
The 19th International Symposium on Transport Phenomena, 
 17-20 August, 2008, Reykjavik, ICELAND 

FLOW INDUCED FORCES IN POROUS MEDIA 
- WITH APPLICATION TO INTERNAL EROSION - 

 
1J.G.I. Hellström , T.S. Lundström1 

1 Division of Fluid Mechanics 
Luleå University of Technology, Luleå, SWEDEN 

 
 
ABSTRACT 
For a comprehensive understanding of internal erosion in 
embankment dams it is necessary to elucidate the 
detailed seepage flow. A neat tool that can be used for 
this purpose is Computational Fluid Dynamics with which 
forces on individual particles in a porous media can be 
derived. The model geometry chosen to represent the 
porous media is a hexagonal array of spheres into which 
smaller particles are introduced that are supposed to 
move at a certain level of flow induced forces. It is shown 
that the method for mesh deformation introduced has a 
potential to model internal erosion.  
 
INTRODUCTION 
Flow in porous media takes place in many technical 
areas such as ground water flow, flow through 
embankment dams, paper-making, composites 
manufacturing, filtering and drying of iron ore pellets. 
When emphasizing on the internal erosion process it 
comes clear that it is not completely understood although 
dam failures, accidents and deterioration of dams are 
closely related to it. Even if dams generally can be 
considered as safe constructions, a large part of the 
present knowledge about problems associated with 
internal erosion is a result of studies of former dam 
incidents. This circumstance is almost inevitable since 
internal erosion processes are very complex and take 
place inside the embankment or foundation making the 
erosion transparency limited until it has progressed 
enough to be visible or detected by measurements. 
Instrumentation inside a dam could perhaps detect 
erosion at an early stage but at the same time internal 
erosion has a tendency to concentrate adjacent to 
different kinds of installations, so it is not desirable to 
have more installations than necessary, Fell, MacGregor, 
Stapledon & Bell 2005. It is therefore crucial to increase 
the knowledge of the mechanisms behind internal 
erosion so that observations made can be better 
interpreted and the actions taken more focused. 

When considering fluid flow problems coupled to 
internal erosion, or any  application of porous media flow, 
the detailed as well as the global flow characteristics vary 
as a function of pore geometry and ambient conditions. 
As long as the fluid is creeping in the pores Darcy’s law 
applies according to  
 

j
ij

i p
K

v ,μ
−=  and 

L
pK

A
Q Δ
=
μ

 (1 & 2) 

 
where Eq. 1 represents the general form of Darcy’s law 
and Eq. 2 its one-dimensional simplification. In these 
equations vi is the superficial velocity, Kij the 
permeability, μ the dynamic viscosity of the fluid, p the 

pressure, Q the volumetric flow rate through an area A 
and Δp the pressure drop over an length L in the 
stream-wise direction. The permeability is dependent 
on the geometry of the porous media as has, for 
instance, been derived by Kozeny and Carman 
according to 
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where B is a constant, S the specific particle surface 
and φ is the porosity, (Bear 1972). For flow 
perpendicular to an array of cylinders Gebart 1992 
derived the following equation, being valid as long as φ 
is small enough 
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where C and φmin depend on the geometrical 
arrangement (such as quadratic or hexagonal).  
 When the Reynolds number increases there is a 
need to introduce a non-linear term resulting in the 
Forchheimer equation 
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where b is a property of the porous media and m is a 
measure of the influence of inertia (Forchheimer 1901). 
Increasing Reynolds number even more the flow 
becomes turbulent but earlier results presented by 
Hlushkou & Tallarek 2006 and Bear 1972 as well as 
numerical simulations by Hellström, Jonsson & 
Lundström 2008 have indicated that Eq. 5 can be used 
for this case as well although it is inevitable to switch to 
a fully turbulent description above a certain region of 
Reynolds number.  
 A modified version of Eq. 5 was presented by Ergun 
in 1952 by fittings to experimental data according to the 
following expression 
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where pf is the pressure represented as a force, g is the 
gravitational constant, ε the fractional void volume in 
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the porous media, Dp the effective diameter of the 
particles and ρ the density of the fluid (Ergun 1952). 
The Ergun equation has shown best agreement with a 
bed of randomly distributed spheres and is therefore 
not optimal for all geometries, such as well structured 
arrays of material. The equation has therefore recently 
been generalised by Nemec & Levec to yield the 
following expression 
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 Several researchers have investigated the validity of 
the equations described above where, for instance, the 
review-article by Hlushkou & Tallarek analyses the flow 
regions, creeping, viscous-inertial and turbulent from a 
macro-scale transport behaviour point of view with the 
result that the laminar region end at a superficial 
Reynolds number at the order of 100 (Hlushkou & 
Tallarek 2006). Lesage, Midoux & Latifi performs an 
experimental investigation on pore-scale in order to 
identify the three flow regimes (laminar, inertial and 
turbulent) and the threshold values for the regions are: 
laminar flow for particle Reynolds number below 110 
and turbulent-like flow regime for particle Reynolds 
number above 280 and a transient regime in between, 
Lesage, Midoux & Latifi 2004). The influence of 
apparent permeability with respect to the Reynolds 
number in periodic arrays is calculated by Edwards, 
Shapiro, Bar-Yoseph & Shapira indicating that the 
orientation-dependent permeabilities of both square 
and hexagonal mono-disperse arrays are observed to 
diminish with increasing Reynolds number, (Edwards, 
Shapiro, Bar-Yoseph & Shapira 1990).  

