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Laboratoire de Mécanique des Fluides et d’Acoustique - INSA Lyon, CNRS, Ecole Centrale de Lyon,
Universite Claude Bernard Lyon 1, LMFA, UMR5509, 69621, Villeurbanne France

P. Boyer
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ABSTRACT: Two concurrent phenomena govern the mixing pattern and efficiency at river con-
fluences: the turbulent diffusion and the dispersion due to secondary currents. This dispersion may
be caused, for example, by a strong momentum or density ratio among both inflows or a step at
one inflow. The dominant type of mixing affects the length necessary for the good mixing hence,
the ecological conditions and the water uses downstream of the confluence. The main goal of
this publication is to present a way of visualizing the mixing pattern downstream a confluence, to
identify the mixing interface and evaluate both phenomena. This methodology is applied to field
measurements taken in various natural and man-made confluence configurations.
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1 INTRODUCTION

1.1 Context and state of the art

In the fluvial continuum description, the rivers come into contact at confluences. These conflu-
ences can be described as a water supply into the main river. This supply can be artificial, and in
this case it is almost always polluted (for example: a thermal outflow of a nuclear powerplant), or
natural at a river confluence. In both cases, the water from each tributary has different intrinsic
characteristics depending on geographical or hydrological conditions, and/or on industrial opera-
tions. In particular, the two flows often exhibit a difference in density and velocity as they merge.
The density gradient is mainly caused by a temperature, suspended matter or salinity difference
between the two flows so that the heavier flow passes under the lighter one (Pouchoulin et al.
2020). At the confluence, a gravity current tilts the mixing interface between the two rivers, and
acts as a lock-exchange flow (Cheng and Constantinescu 2022), i.e as when two fluids of differ-
ent densities are initially separated by a vertical gate and the gate is rapidly removed: the heavier
(denser) fluid moves horizontally underneath the lighter fluid and generates a recirculating motion
in the cross-section. As for all secondary motion, the lock exchange process is often referred to
dispersion.
The other main process that contributes to the mixing of the two fluids is the turbulent diffusion
caused by the velocity difference at the interface between the inflows.
As for a strong momentum ratio (Jiang et al. 2022), a gravity current generally increases the mix-
ing efficiency. Consequently, the maximum mixing efficiency occurs as the main inflow is the
coldest, and therefore, the heaviest (Lane et al. 2008). Also, the difference of inflow velocities
impacts the transverse mixing coefficient by increasing the turbulent diffusion, and directly the
length necessary for a good mixing (Lm). This length is defined as the concentration in a trans-
verse profile with a concentration deviation lower than ±5% (Fischer 1979, Herrero et al. 2018) or
±2 to 10% (Rutherford 1994). The mixing is then defined as ”slow” for a value of dimensionless



length (with W : the river width), Lm/W > 100, and rapid, for Lm/W < 10 (Lane et al. 2008).
One challenge that arises at a given confluence is to assess the relative contribution to the mix-
ing from the dispersion and turbulent diffusion processes. To do so, previous authors proposed to
use dimensionless numbers, such as the Gamma parameter ”γ” (White and Helfrich 2013), the
Densimetric Froude number ”FrD” used by some authors (Horna-Munoz et al. 2020; Duguay
et al. 2023), and the Richardson number, which is simply the opposite of the Densimetric Froude
number.

1.2 Scientific issue

Currently, the quantification of the strength of a density effect in cross-section, and so, the descrip-
tion of ”strong” or ”weak” density effects remains qualitative without any consensus of how to
calculate and quantify it. The existing dimensionless numbers listed above are somehow efficient
for quantifying the global density effects on the mixing, but there remain a problem of consensus
on where, or how terms are defined. For example, Horna-Munoz et al. (2020) state that when the
Densimetric Froude number is smaller than 4, density effects are strong, and when this number is
higher than 10, the mixing is dominated by turbulent diffusion induced by the shear. White and
Helfrich (2013) state that when the Gamma parameter is lower than 1, then there are weak density
driven effects, and strong gravity current when it is greater than 1.
The Gamma parameter is calculated as :

