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Abstract - Surface tension and buoyancy-driven convection in a fluid cell filled with 10 cs silicone oil is studied 
experimentally and numerically. The experiments are carried out with a facility equipped with two "surface heaters" and two 
"bulk heaters" controlled independently by circulating water from four independent thermostats. The diagnostic system consist 
of a thermographic visualisation system based on an infrared thermocamera (a thermocamera with wavelengths 8-12 mm has 
been employed that does not make the silicone oil transparent allowing thus a direct investigation of the surface behaviour of 
the temperature field) and of a videocamera that captures images of different vertical planes, illuminated with a 1mm thick light 
sheet. A PIV (particle image velocimetry technique) is used to obtain the velocity field. The complex three-dimensional flow 
structure, due to the combined effect of buoyancy and Marangoni flow is, investigated by three-dimensional, time-dependent 
numerical solutions of the model equations and by on ground experimentation. The field equations are numerically solved with 
three-dimensional control volume methods in a staggered uniform grid.  The numerical results, in agreement with the 
experimental ones, show that the flow field structure may be very complex depending on the presence and relative orientation 
(parallel or antiparallel) of the surface and bulk temperature gradients. In the case of concurrent buoyancy and Marangoni 
effects a complex three-dimensional flow and temperature pattern arises, showing the existence on the free surface of 
“temperature fingers” protruding from the hot side toward the cold side of the interface. The numerical and experimental 
analyses show that the number of spots is related to the value of the applied temperature gradients. 
 

 

1. Introduction 
The importance of surface tension-driven 
(Marangoni) convection in different configurations 
(liquid bridge, open cavity, etc.) has been pointed 
out since the beginning of the Space utilization, 
motivated by the possibility to improve crystal 
growth and Material Science processes in 
Microgravity environment.  Even though the initial 
studies on liquid systems with free surfaces were 
aimed at applicative researches, today the main 
objectives of the experimentation (on ground and in 
microgravity) is the understanding of the complex 
phenomena that take place in the presence of 
temperature gradients.  From the experiments it is 
known that there are two types of convection that 
can arise in a liquid zone with a free surface in the 
presence of temperature gradients: buoyancy and 
surface tension-driven convection.  On the earth 
buoyancy convection arises, in the presence of the 
gravity field, due to density gradients induced by 
temperature differences applied to the liquid zone.  
In the microgravity environment provided by drop 
shaft or drop towers, sounding rockets or space 
stations, or in microscale experimentation (if the 
liquid volume is small enough) Marangoni flows, 
induced by the temperature dependence of the 
surface tension along the free surface of the zone, 
prevail over buoyancy convection.  
Typically Marangoni convection is a surface 
phenomenon and is confined to regions near the 

free surface, whereas buoyancy drives fluid motion 
in the bulk of the specimen. Buoyancy forces are in 
fact "volume" driving actions, whereas Marangoni 
stresses are "surface" driving actions. 
In normal gravity conditions and in the presence of 
free surfaces, Marangoni and buoyancy convection 
may interact in a very complex way.  
In recent years the availability of  super-computers 
and the development of efficient numerical 
methods gave the possibility to study the problem 
by direct numerical solution of the three-
dimensional Navier Stokes equations. This is 
particularly true for large Prandtl number liquids 
and large Marangoni numbers, due to the presence 
of very thin boundary layers that require a large 
number of computational grid points and 
consequently a large number of unknown variables. 
In fact, coarse grids cannot be used because a low 
resolution does not permit to predict the very 
complex flow due to the coupling of buoyancy and 
Marangoni effects. For these reasons, grid quality 
and computation speed are "critical factors" for the 
study of these problems. The complexity of the 
flow field (in many cases three-dimensional and 
time-dependent) and the large number of 
parameters involved require very accurate 
numerical codes able to predict the behaviour of the 
system and very fine experimental techniques. 
Previous experimental and numerical studies [1-8] 
have been mainly focused on the Marangoni and 
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buoyancy convection for the shallow cavity 
problem (low aspect ratio). Following Schabe and 
his co-workers [9], in this paper, the problem 
related to the "coupling" of Marangoni and 
buoyancy forces in a cavity of unitary aspect ratio 
is investigated for different boundary conditions 
using ad-hoc-developed three-dimensional 
numerical codes and from the experimental point of 
view through a PIV technique and an infrared 
thermocamera.  
 
