows this approach. The com-
putational domain is non-dimensionalized by §;, the
initial vorticity thickness and the Reynolds num-
ber based on initial vorticity thickness is 400. The
present results are compared to these earlier DNS
results. The study by Metcalfe et al. used spanwise
and streamwise periodic boundary conditions. In
the present effort, however, we use periodic bound-
ary conditions only in the streamwise direction and
use symmetric conditions in the spanwise direction.
This modification was required due to some inher-
ent limitation of the KIVA code. However, this
difference is believed to result in negligible effects
since the initial fundamental mode disturbance is
inherently two-dimensional. It should be noted that
the original code can handle axi-symmetric periodic
boundary but can not handle periodic boundaries in
the streamwise direction, and therefore, minor mod-
ifications were implemented in both KIVA-3V and
KIVALES so that we can simulate this flow field.

Here, 323 and a 64° grid simulations were carried
out using both KIVALES and LESLIE3D (a fourth-
order accurate finite-volume code used extensively in

4
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the past®6). At this particular low Reynolds number
and without any random turbulence initialization,
the SGS models should not contribute any dissipa-
tion. This is confirmed in this study.

Figure 1 shows the growth of fundamental energy
mode as a function of time. KIVALES shows a sim-
ilar trend as in Fig. 1 of Metcalfe et al. (1987).
Although KIVALES is more dissipative than the
DNS or the 4th order LES and eventually is not able
to maintain a saturated state of vortex-rollup, the
numerical dissipation is significantly reduced (rela-
tive to the KIVA-3V code) and shows the correct
physical behavior of the vortex rollup. The initial
linear energy growth rate ¢ = (dE/dt)/2F predicted
by KIVALES is 0.19, which matches to the value of
0.19 predicted by linear instability analysis®® and
predicted by DNS. In contrast, KIVA-3V shows an
immediate energy decay right after the initialization,
and this is the case even for a higher grid reso-
lution (64%) case while KIVALES using the higher
resolution shows an even better resolution of the fun-
damental mode energy saturation.

These differences can clearly be seen in the snap-
shots of the mixing layer at a certain time as shown
in Fig. 2. KIVALES shows vortex roll-up at the non-
dimensional time of 8 as predicted by DNS and LES
(not shown here), and this prediction becomes more
accurate as the number of grid points is increased.
The “braid” region is more clearly captured in the
higher grid resolution case. On the contrary, KIVA-
3V shows high dissipation due to turbulence model
by a time of 2 even when the higher grid resolution
is used. It is clear that the RANS based KIVA-3V
code does not simulate vortex rollup correctly.

This study, therefore, shows the importance of nu-
merical and turbulence model dissipation, and its
impact in the RANS code. The results demonstrate
that the RANS based KIVA-3V is inappropriate to
simulate unsteady mixing problem whereas the mod-
ified KIVALES resolves energy containing motion.

5.2 Flow over Backward-Facing Step

Even though the simulations of mixing layer
yielded a significant difference between KIVALES
and the original KIVA-3V, accurate prediction of the
evolution of coherent vortices is not sufficient enough
to evaluate the effect of turbulence subgrid model.
To examine the LES implementation in KIVA code
in more detail, flow over a backward-facing step is
simulated and the results are compared with the
earlier DNS study by Le and Moin?? and the ex-
periments cited therein.

Computational geometry used in this study is
shown in Fig. 3, which is similar to that used by Ak-
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selvoll and Moin?® with the same Expansion Ratio
(ER) of 1.2 (also used by Le and Moin for their DNS
study). Our geometry incorporates 96 x 64 x 32 in
streamwise, wall-normal, and spanwise direction, re-
spectively, which is somewhat finer than the LES of
Akselvoll and Moin’s study, but this is inevitable due
to the lower spatial order of accuracy of KIVA-3V,
and subsequently, KIVALES. The geometry incor-
porates periodic boundary conditions in spanwise
direction, and no-slip wall condition is applied to
the other boundaries except inlet and outlet. In-
let condition employs a fixed inlet velocity Uy of
10,000 cm/s with small random fluctuations, and the
Reynolds number is 5100 based on the step height.

