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Abstract
An experimental and numerical study has been made of natural convection in
an open cavity. It was found that the presence of a free surface increases the hotcold asymmetry of the bulk flow. At the free surface, a very slow recirculation
was detected which appears to be decoupled from the main circulation in the
cavity. Using standard free-surface boundary conditions, numerical modelling
properly reproduced the bulk flow characteristics, but not the surface flow. A
novel kinematic representation of the surface layer enabled the experimentally
observed surface flow to be reproduced numerically.

1 Introduction
Free surface flow is attracting increasing attention due to new material
processing technologies such as laser welding, glass processing and the
growth of high purity crystals. However, relatively little experimental or
numerical work has been done for three-dimensional flows. Hence, our aim
is to examine the effects of the free surface on natural convection for the
popular bench-mark configuration, i.e. a differentially heated box. In
comparison with flow in a closed cavity, is this drastic change of
kinematic boundary conditions crucial for the overall flow structure? To
answer this question, experimental results have been gathered for both an
open and a closed cavity. The flow has also been modelled by a threedimensional numerical simulation using a finite difference method. We

suggest that a proper interpretation of the observed surface flow needs a
modification to the usual surface kinematic boundary conditions.

2 Problem Formulation
We consider convective flow in a cubical box filled with liquid. The origin
of a rectangular Cartesian coordinate system is located at the lower, back
corner of the cavity, with the y axis directed upwards; the hot and cold
walls are at x= 0 and x= 1, respectively. In the free-surface experiments,
the cavity was filled to y=0.9, leaving a gap of air above the surface. The
motion is driven by a temperature difference Th–Tc applied to two opposite
side walls of the cavity. The other four walls, made of plexiglas, are
theoretically adiabatic but in practice not so. To examine how the free
surface affects the flow structure, a parallel set of experiments was
performed in which the cavity was closed by an additional plexiglas plate
at y= 0.9, thus preserving the geometry of the flow domain. The
dimensionless characteristic parameters defining the problem are the
Rayleigh and Prandtl numbers: Ra= gß(Th-Tc)L3/κν, Pr= ν/κ. To account
for the effects of surface tension at the free surface, two additional nondimensional numbers characterise the problem, the Bond number
Bo= gρL2/σ and the Marangoni number Ma= γ(Th-Tc)L/κνρ. In the above
definitions g, L, κ, ß, σ, γ, ν and ρ denote respectively the gravitational
acceleration, cavity length, thermal diffusivity, coefficient of thermal
expansion, surface tension, surface tension gradient |∂σ/∂T|, kinematic
viscosity and density of the liquid.

3 Experimental Apparatus
Selected cross sections of the flow domain were illuminated by a light
sheet and observed by a high resolution 3CCD colour camera connected to
a three-channel frame grabber. The computer controlled system with step
motors allows automatic scanning of the flow domain and collection of a
3D picture of the flow within a short time. For flow visualisation, seeding
with thermochromic liquid crystals is used. This allows instantaneous
measurement of the velocity and temperature for 2D cross-sections of the
cavity, using Particle Image Velocimetry and Particle Image Thermometry
(Hiller et al.1). To obtain a better view of the flow structure, a series of
black and white images was also accumulated. The images were
superimposed to produce particle tracks.
The cavity is a 50 mm (internal) cube. Two opposing vertical walls of
aluminium were heated to different temperatures Th and Tc by temperature-

controlled water. The remaining walls are made from 8 mm thick
plexiglas. Initially both the isothermal walls and the liquid were at
temperature Tc. The flow was started by suddenly opening the inlet valves
to the heating passages in the hot wall. The temperature difference applied
was 3K or 5K (± 0.05K). The experiments were performed with the cavity
filled with several water-glycerol solutions, allowing a variation of
properties, especially the fluid viscosity. The liquid was observed to wet
the plexiglas walls, forming a small rising meniscus there. Its radius of
curvature was below 1 mm. The Rayleigh number corresponding to the
experimental conditions covered a range of 22,000–395,000 and the
Prandtl number was in the range 752–8,900. The Bond and Marangoni
numbers were 492 and 99–2,060 respectively. It follows that Ma/Ra ~
O(0.005) and thus thermocapillary and surface deformation effects are
negligibly small compared with the buoyancy effects.

