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Overview 
Porous bed forms migrating over permeable beds 
(e.g., gravel/sand dunes) are abundant in fluvial 
environments, and as such develop hyporheic flow - a 
flux of water between the open channel flow and the 
river bed. However, our current understanding of 
bedform dynamics and how they influence the mean 
and turbulent flow, and therefore sediment dynamics 
is based on a conceptual model that assumes the river 
bed, including the bed forms, is impermeable. 
Therefore, the influence highly turbulent flow 
returning to the free surface (Figure 1) is not 
currently quantified. 

At the local scale, the most important process in 
driving shallow localized hyporheic flows is 
hydrodynamic forcing, where flows are formed by 
local velocity and pressure gradients that are 
generated by flow around, over, or through bed forms 
and that result in a momentum transfer into the bed. 
These flows can be of a significant especially in gravels 
where pore water velocities near the bed interface 
can reach magnitudes in the order of 0.2 m s-1. The 
flow typically enters the bed in a region of high 
velocity upstream of the bed form and then re-
emerges downstream of the crest within the 
recirculation zone. These hydrodynamic hyporheic 
flows scale positively with mean river velocity and 
mean bed permeability, and negatively with bed form 
length. The length of the bedform also directly 
influences the depth and average residence times of 
these flows. Finally, in the near bed regions these 
flows are turbulent and therefore an understanding of 
these flows is essential to understand how the 

boundary layer hydraulics are altered, and how these 
flows may influence the eco-hydraulics of the river 
bed through: (i) solute exchange that are dependent 
on hyporheic exchange and residence time in the 
subsurface, and (ii) the structure of the bed, since 
flows across the boundary can cause dilation of 
framework gravels, thus acting as a mechanism that 
can introduce fine sediment into the river bed, and 
thus potentially degrading its quality as a habitat for 
species such as salmonids. 

Recent work has started to address the influence of 
porous bedforms on flow dynamics through the 
development of new numerical model (Figure 1). 
However, the initial experiments where undertaken 
using singularly sized regular packed spheres and we 
currently do not understand how particle size or 
packing influence the flow and flux dynamics through 
the river bed. This proposal intends to address this by 
examining the influence of bed permeability through a 
methodology which combines flume experiments, 
numerical modelling and field-based monitoring. 
 

 
Figure 1: Flow over two bedforms in sequence over: 
(a, c & e) an impermeable bed and (b, d & f) a 
permeable bed for Uxt (a & b), the Wxt (c & d) and 
TKExt (e & f).  
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Methodology 
 
This proposed project seeks to develop a conceptual 
model of how hyporheic flow influences the flow in 
the boundary layer. The project will consist of: 
 
1. Field based measurements to assess bed 

permeability and structure. This will include the 
application of Ground Penetrating Radar to detect 
subsurface morphology of gravel bars and tracer 
experiments to quantify flux dynamics and 
residence times.  

 
2. A flume study to quantify the effect of permeable 

bedforms on flow and flux through the bed on the 
open channel flow. This will be undertaken in the 
Water Engineering Laboratory, School of 
Engineering, University of Glasgow which has 
state-of-the-art facilities for the measurement of 
flow and sediment transport in laboratory 
experiments.  

 
3. The development and application of an existing 

numerical model to predict the effect of natural 
gravel beds on hyporheic flow. This will require 
the modification of the immersed boundary 
technique that represents topography within the 
numerical model. This will be validated against the 
data collected in the flume experiments.   
 

It is intended that the results of the project will 
provide quantitative understanding of the effect of bed 
permeability on the morphodynamic evolution of the 
river bed. It will be the first time that fully turbulent 
flow can be modelled through a heterogeneous 
subsurface sediment. This can be used to help predict 
solute exchange from the bed, the movement of 
natural and anthropogenic sediments (plastics) and 
information on the state of the river bed for eco-
hydraulics.  
 

 
Timeline 
 
Year 1: Familiarisation with the numerical model 
including an assessment of the sensitivity of the 
numerical scheme to the boundary conditions. Field 
survey and data collection to quantify the permeability 
and structure of the substrate below the surface 
bedforms. The collection of the necessary boundary 
conditions for a numerical model. 
 
Year 2: Experimental flume work including the 
application of Particle Imaging Velocimetry to study 
mean and turbulent flow field dynamics. Laser Induced 

Fluorescence will be applied to study flow paths 
through the bed. 
 
Year 3/4 (6 months only): Development of numerical 
model to consider irregular particle size and packing. 
Validation of the numerical model will be undertaken 
from the experimental flume work. Scaling-up of 
approach to consider multiple bedforms.  
 

 
Training & Skills 
 
Training is fundamental to the development of 
postgraduate research students and, together with the 
DTP, University and Department we provide a 
substantial training programme. Priorities for training 
are determined from the ‘Training Needs Analysis’ 
carried out in the initial supervisory meeting with the 
student.  
 
Departmental training in (a) research skills and 
techniques and (b) research environment are 
provided through four mechanisms: (i)a programme of 
taught modules; (ii) internal training ‘workshops’ that 
focus on key geographical research skills and 
techniques; (iii) input from supervisors; and (iv) 
departmental seminars by visiting and internal 
speakers and presentations by postgraduate students.  
 
Physical geography research postgraduates normally 
take the taught departmental module ‘Implementing 
Research Design’ during their first year. The aim of 
this module is to help students put University training 
in research design into practice specifically in relation 
to physical geography research both generally and 
with regard to the student’s own project work. 
Students receive instruction in data collection and the 
scientific method, contextualizing and problematizing 
research in physical geography, planning for field- and 
laboratory work, and team and group working in 
physical geography. Assessment of students in this 
module is formative. In addition to generic training 
offered by the University, the Department also 
provides training through a series of in-house 
‘workshops’. These workshops offer the opportunity 
to gain both experience and knowledge with a 
number of tools in a specifically geographical 
disciplinary context and to gain an understanding of 
some of the wider structures and practices which 
make up academic life. This programme has been 
developed in response to postgraduate requests and 
is open to ALL postgraduate students irrespective of 
degree or year of study.  
 
Research training continues through the second and 
third years, and is based around a number of themes: 
Recognition and validation of problems; 
Demonstration of the original, independent and 

  



critical thinking, and the ability to develop theoretical 
concepts; Knowledge of recent advances within 
research field and in related areas; Understanding 
relevant research methodologies and techniques and 
their appropriate application within research field; 
Ability to analyse and critically evaluate findings and 
those of others; and Summarising, documenting, 
reporting and reflecting on progress. 
 
This project will allow you develop a range of skills 
including field based techniques, flume experiments 
and numerical modelling. 

 
References & Further Reading 
 
Blois, G., Best, J.L., Sambrook Smith, G.H. & Hardy, 
R.J. Effect of bed permeability and hyporheic flow on 

turbulent flow over bed forms. Geophysical Research 
Letters. 2014;41:6435-6442. 
 
Sinha,S. R.J. Hardy, G. Blois, J.L. Best and G.H. 
Sambrook Smith (2017), A numerical investigation 
into the importance of bed permeability on 
determining flow structures over river dunes, Water 
Resources Research, 53, 3067–3086, 
doi:10.1002/2016WR019662. 
 

 
Further Information 
 
Further information can be obtained by contacting 
Rich Hardy (r.j.hardy@durham.ac.uk) 
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