Figure 4 shows the spanwise- and temporal-
averaged spanwise vorticity field. Since RANS solves
the time-averaged equations, it is more appropriate
to make direct comparison on the averaged quantity
rather than the instantaneous quantity. It should
be pointed out that there is not much difference be-
tween the instantaneous snapshots of KIVA-3V and
its temporal averaged snapshots, which is due to
the time-averaged nature of the RANS code. The
temporal average flow field for the LES is obtained
over several flow-through time after around 5 flow-
through time after the initialization to obtain statis-
tically stationary state. (1 flow-through time is the
total length of geometry divided by inlet mean veloc-
ity and represents an approximate travel time for a
fluid element to pass through the computational do-
main.) KIVALES predicts the re-attachment length
(z® = z/h) of 6.0, which is also predicted by Le
and Moin?? whereas KIVA-3V predicts an earlier re-
attachment length of 4.0. The re-attachment length
is calculated from the temporal and spanwise av-
eraged data as the location where the wall-normal
velocity gradient is zero. From these snapshots, it
also should be realized that KIVALES captures re-
circulation region clearly, which is characteristic of
this type of flow field while KIVA-3V does not.

Mean velocity profile and root mean square
streamwise velocity are plotted in Fig. 5. KIVALES
follows the earlier DNS study and experimental
study reasonably well.

5.3 Internal Combustion Engines

The simulations of mixing layer and backward-
facing step have shown that KIVALES has the
potential for capturing unsteady flow accurately.
Therefore, KIVALES should be able predict more
accurately the in-cylinder mixing process. The ge-
ometry employed here (Fig. 6) incorporates two
moving valves, one of which is used for intake and
the other for exhaust. The spray injector is located
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at the top center of the cylinder. No experimen-
tal data for this configuration is currently available
but is used here to show that KIVALES is capa-
ble of handling more complex engine configurations.
Although no combustion is currently investigated it
will be the focus of a future study.

As droplet evaporation and subsequent fuel-air
mixing process is of interest, we are going to dis-
cuss the in-cylinder mixing process with fuel spray
here. The geometry used for this study is shown
in Fig 6. For comparison purpose, three different
fuel injection cases are studied: no injection case,
Start-Of-Injection (SOI})=90, and SOI=180 degree
Crank Angle (CA). Only SOI=180 case is reported
here, although a comparative study of these three
cases has been reported elsewhere.?® In these sim-
ulations, the cycle is assumed to be the middle of
engine operation at a fixed revolution (1500 RPM).
Therefore, initially moderate high temperature (900
K) and some gaseous fuel and combustion products
are assumed to remain in the combustion chamber.
These conditions are primarily obtained from Han
et al® TFuel used is gasoline (CgH;7) as a ‘sin-
gle’ species and injected directly into combustion
chamber in a conical spray, and the spray vaporizes
immediately after injection because of the high tem-
perature in the cylinder. The fuel injector is located
at the middle of the cylinder top looking vertically
downward. Wall boundary condition used is the tur-
bulent ‘law-of-the-wall’, which is the default KIVA
boundary condition. The use of this wall function
with LES is still an open question, but it is not fea-
sible to resolve wall layer for in-cylinder turbulent
flow with a LES grid. However, its validity might be
a topic of future studies using KIVALES.

Shown in Fig. 7 is the comparison between KI-
VALES and KIVA-3V of the droplet ‘parcels’ inside
the cylinder and the stoichiometric surface due to
spray evaporation at 90 degrees after SOI. Obvi-
ously, KIVALES shows a more wrinkled stoichio-
metric surface due to the resolved scale turbulent
motion. This effect can also be seen in Fig. 8, in
which the spatially averaged modeled-part turbu-
lent kinetic energy is plotted. Obviously, KIVA-3V
shows a larger value of the turbulent kinetic energy
than KIVALES. This is understandable since in the
LES, the subgrid kinetic energy represents only the
energy unresolved on the grid whereas in the RANS
approach, all turbulent kinetic energy is considered
unresolved and hence, modeled.

