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A numericalmethod is presented thatallows large eddy simulation(LES) of turbulent � ows in complex geometric
con� gurations with moving boundaries and that retains the advantages of solving the Navier–Stokes equations on
� xed orthogonal grids. The boundary conditions are applied independently of the grid by assigning body forces
over surfaces that need not coincide with coordinate lines. The use of orthogonal, nondeforming grids simpli� es
grid generation, facilitates the implementationof high-order, nondissipativediscretization schemes, and minimizes
the spatial and temporal variations in � lter width that complicate unstructured deforming-grid LES. Dynamic
subgrid-scale turbulence models are particularly appealing in combinationwith the body-force procedure because
the dynamic model accounts automatically for the presence of solid walls without requiring damping functions.
The method is validated by simulations of the turbulent � ow in a motored axisymmetric piston–cylinder assembly
for which detailed experimental measurements are available. Computed mean and rms velocity pro� les show very
good agreement with measured ensemble averages. The present numerical code runs on small, personal computer-
like workstations. For a comparable level of accuracy, computational requirements (memory and CPU time) are
at least a factor of 10 lower compared to published simulations for the same con� guration obtained using an
unstructured, boundary-� tted deforming-grid approach.

Introduction

C OMPUTATIONAL � uid dynamics (CFD) is increasingly re-
lied on by industry as a key tool in the design and test of prod-

ucts and processes.Computer simulationallows the rapid investiga-
tion of wide parameter ranges and the testing of novel technological
solutions without resorting to expensive hardware prototypes and
measurements.Most � ows of practical engineering interest present
complicationsincludingcomplex three-dimensionalgeometriccon-
� gurations, moving boundaries, and high Reynolds numbers (tur-
bulence).

The most comprehensive,three-dimensional,time-dependentnu-
merical turbulent � ow simulationshave been limited to simple geo-
metric con� gurations.In this case, the � ow can be representedusing
a regular orthogonalmesh or basis functions, and high-� delity spa-
tial and temporal discretizations can be maintained with a small
number of operations per node and with low storage requirements.
For example, homogeneous isotropic turbulence in a triperiodic
box has been simulated using 5123 nodes or more,1 and compa-
rably high resolution has been achieved for other simple canonical
con� gurations including planar channel � ow and mixing layers.2 , 3

In the majority of industrial applications, however, even the sim-
plest � ow features cannot be captured if the shape of the domain
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boundary is not accounted for in detail. As a result, curvilinear
boundary-�tted coordinatesand unstructuredgrids are currently the
methods of choice for engineeringCFD,4 in spite of their complex-
ity in grid generation, high computational overhead (large number
of operations per node and high storage requirements), and gener-
ally low-ordernumerics (second-orderdissipativespatialdiscretiza-
tions, with � rst- or second-order time integration). Given the � nite
amount of memory and clock cycles available on any computer,
the maximum number of nodes that can be used to represent engi-
neering � ows is limited. Three-dimensional, time-dependent CFD
for practical engineering con� gurations rarely exceeds 106 (1003 )
nodes.

Moving and/or deforming � ow domains further complicate nu-
merical � ow simulation. Nonstationary boundaries are important
in an increasing number of CFD applications including positive-
displacement pumps, turbomachinery, and reciprocatingpiston en-
gines. When boundary-�tted meshes are employed, the grid either
must be regenerated or deformed as the geometry changes, adding
considerably to the computational complexity.

