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ABSTRACT 
 
The paper investigates the role of porosity of a permeable wall and the interaction between the 
interstitial and the outer flow. This situation is, among others, relevant for sediment transport and 
bed friction in natural channels. The study employs detailed large eddy simulations of a prototype 
situation, where the wall consists of two layers of spheres with the same diameter and their centers 
being arranged on a cubic lattice. The domain covers a total of 432 spheres. The recorded time- and 
space-resolved data are averaged and compared to recent measurements at the University of 
Aberdeen finding good agreement. The high porosity of the bed induces considerable momentum 
exchange between the outer flow and within the spheres. This generates additional shear stresses and 
hence leads to velocity and turbulence intensity distributions differing considerably from those over 
solid beds. Coherent flow structures, like sweeps and ejections are shown to occur and are suggested 
to be the driving mechanism of momentum exchange. Below the roughness interface, flow 
velocities, turbulence intensities and pressure fluctuations are damped exponentially which is also in 
line with experimental data. 
 
 
 
1. INTRODUCTION 
 

Although almost all natural channels have permeable beds such as gravel-bed rivers, very little 
research has been undertaken in order to study the effect of channel bed permeability on the mean  
and instantaneous flow. In common practice a permeable bed has usually been treated analogously 
to an impermeable bed and flow resistance coefficients and velocity distributions were derived 
irrespective of bed porosity. However, depending on the permeability of the subsurface there are 
significant interaction processes between the flow above the porous bed and the subsurface area. 
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The effects of interaction are a non-zero (slip) velocity at the permeable boundary (see Figure 1) and 
the existence of turbulent exchange of mass and momentum between the two flow regions. These 
exchange processes are responsible for additional shear stresses near the boundary (Nezu, 1977). For 
instance, Lovera and Kennedy (1969), Zagni and Smith (1976), and Zippe and Graf (1983) have 
shown that the overall friction loss in a flow over a permeable bed is larger than over an equivalent 
impermeable bed. The driving force that is responsible for the exchange processes between the pore 
layer and the upper flow is the presence of local pressure gradients, a mechanism similar to the 
interaction between the turbulent boundary layer and the viscous sublayer in the flow over a smooth 
bed (see Figure 1, taken from Nezu, 1977). These local pressure gradients are generated by the 
dynamics of the turbulent flow over (smooth, rough, and permeable) boundaries, where the flow 
field is dominated by energetic three-dimensional organized (coherent), vortical structures. Over 4 
decades of experimental work have been dedicated to the identification of the physical processes 
which govern these coherent structures, and much progress has been made in recent years due to the 
advances in measurement methods and in numerical simulation techniques associated with the 
growth in speed and capacity of modern supercomputers. Whereas the flow physics of coherent 
structures over smooth surfaces is understood fairly well (see the summary by Robinson, 1991), the 
flow over rough impermeable and permeable walls is still an area of active turbulence research. The 
reason is that there exists a wide variety of possible wall roughness geometries as well as 
permeability conditions and recent research endeavors have shown that the details of the geometry 
influence the flow across the entire turbulent layer (Jiménez, 2004). As a consequence, the 
distribution of mean flow velocities and higher order turbulent statistics differ considerably from 
those over smooth walls in a region usually called the “roughness sublayer”, which is a layer  
adjacent to the rough (im)permeable bed. There have been numerous research efforts recently to 
quantify the effects of (impermeable) roughness on the mean flow statistics (see the most recent 
summary by Jimenez, 2004) or to elucidate the turbulent instantaneous flow structures (Stoesser et 
al., 2003) over impermeable rough beds. Studies of turbulent flow over permeable beds are very 
scarce. There has been few experimental work on quantification of the friction loss (Kong and 
Schetz, 1982, Zagni and Smith, 1976, Zippe and Graf 1983), on the determination of the vertical 
velocity profile for the flow above the permeable bed (Gupta and Paudyal, 1986, Zagni and Smith, 
1976, Zippe and Graf 1983, Nakagawa et al., 1991, Dancey et al., 2000) as well as on the collection 
of pressure and velocity signals within the permeable bed (Detert et al., 2004). There are several 
numerical studies of flow over and/or through porous media which use an integral numerical 
approach like the Volume Average Navier Stokes (VANS) approach (Breugem and Boersma, 2005) 
or apply adequate slip-conditions (Jiménez et al., 2001), but these methods do not resolve the details 
of the interaction between the two layers, hence important physical mechanisms may be neglected. 
Directly resolving the details of the flow geometry of a porous media is extremely complex and 
tremendously expensive especially for natural permeable beds. To our knowledge there is only one 
study that represents the porous media directly (Breugem and Boersma, 2005). Breugem and 
Boersma (2005) performed a DNS over and through a permeable bed that consisted of an array of 
cubes, with the main objective of validating a previously developed integral approach.         

