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Abstract - Meniscus motion in a capillary tube is a very common 
type of flow in thermal management devices such as oscillating 
and pulsating heat pipes. It is well known, that the thin film 
deposited on the wall, which is due to liquid shear force, plays a 
major role in the heat and mass transfer of those devices. This 
study focuses on the hydrodynamics of this flow using a CFD 
axisymmetric model of a 1mm diameter capillary, with the 
approach of the volume of fluid (VoF). The CFD-VOF approach is 
tuned to capture the liquid film deposition from a receding 
meniscus at different constant velocities. Due to the high 
required grid resolution, the moving overset mesh technique is 
used. In doing so, a fine-meshed domain consists of meniscus 
slides over the background domain with a coarse mesh. By using 
this technique, the number of cells and computational time are 
reduced considerably in comparison with the regular meshing 
approach. With water as a working fluid, the numerical results 
for the liquid film thickness, at different velocities, compare well 
with experimental data from the literature. The simulations also 
show that at a higher capillary number, the axial location where 
the film thickness becomes constant moves away from the 
meniscus nose. The shear stress distribution indicates higher 
values near the meniscus compared to uniform film and liquid 
plug zones which is due to the interface curvature in this zone.  
Also, a recirculating flow was observed within the liquid film left 
behind the receding meniscus which could have favorable effects 
in terms of heat and mass transfer. The present work on 
hydrodynamics is the first step toward complete modeling of an 
oscillating meniscus with mass and heat transfer inside the 
capillaries. 
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Nomenclature 
  

𝐹𝜎⃗⃗  ⃗ 
Surface tension source term (N/m3) 

�⃗�  Flow velocity vector (m/s) 

Ub Boundary velocity (m/s) 

Um Meniscus velocity (m/s) 

𝑃0 The amplitude of pressure oscillation 

(Pa) 

Ca Capillary number  

𝛼𝑙 Liquid volume fraction 

𝛼𝑎 Air volume fraction 

𝜅 interface curvature (1/m) 
𝜇 Dynamic viscosity (kg/m/s) 
𝜗 Kinematic viscosity (m2/s) 
𝜌 Density (kg/m3) 
𝜎 Surface tension coefficient (N/m) 

  

1. Introduction 
Thermal management devices such as oscillating 

and pulsating heat pipes (OHP and PHP)[1], [2] as well 
as recent thermofluidic energy harvesters such as 
SOFHE[3], are two-phase flow devices that include 
moving menisci and employ phase transition 
(evaporation and condensation) for operation. 
Generally, there are two main physical phenomena in the 
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study of SOFHE and OHP/PHP, which are the 
hydrodynamic aspects as well as the exchange of heat 
and mass transfer between phases. Understanding these 
aspects is the keystone in improving the performance of 
these devices. 

Regarding the hydrodynamic aspects, a liquid film 
is left on the wall as a meniscus recedes in a capillary 
tube, due to viscous shear forces. This liquid film plays a 
major role in the operation of those devices as it provides 
the available liquid with low thermal resistance for 
evaporation [4]–[7]. With the assumption of a flat 
surface over the liquid film on the wall, the lubrication 
approximation of the hydrodynamics equation yields 
acceptable results in terms of film thickness[8]. 
However, this assumption fails to be valid for the 
meniscus and the de-wetting ridge due to the curvature 
of the film, and its validity is also questionable for the 
evaporating liquid film. As a result, higher-order  

numerical approaches like CFD are required to 
capture the more complex flow features. However, CFD 
modelling of meniscus motion and film deposition can be 
very time-consuming as it requires high grid resolution, 
especially in the case of large distance movement or 
amplitude of the meniscus. To the best of our knowledge, 
no specific CFD modelling of meniscus wetting dynamics 
inside a capillary has been presented in the literature. 

