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Résumé — LES échanges gazeux pour moteurs à combustion interne — Du fait de la complexité

croissante des technologies moteurs et de l’augmentation des points de fonctionnement, il est

devenu important de bien comprendre les phénomènes transitoires afin de garantir un

fonctionnement stable. Contrairement à la modélisation dite Reynolds Averaged Navier-Stokes

(RANS) qui ne fournit qu’une information moyennée sur un cycle, la modélisation dite Large

Eddy Simulation (LES) est capable de simuler les variations cycle à cycle. Ce travail s’appuie

ainsi sur une méthodologie LES pour moteur à combustion interne, développée dans une

approche de type différences finies. L’approche structurée des algorithmes permet un processus

de génération de maillages efficace et pose un cadre favorable pour des méthodes numériques

d’ordre supérieure. Une décomposition en blocs paralléles qui est efficace et adaptable résout

la difficulté associée au faible rapport d’éléments fluides sur le nombre total d’éléments. Les

mouvements des valves et du piston sont gérés respectivement par une approche de découpage

de cellules et par la méthode Arbitrary Lagrangian Eulerian (ALE). Les conditions dans les

collecteurs sont prescrites en utilisant une méthode Navier-Stokes Characteristic Boundary

Conditions (NSCBC) modifiée. La précision de ce solveur est validée sur des configurations

canoniques. Des simulations de flow bench sur une configuration axisymétrique et dans un

véritable moteur sont effectuées avec l’approche LES. De plus, les échanges gazeux en

condition moteur sont simulés. Dans l’ensemble, l’accord obtenu entre simulations et

expériences est bon. Aussi ce cadre peut-il être utilisé pour des calculs moteur, et en particulier

des simulations d’écoulements réactifs en LES seront conduites à l’avenir.

Abstract — LES of Gas Exchange in IC Engines — As engine technologies become increasingly

complex and engines are driven to new operating points, understanding transient phenomena is

important to ensure reliable engine operation. Unlike Reynolds Averaged Navier-Stokes (RANS)

studies that only provide cycle-averaged information, Large Eddy Simulation (LES) studies are

capable of simulating cycle-to-cycle dynamics. In this work, a finite difference based structured

methodology for LES of IC engines is presented. This structured approach allows for an efficient

mesh generation process and provides potential for higher order numerical accuracy. An efficient

parallel scalable block decomposition is done to overcome the challenges associated with the low

ratio of fluid elements to overall mesh elements. The motion of the valves and piston is handled using

a dynamic cell blanking approach and the Arbitrary Lagrangian Eulerian (ALE) method, respec-

tively. Modified three-dimensional Navier-Stokes Characteristic Boundary Conditions (NSCBC)
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are used in the simulation to prescribe conditions in the manifolds. The accuracy of the simulation

framework is validated using various canonical configurations. Flow bench simulations of an axisym-

metric configuration and an actual engine geometry are done with the LES methodology. Simula-

tions of the gas exchange in an engine under motored conditions are also performed. Overall,

good agreement is obtained with experiments for all the cases. Therefore, this framework can be used

for LES of engine simulations. In the future, reactive LES simulations will be performed using this

framework.

INTRODUCTION

With the ever-rising need for better fuel efficiency and

lower emissions, development of improved engine tech-

nologies is critical. As these technologies become

increasingly complex and engines are driven to new oper-

ating points, transient phenomenon can become impor-

tant. When studying strategies such as ultra lean

combustion, understanding cycle-to-cycle variability is

important, and this is difficult to analyze experimentally

due to the inability to ensure repeatable initial condi-

tions. Simulations have the potential to provide insight

into the sources of these cyclic variations. However,

the Reynolds Averaged Navier-Stokes (RANS)

approach that has been used extensively for engine sim-

ulations, cannot be used to study such transient behavior

because it provides ensemble averaged information. A

different methodology that provides cycle resolved infor-

mation is the Large Eddy Simulation (LES) approach.

The advantage of LES lies in the direct computation of

the large scale flow structures that enables a better

description of the turbulence and ultimately its interac-

tion with chemistry. These improvements facilitate the

use of LES for robust design since the effect of small

design changes can be captured using LES [1]. However,

the computational cost of LES studies is significantly lar-

ger than RANS studies. Only very recently have LES

studies been conducted to investigate cyclic variations

in engines [2-5].