γ =
5Lu(gH∆ρ∗)1/2

H|Umain − Utrib|
(1)

where Lu: Length scale for the horizontal shear layer (m), g: Gravitationnal acceleration (m2/s),
H: Depth(m), ∆ρ∗: Relative density difference(kg/m3), Umain: Main river velocity (m/s),
Utrib: Tributary river velocity (m/s)

A limitation for the use of the Gamma parameter is that it is proportional to Lu, the scale
required to establish the stratification, corresponding to a horizontal orientation of the mixing
layer in cross-section, which increases with distance from the confluence. Pouchoulin et al. 2020,
applied this parameter to their data by making a questionable hypothesis. It was assumed that
Lu = H . In this case Lu was constant and equal to 9.2m. In the case 1, where there was a strati-
fication, γ was equal to 330. In the other 2 cases, where density effects were weak, γ was closer
to 1. In the case 2, the value was 1.3 because the density difference was negligible and there was
mixing solely dominated by diffusion. In the third case the value of this number is 2.2, and this is
where there was the observation of a weak stratification effects. This number was also applied by
other authors (Ramón et al. 2013). In the four cases from these authors, the stratification effects
increase when γ increases. And in the case of ibid., the value is 6.4 when the mixing is dominated
by diffusion.

The same is true for the Densimetric Froude number:

FrD =
U0√
g′D

with g′ = g(ρ1 − ρ2)/ρ1 (2)

where g′ is the reduced gravity, g is the gravitational acceleration, ρ1 and ρ2 are the densities
of the denser tributary and the lighter tributary respectively. U0 is the ”bulk velocity”, and D is
the ”characteristic depth” (Rhoads 2020). This leaves too many ambiguous interpretations and
therefore, some difficulties remain in applying this number to predict the diffusion/dispersion
relative contributions to the mixing. These confusions have been demonstrated in a recent work
(Duguay et al. 2022b). For example, Horna-Munoz et al. (2020) states that when the Densimetric
Froude number is less than 10, the density effects are large. However, in this same article, the
authors expose a case where FrD = 4.9 with weak density effects, and another where FrD = 1.6
with strong density effects.

The Densimetric Froude number was calculated for each flow configuration and associated
with qualitative description of the density effect by each author. The figure 1 intends to relate the
value of FrD with the efficiency of lateral mixing downstream from a confluence, according to
the conclusions raised in the papers of the literature, but it remains imprecise and only based on
the qualitive description by each author (Duguay et al. 2023; Dong et al. 2023; Xu et al. 2022;



Jiang et al. 2022; Duguay et al. 2022a; Cheng and Constantinescu 2022; Horna-Munoz et al. 2020;
Pouchoulin et al. 2020; Cheng and Constantinescu 2019; Gualtieri et al. 2019; Herrero et al. 2018;
Lane et al. 2008). No clear threshold values of FrD could be found.
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Figure 1.: Densimetric Froude number values corresponding to qualitative category description of
density effect. These descriptions have been classified based on 47 cases in 12 publications, and
our field measurements. The lines on the box plots represent the median.

1.3 Objectives

A problem in defining dimensionless numbers that evaluates the ratio of 1. dispersion caused by
density effects & 2. turbulent diffusion was shown, so that, the main question is: ”Is it possible
to have a unique and reproducible measurement method to visualize the evolution of the mix-
ing downstream of a confluence, based on field measurements, and to associate dimensionless
numbers?”. A method allowing the vizualisation of the mixing interface evolution along sections
downstream is presented. Eight field experiments were performed until now. In the majority of
cases, a gravity current strongly impacts the mixing, but in few cases, the mixing is dominated by
the turbulent diffusion induced by the shear. To develop and demonstrate the proposed method,
field measurements were performed at 2 river confluences and thermal outflows of nuclear power-
plants (NPP) with contrasting hydrodynamics and density conditions. On this part, two different
results are presented. The April case at Rhône-Saône confluence, which corresponds to a mixing
dominated by dispersion induced by a strong gravity current, and the October case at Rhône-
Bugey confluence which represents a mixing dominated by a diffusion. Finally, the Densimetric
Froude number FrD, and the Gamma parameter γ are computed and compared among 8 field
experiments.
The following sections describe the two different site locations, and the methods used to take
samples and process data. The second part presents two mixing interface observations depending
different hydrological cases. The last part is dedicated to the discussion of results obtained, with
a conclusion on this study, then a description of the future work to be carried out.

