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Abgtract. This work investigates the Reynolds number influence upon the flow inside a two
dimensional shallow cavity. The flow regime varies from laminar to turbulent. The numerical
method used is based upon the SMPLER algorithm. Turbulence closure is accomplished with the
aid of the standard k-a modd. It was observed that increasing the Reynolds number affects the flow
topology in distinct ways depending upon the flow regime, laminar or turbulent.
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1. INTRODUCTION

The flow over cavities is of great interest as it is rdaed to various engineering applicaions.
cooling of dectronic devices, combugiion chambers and heet loss that occur on the upper surface of
a lar energy collector are a few examples. Mogt of the work found in the literaiure deds with
cavites of gmdl agpect ratio. Aung (1983) found, experimentaly, thet for laminar forced
convection, the loca heat trandfer didribution on the cavity floor has a maximum vaue locaed
between the midpoint of the caity floor and the downdream wadl. Bah and Aung (1984)
numericdly smulated the two-dimensond, laminar flow over cavities and showed that the heat
trander ingde the cavity is a function of its aspect ratio. Snha et d. (1982) made an experimenta
study of the flow over cavities of various aspect ratios. In their work these authors classfied the
cavity as open or closed based upon the number of redcrculaiing bubbles formed and the pogtion
that they occupy indde the cavity. Perdra and Sousa (1995) sudied both numericdly and
experimentaly the undeady flow indde cavities Thus little effort has been putted into high aspect
ratio cavities, which are the man focus of the present work. Such cavities have an interesting
goplication for sudying the flow over fla plate solar energy collectors with wind barrier (Zdanski
e d., 2000). The present effort is, therefore, rdaed to numerical andyss of two-dimensond flow
over shdlow cavities The Reynolds number influence upon the flow topology was consdered for
both, laminar and turbulent cases.

2. MATHEMATICAL MODEL AND NUMERICAL METHOD

The mathematicd modd conddered here is the twodimensond, incompressble, Navie-Stokes
equaions written for a Catedan coordinae frame. To account for the turbulent transport of
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momentum, without pendizing excessvey the CPU time and the computer memory, the Reynolds
Averaged Navier-Stokes equations were used.

The Boussnesg hypothess was invoked to relate the Reynolds dress tensor to the mean flow
velocity gradient. In the context of the standard k-e turbulence modd, the eddy viscosty is given by
the expression

k2

m]-:CmI’ ?, (1)

where C,, isan empirica congant and ‘K’ isthe turbulent kinetic energy which isgiven by

ﬂ(rk) (ru k u,
—a+rG-re,
qt X gs K Q,‘ﬂx u @

Smilarly, the rate of change of the turbulent energy disspation, ‘e’, ismodded by
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being G the term that represents the generation rate of turbulent kinetic energy, thet is,
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The five empiricd congtants that gppear a egs. (1), (2) and (3) are those suggested by Launder and
Spelding (1972)

s, =10;s,=13;C,=0.09; C, =144; C,=1.92. @)

The patid differentid equations were written in a discrete form using the finite volume
technigue and the resultant sytem of adgebrac equations are solved by the SIMPLER dgorithm
(Patankar, 1980) on astaggered grid.

2.1 Boundary conditions

Figure (1) shows schemdicdly, the problem geomery, its nomendature as wdl as some
indication of the boundary conditions enforcement. The cavity depth is denoted by s, while its
length is indcated by b. At the entrance plane, dl the variables are fixed except the pressure that is
extrgpolated from indde. The oncoming velocity profile is uniform, as seen on Fg. (1). Other flow
variables, such as the turbulence intensty leve, and the turbulent disspation are dso kept fixed a
the computationd domain inlet plane. At the exit section, as wedl a a the upper boundary, a
parabolic boundary condition is used. This is equivdent on saying that the property deriveives are
al zero a these baundaries. A parabolic boundary condition is interesting in the sense tha it is non-
reflexive. Findly, a the solid walls the no-dip boundary condition is enforced, thet is u and v equd
to zero. At the s0lid walls, specid treatment is required in terns of the turbulence modd used. The
gap between the fird computationd grid point and the wadl is bridge usng wdl laws In this sense
the fird computationd grid point, in the direction normd to the wals mugt be placed outsde the
laminar sub-layer of the turbulent boundary layer.
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Figure 1: Problem geometry, nomendature and boundary conditions.

2.2 Computational grid

A typicd computationd mesh is shown in Hg. (2). The computationd domain is sub-divided in
two by an orthogond, non-uniform mesh. The grid was refined dose to the wals and to the cavity
entrance and exit planes where the grestest property gradients are expected. Grid dretching was
dways smdler than 10 % to avoid numericd erors The points aove the cavity form the upper
mesh while points indde the cavity pertain to the lower mesh. Specid trestment is given to the two
volumes located a the cavity corners (Zdanski, 2001). The inlet boundary is located a three cavity
depths (3s) upstream of the separation point. The outlet boundary is placed a a distance of 4s from
the downgream wall. Due to the parabolic character of the upper boundary, numerica experiments
showed that, a minimum of 5s was necessty in order to avoid spurious interference on the
numerica solution.

Figure 2: Typicd computationd grid.
3. RESULTS

The primary objective of the present work is to andyze the influence of the Reynolds number,
based upon the cavity depth, Res, on the flow topology indde 2-D cavities of high aspect raio. The
sudy covers both laminar and turbulent flow regimes. The numericd code used for such andyss
was deveoped by CFD group a the Aerodynamics Depatment of the Indituto Tecnoldgico de



Aerondutica and it has been carefully vdidated in previous wak (Zdanski & d, 2000 and Zdanski,
2001).

