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experiment can be difficult and costly because the water movement happens very fast
and needs accurate equipment. Therefore, this study simulates the capillary rise in
micro-tubes using Computational Fluid Dynamics (CFD). The objectives of this study
are to observe the transient flow behaviour, compare the effect of different tube
radius, and check whether a simplified 2D model can give reasonable result. ANSYS
Fluent was used to simulate the two-phase flow between water and air using the
Volume of Fluid (VOF) method. The simulation was done using a half-domain 2D model
with symmetry boundary, and the mirror feature was only used for clearer contour
visualization. A Grid Independence Test (GIT) was carried out to select a suitable mesh.
The Continuum Surface Force (CSF) model and laminar viscous model were used to
include surface tension effect without adding artificial turbulence. Three tube radius
were studied, which were 0.5 mm, 1.0 mm, and 1.5 mm. The results showed
underdamped capillary rise oscillation for all cases. The smaller tube had stronger
viscous damping and became stable faster. The final capillary heights were 14.75 mm,

Keywords: 7.85mm, and 6.20 mm for 0.5 mm, 1.0 mm, and 1.5 mm radius, respectively. The result
Capillary rise; surface tension; volume of ~ shows that capillary height decreases when tube radius increases, which agrees with
fluid; micro-tubes; computational fluid the modified Jurin Law for 2D parallel plates. Overall, the 2D VOF model can predict
dynamics the main capillary rise behaviour with good accuracy.

1. Introduction

Microfluidics is the study of fluid motion at very small length scales (channels, tubes and devices).
It is gaining in significance in the modern engineering field, as a large number of systems are being
produced in small sizes. They are used in medical diagnostic chips, lab-on-chip devices, inkjet printing,
and micro-electronic cooling systems, to name just a few. The liquid needs to flow through extremely
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small tubes or through small passages in these applications, sometimes without any pump. As a
consequence, capillary flow is one of the important flow mechanisms that must be seized properly.

Pressure difference, gravity, and pump power are typically used to control fluid flow in normal
large pipes. But if the tube size is very small, then the flow behavior is different. The surface tension
force becomes more important compared with the gravity force. Surface tension is the force exerted
at the boundary between two fluids, e.g. water and air. If the liquid encounters the wall of a very
small tube, the attraction between the liquid and solid wall may be enough to take the liquid up the
tube. Capillary rise is the upward flow of water. The final height of the liquid is determined by the
surface tension, contact angle, density of the fluid, gravity, and also the radius of the tube.

A long time has passed since the study of capillary rise. Washburn [1] gave one of the earliest
equations that describe the flow of liquid in a capillary tube. The washburn equation is useful since
it can describe the change in liquid level with time because of capillary force and viscous resistance.
Later, Bosanquet [2] added the effect of inertia at the start of the motion to the theory. For low
viscosity fluid like water, it is important that the liquid does not rise slowly to the final height. In the
initial phase, the water flow can be rapid, it can cross the equilibrium level and then flow back down.
This behavior is called underdamped oscillation. With time, the amplitude of oscillation decreases
due to damping caused by viscosity at the wall.

Although the capillary rise theory is already well known, it is still not easy to study the full dynamic
motion using physical experiment. This can occur quite rapidly, particularly in the initial stages of the
rise, especially in the meniscus. For this motion to be seen clearly, high speed camera and accurate
measuring equipment is required. Not always an easy task to perform in a student laboratory and it's
costly. Therefore, Computational Fluid Dynamics (CFD) is an alternative technique that can be
employed to investigate the capillary rise phenomenon. Without undertaking costly experiments, the
water-air interface, velocity field and pressure field can be observed in detail using CFD.