2. EXPERIMENTAL CONFIGURATION 
 
The geometry of the problem (see fig.1a) is a 
rectangular liquid volume (Lx=Lz=L=5 cm, eight 
Ly =7.5 cm  and a square cross section 5 cm x 5 
cm) filled by liquid with a free flat surface.  
The bottom wall and the windows in front and 
behind are made of a material (Perspex) with a very 
low thermal conductivity, to reduce the heat 
exchange to the ambient. Each vertical wall is split 
in three parts: a copper wall (eight H=5 cm), 
adjacent to the volume liquid, is thermally insulated 
from an upper copper wall (eight h=5 mm) by a 
slab of Perspex 2 cm high. The temperatures Ti (i 
=1,2,3,4)  of the four copper walls (T1 and T3 at the 
left side and the opposite T2 and T4 at the left side) 
are controlled independently by circulating water 
from four independent thermostats. The "surface" 
heaters at temperature T1 and T2 are thermally 
insulated from their corresponding "volume" 
heaters at temperature T3 and T4.  The thickness of 
the surface heaters is 5 mm thick to generate a 
temperature gradient (between T2 and T1) parallel 
to the free surface in a thin layer of liquid only.  
In this configuration the liquid is subject to 
temperature gradients parallel and perpendicular to 
the free surface. The gradient parallel to the free 
surface generates a surface tension gradient that 
forces the free surface to move; the gradients 
perpendicular to the free surface are responsible of 
the buoyancy forces that generate motion in the 
bulk. It is obvious however that the tension forces 
on the free surface will have some influence on the 
convective structure in the bulk and viceversa the 
buoyancy driven roll in the bulk will influence the 
flow on the free surface. The aim of the present 
paper is the study of the high complexity of the 
flow due to the coupling of buoyant and surface 
tension forces for different conditions. The present 
configuration, in fact, allows the buoyant forces to 
be varied independently from the Marangoni 
forces. This is achieved by the application of a 
temperature gradient along the free surface which 
could be different from that in the bulk; in this way 
one may vary almost independently 1) the 
magnitude and direction of the buoyant convection 

effects, measured by the appropriate Rayleigh 
number: 

Ra = 
g T HT H
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   (1a) 

And 2) the Marangoni convective effects, measured 
by the appropriate Marangoni number: 

Ma = 



T LT L
   (1b) 

where g is the acceleration of gravity, L(T2-
T1)and H (T4-T3) are the temperature differences 
between the surface and bulk heaters, respectively, 
H is the height of the bulk heaters, L the length of 
the free surface, T the thermal expansion 
coefficient,  the kinematic viscosity,  the 
dynamic viscosity and  the thermal diffusivity. 
The gradients Land H can be applied both 
parallel in the bulk and along the free surface, or 
antiparallel, or one can be set equal to zero (i.e. L 
0and H =0 or viceversa). 
The liquid used in the experiments is Silicone oil 
with a kinematic viscosity of 10 [cs] (Pr=105), that 
exhibits a clean (not contaminated) liquid-air 
interface, with well known thermo-physical 
properties (particularly the surface tension 
derivative with temperature). 
The flow field is visualized by tracers (density 
matched ecospheres) in different vertical planes, 
illuminated with a 1mm thick light sheet, and on 
the free surface. A PIV (particle image velocimetry 
technique applied to the tracers motion, recorded 
using a video-camera and a video recorder) is used 
to obtain the velocity field . 
An infrared thermocamera (Agema 900) is used to 
detect the temperature distributions on the free 
surface. The thermocamera sensor operates in the 
infrared 8-12 [m] band, which allows one to 
perform accurate temperature measurements since 
the used liquid is opaque in this infrared band.  
This method was pionered by Monti et al. [10] who 
were the first to apply this technique to the free 
surface of a liquid. The possibility of detecting and 
evaluating the free surface temperature distribution 
of a liquid exhibiting Marangoni flow by means of 
thermography was analyzed from a theoretical 
point of view by Monti et al. [11].  
 

