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Liquid-liquid systems in contact with solids often give rise to the formation of liquid 
bridges. Such geometries generated by fluids are exploited in a variety of scenarios 
ranging from specialized rheometers to silicon crystal production. The presence of 
immiscible fluid-fluid interfaces and thermal, solutal or electric field gradients cause 
such systems to exhibit Marangoni effects. In the present study, we have chosen a 
capillary bridge of water bounded by two solid insulated discs surrounded by silicone 
oil. This liquid bridge has been subjected to a heater or cooler ring around it. We study 
the fluid dynamics and heat transfer due to the ring for different heater/cooler 
locations. We observe drastic differences between heater and cooler configurations in 
terms of the maximum interfacial velocities, net heat transferred to the bridge and 
location of the stagnation points. Flow and bridge shape is seen to be more stable in 
the cooler ring cases. Anomalous results for heat transfer rate, interface deformation 
and circulation patterns are obtained in the heater configuration for larger height to 
radius ratios. Moreover, when the heater/cooler ring is placed close to the solid discs, 
anomalous dynamics is observed. 
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1. Introduction 
 

Liquid bridges appear when a pocket of a fluid is trapped between solids in the presence of 
another immiscible fluid. Such a scenario may appear in several industrial as well as natural settings, 
such as underground oil recovery [1], packed- bed reactors [2], and binder-jet printing [3]. Liquid 
bridge geometry offers a way for two immiscible fluids to coexist within a porous solid.  Several 
analytical studies have been conducted in the past to derive the shapes of the liquid bridges as   well 
the forces that are applied by the bridge [4, 5]. In most of the practical situations, often there are 
thermal or solutal gradients present in the system which cause the Marangoni forces to play a role in 
the dynamics of the liquid bridges. Marangoni forces may cause delayed coalescence of droplets on 
a pool [6], or cause an otherwise partial coalescence to convert to a total coalescence [7]. Moreover, 
thermal gradients may deteriorate the crystal quality in a float-zone process [8]. Therefore, 
Marangoni forces in liquid bridges with gravitational effects require a detailed investigation. Most of 
the earlier studies have focussed on cylindrical liquid bridge geometries without considering the 
interface deformation [9], which limits the applicability of such studies to low Weber  number 
regimes.   In the presence of gravity, the liquid bridge may itself   be vertically asymmetric for larger 
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volumes, and the Marangoni convection in such a geometry may be very different as compared to 
that in a cylindrical one. In this work, we study the effect of a heating and a cooling ring on a capillary 
bridge of water surrounded by silicone oil (10 cSt) and bounded by two discs on top and bottom. We 
investigate the effect of heater/cooler position and bridge aspect ratios on the fluid flow and heat 
transfer in this system. 
 
2. Materials and Methods 
 

A cylindrical capillary bridge made of water (merck-millipore) held between a top and a bottom 
insulated disc is allowed to deform under gravity in the presence of a 10 cSt silicone oil. A schematic 
diagram of the system with various dimensions is shown in Figure 1. The geometrical and flow 
parameters are similar to the ones considered in our earlier work [10]. The values of these parameters 
are mentioned in Table 1. An initial temperature difference, ∆T◦C is set up between the heater/cooler 
ring and the liquids, wherein, the positive and negative values of ∆T indicate a heater and a cooler 
configuration, respectively. The location of the ring, zq is changed in order to study its effect on the 
flow dynamics and heat transfer.  A cylindrical coordinate system (r, θ, z) has been used to solve the 
governing equations for this system, with the z axis being the axis of symmetry. The gravity acts in 
the downward (_z) direction. A one-fluid formulation has been employed to solve the mass, 
momentum and energy conservation equations for an incompressible fluid [7]. 
 

                                                                                                                                                      (1) 
 

 
Fig. 1. Schematic diagram of a liquid bridge showing various dimensions. The dash-dotted 
line represents the axis of azimuthal symmetry, and the dashed lines show the fluid domain 
boundary. The horizontal, solid, top and bottom lines represent the solid discs, and the 
heater/cooler ring is shown by the circles outlined in red color 

 

                                                      (2) 
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             (3) 

               (4) 
 
wherein, u, p and T are velocity, pressure, and temperature in the entire domain, respectively; t 
denotes time. F represents a combination of the normal interfacial tension force and the tangential 
thermocapillary force, defined as (δ (x  - xi)σ (T )κn +δ (x - xi)∇sσ (T )), where, δ (x - xi) is the Dirac-delta 
function, where xi is the position vector of the interface; n is the unit normal to the interface pointing 
towards fluid ‘2’; the interface curvature, κ = ∇ n; ∇s denotes the surface gradient operator; o denotes 
the interfacial tension coefficient, which is a function of temperature.  The density (ρ), viscosity (µ) 
and thermal diffusivity (α) are considered to be linear functions of the volume fraction, c, as follows, 

