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Abstract

Large!eddy simulation of turbulent ~ow over a plane free cavity and over a plane symmetric cavity was performed[ The
Smagorinsky sub!grid scale turbulence model was used[ The compressible formulation and the MacComarck _nite volume
method were employed[ The dynamic and thermal behavior of a thermal capacitor were analyzed[ This behavior presents
strong dependence on the geometry and the temperature ~uctuation frequency which is imposed in the entrance of capacitor
and a little dependence on the Reynolds Number[ Þ 0887 Published by Elsevier Science Ltd[ All rights reserved[

Nomenclature

CS Smagorinsky constant
et total energy
f frequency

ł̀ gravity acceleration
ił unitary vector in the x direction
jł unitary vector in the y direction
kc cuto} wave number
l sub!grid characteristic length "l �zDxDy#
M Mach number
p pressure
Pr Prandtl number
qł conductive heat transfer
Re Reynolds number
Sij deformation tensor
t non dimensional time
u velocity component in the x direction
U average velocity at the inlet of the cavity
v velocity component in the y direction
Dx grid dimension in the x direction
Dy grid dimension in the y direction
Dt time step[

Greek symbols
a molecular thermal di}usion
dij Kronecker delta

� Corresponding author[

k molecular thermal conductivity
kt turbulent thermal conductivity
m molecular dynamic viscosity
mt turbulent dynamic viscosity
r density
t¹¹ viscous stress tensor[

Subscripts
" #ij tensor notation
t turbulent property
x Cartesian coordinate
y Cartesian coordinate
� reference property[

Acronym
LES Large!Eddy Simulation[

0[ Introduction

Turbulent ~ow has been of interest to many researchers
due to the practical implications and due to the fas!
cinating phenomena intrinsic to ~uid motion encountered
in nature[ A great advance in the comprehension of this
kind of problem was attained in the last two decades due
to the advance in the experimental methods\ instru!
mentation and electronic acquisition systems and due to
the spectacular advances in the numerical methods and
the computational resources[ A large energy spectrum is
one of the most important physical characteristics of
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turbulent ~ows[ The immediate consequence is that it is
very di.cult to simulate all scales that characterize a
turbulent ~ow\ i[e[\ to make the so!called direct numerical
simulation[ The current generation of computers allows
direct simulation only for ~ows of low Reynolds
numbers[ However\ the large majority of practical and
natural turbulent ~ows are characterized by a large
Reynolds number[

The classical modeling methods consider the average
behavior of the ~ow and calculate all scales of the spectra
statistically[ An intermediate method consists to solve
part of the ~ow\ the bigger vortices or the small wave
numbers\ and to model the small vortices or the high
wave numbers[ The cuto} wave number "kc � 1p:l# is

determined by the grid dimension "l �zDxDy#[ This
method\ known as Large!Eddy Simulation "LES#\ was
developed by Smagorinsky ð0Ł and has been largely used
in recent years[ So!called sub!grid scale models are used
to model the high wave numbers[ The Smagorinsky ð0Ł
eddy viscosity model is one used most frequently and
becomes very popular after the pioneering engineering
work of Deardor} ð1Ł for a channel ~ow[ This basic
model has given origin to a family of derived models ð2Ł[
The most important recent development is the dynamic
model proposed by Germano et al[ ð3Ł[

Another family of sub!grid scale models is based on
the Kraichnan spectral eddy viscosity theory[ A practical
and frequently used version of this family of models was
developed by ð4Ł\ the structure function model\ and was
used in several LES works ð5\ 6Ł[ This model has the
important characteristic that the only constant involved
is determined analytically[ The constant of the Sma!
gorinsky model is adjusted and depends on some par!
ameter like the discretization grid[ In the present work
the Smagorinsky model was used to develop LES of
turbulent ~ow over a two!dimensional cavity with tem!
perature ~uctuations[ The structure function model is
restrained to three!dimensional simulations[