3. MATHEMATICAL MODEL 
AND NUMERICAL METHOD 

3.1 Physical and mathematical model 
 
The liquid is assumed homogeneous and 
Newtonian, with constant density and transport 
coefficients. The liquid-air interface has a surface 
tension  exhibiting a linear decreasing 
dependence on the temperature: 



 

 

14
  = o - T(T-To) where o is the surface 
tension for T=To; T is the negative rate of change 
of the surface tension with temperature (

T
=- 

d/dT > 0).   
The Boussinesque approximation is used to model 
the buoyancy forces. 
With the above assumptions the flow is governed 
by the continuity, Navier-Stokes and energy 
equations, that in non-dimensional conservative 
form read :  
 
  V 0     (2) 
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where V, p are the non-dimensional velocity, 
pressure and T is temperature measured with 

respect to the initial temperature To (T = T TO ) , 
Pr is the Prandtl number, defined by Pr=/. The 
non-dimensional form results from scaling the 
lengths by L and the velocity by the energy 
diffusion velocity V =/L; the scales for time and 
pressure are, respectively, L2/ and  2/L2.  
 
3.2 Initial and boundary conditions 

 
The initial conditions read:                    
 t=0:   V (x,y,z= (x,y,z= 0    (5) 
 
For  t > 0, the boundary conditions (see Fig.1a) are 
the non-slip conditions on the walls, the condition 
of prescribed temperatures on the copper surfaces, 
the adiabatic condition on the Perspex walls, the 
kinematic condition of stream surface (zero normal 
velocity), the Marangoni conditions (shear stress 
balance) and the adiabatic condition on the free flat 
interface.  
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3.3 The numerical method 

The equations (2-4) subjected to the initial and 
boundary conditions were solved numerically in 
primitive variables by a time-explicit control-
volume method (SMAC method).  
The computation of the velocity field at each time 
step has been split into two substeps. 
a)  In the first, an approximate velocity field V* 
corresponding to the correct vorticity of the field, 

but with   V* 0, is computed at time (n+1) 
neglecting the pressure gradient in the momentum 
equation b) In the second substep, the pressure field 
is computed by solving a Poisson equation resulting 
from the divergence of the momentum equation 
with the help of the continuity equation: 
Finally, the velocity field is updated using the 
computed pressure field to account for continuity  
The SMAC  method is based  therefore on a 
"splitting" of the momentum equation 

n
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Vn V t Pn    1     (8b) 
and on the introduction of the equation obtained 

imposing  divVn1=0 : 

            V V t P P
t

Vn n n1 2 20
1


     (8c) 
For further details on the numerical method see 
Lappa and Savino [12]. 
The threedimensional domain has been discretized 
with a uniform mesh (see Fig 1b) and the flow field 
variables defined over a staggered grid. Due to the 
geometry of the problem (Lx=Lz=L=5 cm, Ly=7.5 
cm=1.5L ) 30 points have been collocated in the x 
and z directions and the number of points has been 
increased to 45 in the y direction in order to have 
the same numerical accuracy as for x and z. This 
discretization implies a mesh having about 4x104 
polyhedrons, each corresponding to a cubic cell 
having sides x=y=z. Each computation 
required a cpu time of the order of 30 cpu hours on 
a Digital Alphastation 433 MHz. 
Forward differences in time and "quick" (upwind 
second order accurate) schemes in space were used 
to discretize the partial differential equations. The 
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quick scheme was used in order to adequately meet 
the features of the Marangoni boundary layer near 
the free surface and of the thermal boundary layers 
near the heating walls characterized by extremely 
steep gradients of velocity and temperature 
respectively. 
 
 