A third point to be considered is the Reynolds number. In most
engineering applications, the Reynolds number is far too high to
resolve all relevant spatial and temporal scales directly without tur-
bulence modeling [direct numerical simulations (DNS)]. Instead,
the range of scales to be resolved is reduced by � ltering the gov-
erning equations and modeling the resulting additional terms that
arise; these terms represent apparent stresses from velocity � uctua-
tions about the � ltered mean. In Reynolds-averagedNavier–Stokes
(RANS) modeling, all � uctuations about the ensemble-averaged
mean are dealt with by the turbulence model; in large eddy sim-
ulation (LES), � uctuations at scales smaller than a prescribed � lter
width are modeled using sub� lter-scale (subgrid-scale) models.5 In
a growing numberof engineeringapplications,turbulencemodeling
is evolving from RANS towards LES.6, 7 An important distinction
between RANS and LES is the sense in which a numerical solution
converges with decreasing mesh size and computational time step.
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A consistent RANS method converges to an exact solution of the
� ltered Navier–Stokes equations,whereas a consistentLES method
converges to an exact solution of the un� ltered equations, that is, to
DNS.

From these observations, it is clear that the availability of
high-accuracy, high-ef� ciency alternatives to current unstructured
boundary-� tted deforming-gridmethods would represent a signi� -
cant advance in engineeringCFD. Methods that retain the computa-
tional ef� ciency and accuracy of structuredorthogonalgrids appear
to be particularlycompelling.Also, compatiblesubgrid-scaleturbu-
lence models for the LES of complex industrial � ows are required
at the same time.

In this paper we introduce an LES procedure that retains the ad-
vantages of � xed orthogonalgrids while allowing the simulation of
arbitrarygeometric con� gurationswith moving boundaries.Specif-
ically, we formulate and demonstrate a method in which boundary
conditions are assigned independently of the grid by prescribing
suitable body forces. These forces are prescribed in a manner that
yields a desired velocity value on a given surface; the surface need
not coincide with the coordinate lines and is free to move in time.

The idea of usingbody forces on a Cartesian mesh to mimic com-
plex geometric boundaries is not, in itself, new. Peskin8 introduced
a similar approach. And more recently Goldstein et al.9 and Saiki
and Biringen10 have published further examples. The main draw-
back in all caseshas been a signi� cant reduction in the stability limit
of the time-integration scheme with forcing. Goldstein et al.,9 for
example, point out that their computational time step was limited
to a material Courant–Friedrichs–Lewy (CFL) number11 of 0.004–

0.04 in computations of � ow about a right circular cylinder. This
effectively limits the technique to two-dimensional computations.

A different expression for the forcing was suggested by Mohd-
Yusof12, 13 and Mohd-Yusof and Lumley.14 , 15 In computations of
laminar� owovera ribletand the � ow aroundcircularcylinders,they
demonstrated that the stability limit of their integration scheme was
essentiallyunaffectedby the forcing.TheMohd-Yusof(MY) forcing
was implemented by Fadlun et al.16, 17 There it was demonstrated
that results remained essentially the same as those obtained using
an alternativemethod and that the time step remained large enough
to make three-dimensional simulations practical. As will be seen
later, this is possible because the latter forcing does not introduce
additional terms in the equations, but it only enforces a velocity
value over the immersed boundary by deleting preexisting terms of
the equations.

Although the MY forcing method is in principle very general,
to our knowledge it has never before been applied to a complex
three-dimensional � ow con� guration with moving boundaries at a
Reynolds number suf� ciently high to require a turbulence model
and where comprehensive experimental measurements are avail-
able for quantitativevalidation.Here computationsare reported for
a motored piston–cylinder assembly [an idealized reciprocating in-
tegrated circuit (IC) engine] at a Reynolds number suf� ciently high
to requirea turbulencemodel:A subgrid-scaleLES turbulencemod-
eling approach is adopted. Computed results are compared with ex-
perimentalmeasurementsobtainedby Morse et al.18 The present re-
sults also are comparedwith previouslypublishedLES for the same
con� guration that used an unstructuredboundary-� tted deforming-
grid approach.7 , 19

Flow Con� guration
The geometric con� guration is an axisymmetric piston–cylinder

assembly with � at cylinderhead and piston and a � xed central valve
(Fig. 1). In the experiment16 the piston is externallydriven in simple
harmonic motion at a speed of 200 rpm ( ’ 21 rad/s), yielding a
mean piston speed of V̄p =0.4 m/s. There is no compression; air
� ows into the cylinder during the downward stroke of the piston
and out of the cylinder during the piston upstroke. The Reynolds
number based on bore diameter and mean piston speed is Re =
V̄pb / m = X srr / (15 m ) ¼ 2000 ( X in rpm, m =1.5 £ 10 ¡ 5 m2 / s).