2 METHODS AND DATA

2.1 Locations

8 field campaigns were carried out: 19 th December 2022 Rhône-Saône confluence; 4 th Jan-
uary 2023 Rhône-Arve confluence; 11 th April 2023 Rhône-Arve confluence; 12 th April 2023
Rhône-Saône confluence; 13 th July 2023 Rhône-Saône confluence; 21 th July 2023 Rhône-Saône
confluence; 5 th October 2023 Rhône-Saône confluence; and 10 th October 2023 Rhône-Bugey
confluence. Measurements presented below were taken at one river confluence, and one thermal
outflow.

The Rhône-Saone confluence has an angle of 30° and Pouchoulin et al. (2020) have already
made measurements on this site. It exhibits gravity currents inverted depending on the season
because the Saone River is warmer in summer but colder in winter. The measurement length from
the apex is about 2 km, limited by a harbour and a dam downstream. The Bugey NPP is located
northeast of Lyon. The water used to cool the reactors is discharged into the river with a thermal



gradient forming a 20° angle confluence. Previous measurements revealed that the mixing seems
dominated by the turbulent diffusion even if large density gradients exist due to the termal outflow
and Rhône River temperature difference (ASN 2022).

2.2 Field experiments method

To start the measurements, the discharge, 3D velocity field, and the water conductivity / tem-
perature of both inflows is first measured in one section of each tributary. The same procedure
is applied downstream of the confluence along 4 to 8 sections the same day, depending on the
available time (figures 4 and 5). The measurement protocol allowing to scan the evolution of the
mixing interface is inspired by an existing method (Pouchoulin et al. 2020), but some improve-
ments were made. A boat is borded with a DGPS (Differential Global Positioning System), and
an ADCP (Acoustic Doppler Current Profiler) model TRDI Rio Grande 1200 kHz. Two line ropes
are hung under the boat, and on each line rope, six couple of ”DIVER” pressure probes, and
”HOBO” conductivity/temperature probes are hooked and spaced 1 meter apart. A weight of 4
kg attached to the end of each garland helps limit the drag. A laptop with ”WinRiver II” sofware
is used to record measurements during field experiments. For each section, the data is averaged
over 4 to 6 cross- section crossings. The poistion of cross-section are represented as X/W with
X: Downstream length from the apex (m), and W : width (m).

Sections crossed with the boat
Legend

(a) Figure 2.a: Measurement cross-sections on
Rhône-Saône confluence on April 12th 2023. ”RA”
for ”Rhône upstream” and ”SA” for ”Saône up-
stream”.

Sections crossed with the boat
Legend

(b) Figure 2.b: Measurement cross-sections on
Rhône-Bugey outflow on October 10th 2023. ”RA”
for ”Rhône upstream” and ”BA” for ”Bugey up-
stream”

2.3 Data processing

Each point of conductivity/temperature mesured by the HOBO probes is associated with one point
of pressure measured by a DIVER probe and is connected through the time to the DGPS position.
Assuming that the rope underneath the boat is vertical, the pressure permits to estimate the mea-
surement depth and the synchronization with the DGPS permits to estimate the horizontal position
of the probe. After that, a binning permits to plot a map of temperatures and conductivity over
each section. An interpolation, and a vertical extrapolation to the bottom and the free-surface in
the blind areas finally lead to a full visualisation of the mixing interface in each cross-section. Be-
sides, secondary currents vectors displaying is possible by coupling the Python code with QRevInt
software (Mueller 2020) and MAP extension now in QRevInt. The density of both inflows is
calculated from IAPWS 95 formula (for the Thermodynamic Properties of Ordinary Water Sub-
stance for General and Scientific Use) from the averaged temperatures of each tributary, and thus
provides a density ratio:

