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ABSTRACT 
The computational model for the isothermal free-surface flow pertinent to drop impact and spreading 
on the porous substrate using a permeable wall model is formulated. The model uses the interface 
capturing methodology implemented in the open-source software OpenFOAM� based on the volume-
of-fluid (VOF) method in the framework of Computational Fluid Dynamics (CFD) to compute the 
external flow of the spreading liquid upon the drop impact, and the effects of the porous substrate are 
accounted for by introducing a permeable wall boundary condition. The capability of the model is 
verified by comparing the numerical results with the available experimental data. 
Keywords: numerical simulation, CFD, free-surface flow  
 
1. INTRODUCTION 
The interfacial flow associate with impacts of liquid drops onto porous surfaces is a type of two-phase 
flow which is common in everyday life and in engineering. Examples of application include ink-jet 
printing, manufacturing of composite materials or even in medicine for needle-free drug delivery by 
penetrating liquid medication into human skin. The wetting characteristics of the liquid/porous surface 
are of great importance for a successful application of such technologies. The flow consists of liquid 
spreading over and absorption into the porous substrate, depending on the wettability, porosity and 
permeability of the porous substrate. The complexity of the flow makes experimental access difficult 
and permits only simplified analytical solutions for the flow dynamics. The flow is characterized by 
different time scales, one for the liquid spreading and the other for the penetration [1], which is 
several orders of magnitude larger. In the present study the numerical procedure for interface 
capturing similar to the one in [2] is adopted to compute drop impact on a porous surface. The 
computational model originating from the volume of fluid (VOF) method [2,3] is revised to compute 
only the liquid spreading in the external flow, and the effects of the porous substrate are accounted for 
by an appropriate permeable wall boundary condition. The capability of the numerical model is 
verified by comparing the results obtained computationally with the existing experimental data [4]. 
 
2. COMPUTATIONAL MODEL 
In the studies of the flow through porous media the attention was given to single-phase flows and 
estimations of permeability and porosity. Theoretical expressions are obtained for simplified 
unidirectional flow along long cylinders, and the data is presented in the dimensionless form 

� �2/ ��pK R f , where K is permeability of the fibrous material, Rp is the characteristic dimension 
(radius) of pores, and 1� �� �  is the solid volume fraction with the porosity calculates as /� � pV V . 
An overview of the estimations of f(�) is provided in Jackson and James [5], and a theoretical model 
for the permeability of an orthogonal pattern fibrous web is presented in [6]. Under assumption of a 
very slow liquid flow in the fibrous porous material it can be approximated by the steady Stokes flow, 
the solution of which and the corresponding liquid mean velocity for the case of cylindrical pores are 
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The external flow is solved using the interface capturing model [7] consisting of the governing 
transport equations are the conservation of mass, phase fraction and momentum 
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where all the variables are defined in [7]. The model represents the one-fluid approach, treating fluids 
as a homogeneous mixture of gas and liquid, the properties of which determined as weighted averages 
based on the phase fraction distribution. Surface tension force is accounted for by the Continuum 
Surface Force model [8]. The numerical simulations were carried out using OpenFOAM� [9]. The 
flow is solved in an iterative solution procedure with fluid properties being updated after each time 
step determined by the phase fraction distribution. The solution procedure incorporates a cell-center-
based finite volume approximation where special care is taken for the spatial convective derivatives 
which are integrated over cell face surfaces using flux limiters. The pressure is coupled with velocity 
by the Pressure Implicit with Splitting of Operators (PISO) algorithm. The computational domain for 
the permeable wall model, shown in Fig. 1, is a two-dimensional axisymmetric slice including only 
the external region with the permeable wall boundary condition at the porous surface. 

  
 
 
 
The mesh is graded, with dimensions in the vertical plane of 4D0 × 6D0 based on the droplet initial 
diameter with the total of 40000 cells. The initialization includes prescribing the phase fraction 
distribution corresponding to the shape of one drop and setting the initial impact velocity. The 
boundary conditions include open boundaries at the top and to the right side with the prescribed total 
pressure and a combination of inlet and outlet conditions for velocity. The permeable wall boundary 
condition at the impacting surface is formulated by expressing the normal-to-the-surface velocity 
component from Eq. (1) and making use of the fact that the velocity is continuous in the thin region in 
the vicinity of the plane of the porous surface begins, as shown in Fig. 2, yielding 
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Figure 1. Initial case configuration (left) and computational mesh (right). 
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Most studies of drop impact on fibrous media do not provide exact values for the permeability or pore 
radius. The porous medium is commonly characterized by the porosity, or the area density and the 
thickness, which is insufficient for the simulation [10,11,12]. The assessment of the computational 
models is performed by comparison of the numerical results with the experimental data for drop 
impact on the porous substrate [4] where the liquid used is n-heptane (C7H16) with properties listen 
in Table 1, the initial drop velocity of U0 = 0.93 m/s and the drop diameter of D0 = 1.5 mm.  
 
3. RESULTS 
To assess the predictive potential of the model, the spreading ratio, the lamella height at the symmetry 
axis, the lamella volume above and mean velocity at the porous surface were computed and compared 
to the experimental data in [4]. The results are shown in Figs. 3 to 6. 
 

 

 

 

  

  Table 1. Properties of the liquid and porous medium. 
 

n-heptane/ceramic 
 

density �, kg/m3 667.5 
viscosity 	, Ns/m2 4.05�10-4 
surface tension �, N/m 2.01�10-2 
porosity �, - 0.25 
permeability K, m2 1.04�10-12 
pore radius Rp, 	m 2.88 
Weber number, - 43 
Reynolds number, - 2300 

 

external region 

porous substrate 

U� up 

down 
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Figure 2. The permeable wall. 

Figure 3. Drop spreading ratio Figure 4. Lamella height at the symmetry axis 

Figure 5. Lamella volume above the surface Figure 6. Mean velocity at the porous surface 
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Fig. 3 and Fig. 4 show the comparison of the computed spreading ratio and the lamella height at the 
axis of symmetry with the existing experimental results (normalized by the drop initial diameter and 
volume), and Fig. 5 and Fig.6 show the computed residual liquid volume and the mean velocity at the 
porous surface (normalized by the drop initial volume and impact velocity). Different contact angles 
were used in simulations. The results show a closer agreement with the experimental results compared 
to the combined model used in [2]. The disagreement of the spreading ratio is higher at lower contact 
angles. The permeability has negligible effects on the results in the initial inertia dominated flow due 
to larger time scale for the absorption. The small peak in the results for the lamella height at time 

1.1�t  is caused by the entrapped air bubble in the region of impact, which moves upwards and 
escapes through the free surface of the lamella. The residual liquid volume is non-linear in time for 
the higher permeability, whereas at lower permeability the volume is linear in time. Due to the 
constant wall pressure gradient, the mean velocity remains constant in accordance with Eq. (1). 
 
4. CONCLUSIONS 
The numerical model for a free-surface flow pertinent to drop impact on a porous surface is presented, 
incorporating the free-surface capturing based on the volume-of-fluid method with the permeable wall 
boundary condition at the impacting surface. The capability of the model is assessed by comparing the 
numerical results with the existing experimental data. The results for the drop spreading ratio and the 
lamella height show a good agreement with the experiments. The numerical solution procedure shows 
good predictive capabilities by reproducing correctly the characteristics of the studied flow. 
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