A fundamental requirement for an accurate LES sim-

ulation is a stable numerical scheme with minimal dissi-

pation. If a structured framework is used, higher order

finite difference schemes with discrete mass, momentum

and energy conservation can be used [6]. Use of these

schemes ensures that the turbulent energy is not artifi-

cially dissipated and small flow structures are retained,

leading to a more accurate description of turbulent mix-

ing. Higher order compact filters have also been devel-

oped for this framework, which provide a better

estimate of the subfilter quantities using a dynamic pro-

cedure. A structured framework also allows for easier

and faster mesh generation. This helps to reduce

the overall time required for a simulation study.

Furthermore, a structured domain ensures efficient

parallel communication which is essential for scalability

to a large number of processors.

Despite these advantages, the structured framework

has not been extensively used for LES of engines due

to various challenges. First, a large proportion of solid

cells are present if a typical engine configuration with

cylinder and manifolds, is represented using this frame-

work, leading to dramatically lower code efficiency and

improper load balancing. Second, the two-dimensional

motion of the valves cannot be represented by structured

mesh motion because that will lead to skewed meshes.

Finally, resolving small flow passages and complex geo-

metric features with a single structured mesh can lead to

large mesh sizes.

In this work, a finite difference based methodology for

LES of IC engines is presented that attempts to resolve

some of the above issues and provides a robust frame-

work for further development. First, the overall simula-

tion framework is described. Next, certain key elements

of the framework including the object motion and the

boundary condition description are presented. Finally,

various validation cases of the framework are presented

including flow bench simulations and gas exchange sim-

ulations.

1 SIMULATION FRAMEWORK

1.1 Governing Equations

The Navier-Stokes equations used to describe fluid flow

are:

o
ot

qð Þ þ o
oxj

quj
� � ¼ 0 ð1Þ

o
ot

quið Þ þ o
oxj

qujui
� � ¼ � oP

oxi
þ osij

oxj
ð2Þ

where q is the density, t is the time, uj is the velocity in

direction j, P is the pressure, and sij is the viscous stress
tensor. Body forces have been neglected in the above

equation. While the above equations can be simplified

for low Mach number flows, the Mach number in engine
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configurations can be high when the valves first open.

Therefore, a compressible formulation is required, and

in addition to the above equations, an internal energy

equation is solved according to:

o qeð Þ
ot

þ o quje
� �
oxj

þ P
ouj
oxj

¼ sij
oui
oxj

þ o
oxj

k
oT
oxj

� �

� oqFLUX
oxj

� _q�h

ð3Þ

where k is the thermal conductivity, T is the temperature,

qFLUX is the enthalpy flux and _q�h includes heat losses. In

the LES framework, a low-pass filter is applied to the

above equations to retain information at length scales lar-

ger than the filter, while removing higher frequency infor-

mation. The filter size is prescribed as the local grid size in

this work. The subgrid scale effect is modeled using the

dynamic Smagorinsky model [7]. A weighted averaging is

performed backward in time over Lagrangian trajectories

of fluid particles [8]. Similar dynamic models are used for

modeling the subgrid effect on scalars [9].

1.2 Numerical Framework

A high-order accurate finite difference code is used as the

backbone for the simulations performed in this work.

The numerical schemes used for discretizing the equa-

tions are based on the work in [10], where a staggered

representation of the flow quantities is used. Kinetic

energy is conserved discretely, allowing accurate simula-

tion of turbulent reacting flows. In an engine, the convec-

tive CFL (Courant-Friedrichs-Lewy) can be much lower

than the acoustic CFL. Therefore, using implicit time

advancement methods can provide good speedup by

allowing a much larger time step. However, it is found

that the speedup is negated by the increased computa-

tional time of the method. Therefore, an explicit 2nd

order, 5-stage explicit Runge-Kutta (RK) scheme [11]

is used in this work. While the theoretical CFL limit of

this RK scheme is 3.52, a lower CFL below 2 is used

since viscous terms are present.