∆ρ∗ =
ρ1 − ρ2

ρ1
(3)

With ρ1 and ρ2 densities of lighter and heavier rivers. Finally, the velocity ratio between both
inflows is calculated as V R = Utrib / Umain (with U : mean velocity, and trib and main, the
tributary and the main river).
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Figure 3.: Distribution of water temperatures throughout cross-sections upstream and downstream
of the Rhône-Bugey confluence on 10 th October 2023

3 RESULTS

3.1 One case of a mixing dominated by turbulent diffusion

The first case was measured downstream the Bugey NPP outflow. During this field experiment,
the depth of the Rhône River was about 1 to 5 meters, depending on the section. The discharge
of the Rhône River was 258 m3/s, and 47 m3/s for the thermal outflow of the Bugey NPP. The
density of the Rhône River was 998.41 kg/m3, and 996.38 kg/m3 for the other tributary. The
velocity was 0.5 m/s for the Bugey NPP outflow and 1.12 m/s for the Rhône River. The velocity
ratio was then 0.45 (see table 1). The temperature difference of around 10°C is clearly visible on
the figure 3, and ∆ρ∗ =0.0018. On section 1, the mixing interface is slightly tilted, and, on the
surface, a fraction of the thermal outflow tends to go toward the left bank. From section 2 and
further downstream, the mixing interface is horizontal, and the warmer water remains along the
right bank over the entire height, without noticeable gravity current, despite a large difference
in density. The mixing process seems to be dominated by the turbulent diffusion induced by the
shear due to the velocity difference between both flows. The thickness of the interface (defined
as the intermediate temperature zone between the upstream values of the Bugey NPP outflow and
the Rhône River) increases moving downstream until reaching full mixing in section 8.

3.2 One case of a mixing dominated by dispersion

The second case was measured on April 2023 at Rhône-Saône confluence. The discharge of the
Rhône River was 407 m3/s, and 330 m3/s for the Saône River. The Rhône River density was
999.322 kg/m3, and it was 999.472 kg/m3 for the Saône River; so the density ratio was 0.00015.
The velocity of the Saône River was 0.42 m/s and 0.26 m/s for the Rhône River, so that V R =
1.62. This confluence has a 10 to 15 meters depth approximately, depending on the section. The
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Figure 4.: Distribution of water temperatures throughout cross-sections upstream and downstream
of the Rhône-Saône confluence on 12 th April 2023

evolution of mixing downstream of the river confluence is presented in figure 4. In this case, the
Saône River, passes under the lighter Rhône River with a gravity current that starts immediately
a few meters downstream of the apex from section number 1, at X/W = 0.6. This current
progresses at the bottom toward the Rhône bank at section 2, like in a lock-exchange flow (Cheng
and Constantinescu 2022), and tends to become horizontal. At section 3, the gravity current seems
trapped at the bottom of the river because of a great rise in bathymetry. Finally, at the distance
downstream of the apex (X/W = 3.5), on section 4, the heavier water seems to have completely
spread out across the channel width and the temperature of the river decreases from the surface to
the bottom over the whole cross-section.

