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Abstract: This paper presents some results of 
numerical simulations carried out to investigate 
the basic hydrodynamic interactions between the 
laminar flow in the water column above 
triangular bedforms and the Darcian flow in the 
underlying permeable sediments. The flow was 
described by the Navier-Stokes equation in the 
free region and the Darcy equation in the porous 
region. Numerical simulations were carried out 
in laminar steady-state flow using Multiphysics 
3.5a in a range of bedforms height-based 
Reynolds number ReH from 6 to 3852. Numerical 
results confirmed the close relationship between 
the characteristics of the separation region in the 
water column downstream the bedform crest and 
those of the hyporheic zone in the porous 
medium. 
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1. Introduction 
 

Despite the traditional separation between 
the studies of surface water and groundwater 
flows, since some decades it has been recognized 
that rivers and aquifers are strongly connected 
and their interaction gives rise to a continuous 
exchange of water and solutes, which exerts a 
significant influence on the water quality 
(Bencala and Walters, 1983). This analysis lead 
to identify a zone, termed hyporheic zone, where 
groundwater and stream water are mixing. The 
hyporheic zone has hydrodynamical, 
physiochemical and biotic characteristics 
different from both the river and the subsurface 
environments (Dade, 1993, Boulton et al., 1998) 
and controls the distribution of solutes, colloids, 
dissolved gases and biogeochemical reactions 
from ripple to global scales (Huettel et al., 1998, 
2003; Nishihara and Ackerman, 2008), and thus 
affects the distribution of benthic flora and fauna 
in lakes, oceans, bays and estuaries, as well as 
hyporheic and riparian organisms in fluvial 
systems (Findlay, 1995; Brunke and Gonser, 
1997). The effects of the hyporheic exchange 

processes on both the river and the subterranean 
environments are twofold. First, the hyporheic 
zone acts as a storage zone or a dead zone, which 
temporarily traps stream-transported solutes and 
then releases them after some time. Due to the 
low filtration velocities in the subsurface, the 
residence time of solutes in the hyporheic zone is 
usually much longer than the travel time in the 
main stream. This difference between the 
characteristic timescales of in-stream and 
hyporheic flow determines long tails in the time-
concentration curves (Bencala and Walters, 
1983, Wörman et al., 2002). Second, the 
metabolic activity of the hyporheic 
microorganisms significantly alters the in-stream 
concentration of chemicals, both at the reach 
scale (Findlay et al., 1993) and at the basin scale 
(Harvey and Fuller, 1998). The surface of the 
hyporheic sediments is covered by biofilms of 
aerobic microorganisms, that use the dissolved 
oxygen from the surface water to oxidize 
nitrogen and phosphorus for their metabolism 
(Boulton et al., 1998; Hancock et al., 2005). The 
hyporheic exchange is also important for riparian 
vegetation, as the oxygen flux from the stream 
regulates the redox conditions in the aquifer and 
therefore the dynamics of nutrients and trace 
metals (Brunke and Gonser, 1997). 

Examples of vertical, lateral and longitudinal 
hyporheic exchange processes between a river 
and its surrounding groundwater are presented in 
Fig.1. 

Different approaches were proposed to study 
surface water-groundwater interactions and the 
hyporheic zone, as pointed out by Boano (2006). 
First, a number of studies relied on detailed field 
measurements of the topographical and hydraulic 
features of specific sites in order to calibrate 2D 
or 3D numerical groundwater flow models. This 
approach allows hyporheic paths to be modelled, 
and the interactions between the hyporheic zone 
and the surrounding aquifer to be described at 
scales of the order of hundreds of meters 
(Harvey and Bencala, 1993; Anderson et al., 
2005; Gooseff et al., 2006, Fernald et al. 2006; 
Kasahara and Hill, 2007). However, this 
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approach remains site-specific and its results 
cannot be easily transferred to different 
locations, but it allows to consider the reciprocal 
influence of all the key factors affecting surface 
water-groundwater exchange. 
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Figure 1. Vertical and lateral exchange between 
surface water and groundwater (after Findlay, 1995). 