Even with high order methods, some filtering is

required to remove the high frequency wave numbers

that cannot be resolved on the grid. However, it is

important to ensure that filtering only removes the high

frequency information and does not affect the turbulent

structures globally. This is accomplished through the use

of a sixth order accurate implicit filtering procedure

described in [12]. The constant prescribing the quality

of the filtering, a, is set as 0.25 here. At points near the

wall, the order of the filter is reduced locally depending

on the available number of neighboring points.

The engine geometry is represented with a structured

Cartesian geometry in this work. The mesh is stretched

locally to obtain higher resolution near geometric

objects such as the valves and piston. In a structured

environment, various methods such as the immersed

boundary method [13] can be used to represent complex

objects on cartesian grids. However, robustness of the

conservation properties of the method can become an

issue. Another approach is to use overset methods to

represent the region near a complex object with a refined

grid. The information from this refined grid can be cou-

pled to the solution on the coarser background mesh.

However, in this study, a simple stair step representation

of the object is used first to assess the quality of the flow

solution.

1.2.1 Reduced Cartesian Communicator

In a parallel framework based on SIMD (single instruc-

tion, multiple data) such as domain partitioning with the

Message Passing Interface (MPI) library, a large ratio of

solid cells can lead to severe load imbalance among the

processors, resulting in overall reduced computational

efficiency. In this work, a different approach is presented

which utilizes a Reduced Cartesian Communicator

(RCC) to significantly improve the computational effi-

ciency while preserving the benefits of a structured

framework.

In this method, the processors span predominantly

over the fluid regions of interest. This is accomplished

by first creating different structured partition maps of

the domain with larger number of regions than the phys-

ical number of processors. Next, regions with only solid

cells are ignored, and the number of remaining regions is

counted. If this number is equal to the number of phys-

ical processors, a RCC is setup between these predomi-

nantly fluid regions. The solid regions are denoted as

empty blocks in this setup.

This method is illustrated using a sample domain

shown in Figure 1, where the fluid region is denoted as

white, and the solid region is denoted as gray. Figure 1a

illustrates a simple structured decomposition of the

domain with four processors. As shown, a large number

of cells in processors 2-4 are solid regions. Also, the num-

ber of cells on every processor is N=4, where N is the

total number of cells. The decomposition with RCC is

shown in Figure 1b with domain partitioning into six

regions. Using this decomposition, the fluid region can

be represented exactly with four processors, and no solid

regions need to be evaluated. The resulting number of

cells per processor is N=6, which is faster than the simple

partitioning method.
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While the efficiency improvement by using this

method depends on the geometry, it is typically larger

for higher number of processors. This occurs because

partitioning into more regions leads to smaller partition

blocks. Therefore, more complete solid regions can be

ignored leading to a reduction in the overall number of

solid cells solved. This is highlighted using the geometry

shown in Figure 2. The inverse of the number of cells

solved per processor can be considered as a measure of

efficiency if communication costs are ignored. This value

normalized by the total number of cells is shown in

Figure 2b for both methods, where Ng;x is the number

of cells solved per processor, and Ng;1 is the total number

of cells. For a simple structured partition, the ideal

speedup is linear with unity slope for increasing number

of processors. The speedup of the method presented here

is higher due to the reason mentioned above, and the

slope of efficiency increase is close to 2. Although this

value is true only for the ideal speedup and does not

account for increased communication costs, this exam-

ple illustrates the increased efficiency when this method

is used for complex geometry representation.

The method based on RCC presented here is imple-

mented in this work for performing the various simula-

tions used for overall flow validation. The optimal

partition is generated using a brute force search of all

available partitions for a given number of physical pro-

cessors. The RCC methodology is also implemented

using the existing MPI framework. No additional mod-

ification is required to the flow solver.

1.3 Navier Stokes Characteristic Boundary Conditions

Prescribing consistent boundary conditions in the mani-

fold is important for accurate engine simulations. Typi-

cally, the only information available in the manifold is a

pressure which is either measured from experiments or

determined from one-dimensional gas dynamics models.