4. RESULTS 
 
This paragraph describes the experimental and 
numerical results for the different configurations of 
interest, depending on the sign of the applied 
surface and bulk temperature gradients.  
Four different "basic" configurations" have been 
considered: 1) H>0 L>0Marangoni and 
buoyant flows concurrent; 2) H>0 L=0 (no 
imposed surface temperature gradient); 3) H>0 
L<0Marangoni and buoyant flows 
counteractingH=0 L>0 (no imposed bulk 
temperature gradient and only surface tension 
forces driving the convection). 
Figures 2a-c show the stream-lines of the motion 
and the vector plots in the case H L=15K, 
when the surface and bulk temperature gradients 
are concurrent. The flow field organization mainly 
consists of a combined convection roll around the 
whole cavity driven by the joint action of surface 
tension and buoyancy forces.  
The convection roll is extended over the entire 
depth of the rectangular volume; a surface tension 
driven roll is present with its own recirculation in 
the upper third of the liquid zone and a buoyancy 
driven circulation around the whole cavity. The hot 
fluid adjacent the heated wall at temperature T4 in 
the bulk (see Fig.1a) is carried toward the free 
surface at a rather high position by the buoyancy 
forces (due to the fact that T2<T4) and then 
accelerated by the Marangoni surface forces 
towards the cold wall at temperature T1<T2. When 
the fluid reaches the surface heater at temperature 
T1, since T1<T3, it is cooled and accelerated 
downwards again in the bulk by the buoyancy 
forces. This explains the convective structure 
visible in the mid-plane of the rectangular cavity. 
However, it should be underlined that in this case 
the presence of a destabilizing vertical temperature 
gradient (T4-T2>0) is responsible for a complex 
three-dimensional flow pattern (Figs. 3a-d). 
The hot fluid heated by the wall at temperature T4  
is carried towards the free surface (see Figs. 3c-d), 
and gives rise to "hot spots" that can be observed 
directly near the hot side of the free interface. Due 
to the surface forces that accelerate the fluid from 
the side at temperature T2 to the side at temperature 
T1, these spots are stretched resulting in the 
presence of “temperature fingers” protruding from 

the hot side toward the cold side of the free 
interface (see Figs. 3, a: numerical, b: experimental,  
where six different temperature spots are visible on 
the free surface). 
If L=0, the three-dimensional convective 
structure and the presence of surface hot 
temperature spots is still evident. However due to 
the reduced surface flow (in this case no surface 
temperature gradient is directly imposed) the 
extension of the spots is reduced with respect to the 
case of L>0. Figs. 4a-c show in fact that the 
surface flow is weakened with respect to the case 
L>0 and that the center of the vortex (for L>0 
spreaded on the entire free surface) is confined near 
the hot corner (T2). 
An analysis carried out considering different values 
of the temperature gradient imposed in the bulk 
(H) has shown that for L=0 the number m of 
the surface spots is function of the parameter H. 
For H=2.5 K there are two spot on the free 
surface, three spots for H=5 K, four spots for 
H=10 K, five spots for H=15 K and six spots 
for H=20 K (see Figs. 5-9). However, since for 
H=15 K, the number of spots is m=6 in the case 
L=15 K and m=5 in the case L=0, it can be 
argued that a general dependence law for m should 
take into account both H and L i.e. m=f(H, 
L). 
When the surface temperature gradient is reversed 
(L<0), Marangoni and buoyant forces become 
opposing, a surface tension-driven roll appears in 
the upper part of the cavity, counter-rotating with 
respect to the volume buoyancy-driven roll. Figs. 
10a-c show the velocity distribution and stream-
lines on the vertical mid-plane for TH= -
TL=15K. There is a fully separated surface tension 
driven roll in the upper third of the liquid zone 
rotating clockwise, whereas the buoyancy driven 
roll in the lower two thirds of the fluid volume 
rotates counterclockwise. In the contact region of 
the two rolls the flow has the same direction for 
both the rolls. 
In this case no surface temperature spots are 
evident. This behaviour can be explained by the 
fact that the hot fluid adjacent the bulk heater at 
temperature T4 cannot reach directly the upper free 
surface (where it could give rise to hot spots) due to 
the existence of the surface counter-rotating 
convective cell. The fluid adjacent the surface 
heater at temperature T2<T4 is accelerated 
downwards by the buoyancy forces and it does not 
allow the hot bulk fluid (near the bulk heater at 
temperature T4) to reach the surface directly. This 
hot fluid is carried out in the return flow between 
the two vortex cells.  
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Different situations may occur in the case H=0 
L>0 according to whether T1=T3 and T2>T4   or 
T1<T3 and T2=T4. 
In the case T1=T3 , T2>T4  a very thin Marangoni 
cell is confined near the free surface (see Figs. 11 a-
c) and the fluid in the bulk can be considered at 
rest. The influence of the buoyancy forces on the 
flow pattern is negligible and the flow is dominated 
by the Marangoni effect. The pattern is 
characterized by a full separation of the surface 
tension driven roll from the bulk and beneath it 
only induced convection rolls are present.  
The average temperature of the free surface 
(Tm=1/2(T1 + T2)) is significantly above T3=T4 . 
The mean temperature in the surface convection 
roll is higher than the mean temperature in the bulk 
fluid. Although buoyancy is not actively propelling 
convection, it is the reason for the observed 
separation. stabilizing hot liquid on top of colder 
(heavier) liquid. This separation should not occur in 
a microgravity experiment; there the pure surface 
tension driven roll should penetrate fully into the 
liquid.  
In the case T1<T3 , T2=T4 the flow pattern is more 
complicated (see Figs. 12a-c) and is characterized 
by the combined effect of buoyancy forces and 
surface tension forces: the hot fluid adjacent the 
surface heater at temperature T2 is carried towards 
the side at temperature T1 due to the surface tension 
forces. When the fluid reaches the cold side, it is 
cooled and accelerated downwards by the 
buoyancy effect. Due to the fact that the average 
temperature of the bulk fluid is greater than T1 , the 
buoyancy forces give rise to a secondary inner 
vortex with opposite sense of rotation that 
counteracts the cold fluid coming from the surface. 
The secondary buoyancy driven roll occupies the 
lower third of the liquid zone and it is placed near 
the bulk heater at temperature T3. In the contact 
region of the primary and of the secondary roll, the 
two rolls meet to generate the return flow.  
 

