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Abstract: Biomimetic-inspired surfaces have the potential to enhance water transport efficiency, as channels with 

hierarchical micro/nanoscale structures demonstrate improved capillary flow characteristics. The applicability of the 

classical Lucas-Washburn equation for capillary-driven flow in open rectangular microchannels has been debated, and 

its validity for hierarchical microchannels remains uncertain. In this study, numerical simulations using Volume-of-fluid-

based OpenFOAM were used to examine the effect of rib angle in hierarchical microchannels, focusing on the impact of 

fabrication errors on capillary performance. The results indicate that if the rib is not perpendicular to the bottom 

surface/wall of the channel, capillary performance reduces. With the change in the type of rib inclination, the capillary 

performance also changes.  This study underscores the importance of precise fabrication in optimizing the efficiency of 

hierarchical microchannels. 
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1. INTRODUCTION  

Capillary-driven flow, also referred to as capillary 

wicking, is a widely observed phenomenon in nature that 

occurs across various scales [1]–[4]. Capillary 

microfluidic devices utilize this phenomenon effectively, 

eliminating the need for external power to transport fluids. 

The interaction between capillary geometry, fluid 

properties, and solid-liquid interfaces is crucial in 

determining fluid imbibition [5]. The imbibition rate in 

capillary-driven channels is often used to evaluate system 

performance, especially in lab-on-a-chip devices, where 

rapid fluid sample delivery can speed up sample analysis. 

Additionally, heat pipes require a higher capillary mass 

flow rate to move the working fluid from the condenser 

region to the evaporator region. This ensures the 

evaporator is consistently supplied with fluid to sustain 

continuous evaporation and heat absorption. Insufficient 

capillary mass flow can cause the evaporator to dry out, 

disrupting the heat transfer process and reducing the heat 

pipe's efficiency. 

 

In microchannel fluid transportation, the capacity to 

move fluid is determined by critical pressure, which is 

influenced by various factors. One key factor is the 

Laplace pressure (ΔP), which depends on the fluid's 

interfacial tension, the advancing contact angles (θ) 

between the fluid and surrounding surfaces, and the 

microchannel dimensions. The contact angles of the fluid 

on the inner surfaces of microchannels are dictated by the 

interfacial forces at the solid-liquid-gas three-phase lines. 

The Young-Laplace equation expresses the relationship 

between interfacial tension, contact angle, and the radius 

of curvature of the capillary, as shown in equation (1). 

 

𝛥𝑃 =
2𝜎𝑐𝑜𝑠𝑐𝑜𝑠 𝜃 

𝑟
 (1) 

 

where σ is the surface tension of the fluid and r is the 

capillary radius. For several years, various cross-sections 

of the microchannel have been studied as seen in Fig. 1 

[6]. Consequently, any alterations to the physicochemical 

properties of the inner surfaces of the microchannels will 

directly affect the original interactions between these 

surfaces and the liquid transport. These changes will 

significantly impact flow behaviors at the 

micro/nanoscale. In recent years, there has been various 

research on introducing microstructures inside the 

microchannel which are inspired by nature [7]–[12]. 

Such microstructures help to enhance the flow 

characteristics thus improving the transport efficiency 

and optimizing microchannel devices.  

 

 
Fig. 1. Different cross-sections of closed microchannel. 

 

Comanns et al. introduced a surface modification 

inspired by the Texas horned lizard to achieve passive 

directional liquid transport. By applying the functional 

geometric principles of 'asymmetry' and 'interconnection', 

they enhanced the overall fluid transport. Asymmetric 

capillaries enable directional liquid flow, while 

interconnections help the liquid overcome obstacles, thus 

extending the transport distance [13]. In the study 

conducted by Ju et al., they examined the fog collection 

abilities of the cactus species Opuntia microdasys also 

known as Bunny ears cactus. The study found that the 

cactus's survival mechanism includes an efficient fog 

collection system comprised of clusters of conical spines 

and trichomes on its stem. Each spine has three integrated 

parts, each playing distinct roles in fog collection due to 

its unique surface structures. The efficiency of this 

system is attributed to the gradient of Laplace pressure, 

the gradient of surface-free energy, and the integration of 

multiple functions [14].  Similarly, several studies have 

been conducted on the surfaces inspired from the 

hierarchical structure of Sarracenia trichomes [15], [16]. 