The Volume of Fluid (VOF) method is widely used in the simulation of two-phase flows in CFD. A
VOF model can be used to follow the interface between the two fluids, air and water, by calculating
the volume fraction of each fluid [3]. This is appropriate for a capillary rise simulation as position and
shape of the meniscus are significant. The surface tension effect can be captured by incorporating
the surface tension force as a source term to the momentum equation, called the Continuum Surface
Force (CSF) model [4-8]. The CFD model can be used to simulate the water rising up the micro-tube
with the appropriate contact angle and wall adhesion setting.

In several earlier investigations of capillary rise, the actual geometry of the tube was represented
by a three-dimensional model. It can produce more realistic shape with 3D model, but more elements
are needed and longer simulation time. The student assignment is limited in time and computer
capacity of the simulation [9-11]. Thus, if a simplified two-dimensional model can provide reasonable
and accurate results, it can be useful. In this study, a 2D planar model is used to reduce computational
cost. The model does not intend to completely substitute all 3D simulations; it is used to see if a
simplified 2D model can adequately describe the key capillary rise behavior.

Another important parameter in capillary rise is the radius of the tube. Smaller radius of tube
should result in a higher capillary rise height (according to Jurin's law). This is because the surface
tension force becomes stronger compared with the weight of the liquid column. In a larger radius
tube, the mass of the liquid increases and the resultant height of the capillary will decrease [12-16].
Thus, the relationship between geometry size and capillary rise height can be investigated more
clearly by comparing the various values of tube radius.

The main aim of this assignment is to simulate capillary rise and surface tension effect in micro-
tubes using ANSYS Fluent. Specific aim is to develop a 2D VOF model for the water-air capillary flow,
to observe the transient rise and oscillation behavior of the liquid column, to compare the effect of
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three tube radius which is 0.5 mm, 1.0 mm and 1.5 mm, and to evaluate the accuracy of the CFD
results by comparing the obtained with theoretical capillary height. There is also a grid independence
test performed to ensure that the result is not significantly dependent on the grid size. This study
provides a simple, but clear understanding of the behavior of surface tension-driven flow in micro-
tubes.

2. Methodology

This research aims to study the capillary phenomena in micro-tubes using computational fluid
dynamics (CFD). The two-phase (water and air) flow is simulated using ANSYS Fluent software. The
process is divided into four parts: defining the equations, geometry, mesh, and boundary conditions.
The flow is simulated in 2D symmetrical form for computational efficiency but ensuring accurate
results for symmetrical circular tubes.

2.1 Geometry Development

A two-dimensional planar domain was used to reduce the computational time. The model
consisted of a lower rectangular water reservoir and a vertical micro-tube connected at the centre of
the reservoir. Since the geometry was symmetric, only half of the domain was modelled by applying
a symmetry boundary at the centreline. Three tube radius were studied, which were 0.5 mm, 1.0
mm, and 1.5 mm. The height of the tube was selected to be higher than the expected capillary rise
height so that the liquid column would not reach the top boundary during the simulation. The main
dimensions of the computational domain are shown in Figure 1.
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Fig. 1. Geometry of water tank with micro tube (a) r=0.5 mm (b) r=1 mm (c) r=1.5 mm

2.2 Mesh Generation

The flow domain was meshed by small rectangular structured elements. In capillary flow, it is
crucial to have mesh refinement near the wall surface since the contact angle between the water, air
and the wall surface is the driving force for the whole capillary flow process [8,17]. So, the mesh was
refined near the outer wall of the tube. To make sure that the results don't change with the mesh
size, the r=1.0 mm case was run for three different mesh sizes (coarse, medium, fine) in a Grid
Independence Test (GIT). A zoomed mesh view near the tube wall was included because the capillary
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force is highly affected by the interface curvature and wall contact angle. Therefore, a mesh was
applied in the tube region and near the tube entrance to reduce numerical error.