Turbulent ~ows are basically three!dimensional\ but
some kinds of ~ows can be treated approximately with a
two!dimensional hypothesis[ In the present case the ~ow
is transitioning and the dynamic instabilities are not com!
pletely three!dimensional[ So\ due to the computational
resource limitations\ the two!dimensional approximation
is used here[

The objective of the present work is to analyze numeri!
cally the physical phenomena involved in the damping
process of temperature ~uctuations that occurs in the
interior of a two!dimensional cavity[ This kind of equip!
ment is normally placed in a tubing system in order to
promote the damping of undesirable thermal or dynamic
~uctuations that appear in many practical applications[
The comprehension of the physical phenomena involved
in this problem is very important to design better this
kind of device[ This understanding requires the vis!
ualization of the temperature ~uctuations and its trans!

Fig[ 0[ Plane symmetric cavity\ geometric and physic charac!
teristics[

port by the ~ow[ LES is very appropriate for this\ because
it is possible to simulate the dynamic and thermal insta!
bilities involved in the turbulent ~ow[

Basic physical and geometrical characteristics of the
problem are illustrated in Fig[ 0[ The coherent structures
that must be shed in the expansion of the cavity as a
consequence of the mean shear ~ow generated by the
circulation are shown qualitatively[ These structures are
very important in the process of mixing the ~ow proper!
ties and accelerate the damping process of temperature
~uctuations in the cavity[ In the next section the math!
ematical model is presented[

1[ Mathematical model

The mass\ momentum and energy non!dimensional
equations are considered for compressible two!dimen!
sional ~ow of Newtonian ~uids[ These equations can be
written\ after a _ltering process that characterize a large!
eddy simulation ð5Ł\ in generalized fashion as follows]
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The following state equations of the ~uid were used]
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where C0 � 0[347×09−5\ C1 � 009[3\ g � 0[3\ and V�

and M� are respectively the velocity and the Mach num!
ber at the reference state[

These equations were _ltered in order to separate the
large scales and the sub!grid scales of the turbulent ~ow[
The "Ð# that appears over all variables in these equations
represents this _ltration process[ This _lter process gives
rise to additional stress tensors like the sub!grid scale
Reynolds tensor\ the Leonard tensor and the crossed
tensor[ The sub!grid Reynolds tensor was modeled using
the classical Boussinesq hypotheses\ equation "6#[ The
two other tensors were neglected as a consequence of the
order of precision of the transport scheme used in this
work "second order#[ As veri_ed by Silveira!neto et al[
ð5Ł\ if the scheme is up to a third order\ the Leonard and
the crossed tensor are negligible as compared with the
sub!grid Reynolds Stress[

The sub!grid turbulent viscosity mi and thermal
di}usion coe.cient ki are calculated with the Sma!
gorinsky ð0Ł model and with the hypothesis of the tur!
bulent Prandtl number\ given by]
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where l �zDxDy is the characteristic length\ Dx and Dy
are the discretization grid intervals and Cs the Sma!
gorinsky constant\ adjusted in this work to be 9[3 ð7Ł[ We
have taken Prt � 9[5 ð5Ł[

The Smagorinsky model depends only on the defor!
mation ratio and can introduce arti_cial turbulent vis!
cosity in the laminar portion of the ~ow[ It can be cor!
rected using a selective Smagorinsky model\ which is in
development by the authors[

2[ Numerical method

The MacComarck ð09Ł _nite volume method was used
in order to make the discretization of the di}erential
equations described above ð8Ł[

After the integration of equation "0#\ we have the fol!
lowing resultant equations]
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The " #n indicates previous time and " #n¦0 the current
time[ The boundary conditions used are the following]

over the solid walls the velocity in a virtual grid is
imposed equal to the value of the velocity in the
_rst grid in the interior of the domain\ with
opposite sign^
at the inlet of the domain a parabolic velocity pro!
_le is imposed^
at the outlet a developed ~ow is considered^
the walls are considered adiabatic and the tem!
perature is imposed at the inlet and _nally the
pressure is extrapolated at the inlet of the domain[