Chen et al. investigated water harvesting and transport in 
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the hierarchical structures present on the surface of a 

Sarracenia trichome. They attributed the remarkable 

water transport speed to the trichome's hierarchical 

microchannel arrangement. Additionally, they 

discovered that the optimal mass transfer rate occurs 

when there are two ribs [16]. Thus, it is evident from the 

recent literature that using nature-inspired micro/nano-

structures can alter the flow performance. In the case of 

hierarchical structures, as the capillary imbibition is 

enhanced, however the classical Lucas-Washburn 

equation (shown in equation (2)) cannot predict the flow 

characteristics. 

 

𝑥(𝑡) = √
𝜎𝐷ℎ𝑐𝑜𝑠𝜃

4𝜇
𝑡 (2) 

 

where, 𝑥(𝑡) is the meniscus position varying with time t, 

Dh is the hydraulic diameter of the channel, and μ is the 

coefficient of dynamic viscosity of the fluid. 

 

Alternatively, numerical simulations can be utilized to 

conduct such studies. Numerous research efforts have 

demonstrated that numerical simulations serve as a 

valuable preliminary approach, being both cost-effective 

and time-efficient [17]–[22]. In the present study, 

numerical simulations have been employed to understand 

the capillary flow in a hierarchical microchannel, which 

is in continuation of the previous work published by 

Kumar et al. [23].  In the previous work, the ribs of the 

hierarchical channel are perpendicular (rib angle = 90o). 

However, a study conducted by Zhan et al. showed a 

change in the behavior of water droplet bouncing if the 

microstructures are inclined at certain angles [24]. 

Motivated by this consideration, the current study 

investigates the effects of inclined ribs within 

hierarchical channels on capillary flow characteristics. 

The objective of this research is to determine the 

variation in the imbibition rate of capillary flow when the 

ribs are not perpendicular, which is a prevalent issue 

during the fabrication of hierarchical channels. 

 

2. NUMERICAL SIMULATION 

 

2.1 Geometry of microchannel 

The schematic of a hierarchical microchannel with a 

major channel and a minor channel has been designed as 

shown in Fig. 2. In the present study, the geometry 

consists of a number of ribs n=2; because it claims to 

have a high flux ratio in hierarchical channels [16].  

 

 
Fig. 2. Geometry of a closed hierarchical microchannel. 

 

The total length of the channel is 15 mm with fixed height 

(H) and width (W) of the major channel as 100 μm and 

200 μm respectively.  From the previous work by Kumar 

et al. [23], it has been established that in the case of the 

minor channel, the width (Wminor), when fixed to be 100 

μm, and the height (Hminor) to be 10 μm, then yields the 

highest imbibition rate. The rib thickness δ is 10 μm. The 

rib angle (θrib) is changed from 90o to 60o. When the rib 

angle is 60o, three possible cases have been simulated, as 

shown in Fig. 3, which have been named / / - type, / \ - 

type, and \ / - type.  

 

 
Fig. 3. Simulation cases of rib inclinations. 

 

2.2 Governing Equations 

Transient, three-dimensional numerical simulations of 

capillary flow in a hierarchical microchannel were 

conducted using the volume-of-fluid (VOF) method. 

This system includes two incompressible, immiscible 

fluids: water as the liquid phase and air as the gas phase. 

The VOF method accounts for surface tension effects 

[25], [26]. The simulation addresses both the momentum 

and continuity equations, assuming the flow is laminar, 

incompressible, Newtonian, and isothermal. The velocity 

field V is governed by the Navier-Stokes and continuity 

equations, expressed as follows: 

 

𝛻. 𝑉 = 0  (3) 

 
𝜕𝜌𝑉

𝜕𝑡
+ 𝛻. (𝜌𝑉𝑉) = 

−𝛻𝑃 + 𝜌𝑔 + 𝛻. (𝜇(𝛻𝑉 + 𝛻𝑇𝑉)) + 𝐹𝑠 (4) 

 

In Equation (3-4), V denotes the velocity of the fluid 

mixture, P represents the pressure, t indicates time, and 

Fs represents the volumetric force due to surface tension 

at the interface between the fluids. Additionally, ρ and μ 

stand for the fluid density and dynamic viscosity, 

respectively. Within this equation, the accumulation and 

convective momentum terms in each control volume (or 

cell) ensure a balance among the pressure force, 

gravitational force, shear force, and the additional force 

arising from surface tension, Fs. The volumetric force Fs 

accounts for the effects of surface tension, which is the 

force that acts on the surface of a liquid due to the 

attraction between its molecules. In the context of the 

VOF method, the balance of these forces within each cell 

of the computational grid is crucial for accurately 

modeling the capillary-driven flow, capturing the 

dynamics of how the fluid interface evolves over time. 