(

Fig. 2. Computational mesh of the capillary rise domain

2.3 Grid Independence Test Procedure

A Grid Independence Test (GIT) was carried out to check whether the CFD result was affected by
the mesh size. This step is relevant because the very coarse mesh may lead to an incorrect capillary
height and the very fine mesh will make the calculation be more time consuming. The middle size of
the three tested geometries was chosen to be r = 1.0 mm micro-tube and used in the GIT for this
study. Three meshes — coarse, medium and fine —were prepared. The geometry, material properties,
boundary conditions, the surface tension value, contact angle, time step and solver settings were the
same for each mesh case. Only the mesh size was varied. This is to ensure that the difference in the
result is only due to the number of meshes, and not due to any other setting.

Capillary height at final equilibrium was chosen as the primary parameter to be compared. The
selected parameter was chosen since the main object of the simulation is to predict the height of the
capillary rise inside the micro-tube. Once all three mesh cases were finished, the final capillary height
for each mesh was compared. However, if the difference between the medium and fine mesh is small,
the sensitivity to mesh size can be regarded as less. The mesh which provides acceptable accuracy
and lower computational cost was then chosen to use in the other simulations.

The result of the GIT is reported and will be discussed in Results section. This separation is carried
out to explain how the test was performed in the Methodology section and to present the values
obtained as well as the selected mesh in the Results section.

2.4 Boundary Condition and Solver Settings

The simulation was run as Transient because capillary rise is an unsteady process where the water
level rises and oscillates. The gravity was turned on and set to -9.81 ms™2 in the Y-axis. The Volume
of Fluid (VOF) model was selected, where air was the primary phase and liquid water the secondary
phase. To allow the simulation to run, the patch initialization function was applied to fill the bottom
tank with water (volume fraction of water = 1) and the vertical micro-tube with air. The outlet of the
volume was defined as a pressure outlet at the atmospheric pressure. The wall boundaries had the
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"Wall Adhesion" option enabled to model the surface tension effect. The static contact angle for the
micro-tube was set to 0° (perfectly wetting surface) and 90° for the tank wall.

The "Implicit Body Force" option was turned on to enhance the calculation stability and minimize
spurious velocities. To ensure good convergence for multiphase flows, the Coupled scheme was used
for pressure-velocity coupling. For numerical schemes, the pressure was interpolated using the
PRESTO! scheme and the volume fraction used the Compressive scheme to maintain a very sharp
water-air interface. To calculate the momentum, the Second Order Upwind scheme was selected,
and the temporal transient scheme was set to First Order Implicit. A very small-time step was used
to capture the underdamped vibration of the water level. Additionally, in ANSYS Fluent, a surface
monitor was created to track the maximum Y-coordinate (height) of water at each time step; the
transient data was then exported to Microsoft Excel to generate a plot. The solver settings are listed
in Table 1

Table 1

Summary of the solver setup and boundary conditions

Parameter Setting

Multiphase model Volume of fluid (VOF), implicit body force
Phase definition Primary phase: Air, secondary phase: Water-liquid
Gravity Y =-9.81ms2

Surface tension 0.072 N/m (continuum surface force model)
Wall adhesion (contact angle) Tube wall = 0°, tank wall = 90°

Initialization method Patch 1 (Tank) = Water, patch 2 (tube) = air
Pressure-velocity coupling Coupled scheme

Spatial discretization (pressure) PRESTO!

Spatial discretization (volume fraction) Compressive

Transient formulation First order implicit

2.5 Governing Equations

The flow is simulated by solving the basic conservation equations for mass and momentum.
Because we are calculating the flow of two fluids, water and air, that do not mix, the Volume of Fluid
(VOF) method is used to calculate the location of the interface [3,18-20]. The continuity equation for
the volume fraction of the second phase (water-liquid <I>), aq is solved to determine the water's
location.

dag

" + V. (aqv) =0 (1)

The momentum equation was shared between the phases. The surface tension force is added as a

source term in the momentum equation using the Continuum Surface Force (CSF) model proposed
by Brackbill et al., [4]. This is the most important force that drives the water up the micro-tube.