The calculations were performed with the following
mesh] 19×21 points in the inlet channel\ 79×059 points
in the cavity and 19×41 in the outlet channel[ These
points refer respectively to the x and y directions[ This
regular mesh ensures a size of 3[64×09−3 m in all domain[
This mesh is not enough to describe all scales of the ~ow
in the vicinity of the wall[ In the present work the global
~ow structure\ like the Kelvin and Helmholtz instabilities
and the recirculation\ govern the mixing process and the
attenuation of temperature ~uctuations[ On the other
hand an adiabatic boundary condition has been used and
the heat transfer to the wall is zero[ So\ the simulation of
all scales of the boundary layer seems to have a secondary
importance in the global behavior of the system[

The calculations were performed at a PC 375DX3 and
a Pentium 099 MHz[ Each simulation presented took
about 13 h of CPU time[
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3[ Results

The results presented are related to two kinds of cavi!
ties] the _rst is an open cavity without temperature ~uc!
tuations ð7Ł[ The second is a plane symmetric cavity with
temperature ~uctuations imposed at its inlet as illustrated
in Fig[ 0 ð00Ł[

3[0[ Open cavity

In this case the upper side of the cavity is considered
as a free ~ow and a velocity zero gradient was imposed
"1u:1y � 9#[ These results are shown in Figs 1 and 2 for

Fig[ 1[ Pressure coe.cient^ Re � Uh:v � 1537 "Reynolds num!
ber#^ M � 9[994 "Mach number#^ L � 1 h[

Fig[ 2[ Fields of density "a#\ vorticity "b# and stream lines "c#^
Re � Uh:v � 1537 "Reynolds number#^ M � 9[994 "Mach num!
ber#^ L � 1 h[

validation of the numerical code used in the second part
of the work[ Figure 1 shows the pressure coe.cient\ here
de_ned as

Cp �
1"p−p�#

rU1
�

\

where � is the reference state\ located at the free stream
over the cavity[ The result of the present calculation is in
good agreement with the experimental result of Sinha
and Oberai ð01Ł[ On the right hand side of the cavity
there is an important di}erence\ which may be due to the
large uncertainty of the experimental data and also due
to the numerical imprecision like the e}ect of the exit
boundary conditions[ More numerical simulations must
be done to elucidate this point[

In Fig[ 2 the ~ow in the free cavity is shown in a
regime statistically established[ Figures 2a\ b and c show
respectively the density _eld\ the vorticity _eld and the
streamlines[ There is a primary circulation in the clock!
wise sense generating another circulation in the counter!
clockwise sense[ There are also four small circulations\
generated by the primary and the secondary ones[ This
is in very good agreement with the experimental results
of Sinha and Oberai ð01Ł[ It is interesting to note that the
larger circulations are composed of a cluster of smaller
vortices\ as can be seen in Fig[ 2c[

The numerical code used was originally developed by
Miserda ð02Ł[ Several tests were performed with three!
dimensional calculations[ In the case of turbulent ~ow
over a backward step it was found that the simulated
reattachment length compares very well the experimental
results of Eaton and Johnston ð03Ł\ presenting an error
of about 1)[ Therefore\ it was decided to use this com!
putational code for the numerical experiments presented
in the next section[

3[1[ Plane symmetric cavity

In this section\ the results of the numerical simulations
of the ~ow over the plane symmetric cavity with tem!
perature ~uctuations imposed in the inlet of the channel
are presented[ In order to facilitate the presentation of
results\ the simulations realized are labeled as a function
of the cavity geometry\ the frequency of the temperature
~uctuations and the Reynolds number\ as shown in
Table 0[