 

The physical properties of each fluid are determined by 

calculating weighted averages based on the volume 

fraction of the individual fluid present in a single cell. 

The fluid volume within a cell is computed as Fvol = 

F.Vcell, where Vcell represents the volume of a 

computational cell and F denotes the liquid volume 

fraction within that cell. The value of F within a cell 

should fall between the range of 0 and 1. A value of F = 

1 signifies a cell that is filled with liquid, while F = 0 

indicates a cell filled with gas. Values of F ranging from 

0 to 1 represent the interface between the liquid and gas 

phases. 

 

To determine the distribution of the liquid volume 

fraction, an additional passive transport equation is 

solved, expressed as: 
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𝜕𝐹

𝜕𝑡
+ 𝑉. 𝛻𝐹 = 0 (5) 

 

where F is the fraction representing the liquid volume 

relative to the total volume of the control cell. Using this 

volume fraction function, the physical properties of the 

mixture are derived computationally as follows: 

 

𝜌 = 𝐹𝜌2 + (1 − 𝐹)𝜌1 (6) 

 

𝜇 = 𝐹𝜇2 + (1 − 𝐹)𝜇1 (7) 

 

Here, ρ and μ are the density and dynamic viscosity, 

respectively, with subscripts 1 and 2 representing the gas 

and liquid phases. As capillary forces mainly depend on 

surface forces, the surface tension is computed using the 

continuum surface force (CSF) model. The model 

equation is: 

 

𝐹𝑠 = 𝜎𝜅𝛻𝐹 (8) 

 

In the CSF model, the surface tension remains constant 

across the surface, and forces acting perpendicular to the 

interface are considered. To calculate the surface 

curvature, κ, the following equation is used: 

 

𝑘 =
1

|𝑛|
((

𝑛

|𝑛|
. 𝛻) |𝑛| − 𝛻. |𝑛|) (9) 

 

Here, n = 𝛻𝐹  denotes the normal vector. The contact 

angle θ includes wall adhesion forces, represented by: 

 

𝑛̂ = 𝑛̂𝑤 + 𝑡̂𝑤 𝑠𝑖𝑛 𝑠𝑖𝑛 𝜃   (10) 

 

To find the liquid volume fraction and velocity field 

solution in this study, equations (3) to (10) are solved 

iteratively, considering appropriate initial and boundary 

conditions. Gravity's influence is not considered in this 

study since the Bond number (Bo = ρgH2/σ) is 

significantly lower than unity. 

 

2.3 Initialization & boundary conditions 

At the initial time t=0, the liquid meniscus is positioned 

1 mm from the inlet of the hierarchical channel. The 

channel walls are subjected to a no-slip boundary 

condition, meaning the fluid at the wall has zero velocity 

relative to the wall. The surface affinity of the walls is 

determined by the contact angle, which is set at 30 

degrees for all walls of both the major and minor 

channels. A liquid volume fraction of 1 is specified at the 

inlet, indicating that the entire inlet region is filled with 

liquid. Conversely, a liquid volume fraction of 0 is 

assigned at the outlet, indicating the absence of liquid at 

that location. 

 

In the initial scenario, the rib angle is 90 degrees. For the 

second scenario, where the rib angle is set at 60 degrees, 

three different inclinations are defined to assess the effect 

of rib inclination on the flow characteristics. 

 

2.4 Solution method 

In this study, computational fluid dynamics (CFD) 

simulations were conducted using OpenFOAM v2012, a 

C++ library-based software widely recognized for its 

application in simulating fluid flow and heat transfer 

phenomena across various engineering and scientific 

domains [21], [23], [27], [28]. The simulations utilized a 

finite volume approach to solve partial differential 

equations on a 3D unstructured mesh composed of 

polyhedral cells. To accurately model the sharp interfaces 

between fluids in capillary-driven flow, the solver 

employed the Volume of Fluid (VOF) two-phase 

algorithm. Given the transient nature of the problem, 

selecting an appropriate time step was critical to ensure 

numerical stability. A Courant-Friedrichs-Lewy (CFL) 

number of 0.1 was targeted to maintain stability, allowing 

the interface to cross 10% of a grid cell's width during 

each time step in the VOF computation. To integrate 

pressure and velocity fields and perform pressure 

correction, the solver employed the Pressure Implicit 

with Splitting of Operators (PISO) algorithm. 