Morse et al.18 used laser-Doppler anemometry to measure en-
semble- (phase-) averaged mean and rms radial pro� les of the axial
velocity component. Pro� les are available at 10-mm axial incre-
ments starting from the cylinder head for crank positions of 36, 90,
144, and 270 deg after piston top dead center (TDC). This con� g-

Fig. 1 Axisymmetric piston–cylinder assembly of Morse et al.17

uration has been the subject of exhaustive modeling studies using
both RANS- and LES-based turbulence models.7 , 19, 20

Governing Equations and Numerical Methodology
The relevant equations for LES are the � ltered Navier–Stokes

equations. An additional boundary body-force term f is added to
the incompressible form to yield

Dū
Dt

= ¡ q ¡ 1 r P̄ + r ¢ {˜m [r ū + ( r ū)T ]} + f (1a)

r ¢ ū = 0 (1b)

Here ū denotes the � ltered velocity, and P̄ is the sum of the � l-
tered pressure and the trace of the subgrid-scale stress tensor. The
anisotropic part of the subgrid-scale stress qi j is modeled using a
Smagorinskysubgrid-scalemodelqi j = ¡ 2 m t S̄i j , where the subgrid-
scale turbulent viscosity is m t =C D 2(2S̄i j S̄i j )1/2 , S̄i j is the � ltered
rate-of-straintensor, and D is the � lter width being de� ned as twice
the computational cell in all directions. The effective viscosity ˜m
is the sum of the subgrid-scale viscosity m t and the � uid viscosity:
˜m = m t + m .

The valueof the modelcoef� cientC in the subgrid-scaleturbulent
viscosity m t is determinedby a dynamic procedure21 , 22 that does not
require the direct speci� cation of any model constants. Essentially,
this involves � ltering at two different length scales or � lter widths.
The � rst � ltering operation is implicit in the numerical method and
corresponds to a � lter width that is equal to the local grid spacing.
The second � lter (the test � lter) is implemented by averaging over
nearest-neighbornodes; this corresponds to a � lter width of twice
the local grid spacing. Finally, an average over statistically homo-
geneous directions is needed to determine the local value of C . For
the present axisymmetric con� guration, this � nal averaging is done
in the azimuthal direction. All points having a total effective vis-
cosity ˜m that is smaller than zero are clipped to zero viscosity; the
percentageof clippednodes never exceeds3% for the computations
reported here. Provided that grid resolutionis adequate in the vicin-
ity of solid walls, this form of the dynamic model properlyaccounts
for wall proximitywithout explicit damping functions,for example,
the van Driest function in the case of a Smagorinsky model.23 This
implies that few gridpoints(typically� ve or six) shouldbe clustered
near the immersed boundary, and this is not always simple owing
to the rectangular mesh and the curvilinear boundary.

The boundary body force f is prescribed at each time step to
establish the desired velocity v̄b on an arbitrary surface that need
not coincide with coordinate lines. Following Mohd-Yusof,12 the
time-discretizedversion of Eq. (1a) can be written as

ūn + 1 ¡ ūn = D t (RHS + f ) (2)

where D t is the computationaltime step; the right-hand side (RHS)
contains the nonlinear, pressure, and viscous terms; and the super-
script denotes the time-step level. To impose ūn + 1 = v̄b , the body
force f must be
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Fig. 2 Vertical section
through meridionalplanes
of the computational grid
µ = 0 and¼; the body-force
distribution used to mimic
the geometric con� gura-
tion of Fig. 1 is indicated
by the shaded regions, and
only one of every four grid
points is shown for clarity.