4 Numerical Simulation
A numerical simulation of the problem has been performed using a finite
difference model of the Navier-Stokes and energy equations. We assume a
flat surface and the absence of thermocapillary flow. A modified version
of the 3D code FRECON3D (from UNSW) was used to simulate steady
flow. It uses the vorticity/vector potential formulation and, to enhance
convergence, incorporates the false transient method (Mallinson & de Vahl
Davis2). The equations are parabolised in time and their solution is only
correct in the steady state. For some simulations the Boussinesq
approximation was used, in which the density is assumed constant except
in the buoyancy term of the equation of motion. The thermal conductivity,
viscosity and specific heat of the fluid were also assumed to be constant. A
modified version of FRECON3D was also used to quantify the effects of
variable liquid properties (viscosity and thermal conductivity). Time
development of the flow pattern was simulated using the true transient
vorticity-vector potential code FREEZE3D (also from UNSW). A feature
of this code is the use of body-fitted coordinates, here used to test the
effects of surface curvature due to the meniscus. Most of the computations
were performed using a uniform 313 mesh, selected as a compromise
between accuracy and speed.
In each code, the implementation of the thermal boundary conditions
is sufficiently flexible to allow the imposition of an arbitrary
temperature, a specified heat flux or a specified heat transfer coefficient on
each surface of the box. The heat flux was estimated using heat transfer
theory applied to a thick wall of uniform conductivity next to an external

unlimited environment. Standard no-slip conditions were imposed on the
rigid walls. The free upper surface (y= 0.9) was assumed to be flat,
corresponding to a fluid with a contact angle of 90º. This assumption is
not very restrictive. Numerical tests modelling a 1 mm meniscus at the
contact line showed that such a small surface deformation does not affect
the flow structure. Hence, in all further simulations the effect of the
meniscus was neglected. The kinematic boundary conditions on the free
surface are uy = ∂ux /∂y =∂uz /∂y =0.

5 Results
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Figure 1. PIV measured velocity field at three cross-sections for closed
cavity (upper row) and free surface case (bottom row); steady state;
Ra=37,500, Pr=8,700.
Over 20 different experimental runs have been performed covering
different flow regimes (Ra = 22,500, 37,500 and 395,000) and upper
boundary conditions (solid and free), and for both transient and steady
flow. To get a better view of the flow structure, the steady results were
collected at up to 10 different vertical and horizontal cross-sections. To
explore possible effects of surface tension, a series of free surface runs
were repeated adding a small amount of surface active agent (Fotonal) to