While the flow typically comes into the cylinder through

1 2 3 4

4

2 3

^

^

^

^

j j

i i
a) Simple partition b) RCC partition

Figure 1

Comparison of RCC partitioning to a simple partitioning

in a two-dimensional case. The blue line denotes processor

boundaries, and gray color denotes a solid region. The

number is the sequential processor ID.
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Figure 2

Profiles of the ideal speedup using the regular and RCC partition maps. a) Geometry and sample processor boundaries; b) Comparison

of ideal speedup.
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the intake manifold, flow can also move upstream in the

manifold if the pressure is high in the cylinder when the

intake valve is opened. For compressible flows, the

Navier Stokes Characteristic Boundary Conditions

(NSCBC) [14] are a popular way for prescribing the

boundary conditions. The canonical formulation was

extended to a three dimensional formulation with trans-

verse terms for better accuracy [15]. However, the formu-

lation is different depending on whether the boundary is

an inlet or outlet. The inlet velocity needs to be pre-

scribed at an inlet boundary plane. However, the velocity

is not known in the manifold. On the other hand, if the

canonical outlet condition is used, the pressure can be

prescribed but the bulk flow should be going out of the

domain. Therefore, neither of the formulations can be

used directly.

In this work, the outlet formulation is modified to

allow a consistent boundary condition, the details of

which can be found in [15]. The outgoing and incoming

acoustic waves in the formulation are calculated using

the normal procedure. The entropy wave is described

using the standard formula for the outgoing entropy

wave if the flow is going out of the domain. However

if the flow comes in through the manifold, the entropy

wave description is modified to a form typically used

for an inlet condition with a target temperature value.

The two definitions of the entropy wave are

L2;OUT ¼ ui c2
oq
oxi

� oP
oxi

� �
ð4Þ

L2;IN ¼ �g
qcR
Li

T � T 0ð Þ þ c2T1 �T5

� � ð5Þ

where L2 is the entropy wave, c is the average speed of

sound over the boundary, T is the local temperature,

T0 is the target temperature, g is a relaxation parameter,

Li is a representative length scale in the i direction, and
T1 and T5 are the transverse terms. This formulation

can be used as a consistent boundary condition at the

manifold.

Another complexity introduced due to the slanted

intake manifold pipes is that the flow is not orthogo-

nal to the boundary. This occurs because considering

orthogonal boundaries to the flow leads to stair-step

cells at the boundary, leading to additional errors.

Instead, a non orthogonal boundary to the flow is

used, and all the velocity gradients used to compute

the L waves are rotated in a direction normal to the flow.

After calculating the change in velocities at the bound-

ary, the coordinate system is rotated back. This rotation

is accomplished efficiently using a rotation matrix,

which allows a generalized three dimensional transfor-

mation.

1.4 Object Motion

The motion of the piston and valves needs to be captured

accurately in any engine simulation framework. While

the two-dimensional valve motion is handled using the

mesh blanking method, the one-dimensional piston

motion is handled using an accurate energy conserving

ALE method.

1.4.1 Mesh Blanking Method

In this approach, the computational mesh is not moved

along with the object and the mesh remains fixed corre-

sponding to an Eulerian method. As the object moves, its

intersection with the background mesh is calculated and

solid-fluid regions are tagged accordingly. The velocity

at the boundary cells is updated based on the moving

object velocity. No additional modification is required

for regions that did not switch from fluid to solid and

vice-versa. New solid regions that were fluid at the previ-

ous instant, can be easily removed from the region that is

solved. However, for fluid regions that were solid earlier,

no prior time information is available for velocity and

other flow quantities. Therefore, this information needs

to be reconstructed.

In this work, the quantities of interest are recon-

structed using a local gradient minimization method,

which accounts for the local boundary conditions. The

process is explained here for the velocity of the new fluid

cell. For the fluid cell where the velocity needs to be

reconstructed, a boundary condition that may be avail-

able is the velocity of the object. Another boundary con-

dition is the velocity of the neighboring fluid cells that

were not solid in the previous instant. Using this infor-

mation, a Poisson system of equations is set up for all

the new cells created, and this system is solved iteratively

to obtain a consistent velocity field. While this method

allows for a new layer of fluid cells that is several cells

wide, the speed of the object motion is constrained to a

few cells to ensure that the computation cost of the Pois-

son system is small. The error due to neglecting acoustic

effects by considering a simple Poisson system is found

to be negligible, since this assumption is made in a small

volume in the domain. A similar method can be applied

for density, pressure and other variables of interest. Dif-

ferent boundary conditions for these variables at the

object surface can be imposed depending on the model

assumptions.