The results of simulation R29L90 are presented in Figs
3Ð7[ Figure 3 shows the time evolution of the ~ow vis!
ualized with the vorticity _elds[ The time evolution of
the dynamic instabilities is established[ The periodical
coherent vortices formed by the KelvinÐHelmholtz mech!
anisms ð04Ł are visible[ The turbulent structures have a
characteristic length of the order of the step height[ Hence
it is di.cult to transport them in the outlet of the cavity[
They are constrained to circulate in the cavity and their
energy is dissipated by the viscous e}ects[ The cor!
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Table 0
Key of simulations performed

Simulat[ Re � Uh:v Length L Freq[

R29L90 29 999 3 h 9[0U:h
R69L90 69 999 3 h 9[0U:h
R69L0 69 999 3 h 0[9U:h
R69C0 69 999 1 h 0[9U:h

responding temperature _eld is shown in Fig[ 4[ The
temperature ~uctuations imposed in the inlet have a fre!
quency of 9[0U�:h and an amplitude of 19 K over a mean
value of 219 K\ as shown in Fig[ 5[ In Fig[ 4\ the darker
regions correspond to high temperatures and the lighter
regions correspond to low temperatures[ So\ in Fig[ 4 we
see alternating dark and light packets of ~uid that are
injected in the entrance of the cavity[ These packets are
transported by convection towards the interior of the
cavity\ where they are adsorbed by di}usion[ The result
is shown in Fig[ 6 where the outlet average "over y#
temperature is plotted as a function of time[ We see that
the time average value is always 219 K but the amplitude
is about 09 K[ Hence\ attenuation is about 49)[ The
Fourier transform of the time distribution of Fig[ 6 is
shown in Fig[ 7[ As expected\ the principal frequency at
the outlet is also 9[0U�:h[ It is shown also that new
harmonics were formed by the turbulent ~ow[

In order to investigate the Reynolds number in~uence
we have performed the simulation R69L90[ Figures 8Ð00
show the results[ Figures 8 and 09 show similar vorticity
and temperature _elds as Figs 3 and 4 respectively[ Figure
00 shows the time history of the outlet temperature which
is also similar in amplitude to Fig[ 6[ The Fourier trans!
form of this time distribution shows that the frequency
f � 9[0U:h also appears in the outlet of the cavity[ This
means that\ at least in the range considered here\ the
Reynolds number does not a}ect the statistical result of
temperature[

The in~uence of the frequency of the inlet temperature
~uctuations has been analyzed by means of simulation
R69L0[ Figures 01Ð05 show the results[ Figure 01 shows
the ~ow dynamics by means of the time evolution of the
vorticity _elds[ Comparing this _gure with Fig[ 8 "the
same Reynolds number# we see that the ~ows are dynami!
cally very similar[ Nevertheless\ comparing Fig[ 02 with
Fig[ 09\ we see that the thermal behavior is\ as expected\
completely di}erent[ The darker and light regions in Fig[
02 indicate the higher frequency of the inlet thermal ~uc!
tuations\ as shown in Fig[ 03[ These temperature pulses
are transported by convection and are quickly damped
by the turbulent movement[ Qualitatively\ the damping
process is more e.cient when the inlet frequency is
higher\ see for example Fig[ 02f and Fig[ 09f[ Figure 04

Fig[ 3[ Time evolution of the vorticity _elds^ run R29L90[

shows the temperature time history at the outlet of the
cavity[ We see that in the statistically established regime
the amplitude of the temperature ~uctuation is of order
of 4 K\ thus resulting in a damping of 77)[ This con_rms
the previous conjectures] the damping process is much
more e.cient for the higher frequencies of the thermal
~uctuations[ Physically\ the higher the entrance
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Fig[ 4[ Time evolution of the temperature _elds^ run R29L90[

frequency\ the higher the temperature gradients in the
interior of the cavity\ accelerating the molecular
di}usion[ Figure 05 shows the Fourier transform of the
outlet temperature distribution[ We see that the inlet
frequency of 0[9U:h is present at the outlet but with an
intensity smaller than the intensity corresponding to the
peak at f � 9[94U:h[ Hence\ the temperature distribution