= (pv) + V. (pvv) = =Vp+. [u(Vv + VvO)] + pg + Fesr 2)

2.6 Post-Processing and Analysis

Once the transient calculation was performed, the analysis of the results was carried out with the
post processing tools of ANSYS Fluent. Major results that were extracted from Fluent were water
volume fraction contour, static pressure contour, velocity contour, and transient capillary height
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data. The results were used to investigate the capillary rise phenomena within the micro-tube and
the capillary rise effect of the different tube radius.

The geometry was symmetric along the centreline of the tank and the micro-tube and hence the
simulation was carried out only for half of the tank and micro-tube. The simulation was carried out
with the centreline as a symmetry boundary condition. Once the calculation is complete, only the
mirror display feature of ANSYS Fluent is used to visualize the calculation result. This means that the
numerical value didn't change or improve by using the mirror feature. It did little to reveal the
contour as a whole tank/tube shape so that the interface between water and air, pressure
distribution, and the velocity field would be seen more clearly.

The water volume fraction contour was used to determine water and air regions. The volume
fractions in the water and air regions were nearly 1 and 0, respectively. The meniscus shape and the
final height of the capillary were observed at the interface of these two phases. To explain the
pressure distribution within the tank and tube, the pressure contour was used and to observe the
flow motion during and after the capillary rise process, the velocity contour was used. The transient
capillary height data was captured in the simulation and exported to Microsoft Excel. The graph of
capillary height vs. flow time was then plotted to analyze the initial rise, overshoot, oscillation,
dampening, and final capillary height equilibrium of the water column. All the contours were post-
processed in a similar manner, as much as possible, to make the comparison between different tube
radius clearer and fair.

3. Results

In this chapter, the capillary rise behaviour in micro-tubes was analysed using ANSYS Fluent. The
results include the transient capillary height, pressure contour, velocity contour, and water volume
fraction contour. Three tube radii were compared, which were 0.5 mm, 1.0 mm, and 1.5 mm. The
numerical results were also compared with the theoretical capillary height to evaluate the accuracy
of the CFD model.

3.1 Grid Independence Test

To validate the accuracy of the simulation results and to ensure that they are not influenced by
the mesh density, a grid independence test (GIT) was conducted on the r = 1.0 mm micro-tube. We
established three types of meshes: coarse (GIT 1), medium (GIT 2) and fine (GIT 3). The height of the
capillary equilibrium was compared for each case under the same boundary conditions, as listed in
Table 2. The final capillary height changed from 7.50 mm for the coarse mesh to 7.85 mm for the
medium mesh. When the mesh was further refined to the fine mesh, the height changed to 7.59 mm.

Table 2

Parameters and results for the grid independency test

Parameter GIT 1 Coarse GIT 2 Medium GIT 3 Fine
Element size (mm) 0.5 0.25 0.1
Number of nodes 9221 18161 112001
Number of elements 8880 17700 110850
Final capillary height (mm) 7.5 7.85 7.59

The percentage difference between the medium and fine mesh was about 3.3%, which is
considered acceptable for this assignment. Therefore, the medium mesh was selected for the
remaining simulations because it provided reasonable accuracy with lower computational cost.

54



Semarak Journal of Thermal-Fluid Engineering
Volume 9, Issue 1 (2026) 49-59

However, the result was not fully monotonic, so the mesh independence result should be interpreted
as an acceptable engineering approximation rather than a perfectly converged solution.

3.2 Transient Dynamics and Oscillatory Behaviour

The millimeter-scale tubes of low-viscosity fluids like water, capillary rise is essentially a dynamic
and time-dependent phenomenon. To explore this in detail the transient behaviour was measured
in all geometries. Figure 3 shows the capillary height and flow time of the three tube radii (r = 0.5
mm, 1.0 mm and 1.5 mm). In all the cases, the driving surface tension force at first accelerates the
water upward with high velocity as shown in Figure 3. Because of inertia of the fluid, the columns of
water initially over-shoot their eventual equilibrium points, and then the force of gravity and friction
of the walls slow down the movement. The graphs already prove the fact that the tube radius does
influence considerably the final height of the oscillation as well as the damping ratio of the oscillation.