f = ¡ RHS +
v̄b ¡ ūn

D t
(3)

in the � ow region where we wish to mimic the solid body and zero
elsewhere. In general, the surface of the region where ūn + 1 = v̄b

does not coincide with a coordinate line (Fig. 2). In that case, the
value of f at the node closest to the surface, but inside the solid
body is linearly interpolated between the value that yields v̄b in-
side the solid body and the zero value in the interior of the � ow
domain. This interpolation procedure is consistent with a centered
second-order,� nite differenceapproximation,and the overall accu-
racy of the scheme remains second order.16, 17 It should be stressed
that, with the forcing of Eq. (3), steady and moving boundaries are
treated in the same way, being in the � rst case v̄b =0 and in the latter
v̄b 6=0. For the moving boundary,however, at each time step the set
of grid points over which f is applied must be recomputed because
a different region of space is affected by the presence of the body.
Another important point is that, although for the forcings described
in Refs. 9 and 10 the velocity at the immersed boundaries was im-
posed by additional forces, in this case the velocity is simply driven
to the desired value by canceling a few terms in the equations.This
implies that, in contrast to the former methods, in the latter case the
stability limit of the integration scheme is the same as that with-
out immersed boundaries, thus making practical the simulation of
complex three-dimensional � ows. Further details of the immersed
boundary technique, together with examples with boundariesnever
aligned with the computationalgrid, are given in Refs. 16 and 17.

Equations (1) have been spatially discretized in a polar cylin-
drical coordinate system using staggered, central, second-order, � -
nite difference approximations. Details of the numerical method
are given by Verzicco and Orlandi24; only the main features are
summarized here. In a three-dimensional inviscid � ow, kinetic en-
ergy is conserved, and this feature is retained in the discretized
equations. This is possible because, although the radial momen-
tum equation is written for the quantity qr = rur (Ref. 24), the
discretization of the nonlinear terms is performed considering the
quantity ur . For the present code this was proved numerically by
Orlandi and Fatica,25 who showed the conservation of the kinetic
energy for a turbulent pipe � ow in the limit of an in� nite Reynolds
number. It has been argued that nondissipative numerical schemes
are advantageous compared to upwind-biased schemes for LES.26

The discretized system is integrated in time using a fractional-step
method where the viscous terms are computed implicitly and the
convective terms explicitly. The large sparse matrix resulting from
the implicit terms is inverted by an approximate factorization tech-

nique. At each time step the momentum equationsare provisionally
advanced using the pressure at the previous time step, giving an
intermediate nonsolenoidal velocity � eld. A scalar quantity U is
then introduced to project the nonsolenoidal� eld onto a solenoidal
one. The large-bandmatrix associatedwith the elliptic equation for
U is reduced to a pentatridiagonal matrix using trigonometric ex-
pansions (fast Fourier transforms) in the azimuthal direction; this
matrix is inverted using the FISHPACK package.27 A hybrid, low-
storage, third-order, Runge–Kutta scheme is used to advance the
equations in time, and the body forces are enforced at each stage
of the Runge–Kutta scheme. Note that the applicationof f does not
require the computation of extra terms but rather the cancellation
of preexisting ones. The integration of the equations with the body
forces only takes 5% more CPU time than does the integration in
the absence of the forcing.