3.1 Laminar flow.

The cavity used for the laminar flow smulations had an aspect ratio. b/s, equd to tweve The
Reynolds number, based on a cavity depth of 0.625 cm, varied from 147 to 662. In this range it was
found that two recirculaing bubbles were dways formed ingde the cavity. Neverthdess, ther
position dong the cavity aswdll asther shape varied with Res,
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Figure 3: Streamlinesfor the case of Reynolds number equd to 147.
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Figure4: Streamlines for the case of Reynolds number equd to 294.
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Figure5: Streamlines for the case of Reynolds number equd to 442.
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Figure 6. Streamlines for the case of Reynolds number equa to 662.

10.00 —

8.00 —

6.00 —

x/s

4.00 —H

2.00 —

0.00
T I T I T I T 1

.00 200.00 él(a.()eﬂS 600.00 800.00
Figure7: Distance from the centers of the two bubbles as a function of Reynalds number, Res.



The lower Reynolds number conddered is equa to 147 and corresponds to a free dream
vdodty of 0.4 m's As s in Fg. (3), the oncoming flow pendraes the cavity touching its bottom
around x/s=8.5. The two bubbles are well defined and the flow is reversed dong parts of the cavity
floor. The bubble closer to the upstream wadl has its center a x/s» 24, while the one near the
downstream wall is centered a x/s»11.6. As the Reynolds number was increased the centers of the
two bubbles moved doser to each other, as figs (3) to (6) show dearly. For the highes Reynolds
number invedigated, Res= 662, the center of the bigger re-crculding bubble was found to be a
x/s»89. On the other hand, the smdler one bardy moved its center appearing a x/s»11.1. It is
ds intereting to notice, examining figs. (3) to (6), tha the agpect of the bigger bubble increases
with the Reynolds number. As for the smdler bubble, coser to the downgsream wall, it is gpparent
that its 9ze increases with Res Both, the goproximation of the centers as well as the change in the
bubble shape, may be assocdaed with the inatia of the oncoming flow, that is, its ability to
penetrate into the cavity. Figure (7) presents the plot of the distance between the centers of the two
bubbles, for laminar flow, agang Res It is clear that the bubbles are closer as the oncoming flow
veocity and, consequently, the Reynolds number isincreased.

3.2 Turbulent Flow

Mog flows of interest are turbulent. To the author's knowledge very little work has been done
on high aspect ratio shdlow cavities. Therefore, besdes the flow dreamlines other results involving
important flow variables such as turbulent kinetic energy and pressure are reported hereefter. The
paticular cavity invesigaed had an aspect retio equd to eght. The turbulence levd of the
oncoming flow was equa to 4% of the kinetic energy of the undisurbed meen flow for dl Reynolds
numbers congdered in this effort. Three vaues for inlet free sream velocity were used: 5, 8, and 12
m/s. These vaues correspond to Res= 11765, 18323, and 28235, respectively.

Figure 8: Streamlines for the case of Reynolds number egud to 11765.



Figure9: Streamlines for the case of Reynolds number equa to 18823.

Figure 10: Streamlines for the case of Reynolds number equa to 28235.

For most of the numericd expeiments undertaken, the number of volumes of the two meshes,
one for the doman above the cavity and the other for the cavity itsdf, typicdly added up to 9000.
The firg point off the wal was located aound y*=Y% »30, that is compaible with a high
Reynolds number turbulence modd. Fgures (8) to (10) show the dreamlines for the three Reg
dudied. Comparing these figures it is goparent thet, for turbulent flows the Reynolds number does
not influence the pogtion of the bubbles center congderably, unlike laminar flows It is interesing
to point out that only for the higher vdue of the Reynolds number investigated, Res= 28235, a
regitachment point indde the cavity gppears. This fact is rdated to the greater vorticity leve
associated with the highet Res, @ the separdtion point. More spedficdly, the higher the vorticity
the more “energetic’ the first recirculaion bubble becomes and, therefore, more cgpable of
deflecting the oncoming flow towards the cavity floor.
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Figure 11: Pressure contours for the case of Reynolds number equa to 18823,

Fgure (11) shows the pressure didribution dong the whole computetiond doman for Res=
18823. As it can be observed, the pressure variation is around 40 Pascd. Neverthdess, it is clear
that there is a well-defined higher-pressure region that corresponds to the flow sagnation a the
downstream wall. Further, the lowest pressures in the flow filed are associated with the center of the
greater re-dirculdion bubble (x/s»2) and aso with the recirculation zone due to flow separation
a x/s=8.
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Figure 12: Kinetic energy contours for the case of Reynolds number equdl to 18823.

Figure (12) displays the turbulent kinetic energy, k, dso for Res= 18823. At the separation point
a shexr layer is originated, contributing to a high vaues of the turbulent kingtic energy. Indde the
cavity the region the diffusve nature of the fluid is respongible for the large region of high vaues of
k. Once again, the downgream wall is associated with the pesk of a property, the turbulent kinetic
energy in this case, because of the high gradients gppearing in the region.

4. CONCLUSION

The numericd smulation of flows both laminar and turbulent, over 2-D shdlow cavities with
high aspect raio was successfully performed. The results showed that the flow topology indde such
cavities is influenced by the variation of the Reynolds number. However, laminar and turbulent
flows seem to be dfected in different ways. For the former both the shape of the re-circulding



bubbles as wdl as the distance between ther centers were found to be a function of Res For the
latter, however, the most important difference upon the flow caused by the increase of the Reynolds
number was the appearance of a resttachment point a the cavity floor. Particulaly for turbulent
flows, it was found that the corner of the downstream wal presented pesks for both the pressure and
the turbulent kinetic energy.
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