 

           (5)

           (6) 
 

where, the densities ρ1 and ρ2 are expressed as ρ10 {1  -  γ1(T  -  T1)}   and ρ20 {1  -  γ2(T   -  T1)},  
respectively,  wherein T1 = 25◦C; γ1 and γ2 being the coefficients of thermal expansion, and ρ10 and ρ20 
are the densities at room temperature for the fluids ‘1’ and ‘2’, respectively. Similarly, µi and αi (for i 
= 1, 2) are the viscosities and thermal diffusivities for fluid ‘i’, with the functional dependence of the 
viscosities on temperature similar to that considered in our earlier work [7]. The interfacial tension, 
σ is assumed to satisfy the following dependence on temperature, 
 

            (7) 
 
Where 

  
 

We employ no-slip and no-pore boundary conditions for velocity at the top, bottom, and the 
heater/cooler ring boundaries, whereas, a neumann condition for pressure is imposed at these 
boundaries. A neumann condition for temperature is imposed at the top and the bottom boundaries, 
while a dirichlet condition, equal to the ring temperature, is imposed at the heater/cooler ring 
boundary when the heater/cooler is switched on. The numerical method employed here as well its 
grid convergence and validation study is detailed in our earlier work [10] and the references therein. 
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Table 1 
Geometrical and flow parameters considered for the 
simulations in the present work 

Parameter Value 

L 2(2/3) cm 

W 8 cm 

R 2(−1/3) cm 

WR R + 0.2 cm 

g 9.8 ms−2 

ρ1 997 kg/m−3 

µ1 8.89×10−4 Pa.s 
α1 1.46×10−7 m2.s−1 
γ1 2.5×10−4  ◦C−1 
ρ2 950 kg/m−3 

µ2 9.5×10−3 Pa.s 
α2 9.34×10−8 m2.s−1 
γ2 1.07×10−3  ◦C−1 
σ0 0.041 N.m−1 

σT 6×10−4  N.m−1.◦C−1 

 
3. Results and Discussion 

3.1 Effect of Ar 

 
We consider liquid bridges of three different aspect ratios in this work, i.e. Ar = 0.5, 1 and 2. It is 

to be noted that there is an upper limit to the aspect ratio for which a liquid bridge may remain stable 
under gravity. The values considered in this work yield stable liquid bridges.  Figure  2 shows the 
temperature contours and velocity vectors for the three aspect ratios at t = 10s for the cooler and 
the heater configurations in the left and the right coloumns, respectively. The cases with the lowest 
bridge aspect ratio, i.e. Ar = 0.5, are expected to have lesser gravitational/buoyancy effects. 
Therefore, we expect the behaviour near the center of the interface to be similar to the one of the 
zero gravity cases. When there is no gravity, the flow is expected to be symmetric about the central 
horizontal plane. Moreover, the interfacial flow is expected to be directed towards the central plane 
and away from the central plane for the cooler and the heater configurations, respectively. These 
different flow patterns cause the outer liquid to be pulled towards the interface and repelled from 
the interface for the heater and the cooler configurations, respectively [10].  This is also visible in 
Figure  2, the heater case with Ar = 0.5, where the hot outer liquid is seen to be attracted towards 
the liquid-liquid interface.  Such an observation is also made for Ar = 2.  As the aspect ratio is 
increased, the gravitational effects are more prominent.  Due to this, the liquid bridge no longer 
remains in a right cylindrical shape and exhibits a concave and a convex shape in the upper and lower 
halves of the domain, respectively. 

To understand how the flow evolves in the liquid bridge over time, we plot the interfacial velocity 
extremes, i.e. minimum and maximum, for the abovementioned cases in Figure 3. We observe that 
all the cases reach a quasi-steady state by approximately t = 10s. The heater cases show a higher 
interfacial velocity, in general. This may also cause an increased overall convection, leading to a higher 
heat transfer in the presence of a heater as compared to that for a cooler. For the heater configuration, 
the extreme interfacial velocities are significantly higher in magnitude when there is no gravity as 
compared to the cases when the gravitational force is taken into account. This implies that, when the 
heater is present midway between the two discs, the Marangoni forces geenrated on the interface 
are opposed by the buoyancy forces to some extent. This may be understood by recalling the fact that 
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the buoyancy and Marangoni forces oppose each other in the lower half of the domain in the heater 
cases. On the other hand, the cooler cases do not show such a drastic difference between the 
maximum interfacial velocities of cases with and without gravity. In the cooler configuration, the 
gravitational force pulling the colder liquid and the Marangoni force in the bottom half of the domain, 
act in the same direction. Therefore, the minimum (downward) interfacial velocity has a higher 
magnitude for the case with gravity. In the upper half of the domain, the flow is governed mostly by 
the Marangoni forces in the cooler configuration.  