 
where A and B are tabulated material dependent 
constants derived from experiments, revealing that the 
knowledge of the material in itself must be improved 
(Nemec & Levec 2005). The modified Reynolds- and 
Galileo number appearing in Eq. 7 are defined as, 
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 In several areas of application not only the 
resistance to flow is of interest but also forces on 
individual particles. To exemplify, is it well-established 
that, in a start-up phase of internal erosion in 
embankment dams, individual particles become mobile 
when subjected to high enough hydrodynamic forces. It 
is therefore also in place to do detailed studies of the 
net-force on individual particles rather than applying a 
continuum assumption valid for a homogenous porous 
bed. Therefore in this paper numerical simulations are 
carried out with the aid of Computational Fluid 
Dynamics (CFD), in order to derive the forces acting on 
a particle inside a porous media and investigate if it is 
at all possibility to model the movement of such a 
particle. The simulations are carried out with a laminar 
flow assumption including inertia. 

 
where Re* represents the true averaged velocity in the 
pores taking the volume fraction ε into account and 
including the particle shape factor ϕ (Niven 2002). Ga* 
in its turn gives us the ratio between gravitational and 
viscous forces and is strongly dependent on particle 
diameter and pore volume fraction.  
 Another common way of relating pressure to flow 
rate is by the Blake-type friction factor that may be 
defined as 
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NUMERICAL SETUP  

Introducing this relationship into the Ergun equation 
results in the following expression 
 

Re'
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In order to keep the computational time on a reasonable 
level but still model a relevant geometry an array of 
hexagonally packed spheres is studied in which a unit-
cell is defined, Figs. 1 & 2. To resemble a more natural 
material a perturbation is introduced in the form of a 
particle whose size is varied while the particle location in 
space remains fixed throughout the whole series of 
simulations.  

 
which resembles experimental data and where the 
modified Reynolds number is defined as  
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This way of expressing the Reynolds number originates 
from the investigation performed by Ergun where the 
Reynolds number is related to a diameter characteristic 
for the material (Ghaddar 1995). There exist several 
expressions for the Reynolds number where the 
definition of the characteristic length and the averaged 
velocity differs.   

Fig. 1 The hexagonal packed array of spheres 
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Fig. 2 The unit-cell used for the simulations. 
 