A � nal consideration is the singularity at r =0. An advantage of
the staggered-mesh treatment is that only the radial component of
the momentum equation needs to be dealt with at the pole; for this
component we calculate the evolution of qr = rur instead of ur

because the former quantity vanishes at r =0.
A cross section through the computational mesh for the con� g-

uration of Fig. 1 is shown in Fig. 2. The lower boundary of the
computational domain is in� ow or out� ow, depending on the in-
stantaneousdirection of the piston motion, with a prescribedveloc-
ity pro� le. The upper boundary is also an in� ow/out� ow boundary,
but here a convective boundary condition for the velocities is used.
The equation solved at the upper boundary for the ith componentof
velocity u i is

@ui

@t
+ Ci

@u i

@x
= 0 (4)

(no summation on i ), where Ci is determined explicitly from the
previoustime step; the computationof the spatialvelocityderivative
is always the same, regardless of the sign of Ci . The lateral wall of
the computationaldomain is free slip, and all of the no-slipboundary
conditions at the surfaces correspondingto solid walls are enforced
throughthebody force f . Noneof the solidboundariesare coincident
with computational nodes.

The laminar axisymmetric cases are started from the � uid at
rest, and the initial transient (typically two cycles) is discarded.
To save computational time, three-dimensional cases are restarted
from a converged, laminar, axisymmetric solution replicated in
the azimuthal direction. A random azimuthal velocity perturbation
( j u h j max = 0.25V̄p ) is then superposed to initiate three dimension-
alities. This procedure reduces the initial transient for the three-
dimensional cases to a single cycle.

Results
The � ow in a piston engine is fully three dimensional, unsteady,

and turbulent; the numerical simulation must cope with all of these
aspects. To assess the numerical and modeling procedures out-
lined in the preceding section, however, we proceed systemati-
cally through a hierarchy of cases. A laminar axisymmetric case
at a reduced Reynolds number is considered � rst. This is followed
by three-dimensional,reduced-Reynolds-number caseswithout and
with an initial azimuthal velocity perturbation. Finally, the three-
dimensional turbulent � ow at the Reynolds number of the experi-
ment is simulated.

Low-Reynolds-Number Axisymmetric Simulation
In addition to methodology validation, this case provides insight

into the large-scale � ow dynamics in the piston–cylinder assembly.
These become less clear in the fully turbulent case. The simulation
has been run on a grid, 129 £ 385 points in the radial and axial
directions, respectively,at a Reynolds number Re =625.

Results are given in the form of azimuthal vorticity maps at six
instants over one cycle (Fig. 3). At t =0 (0-deg-piston TDC) the
piston starts its downstroke.Fluid is drawn into the cylinder through
the annular gap between the � xed central valve and the valve seat
in the cylinder head. This generates a high-speed jet that impinges
on the cylinder wall and eventually separates as a result of viscous
effects. The maximum axial velocity magnitude is approximately
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a) t = 0 b) t = ¼/4 c) t = ¼/2

d) t = ¼ e) t = 3¼/2 f) t = 7¼/4

Fig. 3 Contour plots of azimuthal vorticity for a two-dimensional (ax-
isymmetric) laminar case at Re = 625, 129 £ £ 385 grid: ——, positive
values; ¢ ¢ ¢ ¢ , negative values; and the increment between adjacent iso-
contours is D ! = § 2:5 ÅVp/b.

r 2
r
ê (r 2

a ¡ r 2
v ) =9.4 times the instantaneous piston speed; actually,

it is somewhat higher as a result of boundary layers that develop on
the walls of the annular gap.

At t = p / 2 (90 deg) the jet velocity reaches its maximum, and
the in-cylinder � ow is dominated by a single toroidal vortex that
grows in size as the piston descends. The interaction of the annular
jet with the solid walls generates a variety of smaller structures that
are already apparent at t = p /2. Later, as the piston decelerates,
the jet does not have enough momentum to penetrate to the piston,
and several annular structures are generated close to the valve. The
complex � ow structure emerging from the interactionof the several
recirculating vortices is shown at t = p (180 deg) when the piston
is at bottom dead center (BDC). As the piston starts its upstroke,
these � ow structures are pushed out of the cylinder through the
annular channel, generating a high-speed jet in the exhaust region.
At t =7 p / 4 (315 deg) the piston is nearing its TDC position, and
only minor residual motion is left inside the cylinder. A new cycle
with similar features begins at t =2p (360 deg).