With the smallest tube (r = 0.5 mm), the fluid reached the highest initial peak (about 41 mm) and
settled in the highest equilibrium point of about 14.71 mm. It is interesting to note that its oscillation
decayed very fast reaching the highest equilibrium point within less than 1.0 seconds. It happens
since under a small diameter of the tube the viscous friction of the wall is extremely dominant in
comparison with the mass of the fluid and quickly exhausts the kinetic energy. On the other hand,
the equilibrium heights dropped to about 7.34 mm and 5.9 mm as the radius was changed to 1.0 mm
and 1.5 mm, respectively.

Moreover, the biggest tube (r = 1.5 mm) showed a very underdamped behaviour evolving
indefinitely after 3.0 seconds. This is since the greater the mass of the fluid, the greater the inertial
force is and the lesser the relative impact of the wall friction and therefore, the kinetic energy enables
the oscillatory "bouncing" to be extended within a substantially longer duration. This fidelity of the
inertial and viscous damping effects is an indication of the high fidelity of the adopted transient CFD

methodology.

(a) , (Q) o
Fig. 3. Comparison of transient capillary height and underdamped oscillation across different tube radius (a)
r=0.5 mm (b) r=1 mm (c) r=1.5 mm

3.3 Flow Dynamics: Pressure and Velocity Characteristics

The visualisations of the static pressure profile and velocity profile were then obtained at the
three tube radii when the capillary flow was in its ultimate steady-state equilibrium such as the water
level was held constant. Figures 4 and 5 shown the static pressure and velocity plots of the 0.5 mm,
1.0 mm and 1.5 mm geometries. The hydrostatic pressure gradient and the mechanism of capillary
action can be well visualized using the contours of the static pressure. As it would be expected, the
pressure is greatest at the bottom of the reservoir (as shown by the red area) and it declines gradually
with height. Above all, there is a clear Laplace pressure difference at the air-water interface within
the micro-tubes. The pressure on the concave air side is slightly greater than the pressure on the
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convex water side forming the maintained suction force required to counter the weight of the liquid
column.

The velocity contours on the other hand illustrate the flow behaviour once the initial dynamic
oscillations had died off. Since the fluid has settled to the maximum height, and the macroscopic
upward movement is no longer possible, the velocity within the bulk of the micro-tubes is mainly
zero (shown by the solid blue areas). Nevertheless, there are localized areas of small magnitude of
velocity (which can be seen as green/red areas) around the entrance of the micro-tubes and the
bottom of the reservoir. These are common residual micro-vortices due to dissipation of energy as
the bulk fluid slows down to a complete halt. The residual velocity disturbances are found to be less
in the narrower tube (0.5 mm) than in the wider tubes, which also supports the conclusion that
smaller geometries undergo greater viscous damping effects.
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Fig. 4. Static pressure contour (a) 0.5 mm (b) 1.0 mm (c) 1.5 mm
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Fig. 5. Velocity contour (a) 0.5 mm (b) 1.0 mm (c) 1.5 mm

3.4 Comparative Study: Effect of Tube Radius

To satisfy the assignment's extension requirement, a comparative study was conducted on three
different tube geometries. Figure 6 shows the steady-state phase contours (water volume fraction)
for tube radius of 0.5 mm, 1.0 mm, and 1.5 mm. The simulations demonstrate a clear inverse
relationship between the tube radius and the equilibrium height, which strongly agrees with Jurin’s
Law. The smallest geometry (r = 0.5 mm) generated the highest capillary rise at 14.75 mm. When the
radius was doubled to 1.0 mm, the height significantly dropped to 7.85 mm. Finally, the largest tube
(r = 1.5 mm) recorded the lowest equilibrium height at 6.20 mm. The contours also show that the
meniscus curvature was perfectly preserved across all scales.
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Fig. 6. Steady-state phase contours (a) r=0.5mm (b) r=1.0 mm (c) r=1.5 mm

