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Abstract

Introduction: Rivers are complex systems, where different chemical, biological, and physical
processes occur. When the flow moves along the river, there is an exchange between the
surface flow and the subsurface flow. The hyporheic zone is a saturation zone below the
riverbed, which plays an important role in many biological and chemical processes.
Residence time is the most important characteristic of the hyporheic zone. Because the
chemical and biological reactions that occur inside the sediments depend on the time at
which flow paths remain in the bed for a while and then return back to the surface flow.
Hyporheic exchange is the mixing of surface and subsurface flow just beneath the river bed.
Such exchanges can be caused by the presence of different bedforms in the river. Dunes are
one type of river bed that can be observed in straight, meander, and braided rivers. The
pressure gradient between the upstream and downstream of a dune leads to hyporheic
exchanges. The wavelength, amplitude, and slope of the lee side and stoss side can affect the
rate of exchanges. In the present study, the effect of the dune lee side slope at angles of 10,
20, and 30 degrees on the characteristic of the hyporheic zone (i.e., residence time, exchange
flow, and hyporheic depth) has been investigated numerically.

Methodology: The FLOW3D software is used for the numerical simulation of surface flow.
The simulation domain consists of a flume with 2.7m length, 0.1m width, and 0.3m height.
The model running time was 120 seconds for surface flow simulation, which, with the
passing of this time, the flow in the channel becomes stable. The pressures along dunes are
introduced as a Dirichlet boundary condition on top of the groundwater model, i.e.,
MODFLOW. Then, the effect of the dune lee side slope at angles of 10, 20, and 30 degrees on
the characteristic of the hyporheic zone (i.e., residence time, exchange flow, and hyporheic
depth) has been studied.

Results and Discussion: The results show that the maximum and minimum pressure
respectively occurred on the stoss side and the crest of the dune. By increasing the dune lee
side slope, the distance between the maximum and minimum pressure is reduced, the depth
of hyporheic exchange decreases, and the exchange rate and residence time increase. Also,
for all three angles, with a constant ratio of the subsurface to surface flow, the depth of
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hyporheic exchange increases with the increase of the hydraulic conductivity to the dune
length ratio (K/A). Increasing the velocity of the subsurface flow causes the subsurface flow
to dominate the surface flow and the flow in the subsurface flow moves towards the surface
flow. As a result, by increasing the ratio of subsurface flow velocity to surface flow velocity,
the exchange flow increases, and the depth of hyporheic exchange decreases.

Conclusion: The results show that as the lee side slope increases, the residence time, and
exchange flow increase, and hyporheic depth decreases. Also, by increasing the hydraulic
conductivity, the hyporheic exchange depth increases, but by increasing the subsurface flow
velocity and the porous media thickness, the hyporheic exchange depth decreases.

Keywords: Dune, Hyporheic zone, Exchange flow, Numerical Simulation, Residence time.
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Xmin Xmax Ymin,max Zmin Zmax
Volume Specified
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Rate - ]
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. elevation
elevation

Asﬂa“'):‘.)‘ ul’)—’> Ju\.o W) JLo_d _]a_d}w Y JS"".
Table 2 boundary condition applied in the subsurface

flow model.
Qsub K Usub A
(M~3/s) Mm2)  (mis) m) (r':)
0.00005146  1E-8  0.00067 0.903009 0.4
0.0000628  1E-9  0.00089 0905222 0.6
0.00009052  1E-10 00013 0907582 0.8
0.00010044 0.0015
0.0001178
0.00013392
0.0001488
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Fig. 5 View of dune bed form and hydraulic head
distribution for three angles (a)10, (b) 20, and (c) 30
degrees.
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Fig. 11 The effect of hydraulic conductivity on the
dimensionless depth of hyporheic exchanges for
Qsub/Q=0.0073 and Usub/U=0.014.

Fig. 8 The effect of hydraulic conductivity on the
dimensionless depth of hyporheic exchanges for
Qsub/Q=0.00415 and Usub/U=0.0108.
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Fig. 12 The effect of hydraulic conductivity on the
dimensionless depth of hyporheic exchanges for
Qsub/Q=0.0081 and Usub/U=0.021.
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Fig. 9 The effect of hydraulic conductivity on the
dimensionless depth of hyporheic exchanges for
Qsub/Q=0.0055 and Usub/U=0.0108.
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Fig. 13 The effect of hydraulic conductivity on the
dimensionless depth of hyporheic exchanges for
Qsub/Q=0.0108 and Usub/U=0.021.

S Jols an o Bes p (Sdgyoue colan 36 IS
Usub/U=0.021 5 Qsub/Q=0.0108 (sl ,; . sln

1.2
! &
0.8
I
So06 | B
T X 0=10°C
0.4 A0=20°C
0.2 00=30°
&
0
0.0E+00 5.0E-08 1.0E-07 1.5E-07
KI/A

Fig.10 The effect of hydraulic conductivity on the
dimensionless depth of hyporheic exchanges for
Qsub/Q=0.0055 and Usub/U=0.014.
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Fig. 14 The effect of hydraulic conductivity on the
dimensionless depth of hyporheic exchanges for
Qsub/Q=0.0095 and Usub/U=0.024.
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Fig. 15 The effect of hydraulic conductivity on the
dimensionless depth of hyporheic exchanges for
Qsub/Q=0.012 and Usub/U=0.024.

SloJols ang Fos » (Selyyien Cylon 56 OJS
Usub/U=0.024 4 Qsub/Q=0.012 !,y S ,ula

0.7 O X Usub/U
0.6 =0.024
X
0.5 K A Usub/U
T 04 ‘\&i =0.021
S BAY X Usub/U
T e
0.3 .,:\‘ - 0014
0.2 S
% 5} O  Usub/U
0.1 A AR =0.011
0 X W
0 0.01 0.02
Qsub/Q

Fig. 16 The effect of the ratio of subsurface flow velocity
to surface velocity on the maximum dimensionless depth
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Fig. 22 The effect of the ratio of subsurface flow to
surface flow on the maximum dimensionless depth of
hyporheic exchanges for Usub/U=0/024.
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Fig. 19 The effect of the ratio of subsurface flow to
surface flow on the maximum dimensionless depth of
hyporheic exchanges for Usub/U=0/0108.
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Fig. 21 The effect of the ratio of subsurface flow to
surface flow on the maximum dimensionless depth of
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Fig. 25 The effect porous media thickness on the hyporheic exchange depth for an angle of 10 degrees.
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