In addition to the primary in-cylinder � ow, there is a secondary
� ow between the piston and the lower in� ow/out� ow boundary
(Fig. 3). These two � ows do not interactbecausethe pistonmoves as
a solid body: There is zero vorticity inside the region corresponding
to the piston.

Qualitatively similar in-cylinder � ow dynamics were observed
for a different axisymmetric motored piston–cylinder assembly by
Eaton and Reynolds28, 29 using smoke visualizationand high-speed

t = ¼/2
Fig.4 Contourplotsofazimuthalvorticity for a three-dimensionalcase
without azimuthal perturbation at Re = 315, 97 £ £ 85 £ £ 193 (µ £ £ r £ £ z)
grid, t = ¼/2, no turbulence model; the vorticity scale is the same as in
Fig. 3.

photography. In that experiment, the � ow was observed to be com-
plex and three dimensionalby piston BDC. Haworth and Jansen’s18

simulationsof theMorse et al.16 con� gurationshowedthat � ow to be
fully three dimensional,and turbulentas well, at the Reynolds num-
ber of the experiment.Before proceedingto the fully turbulentcase,
two intermediate three-dimensionalsimulations are considered.

Low-Reynolds-Number, Three-Dimensional Simulations
A three-dimensionalsimulation without initial azimuthal pertur-

bation was performed at a Reynolds number of Re =315. In this
case, the � ow remains axisymmetric throughat least two full cycles.
Figure 4 shows an example of a cross section through the cylinder
axis, con� rming that � ow symmetry is preserved about the geomet-
ric axis of symmetry. Here the Reynolds number has been halved
with respect to the axisymmetriccase of the precedingsection.This
was necessary to fully resolve all � ow scales without resorting to a
turbulencemodelon the 97 £ 85 £ 193 (aximuthal £ radial £ axial)
grid. This case serves to verify that the boundary body forcing does
not introduce arti� cial three dimensionality into the � ow.

It mightbe argued that the reducedReynoldsnumber is the reason
for the observed symmetry conservation.However, a repeat of this
simulation with an initial azimuthal perturbation shows that this is
not the case (Fig. 5). The instantaneous vorticity snapshots taken
from two consecutive cycles demonstrate that strong three dimen-
sionalitydevelopsrapidlyfrom the initial perturbation.Moreover,in
contrastto theaxisymmetriccase, the � ow doesnot repeat itself from
one cycle to the next. This implies that ensemble,or phase, averages
are needed to compute mean quantities and higher-ordermoments,
requiring the simulation of the � ow over many cycles. Simulation
of higher Reynolds numbers using comparable grid spacingswould
require a turbulence model.

High-Reynolds-Number, Three-Dimensional LES
For the � nal simulation, the Reynolds number is increased to the

experimentalvalue16 , 17 of Re =2000.Two computationalmeshesof
97 £ 85 £ 193 and 65 £ 65 £ 151 nodes are used with the dynamic
subgrid-scale turbulence model described earlier. Preliminary sim-
ulations run with the coarser grid without the turbulence model
showed the appearance of strong wiggles and gave results in poor
agreement with the experiments.

Examples of instantaneous computed � elds are given in Fig. 6.
There it can be seen that structure is generated on scales as
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a) t = 0 b) t = ¼/4 c) t = ¼/2

d) t = ¼ e) t = 3¼/2 f) t = 7¼/4

Fig. 5 Contour plots of azimuthal vorticity for a three-dimensional case with azimuthal perturbation at Re = 315, 97 £ £ 85 £ £ 193 (µ £ £ r £ £ z) grid, no
turbulence model; the vorticity scale is the same as in Fig. 3.

a) b) c)

d) e) f)