Fig[ 5[ Time history of the temperature at the inlet of the cavity^
run R29L90[

Fig[ 6[ Time history of the temperature at the outlet of the cavity^
run R29L90[

Fig[ 7[ Fourier transform of the outlet temperature^ run R29L90[
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Fig[ 8[ Time evolution of the vorticity _elds^ run R69L90[ Fig[ 09[ Time evolution of the temperature _elds^ run R69L90[
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Fig[ 00[ Time distribution of the temperature at the outlet of the
cavity^ run R69L90[

at the outlet looses its coherence with the inlet distri!
bution[ This is a consequence of the strong damping
occurring in the thermal capacitor in this run[

Finally\ we have pointed out the dependency of the
damping process on the geometry of the thermal capaci!
tor[ The simulation R69C0 was performed[ Figure 06
shows\ by means of the vorticity _eld\ that the ~ow is
more simple than the preceding ones[ There are two sym!
metric circulations on the right hand side of the cavity
such that the ~ow is very organized and forms a jet
straight to the outlet[ Figure 07 shows the corresponding
temperature _elds[ We see again the alternating dark and
light regions indicating a presence of ~uctuating tem!
perature at the inlet with a frequency of 0[9U:h as shown
in Fig[ 08[ We see that the ~uctuations are transported
directly to the outlet without experiencing the circulation
movement[ However\ Fig[ 08 shows that the ~uctuations
were damped by about 56)[ This is due to the high
temperature gradients di}using the thermal ~uctuations
as they are transported by convection[ Compared to the
previous results "R69L0\ same parameters except the
geometry# we see that the con_guration with L � 3 h is
more e.cient than the con_guration with L � 1 h
because in the latter it is not possible to develop a tur!
bulent ~ow[ It may be possible to increase the damping
process in the shorter capacitor by means of geometrical
modi_cations like a shift of the outlet canal or a insertion
of turbulence generators in the interior of the cavity[
More simulations are required to analyze these kinds
of modi_cations[ It can be interesting also to study the
pressure ~uctuation damping[

4[ Conclusions

The dynamic and thermal behavior of a thermal
capacitor was analyzed by Large!Eddy Simulation by
means of a computational code based in a formulation

Fig[ 01[ Time evolution of the vorticity _elds^ run R69L0[

for compressible ~ows[ A sub!grid scale model gave stab!
ility to this numerical code for high Reynolds numbers[

The in~uence of three important parameters "Reynolds
number\ frequency of the ~uctuations in the inlet of the
cavity and the geometry# on the thermal ~uctuation
damping process was analyzed[ The Reynolds number is
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Fig[ 02[ Time evolution of the temperature _elds^ run R69L0[

not very important in the region between 29 999 and
69 999[ It has been shown that the higher temperature
frequencies are more e.ciently damped than the lower
frequencies[ This is coherent with the physical argument
that high frequencies create high local temperature gradi!
ents[ The geometry is also very important and the

Fig[ 03[ Time history of the temperature at the inlet of the cavity^
run R69L0[

Fig[ 04[ Time history of the temperature at the outlet of the
cavity^ run R69L0[

Fig[ 05[ Fourier transform of the outlet temperature^ run R69L0[
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Fig[ 06[ Time evolution of the vorticity _elds^ run R69C0[ Fig[ 07[ Time evolution of the temperature at _elds^ run R69C0[
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Fig[ 08[ Time history of the temperature at the outlet of the
cavity^ run R69C0[

designer must choose the relation L:h such that the tur!
bulence intensity in the cavity is maximized[

Other geometrical parameters must be analyzed\ like
the shift of the axis of the outlet channel as compared
with the axis of the inlet channel[ Also\ the presence of
turbulence generators can be useful in order to increase
the thermal damping process[
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