While the method can be used reasonably for valve

motion, the disadvantage of this method is that a large

number of solid cells might be present in the simulation

if this method is used for objects with a large displace-

ment. For example, if this method is used for the piston
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motion, most of the computational cells would be solid

at piston top-centre position leading to wasted computa-

tional resources. Therefore, a different method is used

for handling piston motion.

1.5 Arbitrary Lagrangian Eulerian Method

The Arbitrary Lagrangian Eulerian (ALE) method [16]

is a popular method used to solve problems with moving

interfaces. The mesh location is moved in a Lagrangian

manner, and the effect of this mesh motion is included

in the original Eulerian equation as an additional flux.

However, the additional fluxes need to be calculated in

a consistent manner with other fluxes to preserve overall

energy conservation properties. Furthermore, the Dis-

crete Geometric Conservation Law must be satisfied.

In this work, the implementation developed in [17] is

used which satisfies both of these properties. The method

was tested using simple cases such as a box compression

and exact mass and energy conservation was obtained.

The time step in the simulation is constrained to pre-

vent mesh overlapping and folding. Since the top of the

cylinder does not move, a mesh velocity profile needs to

be specified between the object and a stationary location.

Some possible choices for this profile are a linear func-

tion or an exponential function to minimize the number

of cells with large mesh motion. However, both of these

functions can lead to poor mesh quality in an actual

engine geometry. Instead, the key grid approach [18] is

used, where target meshes at different piston locations

are generated. The mesh velocity profile is then obtained

by computing the relative displacement of different

points between the target grids. This allows a controlled

and smooth mesh motion with good mesh quality

throughout the simulation.

2 VALIDATION

In this section, different validation cases considered to

test the simulation framework are presented.

2.1 Flow Bench Simulation

Different flow bench configurations are simulated using

the framework presented above. The results are com-

pared against experimental values to assess the quality

of the flow solution obtained, which is important for

accurate engine LES studies. First, a simple axisymmet-

ric valve setup with detailed mean and fluctuating veloc-

ity experimental data is simulated. Next, results from the

simulation of an experimental flow bench setup with the

full engine geometry are compared against experiments.

2.2 Axisymmetric Flow Bench

The simplified axisymmetric flow bench setup considered

here, has been studied previously to assess the quality of

the flow solution [19]. It has also been studied using the

LES framework [20]. A structured grid is first developed

to represent the axisymmetric valve geometry that is

shown in Figure 3. The mesh is stretched in order to bet-

ter resolve regions of interest. The total mesh size is

6.6 million points. A turbulent pipe computed in a sepa-

rate simulation, is introduced upstream of the valve in the

annulus with a mean velocity of 65 m/s. The valve

lift for this case is 10 mm and the cylinder diameter

is 60 mm. More details on the geometry are

available in [19]. The instantaneous velocity field is shown

inFigure 3 for a plane through the center of the valve. For

the following discussion, the axial direction is z with posi-

tive z pointing downwards; the radial direction is r; and
the azimuthal direction is x. The W and U velocities are

the axial and azimuthal velocities, respectively. The

value of z at the valve is zero. The results are compared

with experiments at two different locations in the plane

of the cylinder. The two locations are 0.02 m and

0.07 m downstream of the bulkhead and are designated

as A and B in Figure 3, respectively. The statistics are

Velocity  (m/s)
70

45

20

0

A

B

z
x

r

Figure 3

Velocity field from the simulation of the axisymmetric valve

configuration.
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Comparison of the axisymmetric flowbench against experiments. a) The results in the left column are at location, b) and the results in the

right column are at location.
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Figure 5

Velocity field obtained using LES and RANS of the engine flow bench configuration. a,b) The instantaneous LES field is shown,

c) while the averaged RANS field is shown.
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averaged temporally and also spatially in the azimuthal

direction since the configuration is axisymmetric. The

radial profile of the mean and fluctuations of the axial

velocity and the azimuthal velocity fluctuation are com-

pared with experiments at both locations. The compari-

son of the simulation results to the experimental data is

shown in Figure 4. All results have been scaled by the

mean axial velocityWBULK, equal to 65 m/s. Good agree-

ment is obtained for both the mean and the fluctuating

velocity statistics at both locations considered. There-

fore, the simulation adequately predicts the flow in this

configuration.