Particle dispersion by turbulence is studied both
numerically and experimentally.31-3% In this study,
we study particle dispersion in terms of the second
invariance of deformation tensor following Hunt et
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al.3* The second invariant of deformation tensor is
defined as
Ou; Ou; 1
(—9;;-51‘—1 = S,'iji + R/L']'Rji = SijSij - §w,~wi
(18)
Squires and Eaton®>3¢ have found this quantity
and the particle concentration are weakly correlated,
and, on the other hand, the invariant and enstrophy
is negatively correlated. It can be intuitively under-
stood that since droplets have higher density than
the surrounding liquid, droplet particles are more
and more pushed outward by the centrifugal force
in strongly rotating region. The evolution of the
number density of particles in terms of the invari-
ant is shown in Fig. 9. The distribution is widely
spread for both positive and negative value at the
early CA after SOI, however, the distribution evolves
with CA and shows a strong preference at CA of 260.
This tendency is not confirmed by KIVA-3V, which
lacks the ability to capture shear regions and vor-
tical structures. Our correlation with KIVALES is
still very weak, and this is probably because particle
response time is much larger than the characteris-
tic flow time, which is the engine piston speed in
IC engine case. It is interesting to note that pos-
itive correlation between the invariant and particle
concentration occurs even in a relatively short time.
However, the effects of droplet evaporation cannot
be determined from this data.

Another interesting observation is that KIVA-3V,
KIVALES, and KIVALES-LEM all predicts nearly
same spatial mean evaporated fuel mass fraction
profile. However, KIVALES-LEM predicts larger
scalar variance compared to the other two code
(Fig. 10). This would be the consequence of sub-
grid turbulent motion. It is interesting to mention
that, at each CA, KIVALES and KIVALES-LEM
showed qualitatively almost similar scalar distribu-
tion in the cylinder. However, it is known that the
conventional gradient-diffusion closure fails in reac-
tive flow field,?” therefore, these two closures should
be compared in a reactive flow field. Our future
study will address this issue. As piston approaches
TDC and turbulence decays, the three curves con-
verge close to each other, however, the actual PDF
of fuel mass fraction is different in each case (not
shown here).

1I; =

6 Conclusion

The new KIVA code with LES capability has been
validated using several different flow fields, and in
every study, the LES version of KIVA code yielded
promising results. In contrast, the original KIVA-
3V code completely failed to predict the unsteady

6
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turbulent flows. It is clear from the present study
that in order to capture the dynamics of in-cylinder
anisotropic turbulent mixing LES appears to be the
only feasible approach. However, there are several
issues that remain to be resolved. For example, al-
though the subgrid scalar mixing model based on
LEM has shown significant promise in earlier LES
studies, the applicability of LEM in the study of
IC engine fuel-air mixing flows remains to be estab-
lished. In particular, in the direct injection spark
ignition type engine different combustion regimes
(non-premixed, premixed and partially premixed)
occurs depending upon the engine operation condi-
tion and for this type of flow, the LEM subgrid scalar
mixing model may prove to be particularly useful.
Another unresolved issue is the application of the
wall boundary condition. Currently, a law-of-the-
wall condition as in the original KIVA is employed.
However, wall boundary condition is of particular
importance in the LES of wall-bounded flows and
therefore, its effect will have to be investigated. Fi-
nally, for practical application to realistic engines,
chemical reactions and effect of heat release has to be
studied. Again, for such studies, the subgrid LEM
provides an unique capability to close the reaction
rate in an exact manner and may prove to be a vi-
able SGS approach. These issues will be addressed
in the near future.

7 Acknowledgment
We thank Ford Motor Company for their support
and acknowledge additional support by a Connec-
tivity Grant from Engineering Research Center at
Mississippi State University.

A Filtered Specific Internal Energy
Equation
The total energy equation of gas phase for reacting
compressible flow with spray is®®
OpE 08

+ — (pEuj + g5 — wimij) = QP"Y,

_5?- al‘j (19)

in which internal energy is defined as e = h — p/p,
where h = 3, Yin (8RS, + [1._ CpmdT").