In this paper we present the results of a LES of open-channel flow over a permeable bed that 
consists of two layers of spheres. This is the first detailed numerical study of the flow over a 
permeable bed that has also been investigated in a laboratory experiment. A related simulation with 
three layers of spheres will be presented shortly (Stoesser et al. 2007). The main purpose of the 
present study is to provide further insight into the turbulent flow over permeable beds and to 
enhance the understanding of the effect of bed permeability on the mean and instantaneous flow. 
Temporal and spatial averaging is used to quantify the effects on the flow velocities and the three 
components of turbulence intensities. We furthermore show the existence of coherent flow 
structures and their effect on the mass and momentum exchange processes between the flow above 
the bed and the subsurface region.   
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2. NUMERICAL FRAMEWORK 
 

The LES code MGLET, originally developed at the Institute for Fluid Mechanics at the Technical 
University of Munich (Tremblay and Friedrich, 2001), was used to perform the Large Eddy 
Simulations. The code solves the filtered Navier-Stokes equations discretised with a finite-volume 
method on a staggered Cartesian grid. Convective and diffusive fluxes are approximated with 
central differences of second order accuracy and time advancement is achieved by a second order, 
explicit Adams-Bashford scheme. A Poisson equation is solved to couple the pressure to the velocity 
field. The subgrid-scale stresses appearing in the filtered Navier-Stokes equations are computed 
using the dynamic approach of Germano et al. (1991). The no-slip boundary condition is applied on 
the surface of the spheres where the immersed boundary method is employed (Verzicco et al., 
2000). This method is a combination of applying body forces in order to block the cells that are fully 
inside the sphere and a Lagrangian interpolation scheme of third order, which is used for the cells 
that are intersected by the spheres’ surface to maintain the no-slip condition (Tremblay and 
Friedrich, 2001).  

 
 
3. SETUP AND BOUNDARY CONDITIONS  

 

The setup and boundary conditions of the Large Eddy Simulation are selected in analogy to 
flume experiments performed by Pokrajac (2005) at the University of Aberdeen, where spheres of 
D=12mm diameter were placed in two layers on the flat bottom. The flow depth from the roughness 
tops to the free surface is H=41 mm which gives a relative submergence ratio of H/D=3.42. The 
depth-averaged bulk velocity is U=0.43 m/s, which yields a Reynolds number of Re= UH/ν ≈ 
17600. Mean flow velocities were measured with a two-dimensional Particle Image Velocimetry 
(PIV) system along two longitudinal (x-z) planes above the spheres. These measurements are used in 
order to validate the results of the LES computations.  The computational domain of the surface 
flow region spans 5.3H x 3.5H x H. The subsurface region consists of two layers of spheres of 
diameter D=12 mm arranged in a cubic pattern with 18 x 12 spheres per layer (Figure 2). In the top 
left part of Figure 2a sketch with a part of the setup is given indicating planes with maximum (plane 
1) and minimum porosity (plane 2). A very high resolution grid consisting of 720 x 480 x 172 points 
for the computation domain is employed, which is approximately 60 million grid points in total. 
Hence, each sphere is resolved with 40 points over the diameter. Based on the global wall shear 
stress, the grid spacings in terms of wall units are ∆x+ 

≈ 8 in streamwise direction and ∆y+ 
≈ 8 in 

spanwise direction. In the vertical direction the grid spacing is kept at a constant value of ∆z+
≈1.0 

from the bed to the top of the spheres and is stretched above the spheres towards the surface. A 
longitudinal and a plane view of the grid, where only every 5th grid line is plotted is given in Figure 
3. In the top left part of Figure 3 a sketch with a part of the domain is given indicating four points 
where time-signals are recorded. It has to be noted that due to the third order interpolation scheme of 
the immersed boundary method the touching point is not a singular point but an area consisting of 3 
x 3 grid points. This is the reason why later on in plots with maximum porosity a trace of the sphere 
is still visible. Periodic boundary conditions are applied in the streamwise and spanwise directions in 
order to simulate an endless channel with fully developed flow conditions. 
 