3.5 Discussion and Accuracy Analysis

The accuracy of the CFD results was also critically evaluated by comparing the CFD equilibrium
heights with the theoretical (classical) values. The impact of the selected parameters of the CFD
domain should be mentioned. Since it used a 2D planar space to simulate, the model can be seen as
a physical model of the capillary rise between two infinite parallel plates with a half-width of r, and
not a 3D cylindrical tube. This 2D planar configuration has a modified equation that controls the
theoretical capillary height,

h = V—;;j" (3)

Using the standard properties of water (y= 0.072Nm-1, p= 998.2kgm-3), the theoretical height for
the 0.5 mm model is calculated to be 14.71 mm. The CFD simulation recorded a final height of 14.75
mm, resulting in an exceptionally low error margin of less than 0.3%. This remarkable accuracy
validates the chosen multiphase CFD parameters.

Various important numerical techniques helped to achieve this accuracy. First, the mesh
refinement was concentrated around the wall to make sure that the static contact angle (0°) was
solved exactly, the upward surface tension force was computed without spatial discretization errors.
Secondly, an interpolation of the pressure by the PRESTO! scheme, together with Compressive
volume fraction scheme, was used to avoid the flattening of the air-water interface, leaving the
meniscus very sharp. The turn on of the "Implicit Body Force" formulation also played an essential
role in eliminating spurious velocity currents which usually destabilize multiphase VOF models.

Finally, in the turbulence model, a viscous model (Laminar) was selected intentionally as opposed
to a turbulent model (e.g., k-€ or k-w SST). Since micro-channel capillary flows are at very low
Reynolds numbers, the addition of a turbulence model would physically wrongly model the flow and
would artificially add turbulent viscosity that would falsely damp the oscillatory behaviour that was
found in Section 3.1. In general, the chosen 2D laminar-VOF approach was very robust and precise to
this internal flow phenomenon.

4. Conclusions

In this study, it was successfully simulated the capillary rise and surface tension effect in the
micro-tubes by using a 2D VOF model in ANSYS Fluent. The main aim of this assignment was
accomplished as the program was able to display the transient rise of the water in the micro-tube,
the underdamped oscillation behaviour and the final equilibrium height of the water inside the micro-
tube.
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The grid independence test showed that the mesh size can affect the final capillary height. Based on
the comparison of the three mesh sizes (coarse, medium and fine), the medium mesh size was chosen
in the further simulations due to the acceptable accuracy yet lower computation cost. This ensured
that the latter results were not unduly influenced by an inappropriate mesh.

From the transient results, it could be seen that the water level increased rapidly at the initial
stage, which was caused by the surface tension force. Then the water column reached a height above
the target, using oscillations before coming to a stable state. The reason for this behaviour was a
balance between surface tension, inertia, gravity and viscous damping. The pressure contour also
indicated the pressure gap that provided the capillary action, and the velocity contour indicated that
the flow was very low after it reached steady state.

It was revealed that the tube radius has a definite effect on the capillary rise height when
comparing the three different tube radius. The lowest radius of 0.5 mm, gave the maximum final
capillary height of 14.75 mm. The 1.0 mm radius resulted in a final height of 7.85 mm and the 1.5 mm
radius resulted in the lowest final height of 6.20 mm. This indicates that the smaller the radius of the
tube, the greater is the capillary rise, which agrees with the theoretical prediction.

Overall, the 2D VOF model was able to predict the main behaviour of capillary rise in micro-tubes
with good accuracy. It was also shown that a simplified 2D simulation can be a valuable tool when
the goal is to understand the overall trend and to compare the effect of the various tube radius, in
the present case the problem of a surface tension driven flow.
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