5. CONCLUSIONS 
 
A particular configuration has been designed in 
order to investigate the high complex flow due to 
the combined effect of buoyant and surface tension 
forces. The configuration, in fact, allows the 
buoyant forces to be varied independently from the 
Marangoni forces. This is achieved by the 
application of a temperature gradient along the free 
surface TL which could be different from that in 
the bulk TH . 
Four different "basic" configurations" have been 
considered: 1) H>0 L>0Marangoni and 
buoyant flows concurrent; 2) H>0 L=0 (no 
imposed surface temperature gradient); 3) H>0 

L<0Marangoni and buoyant flows 
opposingH=0 L>0 (no imposed bulk 
temperature gradient and only surface tension 
forces active in propelling the convection). 
The complicated convective structure due to the 
combined effect of buoyancy and Marangoni flow 
has been investigated by three-dimensional, time-
dependent numerical solutions of the model 
equations and by on ground experimentation. The 
field equations were numerically solved with three-
dimensional control volume methods in a staggered 
uniform grid. The experiments were performed 
with a thermographic visualisation system based on 
an infrared thermocamera to capture images of the 
free surface and on a videocamera capturing images 
of different vertical planes, illuminated with a 1mm 
thick light sheet. A PIV (particle image 
velocimetry) was used to obtain the streamlines. 
The numerical and experimental results have shown 
good agreement. The convective structure of the 
flow field is very complex and may be 
characterized by separated vortex cells depending 
on the  combined presence and relative orientation 
(parallel or antiparallel) of the surface and bulk 
temperature gradients. 
The behaviour and structure of the flow field have 
been accurately explained in terms of effect of 
thermal buoyant and surface tension forces on the 
fluid particles. In particular in the case of parallel 
temperature gradients the existence of hot 
temperature spots on the free interface has been 
underlined and the mechanism leading to this effect 
explained in detail. The number of spots has been 
found to depend on the values of the applied bulk 
and surface temperature gradients. 
 
Acknowledgements 
 
The authors wish to thank Dr. V. Tontodonato and 
Dr. D. Castagnolo of MARS Center for the help in 
the evaluation of the experimental data on the 
velocity field through a PIV technique. 
 
 
References 
 
[1] C. De Saedeleer, G. Chavepeyer, J.K. Platten;  
"Marangoni convection in a finite size rectangular 
container heated from the side", Proc. 
Hydromechanics and heat/mass transfer in 
microgravity. Perm - Moscow (Russia), 6-14 July 
1991, 149-152 
[2] P.M. Parmentier, V.C. Regnier, G. Lebon; 
"Buoyant-thermocapillary instabilities in medium-
Prandtl-number fluid layers subject to a horizontal 
temperature gradient", Int. J. Heat and Mass 
Transfer, 36, 2417-2425, (1993). 