To solve the flow in the unit-cell a commercial CFD code, 
ANSYS CFX11.0 is used with the assumption of steady, 
incompressible and laminar flow resulting in the following 
governing equations  
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The discretization scheme for the continuity and 
momentum equations are strictly second order accurate 
which is realized by setting the specified blend factor 
equal to one in CFX. Regarding the boundary conditions 
of the unit-cell they are defined as follows; the top, 
bottom, left and right sides are all symmetry-planes, the 
front and back are defined as periodic domain interfaces 
representing the repeatable (stream-wise) structure of 
the array while the spheres and the particle are 
considered to be walls with no-slip conditions. In order to 
drive the flow a momentum source, of varied magnitude, 
is defined in a sub-domain. The simulations are 
furthermore assumed to be well converged when the 
Root Mean Square (RMS) residuals have dropped 5-6 
orders of magnitude and when the maximum residuals 
are less than 1.5 orders of magnitude above the RMS-
residuals. For the discretization of the computational 
domain, i.e. a division of the geometry into finite volumes, 
ANSYS ICEM CFD 11.0 is used with focus set on high 
grid quality considering parameters such as the minimum 
angle and aspect ratio of the volumes. To solve the flow 
ANSYS CFX11.0 is run in parallel mode using the MeTis 
partitioning method on a homogenous LINUX cluster for 
which the communications are handled by the HP-MPI-
2.1 routine, which an excellent scaling of the problem 
according to Hellström, Marjavaara & Lundström 2007. 
The grids chosen for the simulations are based on a grid 
refinement study with 8 grid successively finer grids from 
160 000 nodes to 1 300 000 nodes performed in 
Hellström, Ljung & Lundström 2007. Based on this study 
it is moreover decided to use a grid consisting of 530 000 
nodes, which corresponds to a discretization error of 
approximately 1 %. For this mesh the strength of the 
momentum source is varied in order to derive the forces 
acting on the spheres and the particle in the array as a 
function of Reynolds number and radius of the particle. 
 
 Finally an investigation on the possibility to model 
movement of the particle is performed. The geometry is 

then expanded is size so that the whole particle is 
modeled, see Fig. 3.  
 

 
Fig. 3 The unit-cell for the particle motion simulations 
 
The simulations are solved by assuming unsteady 
conditions in order to track the movement, which 
corresponds to solving the Eqs. 13 & 14 with an 
unsteady setup. When the particle starts to move the 
mesh needs to be updated which is achieved by the 
mesh-deformation function available in CFX. The 
movement is based on the normal and shear forces 
acting on the particle, the normal force correlates to the 
pressure and the shear force corresponds to the 
gradient-induced wall shear. To start with there are no 
forces retaining the particle so the movement starts 
momentarily. 
 
RESULTS AND DISCUSSION 
The results are in line with earlier simulations regarding 
the apparent permeability, (Hellström, Jonsson & 
Lundström 2008 and Hellström & Lundström 2006). 
When plotting the Blake-type friction factor, see Eqs. 10 
& 11. as a function of Reynolds number is clear that the 
slopes match and the trends resemble each other but 
there is a shift in magnitude see Fig. 4. This indicates 
that the constants in Eqs. 10 & 11 need to be updated for 
the geometry in focus. In this context it is worth noticing 
that the Ergun equation as well as the one by Nemec & 
Levec captures the simulated values in a better way for 
quadratically packed cylinders, (Hellström, Jonsson & 
Lundström 2008 and Hellström & Lundström 2006). This 
is rather surprising since the equations are based on 3D 
experimental data and are thus anticipated to be better 
described by a hexagonal arrangement. 
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Fig. 4 The Blake-type friction factor for the different 
Reynolds number. 
 
From an internal erosion, point of view it is of great 
importance to identify the magnitudes of the forces acting 
on particles in order to determine whether internal 
erosion may occur. In order to get a hint of this for a real 
case the shear and normal forces on the model material, 
the spheres, are here calculated as a function of Re’. As 
predicted by Darcy’s law, the normal force increases 
almost linearly with increasing Re’, until a Re’ of about 10 
then there is an accelerated increase in magnitude which 
is probably caused by inertia effects see Fig. 5. The 
shear force shows a similar behavior although even more 
distinct see Fig. 6. It is however clear that the normal 
forces are considerably larger than the shear forces 
implying that the non-linearity seen in the shear force is 
of less importance when considering total forces on the 
spheres.   
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Fig. 5 The normal force acting on the sphere scaled with 
its area. 
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Fig. 6 The shear force acting on the sphere scaled with its 
area. 
 
When scrutinizing the results in detail it is evident that 
inertia effects come into play and the flow field becomes 
more disordered as Reynolds number is increased, see 
Figs. 7 & 8, and the shift in position of maximum velocity 
between the figures and the laminar eddies appearing in 
Fig. 8. In these figures the length and colors of the 
vectors correspond to the magnitude of the velocity, 
where blue denote low velocity and red denote high. Also 
the contour plots on the spheres denote the pressure 

distribution. In this case dark blue indicate low pressure 
while light blue high pressure. Notice that the scaling in 
Figs. 7 & 8 is different. 
 

 
Fig. 7 Velocity vectors and contour pressure plots, Re’=0.02. 
 