the liquid. Finally, runs were conducted using pure water (Ra = 2×106),
observing mainly the flow pattern appearing at the free surface.
A common feature of all transient experiments is that the flow rising
up the hot wall reaches the top of the cell during the first few minutes. The
initially dominant conduction, characterised by vertical isotherms, is
gradually replaced by convection. The velocity field at the centre vertical
plane exhibits strong asymmetry, with the recirculation centre located
close to the hot wall. After about 5 minutes the effect of convection
becomes evident, accelerating fluid far from the hot wall. This behaviour
was only slightly affected by the presence of the free surface. Similar
images of the flow pattern are observed for the onset of convection for the
closed cavity1. The presence of a free surface increases both the vertical
and horizontal velocity components near the top hot corner of the cavity,
compared with the solid top wall. The temperature distribution indicates
that with a free surface, hot liquid penetrates much further along the
surface towards the cold wall. Hence, the maximum temperature gradient
at the top cold corner increases. Initially, faster penetration of hot liquid
creates a stagnation region in the lower part of the cavity. It takes almost
60 minutes for the whole pattern of isotherms to drift down to the steady
state configuration and fluid circulation fills the whole cavity. Compared
with the closed cavity, the initial development of the free-surface
temperature fields is faster, but the whole time scale for the onset of
convection does not change much.
Once steady flow is established in the cavity, the flow structure
shows a large spiralling motion, with the outer spiral transporting liquid
from the centre symmetry plane to the side walls and back to the core
along an inner spiral. Both particle visualisation and velocity fields
measured at horizontal cross-sections indicate the appearance of this
cross-flow. The presence of a free surface slightly changes this structure,
increasing the hot-cold asymmetry of the flow (Fig. 1). In addition, a very
slow circulation appears at the surface, consisting of a flow along the
centre of the surface from the hot towards the cold wall and a reverse flow
along the edges of the surface (Fig. 2). This surface flow appears to be
decoupled from the main circulation pattern in the cavity.
Compared with experimental results for the closed cavity, the main
features appearing due to the free surface are:
• The maximum horizontal velocity, which is located close to the top of
the cavity, is almost 50% higher; the maximum vertical velocity, which
is located close to the hot wall, remains almost unchanged.
• The onset of convection leads to an initial flow stratification, with the
main circulation limited to the upper part of the cavity. The stratification
gradually disappears.

• The interaction of the non-isothermal side walls with the main flow
slightly modifies the flow structure in free-surface conditions, shifting
the centre of circulation closer to the cold wall.
• Most significantly, a horizontal, apparently two-dimensional
recirculation appears in a thin surface layer. A surfactant added to the
fluid had no effect: the main flow structure and the anomalous
recirculation at the surface were unchanged.
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Figure 2. Steady state free surface flow pattern (y=0.9); (a) - 24
superimposed images taken every 20s, (b) - 100 images taken every 20s,
(c) - 25 images taken every 20s.
These experimental results were investigated numerically for both
closed and open surface conditions. Several computational runs were
performed with varying thermal boundary conditions at the non-isothermal
boundaries (adiabatic; with an expected convective heat flux; and with
overestimated and underestimated values), with different fluid properties
(Boussinesq and variable), and for all three experimental flow regimes (Ra
= 22,500, 37,500 and 395,000). The aim was to find flow parameters
crucial for the observed flow structures, and to examine hypotheses for
possible factors responsible for the recirculation observed at the surface.
Overall agreement between the calculated and measured general flow
characteristics is satisfactory. The temperature and velocity fields are
numerically well reproduced for both free surface and solid wall
conditions. Numerical particle tracking, which is the best tool for
investigating 3D flow fields, does not indicate any apparent influence of
the free boundary conditions on the spiralling flow structure. As with the
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Figure 3. Computed temperature and velocity fields for closed box (left)
and free surface flow (right). Transient state (top), steady state centre
plane (middle) and horizontal top plane (bottom); Ra=37,500, Pr=8,700.
closed cavity observations (Hiller et al.3), both bending of the inner spiral,
and merging of spirals are visible. A small asymmetry appearing in the
free surface flow (comp. Fig. 1b,e) is not reproduced by the numerical
model. This effect can be accounted for through changes in the heat