The purpose of the current research is to define a 
CFD model which is capable of capturing the wetting 
dynamics of a receding meniscus, focusing on the liquid 
film thickness left on the wall. In doing so, the CFD 
technique with the approach of the volume of fluid (VoF) 
has been used, in combination with a moving mesh. The 
numerical results of the liquid film thickness left behind 
receding meniscus at different constant velocities have 
been validated with experimental data reported in the 
literature [9] to tune the hydrodynamic CFD model. 
Instead of using high grid resolution along the length of 
the capillary, the moving overset grid approach is used 
to follow the meniscus region to reduce the number of 
cells and the computational time. This is the first step 
toward accurate CFD modelling of oscillating meniscus 
with phase transition.  

 

2. Physical model 
2.1. Governing equations and constitutive relations 

The volume of fluid (VOF) is a multiphase 
modelling approach used for modelling of dominantly 
immiscible fluids which have clear interfaces between 
them. In the current modelling, there are two phases, 
water and air, in contact in a capillary tube, and their 

interface (meniscus) is assumed to be continuous and 
immiscible.  In this regard, the VOF technique is used to 
track the meniscus. In doing so, the parameter of volume 
fraction, 𝛼𝑖 ,  is introduced and assigned to each phase, 
which is the volume fraction of a cell occupied by phase 
𝑖 (liquid water or air). According to their definitions, the 
volume fractions in each computational cell sum to unity 
Eq. (1). The cells on the interface are occupied by both 
liquid water and air phases while on the two sides of 
interface, ideally, it’s supposed to have only one phase. 
As in single-phase laminar flow, here a single momentum 
set of equations Eq. (2) and a continuity equation Eq. (3) 
are solved for the entire domain. However, the way the 
fluid properties are calculated as well as the interface 

force source term 𝐹𝜎⃗⃗  ⃗ in the momentum equation Eq. (2) 
distinguishes it from a single-phase flow.  

 
 
For the fluid properties in Eqs. (2)-(3), the volume 
average of the existing fluid phase’s properties is used in 
each computational cell as in Eq. 4. For this purpose, the 
phase’s volume fractions are required, which 
necessitates adding another continuity equation for one 
of the phases (Eq. (5), so- called interface tracking 
equation). This phase is referred to as a secondary phase, 
and chosen as the liquid water in the current research.   

Moreover, air phase is considered as an ideal 
compressible gas, which obeys the perfect gas law. The 

source term 𝐹𝜎⃗⃗  ⃗ in the momentum balance equation is 
considered to capture the effect of the surface tension 
which was proposed by Brackbill [10] and acts when 
both phases are present at a computational cell. Surface 
tension is applied at the interface, and is converted to a 
volume force Eq. (6) by applying the divergence theorem 
to use it in the momentum equation as a source. 

 

 
𝜌 = 𝛼𝑙𝜌𝑙 + 𝛼𝑎𝜌𝑎 
𝜇 = 𝛼𝑙𝜇𝑙 + 𝛼𝑎𝜇𝑎 
 

(4) 

𝜕(𝛼𝑙𝜌𝑙)

𝜕𝑡
+ ∇. (𝛼𝑙𝜌𝑙�⃗� ) = 0 

 
(5) 

𝛼𝑙 + 𝛼𝑎 = 1 (1) 

𝜕𝜌�⃗� 

𝜕𝑡
+ ∇. (𝜌�⃗� �⃗� )

= −∇𝑃 + ∇. [𝜇(∇�⃗� + ∇�⃗� 𝑇)] + 𝐹𝜎⃗⃗  ⃗ 

(2) 
 

  

𝜕𝜌

𝜕𝑡
+ ∇. (𝜌�⃗� ) = 0 (3) 
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2.2. Domain discretization and boundary conditions 
The physical domain consists of an axisymmetric 

model of the tube cross-section with the boundary 
conditions shown in figure 1. As shown in this figure, the 
velocity boundary condition is set at one opening of the 
pipe to mimic the liquid plug at a specified rate to achieve 
the desired meniscus velocity. The open end of the pipe 
is set at ambient pressure.   