A second approach studies how the transport 
of chemicals in streams is influenced by the 
exchange with the hyporheic zones (Fernald et 
al., 2001; De Smedt, 2007; Lautz and Siegel, 
2007). Thus, the in-stream concentration of a 
tracer injected into a river were observed at some 
sampling points and these data were used to 
calibrate a one-dimensional stream transport 
model, such as the transient storage model 
(TSM) (Bencala and Walters, 1983). The 
calibrated parameters could then be related to the 
characteristics of the hyporheic zone. However, 
this approach can identify only the shorter and 
faster hyporheic paths in the shallower 

streambed, whereas no information is provided 
on the slower transport to the deeper part of the 
bed. 

Finally, the hyporheic exchange can be 
analyzed both experimentally and numerically at 
smaller scales. The exchange due to ripples and 
dunes has in particular been thoroughly studied, 
since such bedforms are frequently present in 
rivers (Thibodeaux and Boyle, 1987; Savant et 
al., 1987; Elliott and Brooks, 1997a, b; Marion et 
al., 2002; Packman et al., 2004; Meysman et al., 
2006; Boano et al., 2007; Bayani-Cardenas and 
Wilson, 2006, 2007a, b, c; Feng, 2009). A 
physically-based model (advective pumping 
model, APM) has been proposed (Elliott, 1990; 
Elliott and Brooks, 1997b, a) that identifies two 
basic processes as being responsible for the 
exchange of solutes with the hyporheic zone: 
pumping and turnover. Pumping indicates the 
water exchange due to gradients of head on the 
bed surface caused by the separation of the flow 
behind the bedforms, while turnover denotes the 
entrapment and release of water in the sediments 
due to the deposition and scour of the bed. 
Furthermore, other models considered the 
exchange of solutes due to turbulent dispersion 
(Habel et al., 2002), temperature gradients (Carr 
and Straughan, 2003), wave motion (Habel and 
Bagtzoglou, 2005), and meander sinuosity 
(Boano et al., 2006; Bayani-Cardenas, 2008). 
Despite those many efforts, the study of the 
hyporheic zones is far from being concluded and 
needs further studies. 

This paper presents some results of 
numerical simulations carried out to investigate 
the basic hydrodynamic interactions between the 
laminar flow in the water column above 
triangular bedforms and the Darcian flow in the 
underlying permeable sediments. The interaction 
between free-fluid flow and the flow within the 
porous medium was studied considering the 
characteristics of the separation region in the free 
fluid and the depth of the interfacial exchange 
zone. 
 
2. Numerical simulations 
 

The analysis of the flow field in a free fluid-
porous medium domain was carried out using 
numerical simulations. Free-fluid flow was 
simulated by using the well-known mass 
conservation and momentum balance equations. 
For a planar, steady-state and incompressible 



flow, they are: 
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where in the Navier-Stokes equations, ρ is fluid 
density, p is fluid pressure, Fx and Fy are force 
terms accounting for gravity or other body 
forces, and u, v are velocity components in the x 
and y directions, respectively. 

In the porous medium, the governing 
equations are again continuity and momentum 
balance equations. For a planar, steady-state and 
incompressible flow, continuity equation is Eq. 
(1), while momentum balance equations in a 
porous medium are the empirical Darcy’s law, 
which states that the volume averaged velocity 
field is determined by the pressure gradient, the 
fluid viscosity and the structure of the porous 
medium: 
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where k is porous medium permeability [L²], 
which is a scalar for an isotropic porous medium. 

These equations were solved using 
Multiphysics 3.5a™ modeling package, which is 
a commercial multiphysics modeling 
environment (Multiphysics, 2008). Sequential 
coupling was implemented. Multiphysics first 
solved Eqs. (1) and (2) for the pressure p and the 
velocity vector components u and v within the 
free fluid domain. Then, the calculated pressure 
distribution along the bed surface was assigned 
as a Dirichlet boundary condition for the 
groundwater flow equation and the flow field in 
the porous medium was solved. 