2.3 Engine Flow Bench

Next, a simulation of the flow bench of an actual engine

geometry shown in Figure 5 is performed. The stationary

valve lift studied for this configuration is 9.15 mm. The

cylinder diameter is 82 mm, and the length is 60 mm.

Two intake manifolds with a length of 50 mm are consid-

ered in the simulation setup. The diameter of the intake

manifolds is 30 mm. Air is the medium used in this flow

bench configuration. The mean velocity through the

intake manifold is 27.98 m/s corresponding to a mass

flow rate of 0.038 kg/s into the cylinder. The Reynolds

number associated with these conditions is 47 000, which

is in the turbulent flow regime. Therefore, a separate sim-

ulation of a fully developed turbulent pipe flow is per-

formed. The velocity profile from this simulation is

imposed at the intake manifold of the engine at specified

time intervals. The pipe is rotated such that the velocity

plane orients exactly with the intake plane in the flow

bench simulation. The complex engine geometry is repre-

sented in this work using a three-dimensional Cartesian

structured grid. Different grids of sizes up to 22 million

are used for this study. The simulation is run on 256 pro-

cessors for 15 days to obtain statistically converged solu-

tions. The results from a RANS simulation of this

configuration are also included for comparison. The

RANS simulation is performed at Robert Bosch

Research and Technology Center using the Fluent com-

mercial software.

An instantaneous snapshot of the velocity field from

the LES simulation is shown in Figure 5 at two different

planes along with the average velocity field. The corre-

sponding image for the RANS simulations is shown in

the right plot in Figure 5. The first plane is aligned with

the streamwise direction of the intake manifold, while

the other plane in a cut plane through the two valve cen-

ters. While the instantaneous LES velocity field has more

turbulent structures than the RANS simulation result,

the mean results of the LES are quantitatively similar

to the results of the RANS simulation for this statisti-

cally stationary configuration. Contour plots showing
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Comparison of the simulated and experimental results for the axisymmetric flowbench.
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the comparison of the axial velocity at different locations

downstream of the valve are shown in Figure 6. The LES

results are averaged over several flow through times. As

shown, both the LES and RANS results have the same

qualitative structures as compared to the experiments.

Next, quantitative comparisons at locations 6 mm and

30 mm below the valve are shown in Figure 7. For both

locations, LES results are in better agreement with the

experimental results than the RANS results. While this

difference is small in this steady state configuration, a

bigger difference might be observed when actual engine

operation is simulated. Overall, the framework can accu-

rately predict the turbulent flow in a real engine configu-

ration.

3 GAS EXCHANGE SIMULATION

A simulation of a gas exchange in an engine is performed

next to assess the accuracy of the simulation in the

presence of object motion. The engine is motored at a

speed of 2 000 rpm for the configuration studied. The

engine cylinder head geometry is the same as that of

the flow bench and the compression ratio of the setup

is 13. The normalized lift profiles of the intake valve

and the exhaust valve are shown in Figure 8. The maxi-

mum intake valve lift is 4.06 mm, and the maximum

exhaust valve lift is 4.01 mm. The piston displacement

profile is also included in this figure. Positive piston dis-

placement denotes downward motion of the piston, and

zero displacement is at the location of maximum com-

pression (top center). The maximum piston displacement

is 85 mm, and the lowest location is termed as bottom

center. The timescale is represented as Crank Angle

Degrees (CAD), which represents angular displacement

of the crankshaft connected to the piston. At an engine

speed of 2 000 rpm, one CAD corresponds to 83.3 ls.
The simulation infrastructure for flow bench simula-

tions is used here. The full engine geometry is discretized

using a grid of size 31.5 million grid points. Good
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Comparison of the average velocity field in the engine flow bench against experiments.
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parallel scaling of the code is obtained for 1 024 proces-

sors. The motion of the piston, intake valve, and exhaust

valve is prescribed using the profiles shown earlier in

Figure 8. Object motion is included using the mesh

blanking method for valves, and the ALE method for

the piston. If a single mesh is compressed using the

ALE method over the entire piston displacement, the

grid spacing at maximum compression is very small.