Fig. 6 Contour plots of azimuthal vorticity and velocity vectors pro-
jected onto two-dimensional cutting planes for a three-dimensional case
with azimuthal perturbation at Re = 2000, 65 £ £ 65 £ £ 151 (µ £ £ r £ £ z)
grid, dynamic Smagorinsky subgrid-scale turbulence model; vorticity
scale is the same as in Fig. 3: a) t = ¼/2, aximuthal vorticity; b) t = ¼/2,
projected velocity vectors, meridional plane; c) t = ¼/2, projected veloc-
ity vectors, 15 mm below the head; d) t = ¼, aximuthalvorticity; e) t = ¼,
projected velocity vectors, meridional plane; and f) t = ¼, projected ve-
locity vectors, 15 mm below the head.

small as can be supported on the computational grid. Still, the
underlyinglarge-scale� owpatternseen in theaxisymmetricsimula-
tions (Fig. 3) remains discernible.The motion in meridional planes
(planes containing the geometric axis of symmetry) is coupled with
intense azimuthal velocity � uctuations whose magnitude is com-
parable with the axial velocity � uctuations. As was the case for
the low-Reynolds-number, three-dimensional simulation with ini-
tial perturbation(Fig. 5), this � ow is time periodiconly in a statistical
sense. The calculation of statistically converged mean quantities in
general requires phase averaging. However, the axisymmetric na-
ture of the geometry allows azimuthal averaging to be used as well
to reduce the number of cycles that must be computed.

Quantitative comparison between computation on the � ner grid
and experimental measurement is reported in Figs. 7 and 8. Fig-
ure 7 shows radial pro� les of mean and rms axial velocity at 36
deg after TDC. Three sets of pro� les, 10, 20, and 30 mm below
the head, are shown. The numerical results are phase averaged over
three piston cycles, and are azimuthally averaged as well, to obtain
stable statistics. Although the rms pro� les might bene� t from some
additional averaging, both the mean and the rms pro� les already
show good agreementwith measurements.Figure 8 shows the same
information at a later crank position of 144 deg after TDC; again
the agreement is quite satisfactory. In fact, the level of agreement
between the present computationsand the experiment is better than
any results that have been published using a RANS model.20

Also shown in Figs. 7 and 8 are resultsfrom two otherLES model-
ing studies where an unstructured,boundary-� tted, deforming-grid
method was used.7, 19 There the discretization was second order in
space and in time, the advection scheme was dissipative (upwind-
biased), and the fully compressibleform of the governingequations
was solved.30 One set correspondsto a coarse mesh (151,620nodes)
and a constant-coef�cientSmagorinskymodel (C = 0.12 ); the other
set used a somewhat � ner mesh (258,264 nodes) and a dynamic
Smagorinsky model with Lagrangian averaging.31

Both the present results and the � ne-mesh, dynamic-model, un-
structured results show better agreement with measurements com-
pared to the coarse-mesh,� xed-coef� cient, unstructuredresults, for
example, 36 deg, 20 mm below head. The present method yields
consistentlyhigher rms values than the � ne-mesh, dynamic-model,
unstructured results at measurement stations close to the head, for
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a) Mean velocity b) RMS velocity

Fig. 7 Computed and measured radial pro� les of mean and rms axial velocity at 36 deg (Re = 2000). Lines are computations: – – – , unstructured
boundary-� tted deforming grid, 150 K nodes, � xed-coef� cient Smagorinsky6 ;19; ——, unstructured boundary-� tted deforming grid, 260,000 nodes,
Lagrangian dynamic Smagorinsky6 ;19; and — - —, � xed orthogonal grid with boundary body forces, 640,000 nodes, dynamic Smagorinsky (present
work); symbols are experimental measurements.18

a) Mean velocity b) RMS velocity

Fig. 8 Computed and measured radial pro� les of mean and rms axial velocity at 144 deg (Re = 2000); lines and symbols are the same as in Fig. 7.

a) Mean velocity b) RMS velocity

Fig. 9 Computed and measured radial pro� les of mean and rms axial velocity at 36 deg, 10 mm below the head (Re = 2000); lines are computations:
——, dynamic Smagorinsky model and � ne grid (97 £ £ 85 £ £ 193); – – – , dynamic Smagorinsky model and coarse grid (65 £ £ 65 £ £ 151); and ——,
� xed-coef� cient Smagorinsky model and coarse grid (65 £ £ 65 £ £ 151); symbols are experimental measurements.18

example, 144 deg, 10 mm below head. Because comparable dy-
namic subgrid-scalemodels have been used, the higher rms values
for the present method probably result from a combination of the
� ner mesh and the nondissipativenumerical scheme.