 
4. RESULTS AND DISCUSSION  
 

4.1  Mean Flow  
   Figure 4 shows contours of the time-averaged streamwise velocity along a longitudinal 

plane with minimum porosity (indicated as plane 1 in the top left part of Figure 3) for both 
experiment (left) and LES. Overall, the match between simulation and experiment is very good and 
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differences can only be observed near the top of the spheres, where the LES predicts a slight 
acceleration of the flow. Between the roughness elements near the sphere tops small recirculation 
regions can be seen, which are caused by separation at the top of the spheres. This small-scale 
behavior could not be measured in the laboratory due to the resolution of the camera. Figure 5 
compares the mean-flow velocities between LES and experiments in a longitudinal plane with 
maximum porosity i.e. where the spheres touch each other (indicated as plane 2 in the top left part of 
Figure 3). Again the agreement between measured and calculated flow velocities is very good. Due 
to the relatively large porosity of the setup there is non-zero flow in the pore region. In the 
measurements the plane between spheres cannot be measured due to the spheres obstructing the 
camera view.  

Figure 6 shows a more quantitative comparison of mean streamwise flow velocities along 
several vertical lines along two longitudinal planes with minimum porosity (left) and maximum 
porosity (right). As was shown before, the prediction of the mean streamwise velocity is in an 
excellent agreement with the observed data and there are only small differences. The spatial 
variation of streamwise velocity profiles along the two planes can hardly be discerned; this suggests 
the existence of only a thin roughness layer, i.e. the layer where the flow “feels” the details of the 
roughness geometry. However, the acceleration of the flow on the top of the spheres, recirculation 
behind the spheres and a certain amount of flow through the pores can be seen clearly. The flow 
velocities in the first pore are slightly smaller than in the second pore near the flume bed. This has 
also been reported by Prokrajac (2005) and now confirmed with the present LES. The reason for this 
behavior is that the turbulent exchange process between the outer flow region and pore region 
causes a retardation of the streamwise flow in the first layer or in the first pores respectively.  

The protrusion of turbulence into the pores can be quantified with streamwise, spanwise and 
wall normal turbulence intensities. Figure 7 shows the three spatially-averaged components 

normalized with the global shear velocity <u’ u’> 1/2/uτ, <v’ v’> 1/2/uτ, <w’ w’> 1/2/uτ . It is interesting 
to see that the peaks of all components are located at the top of the permeable bed, i.e. at z/H=0. 
Unfortunately, for this setup Prokrajac (2005) did not evaluate turbulence intensities and hence a 
comparison is made with experimental data obtained by Grass (1972). Though Grass measured flow 
and turbulence above one layer of uniform gravel (with k=9mm and a relative submergence ratio of 
H/D=5.5) the normalized profiles are very similar. Grass (1972) also observed large peaks in the 
streamwise component near the bed as well as in the shear stress (Figure 7, right). It can be seen that 
considerable turbulence intrudes into the subsurface area and the effect of mass and momentum 
exchange becomes obvious from the fairly high values of wall-normal fluctuations in the first layer 
of spheres (z/H=0 to z/H=0.3), which are of similar magnitude as the streamwise fluctuations. 
Further below, i.e. in the second layer of spheres, there is still considerable turbulence left, however 
the wall-normal component is not so strong anymore.     
   
 
4.1 Instantaneous Flow 
Figure 8 shows contours of instantaneous wall-normal velocities in longitudinal planes with 
minimum porosity (upper part) and maximum porosity (lower part). The colors (blue indicates 
strong downward movement w < 0 and red indicates strong upward movement of fluid with w > 0) 
illustrate the existence of coherent structures which prevail over the entire channel depth. Near the 
bed the sweeps and ejections seem to occur more often. On the other hand, as was shown in a 
previous paper (Stoesser et al., 2005), vortices grow as they travel towards the free surface.  
 Figure 9 presents snapshots of the perturbation vector field (u’-w’ ) in two selected x-z planes 
with minimum (left) and maximum (right) porosity, respectively. It is apparent from the magnitude 
of the perturbation vectors that most of the turbulence occurs in the roughness sublayer just above 
the spheres. In the slice with maximum porosity, in- and outflow scenarios are visible (e.g. at 
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x/D=7.8 and x/D = 5.5). In the plane with minimum porosity an ejection event (i.e. u’<0  and w’>0, 
at x/D=3.5, y/D=0.5) can be observed and a sweep event (i.e. u’>0  and w’<0) can be spotted in the 
plane with maximum porosity at x/D=6.5, y/D=0.5. These events are comparable to those observed 
over smooth beds (as described in Robinson, 1991) and rough beds (Stoesser et al. 2003).  
 The instantaneous data were also analyzed using a quadrant analysis, similar to Raupach (1981). 
The instantaneous values of u’ and w’ are classified into four quadrants i which are defined as 
outward interaction (i=1 , where u’>0  and w’>0), ejections (i=2 , where u’<0  and w’>0), inward 
interaction (i=3 , where u’<0  and w’<0) , and sweeps (i=1 , where u’>0  and w’<0 ), respectively. At 
any point in the flow, the contribution of events of different strength to the total Reynolds stress 
from quadrant i can be computed by the formula (Raupach, 1981):  