balance for the thick walls of the cavity, when hot fluid is no longer
touching the lid. Our previous investigations3,4 showed the high sensitivity
of 3D flow structures to small changes of thermal boundary conditions at
non-isothermal walls. To investigate such effects the numerical model
needs to solve the conjugate heat conduction problem for the solid walls.
However, the recirculating flow observed at the surface could not be
reproduced or explained by these calculations. As noted above, we
neglected thermocapillarity. This force would be directed along the main
flow direction and could only serve to slightly speed up the surface flow.
With standard kinematic boundary conditions at the surface, neither strong
variations of the heat flux at the non-isothermal boundaries (even beyond
realistic values), nor a relatively large variation of fluid viscosity could
produce the observed recirculation. Through numerical experimentation it
also became clear that neither a small surface curvature (meniscus) nor a
dynamic coupling between the air gap and the fluid below could induce
forces strong enough to reverse the flow at the surface.
5.1 A new surface layer model
The effect of surface tension on the hydrodynamics appears in a change of
the boundary conditions for the tangential and normal components of the
surface stress tensor. The idealised model of a liquid interface includes
several simplifications, not necessarily justified by physics. Knowing that
the liquid is composed of molecules in motion kept close to each other by
van der Waals forces of attraction, the liquid surface can be seen as a
region of non-equalised interactions. The energy of a surface molecule is
therefore higher than that of a molecule in the bulk fluid, and additional
energy must be used to move a molecule from the interior to the surface.
Modification of inter-molecular forces may extend over several molecular
layers adjacent to the surface. Due to their different mobility, the
macroscopic flow can also be affected (e.g. the phenomenon known as
surface viscosity). In most practical applications these effects can be
completely neglected.
However, to find a proper interpretation for the surface effects we
observed, we must extend the standard model of the liquid surface.
According to our hypothesis, the slow, low energy bulk circulation in the
cavity interacts with a free surface layer of finite thickness and access
energy. Hence, only molecules of sufficient kinetic energy may leave or
enter the free surface. Whether this surface layer is only several molecules
thick or whether it extends to a macro-layer is not known. It was not

visible when viewed from the side of the cavity, but was clearly visible
from above.
To explore this model, some numerical computations were performed
in which the free surface was represented as an impermeable but mobile
layer three nodes thick in which the vertical velocity component uy was
artificially suppressed. The bulk 3D motion below the surface drives a 2D
motion in the layer. To simulate the thin but finite thickness of this layer, a
non-uniform mesh was used with the three points located at dimensionless
distances of 0.00167, 0.00333 and 0.006 below the surface (compared
with a cavity depth of 0.9). These dimensions are far from the molecular
scale and were chosen only to ensure code stability. The kinematic
boundary conditions on the free surface, viz., uy = ∂ux /∂y = ∂uz /∂y= 0,
were applied at all nodes in the layer.

(a)
Ra=22,500

(b)
Ra=395,000

Figure 4. Temperature and velocity fields computed using the proposed
surface layer model. Top plane (y=0.9), steady flow.
Figure 4 shows the computed temperature and velocity fields for the
surface layer obtained for two flow conditions (Ra = 22,500 and
395,000). In both cases the recirculation is very similar to that in the
experiments. The mean flow velocity at the surface is an order of
magnitude lower that that in the bulk flow. The non-dimensional height of
the surface layer in the computational model is 0.006. Although this is
physically unrealistically thick, it is small enough to be both thermally and
dynamically negligible for the bulk flow field.

6 Concluding remarks
Both the experimental and numerical investigations indicate that the free
surface boundary condition has a relatively small effect on the bulk flow
structure. The main differences appear for both the velocity and
temperature fields in the upper part of the cavity. The numerical models
proved their ability to describe most of the experimental features. The
main result of this work is the empirical evidence of a two-dimensional
recirculating flow present at the free surface. The physical interpretation
of this flow is rather intuitive, exploring the idea of a molecular surface
layer. The structure and properties of surface monolayers are functions of
the molecular arrangement and their interactions. Surface active agents
may significantly modify the physical structure of the surface and hence its
mechanical properties. However, our experiments showed that there was
no effect on the anomalous surface flow. Absent any physical explanation,
the observed surface effect is nevertheless reproducible in our experiments
and presumably can be found in many other free surface flow
configurations. Hence, our present attempt to explore this phenomenon
through a computational model of a thin surface layer may be useful. Our
simple model does not pretend to describe the physics at the surface. For
this purpose, a reliable description of intermolecular forces for a given
physical surface structure must be known a priori, to provide values for
the surface access energy, surface viscosity, and molecular depth of the
layer. Our present aim is rather to indicate that the proper interpretation of
some free surface flow patterns may need a reassessment of the standard
boundary conditions.
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