Multiphysics 3.5a™ was applied to the 2D 
geometry presented in Fig.2, which represents a 
free fluid-porous medium domain with free fluid 
and porous medium depth of 0.45 m and 2.0 m, 
respectively. These sub-domain are separated by 
a series of five triangular bedforms 1.0 m long 
and 0.05 m high, with the crest located at 0.9 m. 
Thus, bedform aspect ratio Hbed form/L was 0.04. 
This value is within the typical range for dunes, 

i.e. 0.04÷0.21 (Paarlberg at al., 2007). This 
bedforms geometry is that used as base case by 
Bayani-Cardenas and Wilson (2007) in their 
numerical study. 

For the simulations water at 20 °C with 
density ρ=998.16 Kg/m³ and dynamic viscosity 
µ=1.00·10-3 was selected as fluid, while the 
intrinsic permeability of the porous medium was 
1×10-10 m², which is in the range for well-sorted 
coarse sand. Flow conditions were characterized 
by using a bedform height-based Reynolds 
number defined as: 

ν

H u
Re form bedavg

H =   (4) 

where uavg is the average velocity in the free fluid 
flow. Eleven numerical simulations were carried 
out using Multiphysics 3.5a™ to investigate the 
influence on the flow field of the bedform 
height-based Reynolds number ReH. Table 1 lists 
all the operative conditions. 

 

Figure 2. The investigated geometry. 

Boundary conditions were assigned in both 
the free-fluid and porous medium sub-domains: 

• at the top and the bottom of the water 
column a no-flow symmetry boundary 
condition and a no-slip condition were 
assigned, respectively; 

• at the top boundary of the porous domain 
a prescribed pressure condition was 
assigned. This pressure was derived 
solving the Navier-Stokes equations in 
the above free-fluid domain; 

• the lower boundary of the porous domain 
was considered impermeable; 

• to approximate an infinite horizontal 
domain solution, a spatially periodic 
pressure and velocity boundary condition 
was assigned along the vertical sides for 
both the water column and the porous 



medium. The same mean pressure drop, 
dp, was prescribed between the two 
vertical boundaries for both domains 
resulting in an ambient flow always from 
left to right. 

Stability and accuracy of the Navier-Stokes 
solution was ensured via using Lagrange p2–p1 
elements (second order Lagrange elements for 
velocity and linear for pressure). Similarly, 
second order Lagrange elements was used for the 
Darcian domain. 

Table 1. Key parameters of the numerical 
simulations 

Run dp - Pa uavg – m/s ReH 
1 0.00001 0.00011 6 
2 0.00011 0.00120 60 
3 0.00033 0.00353 176 
4 0.00107 0.01139 569 
5 0.00213 0.02250 1123 
6 0.00319 0.03344 1669 
7 0.00425 0.04455 2224 
8 0.00529 0.05532 2761 
9 0.00614 0.06411 3200 
10 0.00740 0.07718 3852 
11 0.00850 0.08850 4417 

Different mesh characteristics were tested. 
After that, different values for the maximum 
element size were selected for the free fluid, the 
porous medium and the fluid-porous interface. 
Maximum elements sizes were 0.025, 0.05 and 
0.01 m for the free fluid, the porous medium and 
the fluid-porous interface, respectively. Overall, 
the used mesh had 47160 elements, with a 
minimum element quality of 0.664. This 
parameter is related to the element aspect ratio, 
which means that anisotropic elements can get a 
low quality measure even though the element 
shape is reasonable. It is a scalar from 0 to 1. 
Mesh quality visualization demonstrated a 
uniform quality of the elements of the mesh. 

About the solver settings, stationary solver 
was used, where the relative tolerance and the 
maximum number of segregated iterations were 
set to 1.0·10-6 and 50, respectively. 
 
3. Numerical results. Discussion 
 

Numerical simulations provided velocity 

field and pressure values throughout the flow 
domain. 

The analysis of results was first focused to 
characterize the flow field close to the sediment-
water interface. The flow in the water-column 
accelerates on the stoss side and decelerates on 
the lee side of the bedform. A separation region 
can be observed downstream of the bedform 
crest with backflow to the crest (Fig.3). Low 
velocities (blue) were observed in the porous 
medium and in the separation region. 

The separation region became larger with the 
increasing ReH (Fig.4). The eddy detachment 
point, xd, migrates upstream and up the lee face 
towards the crest, while the reattachment point, 
xr, migrates downstream and up the stoss face. 