dtwuItwtuwu Li
T

Li
)''()(')('lim'' ,0, ∫=  

( )


 ><≥

=
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wuLwuifandiquadrantiniswuif
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Figure 10 does not show the conditional mean 
Li

wu
,

''  but the probability dtwuIP Li

T

Li )''(lim ,0, ∫=  

of events with strength L=0, 1, 2,… , 19. Note that by definition .10, =∑ =i LiP  This quantity is 

shown for the four selected locations in Figure 3 at which time-signals were collected over a period 
of 10 flow-through times. The dominance of sweeps and ejections is immediately apparent at the 
locations 3 and 4, which is 0.5D above the bed, a fact that has also been seen above rough 
impermeable beds (Stoesser et al., 2003). This dominance can as well be observed at location 2, 
which is in the centre of the first pore. This is clear evidence that sweeps and ejections are mainly 
responsible for mass and momentum exchange processes. It is also evident that these processes 
occur during strong events, which is apparent from the relatively flat probability curve showing that 
about one third of the events are 19 times larger than the average Reynolds stress. The amount of 
strong events seems less pronounced at location 3, which is 0.5D above the center of the pore. 
However, at that location the mean value of >< ''wu  is very high so that the number of extreme 
events decreases. Near the bottom wall at location 1 there seems to be no dominating event anymore 
and the probability distribution takes a hyperbolic shape, which indicates isotropic turbulence.  
 
 
4. CONCLUSIONS 
 

Results were presented of a large eddy simulation of open channel flow over a permeable bed 
consisting of two layers of spheres. In these simulations the unsteady flow around and between the 
individual spheres was resolved to a very high degree which provides an enormous wealth of data. 
The calculated mean velocities showed generally good agreement with the measured data of 
Prokrajac (2005). First findings concerning higher order statistics and flow structures were reported. 
These are currently extended in ongoing work. 
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FIGURES 
 
 

 
Figure 1: Analogy between smooth bed flows and flows over a rough permeable bed (Nezu, 1977).   

 
 

 

  
 

Figure 2: Setup of the Large-Eddy Simulation in longitudinal (bottom left) and plane view (right) as 
well as a sketch (top left) indicating planes of maximum (Plane 1) and minimum (Plane 2) porosity.   

 
 

 

  
 

Figure 3: Grid (only every 5th grid line is shown) of the Large-Eddy Simulation in longitudinal 
(bottom left) and plane view (right) as well as a sketch (top left) indicating points (1-4) where time-

signals were recorded.  
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Figure 4: Contours of time-averaged streamwise velocity <u>  in a plane with minimum porosity as 

measured in the laboratory (left) and predicted with LES (right) 
   

          
Figure 5: Contours of time-averaged streamwise velocity <u>  in a plane with maximum porosity as 

measured in the laboratory (left) and predicted with LES (right) 
 

              
Figure 6: Quantitative comparison of mean streamwise velocity between experiments (squares) and 

LES (solid lines) along several verticals in planes with minimum (left) and maximum (right) 
porosity   
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Figure 7: Spatially averaged vertical distribution of normalized turbulence intensities (<u’ u’> 1/2/uτ, 

<v’ v’> 1/2/uτ, <w’ w’> 1/2/uτ, right) and the normalized shear stress (<u’w’>/u τ
2, left) 

 

 

 
 
Figure 8: Instantaneous wall-normal turbulent fluctuations w’=w-<w> in two selected longitudinal 

planes with maximum (upper) and minimum (lower) porosity.   
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Figure 9: Snapshots of perturbation vectors (u’-w’ ) in x-z planes with minimum (left) and maximum 

(right) porosity from LES. 
 

       

       

Figure 10: Probability of quadrant events at the four points in the flow field specified in Figure 3. 
The horizontal axis is, for each quadrant,  sign(u’)L and the vertical axis  sign(w’) Pi,L . Each symbol 
represents an evaluation with a particular value of L=0,1,2, ... 19. 