The maximum allowable timestep in the simulation is

directly proportional to this grid spacing to ensure sta-

bility. Therefore, a smaller grid spacing leads to smaller

timesteps and consequently, a substantial increase in the

total simulation runtime. This is avoided by using four

different key grids to resolve different piston displace-

ments. The transition points between the different grids

are at 15 mm, 27 mm and 37 mm. At each grid transition

location, the solution is interpolated between meshes.

The boundary condition at the intake and exhaust

manifolds is prescribed using the NSCBC procedure

described earlier. The target pressure at the intake and

exhaust manifolds is obtained experimentally. The repre-

sentative length scale Li, in Equation (4) is set as 5 mm

for the simulation. The choice of this value, which is

small compared to the intake manifold length of

50 mm, ensures that the pressure in the simulation

relaxes quickly to the experimental pressure at the

boundary. An additional non-reactive scalar is also

tracked to visualize mixing in the cylinder. It is initially

prescribed as one in the cylinder and exhaust manifold
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Figure 8

Displacement profiles of the piston, intake valve, and

exhaust valve in the gas exchange simulation. All the dis-

placements have been divided by the maximum displace-

ment to obtain a normalized displacement, DNORM.
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Two-dimensional plane depicting a) the velocity field and b) mixing field from the gas exchange simulation at 565 CAD.
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and zero in the intake manifold. This scalar is a represen-

tation of residual exhaust gases (EGR) in the cylinder.

A two-dimensional plane of the velocity and mixing

field after closing of the intake valve is shown in Figure 9.

Both the fields depict the turbulent mixing and the differ-

ent flow scales in the cylinder. Overall, at all time

instants, the fields obtained using the simulation seem

physically reasonable. While velocity fields cannot be

compared to experiments due to a lack of data, the pres-

sure in the cylinder is compared between LES and exper-

iments in Figure 10. Results from a RANS calculation

are also compared. Overall, good agreement is obtained

over the entire cycle as compared to RANS and experi-

ment. However, the peak pressure is not exactly pre-

dicted by the LES calculation. Based on further

analysis, this discrepancy is caused by differences in

the mass flow when the intake valve is first opened. In

the LES study, the timing when the valve opens enough

for significant mass flow, is later than the RANS study.

This discrepancy occurs due to inadequate resolution

near the valves, leading to an artificial closure of flow

passages between the valve and the engine. This effect

is exaggerated here because for this specific engine, the

valve is held open initially at a small lift for a consider-

able time. Due to this discrepancy, the total mass in

the cylinder is underpredicted in the LES study, leading

to a small discrepancy in the maximum pressure.

Another simulation using a refined grid with 48 million

points is performed to analyze this effect. It is found that

the mass profile is the same for this grid as the other LES

grid. Therefore, considerably more resolution is required

to accurately capture this effect.

However, other than this discrepancy, the LES simu-

lation provides accurate results for this configuration,

and can be used for performing LES of internal combus-

tion engines after resolving this issue. In the future,

methods such as local grid refinement [21] or overset grid

methods [22], will be integrated with this framework to

provide additional resolution near the valves without

adding significant computational cost.

CONCLUSION

A structured framework for LES of IC engines is

presented in this work. The framework is based on

discretely energy conserving schemes for accurate LES

simulations. Methods are presented for handling motion

of the piston and valves. Modification to the widely used

NSCBC method is presented to allow for realistic mani-

fold boundary conditions. Various canonical test cases

are studied to evaluate the performance of this frame-

work. Good comparison is obtained for flow in a simpli-

fied axisymmetric configuration and a real engine. The

flow in a motored engine is also reasonably predicted

overall. However, additional methods such as overset

meshes need to be used near valves to adequately resolve

the flow in those regions.
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