Additionally, an artificial compression term was 

introduced into the VOF equation to compress the 

interface and prevent separation, particularly in diverging 

flows. These methods and algorithms collectively 

ensured the accuracy and stability of the numerical 

simulations, facilitating detailed analysis of complex 

capillary-driven flows and the precise capture of intricate 

fluid interfaces. Some important parameters used in the 

simulations were surface tension, σ = 0.0707 N/m, 

Courant Numbermaximum = 0.2, and Gauss linear scheme 

with time step Δt = 1e-5 s. The structured hexahedral 

mesh consisted of ~580,000 cells as shown in Fig. 4. 

Hexahedral cells align better with the flow direction, 

reducing numerical diffusion and precisely capturing 

sharp fluid interfaces. This structured mesh allows for 

higher resolution of interfaces and improves 

computational efficiency by reducing the cell count 

compared to unstructured meshes. Moreover, the 

structured nature of hexahedral meshes enhances 

numerical stability, essential for accurately solving the 

Navier-Stokes equations and maintaining interface 

integrity in VOF simulations, leading to more reliable 

and efficient results. 

 

 
Fig. 4. Structured hexahedral mesh. 

 

To ensure the accuracy and reliability of the numerical 

simulations, a comprehensive analysis was conducted to 

verify the independence of the results for both time step 

and mesh size. Despite OpenFOAM's adaptive time 

stepping, simulations were performed for time step 

independence with various fixed time steps. The results 

were compared and found to be consistent, indicating that 

the solutions were not significantly affected by the time 

step size. A mesh refinement study was carried out to 

determine mesh independence. Simulations were 

conducted with increasing mesh resolutions until further 

refinement, beyond 580,000 cells, resulted in negligible 

changes in the key simulation outputs. This confirmed 

that the chosen mesh resolution was sufficient to capture 

the necessary details without compromising the accuracy 

of the results. The simulations were executed within a 
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high-performance computing (HPC) environment, 

utilizing a clustered parallel setup facilitated by the open 

message passing interface (OpenMPI) library. The 

computational mesh was decomposed using the 

decomposePar utility, which partitioned the 

computational domain across 150 processors, distributed 

over 2 nodes. This parallel processing approach 

significantly enhances computational efficiency and 

reduces the time required for simulations, allowing for 

the handling of complex and large-scale fluid dynamics 

problems with greater precision and speed. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Validation 

Before proceeding with simulations for the present study, 

a basic model consisting of a closed rectangular 

microchannel with no hierarchical structure has been 

validated against the current theory which is the L-W 

equation (shown in equation (2)). The simulated channel 

has a total length of 30 mm, with a height (H) of 100 μm 

and a width (W) of 200 μm. The contact angle for all four 

channel walls is uniformly set at 80 degrees. The 

simulation results were compared with the established 

theory of capillary flow described by the Lucas-

Washburn (L-W) equation for closed channels. Figure 5 

demonstrates a strong agreement between the theoretical 

predictions and the numerical simulation results. 

  

 
Fig. 5. Comparison of Lucas-Washburn theory and 

numerical simulation results. 

 

3.2 Capillary performance in hierarchical channel 

with rib angle = 90 degrees 

The previous study conducted by Kumar et al. showed 

that when the width of minor channel Wminor is fixed at 

100 μm then the maximum imbibition was observed 

when minor channel height Hminor = 10 μm [23].  

 

 
Fig. 6. Change in imbibition rate in major and minor 

channels of the hierarchical channel when the rib 

angle = 90o. 

 

Figure 6 illustrates the imbibition rate of capillary flow 

in a hierarchical channel with a rib angle of 90 degrees, 

meaning the ribs are perpendicular to the bottom surface 

or wall of the channel. A noticeable difference in the 

imbibition rates between the major and minor channels is 

observed. This discrepancy is primarily attributed to the 

corner flow occurring in the major channels, which 

enhances the overall imbibition rate as the fluid (water) 

tends to move more rapidly along the corners due to the 

combined effects of surface tension and the geometric 

confinement of the channel.  The mean imbibition rate at 

t=0.1 sec is 127.34 mm/s and 121.04 mm/s for the major 

and minor channels respectively. 