 

As the governing equations cannot be solved 
analytically, they will be discretized in time and space to 
form a set of equations that are solved by the appropriate 
approaches in computation fluid dynamics. To do so, the 
computational domain consists of a 0.5mm×100mm 
rectangle representing an axisymmetric section of a 
circular tube, discretized into small cells. As a result, 
there is no real sharp interface between the two 
immiscible fluids but the interface has a finite thickness 
depending on the grid resolution. Although with higher 
grid resolution, the results are more accurate, the 
computational time is also higher which is not desired. 
To address this problem, the overset technique is used. 
As indicated in figure. 2, the moving meshed box which 
has the priority for computations to be done on slides 
over a background mesh and follows the meniscus to 
enhance the accuracy near the high gradient of volume 
fraction regions. In this regard, the gradient of volume 
fraction far enough from the meniscus is normal to the 
wall [8] so there is no need to have a high-resolution 
mesh parallel to the wall. The data transfer between the 
component and the background meshes is performed 
through the overset interfaces where both fine and 
coarse meshes of the component and background 
meshes exist at the same time. A boundary layer meshed 
zone is considered normal to the wall in both component 
and background meshes which coincide with the 
direction normal to the wall to avoid the interpolation of 
the flow data in that direction.  
 
2.3. Numerical procedure  
  Ansys Fluent 19R3 solver with the volume of fluid 
method has been used to model the liquid film 

deposition on the wall. In this regard, the pressure-
velocity coupling is obtained by the implicit method of 
coupled in the solver as it is currently the only 
compatible approach with the overset grid. The PRESTO 
scheme is used for the pressure interpolation and the 
schemes of second order upwind and Geo-Reconstruct 
are used for discretizing the momentum and volume 
fraction equations, respectively. To follow the meniscus, 
the sliding component grid moves over the background 
mesh according to the location of the maximum absolute 
value of the volume fraction gradient on the axis of the 
tube. A user-defined function (UDF) has been developed 
to control the motion of the sliding component. A 
variable time-stepping method is used for the transient 
simulation based on the value of 0.5 for the global 
Courant number. As a result, the time step size is smaller 
for higher meniscus velocity, which is desired.    

 

3. Results and discussion 
3.1. Validation of numerical results 
The accuracy of the numerical results is validated by 

comparison with experimental data for the liquid film 

thickness, reported at steady conditions by Youn et al. [9]. 

 

 

Figure 2. Overset grid generation and components 

 

𝐹𝜎⃗⃗  ⃗ = 𝜎𝑎𝑙

𝜅𝑙𝜌𝑙∇𝛼𝑙
⃗⃗ ⃗⃗ ⃗⃗  

0.5(𝜌𝑙 + 𝜌𝑣)
 (6.1) 

𝜅𝑙 = ∇. (
∇𝛼𝑙
⃗⃗ ⃗⃗ ⃗⃗  

|∇𝛼𝑙
⃗⃗ ⃗⃗ ⃗⃗  |

) 

 

(6.2) 

Figure 1: Boundary conditions of the axisymmetric physical 
domain  
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To compare the numerical results with the 

experimental data, in addition to material properties and the 

tube geometry, the meniscus velocity should be the same for 

both cases. However, the meniscus velocity, which is the  

main dynamic property affecting the film thickness, is a part 

of the solution not an input in the CFD analysis and is 

determined iteratively by trying different values for 

boundary velocity, Ub (the velocity at pipe inlet which is an 

input in CFD and equal to mean volumetric velocity). As 

shown in figure 3, the obtained numerical velocities, 

Um_numerical, for the meniscus are very close to the 

measured experimental data, Um_experimental. So, the 

numerical and experimental results for the film thickness are 

comparable. Figure 3 also shows the diagram of the 

boundary velocity Ub, versus  the meniscus velocity, Um. 

Due to the deposited liquid film on the wall, Um is always 

higher than Ub to make the mass of liquid conserved.   