 
Fig. 8 Velocity vectors and contour pressure plots, Re’=45. 
 
When introducing the perturbation particle the Blake-type 
friction factor does not seem to be dependent on the r/R-
ratio, see Fig. 9, as is actually the case for the 
permeability (Hellström, Ljung & Lundström 2007). 
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Fig. 9 The Blake-type friction factor for the simulations 
compared with the Ergun and Nemec & Levec equations. 
 
The forces acting on the perturbation particle decreases 
as the radius-ratio is increased and the normal, as well 
as, the total forces even changes in sign see Figs. 10 & 
11. In this case the shear and normal forces are in the 
same range and thus the total force per unit area 
becomes strongly dependent on the size of the particle. 
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Hence not only the Reynolds number is of importance for 
the force on the particle also its geometry. 
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Fig. 10 The shear forces acting on the particle normalized 
with the area of the particle. 

Fig. 13 The pressure field on the particle for the following 
cases: top left r/R = 0.05, top right r/R = 0.1, bottom left r/R = 
0.2 and bottom right r/R = 0.33, dark indicates low pressure.  
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Regarding the flow filed for the perturbed geometry it 
becomes less well-organized as the particle size is 
increased as well as when the Reynolds number is 
increased (as would be expected), Figs. 14 & 15.  
 The forces on the particle is of course just an 
indication on the forces that might occur in a natural 
material since the distortion particle remains fixed in the 
same position during the whole simulation. In a real case 
the particle would rather start to move when the forces 
become high enough and, of course, if there is a path 
available for the particle to travel. 

 
Fig. 11 The normal and total forces acting on the particle 
normalized with the area of the particle. 

  
The results in Figs. 10 & 11 can be explained from 
studies of the spatial distribution of the shear stress and 
the pressure on the particles. The low wall shear areas 
increase in size as a function of particle radius, see blue 
areas in Fig. 12 and high pressure zones evolves on the 
downstream side of the particle see Fig. 13. The flow 
field generated even results in that the main low pressure 
zone moves from the down-stream side of the particle to 
its up-stream side hence the decrease in force 
magnitude presented in Fig. 11.  
 

 
Fig. 12 The wall shear acting on the particle for the following 
cases: top left r/R = 0.05, top right r/R = 0.1, bottom left r/R = 
0.2 and bottom right r/R = 0.33, dark indicates low wall 
shear. 
 

 
Fig. 12 Velocity vectors and contour pressure plots for the 
perturbed geometry where r/R = 0.05 and with a Reynolds 
number of 0.5. 
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CONCLUSIONS 
Regardless of the size of the perturbing particle and 
regardless if permeability or forces on individual 
particles are sought for, inertia effects must be taken 
into account when the Reynolds number is in the region 
of 1-30, depending on the limit chosen. Interestingly the 
forces per unit area on the spheres increases 
monotonically with Reynolds number while the forces 
per unit area on the perturbing particle sometimes 
decreases as a function of Reynolds number. The net 
force on the perturbing particle can even be opposite to 
the main flow direction. This may be due to the growth 
and relocation of wall shear and pressure zones. 
Furthermore the results presented here correspond well 
with earlier presented experimental results. Hence 
when it comes to initiating and progressing of internal 
erosion in embankment dams this study has indicated 
that statistical variations in geometry must be 
considered and that this variation must be based on 
detailed studies of the flow around the grains. And 
finally on the numerics the mesh deformation approach 
of simulating motion of particles in porous media has 
shown a promising potential but it still needs to be 
further investigated, in order to get reliable results. 

 
Fig. 15 Velocity vectors and contour pressure plots for the 
perturbed geometry where r/R = 0.33 and with a Reynolds 
number of 45. 
 
For the simulations where the particle is free to start to 
move the choice of time-step is crucial in order to get 
convergence and to get stable values on the normal and 
shear forces. One interesting result is that, the 
movement is crucially dependent on the time-step. When 
it is large, the particle first starts to move along with the 
flow but then switch direction and starts to travel against 
the main flow direction. When the time-step is decreased 
the particle follows the main flow-direction, cf. Fig. 16. 
The latter movement seems more realistic at least from 
an engineering point of view. These results indicate that 
the method of mesh deformation has a potential as a 
numerical tool for calculating motion of particles in 
micromechanical studies of porous media but the quality 
of results needs to be investigated further. In addition 
gravitation effects should be included.  
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