Subtracting kinetic energy contributions (Using
momentum equation given as Eqn.(2)) from the total
energy equation, yields the following internal energy
equation:

Ope  Opue g 0w
ot al‘j N 61]' 61‘]'

+ Qspray _ F;Sui.

(20)
The last two terms represent spray effects and de-
noted as Q°.

American Institute of Aeronautics and Astronautics Paper 2001-0635



Filter equation (20) to obtain specific internal en-
ergy equation for LES (3):
Ope 9 ,__ .
9p¢ 9 (FuT 4G+ B
ot + Oz (pu’e+q1 Ty )
Ot ou; -
= el Gyt 4 O [T s
Poms YTugy TOH +Q

where hi%° = pleu; — éu;) + pu; — piy, I1°9° =

uj%’j - ﬁj%’—;, and ©%9° = oij%-;- - E{;g%. Note
that stress tensor is decomposed into pressure work
and viscous work.

_ It should be pointed out that chemical source term
Q° in the original equation? is included in our def-
inition of internal energy.
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== KIVALES (32)
—— KIVALES (64)
~ ==~ KIVA-3V (32
—-— KIVA-3V (64°)

Non-dimensional fundamental mode energy [E/E )

16.0 240 32.0
Non-dimensional time {t&/2U}

8.0

Fig. 1 Resolved scale fundamental mode energy
growth. The linear growth rate of KIVALES is
0.19, which is also predicted by Michalke.?® In
contrast, KIVA-3V rapidly dissipates the energy.
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Fig. 3 Geometry used for the simulation of flow
over backward-facing step. Number of cells is
96 x 64 x 32. Only an area closed by a bold line is
shown in the next figure.

b) KIVALES at T =8

a) KIVALES b) KIVA-3V

Fig. 4 Spanwise and temporal averaged span-
wise vorticity.

¢) KIVALES at T = 8 with 643 grid

Fig. 2 Spanwise vorticity field in the temporal
mixing layer. The figures are drawn using the
same contour interval of Aw = 500(sec™!).
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2D LES (AMIG)

© @DNS ML
. Expe 11004, L]
“—= KIVALES
-

)

Fig. 6 Geometry used for the simulations of IC
engine. It incorporates around 80,000 cells at
0.0 0.4 0.8 00 0.4 08 00 04 08
L, BDC.

20 LES (AMSS)
SONSMLIT
LExp OD

— KIVALES

b) urms

Fig. 5 Spanwise and temporal averaged
mean streamwise-velocity and root mean square
streamwise-velocity

b} KIVA-3V

Fig. 7 Stoichiometric surface at CA=270, which
is 90 degrees after SOI.
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20406 T T T T ™

'\\ -= KIVAIV
o~ ~— KIVALES

%

Modeled part turbulent kinetic energy [£. cm’/s]
T T

a

() % 180 270 360
Crank angle {degree] 0.08 -
— KIVALES-LEM
-— KIVALES (grad.
—-— KIVA-3V

Fig. 8 Comparison between the turbulent ki-
netic energy of KIVA-3V and SGS turbulent ki-
netic energy of KIVALES. Both of them show
the modeled turbulent energy, and the former is
significantly larger than the latter.

180.0 270.0 360.0
Crank angle [degree]

Fig. 10 Temporal evolution of scalar (fuel

0.20 " i T mass fraction) mean (z) and variance (0?) (stan-
E::;gg dard deviation (o) is shown) for comparison be-
ca=260 tween gradient diffusion closure KIVALES and

KIVALES-LEM. Light lines denote mean while
black lines denote standard deviation. Note
that LEM predicts larger scalar variance between
BDC and TDC.

Normalized particle number density
(=]
o
o
v

N i
s B e TR
0.00 b tins e DO E
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The second invariant of deformation tensor [l 1ossec‘2]

¢

Fig. 9 Correlation between the second invariant
of deformation tensor and particle concentration.
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