 

 

 

 

 

 
Figure 5. Numerical boundary and meniscus velocities (Ub 
and Um_numerical) versus experimental meniscus velocity 

(Um_experim 
 

 

Figure 3. Numerical measurement of the film thickness  

 

 

Figure 4. Liquid film profile for Ca=0.0075 and Ca=0.015 
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Figure 6, shows the numerically predicted film 

thickness in comparison with the experimental. The analysis 

is limited to Reynolds number, Re, of less than 2000 beyond 

which the flow becomes turbulent. The results show an 

excellent match between numerical and experimental results 

with a maximum error of less than 20 percent.  

 

 

Figure 6. Validation of the predicted thickness of the 
deposited liquid film by CFD with experimental 

measurements 

3.2. Flow pattern and shear stress 
The deposited liquid film is the result of a force 

balance between the shear and surface tension forces. In fact, 

the liquid shear stress on the wall is responsible for the film 

deposition while the surface tension force tries to keep the 

liquid from distributing. In terms of the shear stress 

underneath the liquid plug and its extension on the wall, 

there are three different zones as depicted in Fig. 6 including 

Developed, Meniscus transition, and Film zones.

 

  

In the Developed zone, which is within the liquid 

plug, the flow is like a single-phase flow with finite shear 

stress whose contribution to the total friction depends on the 

length of the liquid plug. An increase in the shear stress in 

the Meniscus Transition zone is observed, which is due to 

the meniscus curvature.  

In addition, the axial location of the initial film 

thickness is four diameters away from the meniscus nose at 

Ca=0.015 while it reduces to almost one diameter away at 

Ca=0.0027. This indicates that the shear force has a longer 

effective range at higher capillary numbers.  

This kind of recirculating flow is especially observed 

in the thicker liquid film which corresponds to higher 

capillary numbers. As shown in Fig. 6 the curvature of the 

meniscus makes the flow deviate toward the wall and 

increases the axial velocity in this region. Moreover, the 

wavy shape of the interface, makes the shear profile 

fluctuate slightly. In addition, there are some recirculating 

flows within the film zone far from the meniscus nose in the 

Fig 6: The shear stress profile and flow pattern at Ca=0.022 
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deposited liquid film which leads to a locally negative 

profile of the shear stress number. Recirculation of flow 

within the film zone was observed before [11] and could be 

a favorable phenomenon in terms of heat and mass transfer 

within the film region since it reduces the thermal resistance 

of the liquid film. 

At low capillary numbers, as shown in Fig. 7, the air 

momentum above the liquid film is not enough to pull the 

liquid film and that’s why it’s almost immobile with near 

zero shear stress underneath. However, at higher capillary 

numbers, the film thickness is thicker and due to the inertia, 

the liquid velocity as well as the shear stress profile 

approaches zero more gradually. Besides, as presented in 

Fig. 7 the transition region from the meniscus to the film 

region is more gradual. 

   

4. Conclusion 
The CFD method with the approach of VoF was used 

to capture the deposited film behind a laminar receding 

meniscus in a capillary tube. Due to the requirement of a 

high grid resolution near the interface, the over set technique 

with a finite length moving domain of high grid resolution 

was used, to follow the meniscus to reduce the total number 

of computational cells and the computational time. The 

numerical results in terms of film thickness show a very 

good match in comparison with the experimental data which 

means the CFD-VoF coupled with the overset grid 

generation yields acceptable results for the wetting 

dynamics of such a flow. Moreover, the shear stress profile 

shows peak values near the meniscus and gradually drops 

down to zero in the film region. However, in the film region, 

some flow recirculation was observed which makes the 

shear profile fluctuate between small negative and positive 

values. The recirculating flow within the film region could 

have a favorable effect on the heat and mass transfer within 

that region. This is the first step toward complete and 

accurate modeling of an oscillating meniscus in a capillary 

tube, which includes mass and heat transfer as well.  
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