 

 

17
[3] C. De Saedeleer, A. Garcimartin, G. 
Chavepeyer, J.K. Platten, G. Lebon; "The 
instability of a liquid layer heated from the side 
when the upper surface is open to air", Phys. 
Fluids, 8(3), 670-676, (1996) 
[4] Neitzel G.P.; "Control of oscillatory 
thermocapillary convection in microgravity", 
Second Microgravity Fluid Physics Conference 
NASA CP-3276, 21-26, (1994) . 
[5] M.K. Smith, S.H. Davis; "Instabilities of 
dynamic thermocapillary liquid layers. Part 1: 
Convective instabilities", J. Fluid Mech., 132, 119-
144, (1983) 
[6] H. Ben Hadid, B. Roux; "Buoyancy and 
thermocapillary-driven flows in a shallow open 
cavity: unsteady flow regimes", J. Crystal Growth 
97,  217-225, (1989). 
[7] P. Tison, D. Camel, I. Tosello, J-J Favier; 
"Experimental and theoretical study of Marangoni 
flows in liquid metallic layers", Proc. 
Hydromechanics and heat/mass transfer in 
microgravity. Perm - Moscow (Russia), 6-14 July 
1991, 121-131 
[8] A. Bojarevics, Yu. M. Gelfgat, L.A. Gorbunov; 
"Three-dimensional oscillatory convection of the 
low Prandtl number fluid in a rectangular cavity 

with differential heating from the side 
(experiment)", Proc. Hydromechanics and 
heat/mass transfer in microgravity. Perm - Moscow 
(Russia), 6-14 July 1991, 69-74. 
[9] D.Schwabe, J. Metzger; "Coupling and 
separation of buoyant and thermocapillary 
convection", J. Crystal Growth 97, 23-33, (1989). 
[10] R. Monti and R. Fortezza, "Non-intrusive 
techniques for thermal measurements in 
microgravity fluid science experiments", Adv. 
Space Res., 6, 69-77, (1986) 
[11] R. Monti and R. Fortezza,, "Microgravity and 
thermography", Proceedings of the Workshop 
Advanced Infrared Technology and Applications,  
Italy, Capri, September 20-21 1993 
[12] M. Lappa and R. Savino; "Parallel solution of 
the three-dimensional Marangoni flow instabilities 
in liquid bridges"; Int. J. Num. Meth. Fluids, 31, 
911-925, (1999) 
[13] E. Bucchignani, D. Mansutti, "Numerical 
modeling of coupled/separated buoyancy and 
thermocapillary effects upon a 3D convection 
flow", V SIMAI Congress, Ischia Porto, 5-9 June  
2000, 408-411 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

18

H

L

L

H

Free

Surface

h

x

y

z

T4T3

T1 T2

 
Fig. 1a: sketch of the liquid zone and of the thermal boundary conditions 

 
 
 
 

 
Fig. 1b: mesh used for the 3D numerical computations 
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Fig. 2a-c. Velocity distribution and stream-lines in the vertical mid-plane for H L
 Vmax = 0.24 cm/s  (a,b numerical; c experimental)  
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Fig. 3a-b Temperature distribution on the free surface, for H L 
(a, numerical; b, experimental) 
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Fig. 3c-d Temperature and velocity distribution in the plane  x=4.5cm  (0.9y1.5) , for concurrent 
Marangoni and buoyancy effects (H L ) 
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Figs. 4a-c. Temperature, velocity distribution and stream-lines in the vertical mid-plane  for H 

andL Vmax = 0.20 cm/s (a,b numerical; c experimental)  
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                         Fig. 9a 
Computed temperature distribution on the free surface for L andH 2.5(Fig.6), H 
(Fig.6), H (Fig.7), H (Fig.8), H (Fig.9)  
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                         Fig. 7b                                                                          Fig. 8b 
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                         Fig. 9b 
Experimental temperature distribution on the free surface for L andH 2.5(Fig.6), H 
(Fig.6), H (Fig.7), H (Fig.8), H (Fig.9)  
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                      (a)                                                (b)                                               (c) 
 
Fig. 10a-c Velocity distribution and stream-lines in the mid-plane (z=2.5cm), for H -L 
Vmax = 0.17 cm/s  (a,b numerical; c experimental) 
 
 

        
                      (a)                                                (b)                                               (c) 
 
Fig. 11a-c Velocity distribution and stream-lines in the mid-plane (z=2.5cm), for H  L 
Vmax = 0.12 cm/s (a,b numerical; c experimental) 
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                      (a)                                                (b)                                               (c) 
 
Fig. 12a-c Velocity distribution and stream-lines in the mid-plane (z=2.5cm), for H  L 
Vmax = 0.21 cm/s (a,b numerical; c experimental) 
 

 


