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Experimental and numerical investigation of convection in lid cooled cavities
| e ects of non-ideal thermal boundary conditions on three-dimensional
ow

The ow structures observed in a lid cooled cavity were investigated with the aim to understand and explain discrepancies between measured and calculated ow patterns. It was found that the thermal boundary conditions of
non-isothermal walls have triggering e ect on the ow con guration. It indicates that simpli cations or idealizations usually applied in numerical models may lead to substantial di erences of the ow pattern, even if the global
parameters (like Nusselt number) apparently are in a good agreement. Solving the coupled solid- uid heat conduction
problem together with the 3-D Navier-Stokes equations improved modelling of the ow pattern.

1. Formulation of the problem
The problem of melt- ow in a lid-cooled cavity has practical application in a number of manufacturing processes
and physical situations. A large scale example is the cooling or freezing of water reservoirs, on a smaller scale such
a ow con guration is important in crystal growth technology.
Our aim was to investigate both experimentally and numerically the e ects of non-ideal thermal boundary
conditions of the \side" walls on the ow structure and thermal elds in natural convection, when the ow is
generated due to cooling from above. The problem emerged during previous investigations of ice growth, where
diculties appeared in matching details of experimental and numerical results [1]. The present investigations were
performed for a 38mm cubical box lled with an incompressible, viscous, heat conducting liquid (water). Steady,
laminar natural convection at moderate Rayleigh numbers (Ra  106) was considered. The lid of the cavity was
practically isothermal (metal), whereas the other ve walls made of 2mm thick glass or 8mm thick plexiglas were not
truly either isothermal or adiabatic. The box was immersed in an external water bath of a constant temperature.
Due to forced convection in the bath it can be assumed that the temperature at the external surfaces of the box was
constant. The heat uxes into the box through the sides and bottom, as well as out through the lid are responsible
for the generation of the ow. An attempt was therefore made in our computations to model this \leakage" of
heat into the test uid. The lid temperature and the temperature of the the external uid were used to de ne the
Rayleigh number for the problem.

2. Experiment
For the ow visualization the seeding with thermochromic liquid crystals was used. It allowed instantaneous measurement of the velocity and temperature elds in two dimensional cross-sections of the cavity. Two digital methods
employing Particle Image Velocimetry and Particle Image Thermometry techniques were used for this purpose [2]. A
novel tomographic technique using Digital Speckle Holographic Interferometry was used to obtain three dimensional
temperature elds [3]. To visualize the ow structures, paths of the individual tracers have been followed using
multiexposure.

3. Numerical
A numerical simulation of the problem was performed using a nite di erence vorticity-vector potential formulation
of the Navier-Stokes and energy equations. A modi ed version of the 3-D numerical code FRECON3D [4] has been
used. It is a relatively robust, false transient solver allowing quick generation of the steady state solutions, ideal
for parametric studies like the one described. In the computational modelling several approaches were adopted to
simulate as closely as possible the physical experiment. Speci cally, the Thermal Boundary Conditions (TBC) for
the non-isothermal walls have been either computed using the 1-D or 3-D modelling of the heat ux through/along
these walls. In the rst 1-D TBC approach an arbitrary temperature, a speci ed heat ux or a speci ed heat transfer
coecient on each of the six surfaces of the box was imposed in calculations. The general form of non-dimensional

conditions for the temperature  at the inner boundary was used:
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The constants a; b and c were varied to specify the boundary condition existing in the experiment.
In the 3-D TBC case the additional energy equation for the physical walls has been incorporated into the
numerical model, and the coupled uid-solid heat conduction problem was solved.
Solutions were obtained using a 61  61  61 uniform mesh.

4. Results
The ow visualisations have shown the existence of a complex spiralling structure transporting uid up along the side
walls and down in a central cold \jet" along the cavity axis. For high heat conducting walls (glass) eight symmetric
cells were created by the ow. For plexiglass walls additional small recirculation regions appeared separating the
main cells. It was also found that disturbances of TBC at the lid-side walls connection could introduce generation
of small spiralling structures in the thermal boundary layer directly underneath the lid.
Although the computational results obtained for \idealized" 1-D TBC con rmed the eight fold symmetry of
the temperature and ow elds observed experimentally, their orientation was di erent. Also measured temperature
values were almost 30% higher than predicted. In the several computational runs TBC in (1) were step-wise
modi ed so as to give better agreement with measured temperature pro les. It was found that such agreement could
be obtained by assuming nearly twice as much heat ux through the side walls as the nominal value calculated from
the physical characteristics of the side walls. It indicated that the heat ux along the side walls, neglected in (1),
e ectively increases the heat transfer from the external medium. The di erences between observed and calculated
ow patterns remained even after such arbitrary modi cation of TBC. Consequently calculated streamlines starting
in the diagonal symmetry plane spiraled in the opposite direction of that observed in experiments. Especially, for
\thick" plexiglas walls TBC could not be properly modelled using a 1-D assumption about the heat ux.
Physically it is possible for a ow pattern with the opposite sequence to develop, that is spiralling inwards in
the central plane and outwards on the diagonal plane. Therefore only slight change of the TBC may modify the ow
pattern. This was observed by replacing the side walls of low conductivity plexiglas by thin glass walls.
The numerical simulations performed for both cases using the 3-D model for wall heat conductivity con rmed
the triggering mechanism of TBC on the observed ow pattern. Inclusion of the side walls in the computational
domain and solving the coupled uid-solid heat conduction problem improved agreement with the observed ow
pattern. Also the observed temperature distribution as well as its symmetry were fully recovered in the numerical
results. It was only as a result of the use of both experimental and numerical methods that the ne structures of the
thermal ow were understood fully. This is due to the diculties in predicting changes of the ow pattern, which
are triggered by a minor modi cation of the thermal conditions at usually idealized \side walls".
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