3.3 Application of the dimensionless numbers

The Gamma parameter and the Densimetric Froude numbers were computed for the 8 field ex-
periments to evaluate the dominant type of mixing with the qualitative description method for
instance ( Table 1).
The Rhône-Saône confluence mixing was dominated by a density gradient for the 5 correspond-
ing field experiments. These gravity currents were inverted depending on the season. In December
and April, the Saône River was heavier than the Rhône River due to their temperature difference
and passed under the Rhône River. The opposite happened in July and October. In all cases on
this site, FrD was lower than 2.5, and γ greater than 3.
For the two cases of Rhône-Arve confluence, the density ratio was 10 times lower than Rhône-
Saône confluence, and the velocity ratio was about equal to 2, which corresponds to the highest
value measured on all field experiments. Data processing revealed a mixing dominated by turbu-
lent diffusion with a large distance necessary for a good mixing (X/W = 77), on these two cases.
FrD was always greater than 5, and γ less than 1.5. These values differ from the treshold values
for a mixing dominated by turbulent diffusion for γ corresponding to < 1 (White and Helfrich
2013), and the treshold value for FrD > 7 (Duguay et al. 2022b), or > 10 (Horna-Munoz et al.
2020) , but our values are close to these tresholds.
Finally, the latest data comes from the confluence between the Rhône River, and the thermal out-
flow of the Bugey NPP. It is important to notice that the depth was less than 2 meters in some
locations near the confluence apex. The discharge water from the NPP was 10°C warmer than the
Rhône River immediately at the appex. This difference induced a density ratio of 0.0019, which
corresponds to a value 2 at 10 times greater than Rhône-Saône confluence, and approximately 25
time greater than Rhône-Arve confluence. In this case the mixing was clearly dominated by the
turbulent diffusion (3), and the mixing interface was vertical. The distance necessary for a good
mixing could not be reached due to the next confluence with the Ain River downstream. In this



case, FrD= 5.26, and γ= 1.26. These values approach those of the Rhône-Arve confluence hav-
ing a mixture dominated by turbulent diffusion. Even if the difference in velocity is significant,
it is also possible that the low water height blocks the dispersion process and generates a large
length necessary for a good mixing.

Table 1. Results of dimensionless numbers for the mixing characterization on 8 field experiments at
Rhône-Saône, Rhône-Arve confluence and Bugey NPP outflow

4 DISCUSSION / CONCLUSION

This study applied a method to visualize the water mixing at confluences, with 8 field experiments
measured at 3 sites. Two dimensionless numbers characterizing the weight of density effects, have
been estimated for each case and summarized in Table 1. First, at the Rhône-Saône confluence,
the data showed a good correlation between the dominating mixing processes and the values of
the Densimetric Froude number and Gamma parameter: all values of the FrD parameter were
less than 3 and all values of gamma parameter greater than 3, with the presence of a stong density
current cells. These numbers thus seem to be good candidates to predict the relative weight of
dispersion affected by a density current and turbulent diffusion. But it is possible that this gravity
current is caused by the difference in bathymetry between the two rivers, and the weight of this
contribution remains poorly understood. Seconde, at the Rhône-Arve confluence, the mixing was
dominated by turbulent diffusion with all values of FrD exceeding 4. This threshold slightly
differs from those proposed in the literature: FrD > 7 (Duguay et al. 2022b), or > 10 (Horna-
Munoz et al. 2020). The exact threshold value for FrD in not yet completely clear. Besides, γ was
close to unity, but never smaller. This low value is in agreement with the value of unity proposed
in the literature data (White and Helfrich 2013) even the exact threshold value is, once more, to
be clarified. Third, for the Bugey nuclear power plant outflow, the mixing was dominated by the
turbulent diffusion, even with a value of γ = 1.66, slightly exceeding the threshold value of 1.

In conclusion, the two dimensionless numbers appear to be good candidates for assessing the
relative weight of dispersion and turbulent diffusion processes contributing to the water mixing
at river confluences, but more precise treshold values need to be quantified. Still, many other
parameters can affect the mixing, like the junction angle (Riley et al. 2015), the bed morphology
(Biron et al. 1993) and the momentum ratio. The values of these dimensionless numbers can also
vary greatly, depending on the exact definition of each term involved (Duguay et al. 2023). A
consensus remains to be established to avoid differences of interpretation between authors. And,
finally, the definition of a ”strong” or ”weak” density effect remains unclear. A new methodology
will be applied shortly to quantify the relative weight of dispersion and turbulent diffusion on the
mixing process.
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