 

3.3 Capillary performance in hierarchical channel 

with rib angle = 60 degrees 

There is a notable variation in imbibition rates in 

hierarchical channels when the ribs are not perpendicular 

to the bottom wall or surface. During the fabrication 

process or repeated experiments, rib inclination can occur. 

In the present study, the ribs are inclined at 60 degrees, 

with three possible configurations. Figure 7 illustrates the 

change in imbibition rate of capillary flow in a 

hierarchical channel with a rib angle of 60 degrees, 

showing an inclination of the / / - type. 

 

 
Fig. 7. Change in imbibition rate in major and 

minor channels of the hierarchical channel when 

the rib angle = 60o / / - type. 
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Fig. 8. Change in imbibition rate in major and 

minor channels of the hierarchical channel when 

the rib angle = 60o / \ - type. 

 

In the case of the 60o / / - type channel, the imbibition rate 

in the major and minor channels is almost equal until 

t=0.07 seconds. Once the corner flow kicks in, the change 

in imbibition rates in major and minor channels begins 

which is evident from Fig. 7. The mean imbibition rate at 

t=0.1 sec is 124.40 mm/s and 121.53 mm/s for the major 

and minor channels respectively. On the other hand, for 

60o / \ - type channel, there is no difference in the 

imbibition rate in major and minor channels shown in Fig. 

8. The mean imbibition rate for 60o / \ - type at t=0.1 sec 

is 123.25 mm/s and 121.78 mm/s for the major and minor 

channels respectively. At last, in the case of the 60o \ / - 

type channel, there is a slight change in imbibition 

between major and minor channels after t=0.095 seconds. 

The effect of corner flow is almost negligible. The mean 

imbibition rate at t=0.1 sec is 122.70 mm/s and 121.06 

mm/s for the major and minor channels respectively.  

 

   
Fig. 9. Change in imbibition rate in major and minor 

channels of the hierarchical channel when the rib 

angle = 60o \ / - type. 

 

3.4 Comparison of capillary performance 

In this section, a comprehensive comparison of the 

imbibition rates in all four types of hierarchical channels 

studied in this paper has been presented.  

 

 
Fig. 10. Difference in the mean imbibition rates for 

major and minor channels for the given types. 

 

It can be observed from Fig. 10 that, in channels with 

perpendicular ribs i.e. when rib angle=90o, the major 

channels show enhanced imbibition rates due to corner 

flow, which increases the overall wetted surface area. 

Conversely, in channels with inclined ribs i.e. when rib 

angle=60o, a reduction in imbibition rates is observed, 

which is likely due to decreased effective capillary action 

and altered flow dynamics. However, in any case, the 

capillary performance in the hierarchical channel is still 

better than a microchannel with no hierarchical structure.  

 

 
Fig. 11. Meniscus space for given types. 

 

The shape of the meniscus in a hierarchical channel can 

significantly enhance fluid flow, influenced by whether 

the ribs are perpendicular or inclined. It can be seen from 

Fig. 11. that, when the ribs are perpendicular to the 

channel wall i.e. the rib angle = 90o, the meniscus 

typically forms a sharp, well-defined shape at the 

interface between the liquid and air. This configuration 

maximizes the capillary pressure, driving the liquid more 

effectively through the channel. The perpendicular 

orientation of the ribs aids in maintaining a consistent and 

stable flow, as the meniscus conforms closely to the 

ribbed structure, promoting efficient fluid movement. 

However, channels with inclined ribs (i.e. the rib angle = 

60o) can create variations in capillary pressure along the 

flow path, potentially creating a barrier for the fluid 

movement within the channel. 
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4. CONCLUSION 

In this study, we conducted three-dimensional numerical 

simulations of capillary-driven flow in closed 

hierarchical microchannels to investigate the impact of 

rib angles on capillary performance. The simulations 

were performed using the OpenFOAM-based Volume of 

Fluid (VOF) method, examining rib angles of 90° and 60° 

with variations in inclination types. The results 

demonstrated that rib inclinations significantly hinder 

capillary flow performance, reducing the imbibition rate 

considerably. While different inclination types within the 

same rib angle showed minimal differences, it is clear 

that any inclination disrupts corner flow, thereby 

diminishing capillary performance. This research 

underscores the critical importance of precise rib 

fabrication in hierarchical channels for optimizing 

capillary action. Understanding these effects can guide 

future designs and improve the efficiency of fluid 

transport in microchannel applications. 
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