 

Figure 3. The separation region downstream the dune 
crest for ReH=2224. 

Fig.4 presents the values of Le/L against the 
bedform height-based Reynolds number ReH. 
Numerical results from Multiphysics 3.5a were 
successfully compared with those calculated by 
Bayani-Cardenas and Wilson (2007). At the 
lowest ReH no separation region was observed. 
The eddy size, measured by length Le=xr–xd, was 
particularly sensitive to the current at low ReH. 
Over ReH=1000 the increase of separation length 
was slow up to an asymptotic value. 

The value and the location of the separation 
region was closely related to the distribution of 
the pressure from Navier-Stokes equations at the 
sediment-water interface since the detachment 
and reattachment points were located close to the 
points of minimum and maximum pressure along 
the bedform. In the bulk water column, mean 
pressure gradient dominates over local pressure 
gradients generated by the current–bedform 
interaction. Note that the pressure was 
continuous across the sediment–water interface. 
Below the interface, a backflow region was 
observed within the porous medium. The area of 
this region increased with the increasing ReH 
following the pattern observed for Le/L. Over 



ReH=1000, two backflow regions were observed. 
One close to the crest, another one downstream 
to the dune trough along the stoss face. 
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Figure 4. Non-dimensional separation length Le/L 
vs ReH. 

Second, the characteristics of the flow below 
the sediment-water interface were considered. 
Fig.5 presents the flow field in the porous 
medium for ReH=569. Note that the velocity 
vectors (arrows) show only flow direction (not 
magnitude. Water enter into the bed on the bed 
on the upper part of the bedform’s stoss face, and 
back up into the water column on the lee face 
and the lower part of the stoss face. This area is 
the hyporheic zone or the interfacial exchange 
zone (Bayani-Cardenas, 2007). Below the 
hyporheic zone, the mean pressure gradient 
dominated over local gradients. This results in 
underflow, or ambient flow (Bayani-Cardenas 
and Wilson, 2007), within the sediments and was 
present in all the simulations. Note that the mean 
pressure gradient is the same in both domains. 

As already done by Bayani-Cardenas and 
Wilson (2007), the hyporheic zone was visually 
identified on a high-density plot of streamlines 
picking the streamline which separated the 
sediments region affected by exchange flows 
with the water column from the unaffected area 
dominated by underflow. The maximum vertical 
depth of this zone, dz, was defined as the vertical 
distance from the deepest point of this streamline 
to the trough of the third bedform. Furthermore, 
in the hyporheic zone a sub-horizontal exchange 

flow between the sediments region below 
adjacent bedforms was observed. 

 

Figure 5. Streamline and velocity vectors in the 
porous medium for ReH=569. 

As the the bedform height-based Reynolds 
number ReH increased, the depth of the 
hyporheic zone rapidly increased up to 
ReH=1000. After that, dz increased gently 
towards some asymptotic limit (Fig.6). After all, 
the depth of the hyporheic zone exhibited the 
same trend with ReH of the length of the 
separation region downstream the bedform crest. 
As already pointed out by Bayani-Vardenas and 
Wilson (2007), this confirmed that the separation 
region and the related bottom pressures 
controlled the flow field in the upper part of the 
porous medium and the size of the hyporheic 
zone. The dz/L data were in close agreement with 
those from Bayani-Cardenas and Wilson (2007). 
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Figure 6. Non-dimensional hyporheic zone depth 
dz/L vs ReH. 



 
7. Conclusions 
 

In recent years, an increasingly attention was 
addressed to the analysis of the hyporheic zone, 
where groundwater and stream water are mixing. 

The papers presented the results of a 
numerical study of the flow in a coupled free 
fluid-porous medium domain. Numerical results 
confirmed previous numerical studies that have 
pointed out that the separation region and the 
related bottom pressures is a key parameter 
controlling the flow field in the upper part of the 
porous medium and the size of the hyporheic 
zone. Also, the numerical results confirmed the 
role of the bedform height-based Reynolds 
number of the water column in the evolution of 
the characteristics of both the separation region 
and the hyporheic zone. 
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