The computational-ef�ciency advantage of the present method
is substantial. The present incompressible, boundary-body-force,
three-dimensional,turbulentcaseswere run ona personalcomputer-
like workstation with 128 MB of RAM in about one week using a
grid of approximately 6 £ 105 nodes (about 24 h per engine cy-
cle). By contrast, the compressible, unstructured, boundary-� tted,
deforming-grid, coarse-mesh cases (¼ 1.5 £ 105 nodes) were run
either on a single processor of a Cray T-90 or on eight processors
of a SGI Origin 2000, occupied 600 MB of RAM, and required
30–40 CPU h per engine cycle.

Before concluding this section, a few further three-dimensional
turbulent results obtained using the boundary-body-force method-
ology are discussed. These include variations in grid density and
subgrid-scale turbulence model. Examples of coarser-grid results
for a � xed coef� cient and for a dynamic Smagorinsky model are
reported. In particular, in Fig. 9, results are shown also for a
simulation on a 65 £ 65 £ 151 grid with two different subgrid-
scale turbulence models. The two simulations with the dynamic
Smagorinsky model and different grids must be intended as a grid
re� nementcheck.We can see that the resultsagreewithin the the sta-
tistical uncertainty,thus proving the grid independency.In addition,
thedynamicmodelbehavesconsistentlywith theexpectations,in the
sense that the model becomes more active (adds more viscosity) as
the grid is coarsened. Differences between the constant-coef�cient
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Smagorinsky model (C =0.22) and the dynamic Smagorinsky
model are more signi� cant. The � xed-coef� cient model yields a
more peaked annular jet and damped velocity � uctuations (lower
rms). This behavior is consistent with the more dissipative nature
of the constant-coef�cient model. This result was obtained for a
single value of the model constant C ; improved results might be
obtained with tuning. However, it is unlikely that a single value of
the model constantwould prove suf� cient in a � ow that is so highly
nonhomogeneousboth in space and in time.

Conclusions
A computationallyef� cientnumericalandmodelingapproachhas

been demonstrated for LES of turbulent � ows in complex geomet-
ric con� gurations with moving boundaries. The technique is based
on the use of boundary body forces to represent solid walls. The
body forces are prescribed on a � xed, structured, orthogonal mesh
in a manner that allows the representation of arbitrarily complex
moving boundarysurfaces.The forcingdoes not reduce the stability
limit of the underlyingtime-integrationscheme.Thus, this approach
retains the advantages of solving the Navier–Stokes equations in
constant-metric coordinates.Compared to unstructured, boundary-
� tted, deforming-gridLES, the present method simpli� es grid gen-
eration, facilitates the implementation of higher-order nondissipa-
tive discretizationschemes, and minimizes complications that arise
from spatial and temporal variations in � lter width for LES.

The method has been validated via the LES of a turbulent � ow
in an axisymmetric motored piston–cylinder assembly. Computed
results show very good quantitative agreement with experimental
measurements, and computational requirements are substantially
reduced compared to simulations that used a (compressible) un-
structured, boundary-� tted, deforming-mesh approach.

The dynamic subgrid-scale turbulencemodel is particularlywell
suited to the present numerical methodology. This model automat-
ically accounts for the presence of solid walls without requiring
damping functions.There is no need to compute a wall-normal dis-
tance that would be, in the present approach, much more dif� cult
than in the case of a body-� tted mesh.
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