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Context and objective of the PhD: 

 

This PhD proposal deals with the mixing of open-channel flows with variable density due to differences in temperature, 
suspension load, salinity, etc. In surface hydrosystems, this problem covers numerous situations such as river confluences, mixing 
of effluents downstream of discharge outlets and marine mouths. In fact, it strongly concerns the expertise of material transfers 
in rivers because these processes can impact on mixing conditions downstream of discharge outfalls and confluences over 
distances of several tens of kilometres, as well as on the conditions of liquid-solid fractionation and exchange of pollutants 
between the water column and the sediments. Whether in the context of monitoring or crisis tools, refining the description of 
these mechanisms is therefore of great interest for the assessment of impacts on the ecology (river fauna/flora) and water uses 
(water intake for consumption or irrigation, navigation, hydroelectricity, etc.). In this context, this PhD proposal builds on the 
collaboration between IRSN, INRAE and LMFA, which have been conducting research and development on this topic, through 
laboratory and field experiments, as well as 1D and 2D numerical modelling tools. 

 

While there are a large number of descriptions of open-channel flows at confluences, both through laboratory flume 
experiments with simplified geometries and through field measurements, this work has mainly focused on characterising the 
effect of the main confluence parameters (angle, ratio of tributary momentum, bed discordance, density ratio, etc.) on 
hydrodynamics (Best and Reid, 1984; Rhoads and Kenworthy, 1995; Biron et al, 1996a and 1996b; Hsu et al. 1998; Weber et al. 
2001; Bradbrook et al. 2001; Huang et al. 2002; Shakibainia et al. 2010; Mignot et al. 2012; Lyubimova et al. 2014; Lewis and 
Rhoads 2015; Schindfessel et al. 2015; Gualtieri et al. 2018; Luo et al. 2018; Pouchoulin et al. 2018; Horna-Munoz et al. 2020) 
Work dealing with the processes and efficiency of water mixing at confluences is much more limited, with the main focus being 
on quantifying the mixing coefficient and mixing length. Thus, several field studies report mixing distances (Lm) normalised by 
the width of the downstream branch (Lb) that vary, with high levels of uncertainty, from 3.3 or 6 for particularly efficient mixing 
(Lane et al., 2008; Maurice-Bourgoin et al., 2003), to 30 or 60 (Gaudet and Roy, 1995; Pouchoulin et al., 2020) and up to 127 for 
particularly inefficient mixing (Lane et al., 2008). 

 



                
                  Constantinescu, G. (2014).             Shakibainia et al. (2010) 

 

Recent joint work by INRAE and LMFA (Sébastien Pouchoulin's PhD, 2019) has shown that the density ratio between the two 
tributaries affects the mixing process and efficiency. Two contrasting situations were highlighted: 1) A purely transverse mixing, 
forced essentially by the difference in velocity between the two flows (left-hand figure below); 2) A vertical mixing, following 
an abrupt tipping, where the heavier flow passes under the lighter one (right-hand figure below). The type of mixing is based a 
priori on the competition between the differences in density and velocity, which can be quantified by a Richardson number. 
However, the definition of a Richardson number suitable for mixing at confluences remains debatable because the longitudinal 
velocity gradients are not necessarily perpendicular to the gravity forces. Thus, the definitions proposed in the literature differ 
depending on the sites studied. Ramon et al. (2013) and Horna Munoz et al. (2020) propose to use the parameter Fi called 
"internal Froude number" while Cheng and Constantinescu (2018) propose the Richardson number Ri with slightly different 
formulations; finally White and Helfrich (2013) and Gualtieri et al. (2019) propose another parameter, γ. Pouchoulin et al. (2020) 
have recently applied these 3 parameters to the datasets available in the literature and the inconsistencies found prevent the 
identification of the most efficient criterion to predict the mixing mode.  

 
Different mixing situations at the Rhône-Saône confluence measured by Pouchoulin (2019) 

In fact, we do not yet have a consensus dimensionless number, let alone a threshold value, to predict the transition from vertical 
to transverse mixing. This scientific limitation prevents us from predicting and quantifying the shape and mixing efficiency of 
variable density flows, especially in the context of 1D operational numerical simulations which by nature cannot represent 
vertical stratification and lateral mixing. From an operational point of view, these complex mixing phenomena downstream of 
the confluence or discharge remain a critical point as they strongly affect the value of the transverse mixing coefficient to be 
considered in 2D numerical modelling. The PhD will focus on quantifying the impact of these phenomena on the value of the 
transverse mixing coefficient, in particular by calculating the convective component of the transverse mixing from high resolution 
velocity measurements capturing the secondary currents developing downstream of the confluence (Jung et al., 2019). 