Despite it appearing intuitive that heater and cooler configurations produce similar but opposite 
flow and heat transfer, we observe that there are significant dissimilarities between the two 
configurations. Now, we move to the study of the effect of the heater/cooler ring position, zq, as it 
may give more insights into the differences and similarities between a heater and a cooler 
configuration for different heater/cooler locations. 

 

 
Fig. 2. Temperature contours and streamlines for (a) Ar = 2, (b) Ar = 1, 
and (c) Ar = 0.5. The left and right coloumns show the plots for the heater 
and the cooler configurations, respectively 

 

 
Fig. 3. Plots showing the time evolution of the maximum (upward) and the minimum 
(downward) velocity on the interface for heater and cooler configurations with (g ≠ 
0) and without (g = 0) gravity 
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3.2 Effect of zq 

 
To understand the effect of the heater/cooler location we plot the maximum and minimum 

interfacial velocities for Ar = 2, and different heater and cooler locations in Figure 4. We make the 
following observations for the heater configuration. For most of the zq values, the interfacial velocity 
attains a quasi-steady state. The maximum interfacial velocity, u f ,max, is highest for zq = 0.1L and 0.3L. 
As the heater is lowered, u f ,max tends to decrease, and u f ,min appears to increase, with some 
exceptions. This general trend is expected due to the opposing buoyancy force becoming stronger as 
the heater is lowered. In general, the interfacial velocity for the heater cases is much higher than that 
for the comparable cooler cases. The interfacial velocity shows a highly unsteady behaviour for the 
early time, especially in the heater cases. Moreover, the cooler cases attain a quasi-steady state much 
earlier than the corresponding heater cases. In this respect, zq = 0.9L is an exception, which may be 
attributed to the interface shape and wall effects. As shown in Figure 2, the interface shape near the 
upper disk is concave, whereas it is convex near the lower disk. This causes an asymmetry in the 
convection and heat transfer rates between the equivalent heater and cooler cases when the heater 
is near the bottom disk and the cooler is near the top disk. We observe the the extreme interfacial 
velocity for the cooler position zq = 0.1L, 0.7L and 0.9L. It has been observed that the heat transfer 
to/from the liquid bridge is directly related to the fluid flow, which is represented by the interfacial 
velocity. We have observed (not shown here), that the net heat transfer attains an asymptotic value 
for all the cases. For the heater cases, the net heat transfer to the bridge is larger than the heat 
transfer from the bridge in the cooler cases. The trend of the net heat transfer with the ring location 
is similar to that for the extreme interfacial velocity. 

 

 
                                                                            (a)                                                    (b) 

Fig. 4.  Comparison of uz vs.  r at different locations of (a) heating (zh) 

and (b) cooling (zc) ring for ∆T = 50◦C and Ar = 2 at t = 20s. The fluid 

properties are as mentioned in Table 1 
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4. Concluding Remarks 
 

A capillary bridge bounded by two parallel disks in a silicone oil-water system is subjected to a 
heater/cooler ring around it. The resulting flow and heat transfer is analyzed via two-dimensional 
axisymmetric simulations incorporating thermo- capillary effects. The effects of the bridge aspect 
ratio and the heater/cooler location have been studied. A fundamental difference between the 
heater and cooler configuration is observed even without the presence of gravity. The hot outer fluid 
is attracted towards the interface and the cold outer fluid is repelled from the interface in the heater 
and the cooler configu- rations, respectively. As the bridge aspect ratio is increased, the gravitational 
forces dominate the dynamics. In general, the convection and heat transfer in the heater 
configuration is significantly higher than that for the cooler cases. 

Cooler configurations exhibit a lower interfacial velocity magnitude as compared to that for the 
heater cases. A bigger, upper recirculation zone is observed in the cooler configuration for all cooler 
locations. The convection has an impact on the heat transfer. The net heat transfer to the liquid bridge 
is almost equal in magnitude for the lowest heater position and the highest cooler position. However, 
the net heat transfer falls much more rapidly with respect to the cooler position, when it is lowered, 
as compared to the heater position when it is moved upwards. The minimum net heat transfer to the 
inner liquid is shown by the heater case for zq = 0.7L, whereas this occurs at zq = 0.5L for the cooler 
configuration. This is attributed to the shape of the liquid bridge which causes a sudden change in the 
convection pattern at t 8s for zq = 0.5L, in turn increasing the heat transfer rate significantly. 

The results presented in this study show differences and similarities between the flow and heat 
transfer dynamics in liquid bridges which are heated or cooled using a surrounding ring. We hope that 
this will inspire further work for industrial scenarios where the heat transfer to the bridge is 
important. Moreover, three-dimensional studies are crucial to test the applicability of the 
axisymmetric results for the flow regimes considered in this work. We intend to pursue this task in a 
future work. 
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