 
Jung et al. (2019) 



 

In this context and based on field observations and laboratory experiments, the scientific objectives of the PhD are to 

1. Adapt the Richardson number formulation to a confluence and/or discharge configuration in open-channel flow and 
to identify the threshold value(s) of this number that makes the transition from one mixing condition to another; 

2. Quantify the impact of near-field 3D mixing processes generated by buoyancy effects (density difference) on the 
formulations of transverse mixing coefficients and mixing distances that could be respectively implemented in 2D 
and 1D operational hydro-sedimentary models for river network management. 

PhD contents: 

 

The scientific approach is based on the complementarity of the partners, which is reflected firstly by the experience and 
know-how of INRAE RiverLy on field experimental approaches and of the LMFA of INSA Lyon on laboratory experimental 
approaches. This complementarity is well illustrated by the recent PhDs of Pouchoulin (2019) and Gond et al. (2021) and will be 
reinforced by the collaboration of IRSN, which will make it possible to direct part of this work and its applicability to the case of 
hot water discharges from nuclear power plants (NPP). 

 

Field approach led by INRAE and IRSN: Measurements of water mixing at confluences will be carried out using autonomous 
pressure, conductivity and temperature probes as well as acoustic Doppler current profilers (ADCP) embarked on a boat that 
makes successive crossings of the two upstream tributaries and the river downstream from the confluence with DGPS positioning. 
Analysis of conductivity fields (used as a conservative natural tracer) upstream, within and downstream of the confluence will 
allow characterisation of the mixing with high spatial resolution. The confluences possible for the measurement campaigns are, 
on the one hand, the confluences of the Rhône with the Saône and/or the Isère and/or the Arve, with different junction angles. 
It is expected that, depending on hydrometeorological conditions (snowmelt, rainfall, etc.), these confluences will offer the two 
mixing modes described above. On the other hand, cooling water from the NPP discharged into the Rhône or its canal will also 
be studied in order to better understand the mixing of these restitutions within the main flow. The survey of upstream conditions 
(discharges in all branches) should make it possible to quantify the Richardson number and to link it to the mixing mode in order 
to deduce its threshold values from field measurements.  However, the number of configurations possible in the field will remain 
low and will be completed by laboratory studies. 

 

  

Means of measurement in rivers made available by INRAE: instrumented boat (Pouchoulin, 2019) and verification of the 
response times (in minutes) of different models of CTD probes to a sudden variation in temperature 

 

Laboratory approach led by the LMFA: The physical simulation of mixing configurations at confluences and at the outlets of 
nuclear power plants in the laboratory will make it possible to perfectly control the flow and density conditions of the tributaries, 
to avoid the geometric complexity of the field and to continuously vary the Richardson numbers. The confluence envisaged is a 
zero angle confluence where the two fluids are brought into contact in the upstream part of a flume, with mixing developing 
downstream. For this purpose, the fixed slope channel (1.8/1000), 1.2 m wide and 8 m long of the LMFA (INSA site) will be used 
for the thesis. The density difference will be controlled using a saline solution (NaCl) and a slight heating of one of the two flows 
will create a temperature gradient that will allow the mixing to be visualised using a thermal camera located above the channel 
(innovative method under development). For this purpose, the LMFA's wide channel has just been modified to work in a closed 
circuit with saline solutions that are free of any temporal drift. 



  

LMFA experimental facility made available to the PhD (Gond et al., 2022) 

 

Modelling (INRAE, IRSN, LMFA): For the reasons previously mentioned, the hydrodynamic models applied to the operational 
management of watercourses do not include modules allowing the reproduction of these different situations. This is particularly 
the case for 1D codes (MAGE for INRAE, CASTEAURx for IRSN) which assume immediate and perfect mixing from the first 
calculation cross-section downstream of a confluence or a release, whereas this mixing may require a distance of several tens to 
hundreds of times the width of the channel. Therefore, the exploitation and interpretation of these experiments will focus on 
the determination of additional parameterizations allowing these models to represent the dominant processes to evaluate the 
transverse mixing coefficients and the mixing distances. The PhD will not include a numerical modelling task, but only the 
development of parametric equations of the mixing that can then be implemented in these models. 

 

This approach will be based on a first formulation applicable to 1D codes which was proposed in Sébastien Pouchoulin's PhD 
(2019) but which remains to be validated and extended to the case of vertical stratification. The simulation codes that will 
implement the mixing prediction method developed and validated in this project will have an advantage in terms of accuracy 
and therefore of operational interest, whether for refining diagnoses in crisis situations or the general understanding of the 
functioning of hydrosystems in order to optimise their management.  

Schedule: 
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