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M. JOSÉ VAZQUEZ Professeur (ENGEES, Strasbourg) Rapporteur
M. RICHARD PERKINS Professeur (Ecole Centrale de Lyon) Président
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me renseigne la commence de vie de la thésard en France. En plus, les étudiants entrain
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Abstract

The present research focuses on the recirculation zone developing downstream of an
expansion in a shallow open-channel flow with a specific attention on its length. The work
consists of combined experimental and numerical approaches.

The dimensional analysis and previous studies permit to express the dimensionless re-
circulation length as a function of 3 parameters: the friction numberS, the ratio between
the water depth and the expansion steph/d and the geometrical aspect ratioRb. Never-
theless, varying eitherSor h/d on the experimental set-up without affecting the other is a
complicated task which was not performed by previous studies. Following this approach
permitted to obtain an unexpected bell shape for theL/d=f(S) curve, differing form the
literature results.

In order to improve the approach and varySandh/d independently, a 3D numerical
campaign was performed and proved thatL/d actually depends both onSandh/d param-
eters and that the bell shape is in fact the consequence of the opposite influence of both
parameters.

Moreover, the precise experimental analysis of the mixing layer at the frontier between
the main flow and the recirculation for flows with differentSandh/d values showed that
the recirculation length is governed by the lateral confinement due to the reattachment
wall and the size of the eddies present in the mixing layer.

Hence, an integral approach is adopted, using balances of momentum and of energy
at the whole flow scale, showing: i) that the shear force exerted along the mixing layer
is negligible compared to the other forces and ii) that the meaning ofS parameter is to
quantify the intensity of the bottom friction of the whole flow on these balance. The
following regimes can thus be encountered: i) according to the bed frictionSvalues, the
flow can be non-frictional (smallS) or frictional (largeS) and ii) according to the relative
water depth, the flow can be vertically unconfined (largeh/d) or confined (smallh/d).

An empirical correlation permitting to estimate the recirculation lengthL/d as a func-
tion of S, Rb andh/d is finally obtained and appears to fairly fit the numerical calculations
and experimental measurements.

K EY WORD : Shallow flows, Open-channel expansion, Recirculation, Mixing layer,
Backward-facing step, Experiments, Numerical simulations, Hydraulic models
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Résumé

Le travail présenté ici a pour objet l’étude de la zone de recirculation qui se développe
à l’aval d’un élargissement brusque ayant lieu dans un canal à surface libre, avec une
attention particulière portée sur la longueur de recirculation. Ce travail consiste en une
approche combinée expérimentale et numérique.

L’analyse dimensionnelle ainsi que les travaux préliminaires antérieurs à cette thèse
montrent que la longueur de recirculation adimensionnée dépend de 3 paramètres que sont
: le nombre de frottementS, la hauteur d’eau adimensionnée par la taille de l’élargissement
h/d et enfin le rapport géométrique de l’élargissementRb. Cependant, faire varier dans les
expériencesSouh/d sans affecter l’autre paramètre s’avère être une tâche très délicate qui
a été négligée dans les études précédentes. En utilisant cette même approche, les résultats
présentés ici font état d’une forme de cloche très inattendue de la courbe :L/d= f (S). Ces
résultats sont en fort désaccord avec ceux de la litérature.

Afin d’améliorer notre approche et de faire varierSet h/d indépendament, une cam-
pagne de modélisation numérique 3D est menée et prouve queL/d dépend en fait des
deux paramètres considérésS et h/d et que la forme de cloche résulte des influences
opposées de ces deux paramètres.

De plus, l’analyse de la couche de mélange qui prend place entre la zone de recir-
culation et l’écoulement principal, mesurée expérimentalement pour 4 écoulements à
différentes valeurs deS et h/d montre que la longueur de la zone de recirculation est
gouvernée par le confinement latéral dû à la paroi latérale et à la taille des cellules turbu-
lentes advectée le long de la couche de mélange.

Pour aller plus loin, les bilans de quantité de mouvement et d’énergie à l’échelle de
l’écoulement dans son ensemble montrent que i) la force de cisaillement exercée le long
de la couche de mélange est négligeable par rapport aux autres forces mises en jeu et ii)
que la réelle signification deSest de quantifier l’intensité du frottement du fond à l’échelle
de l’écoulement global intervenant dans ces bilans. Les différents régimes d’écoulement
qui peuvent être rencontrés dépendent donc: i) selon la valeur du nombre de frottement
S l’écoulement peut être frictionnel (S élevé) ou non-frictionnel (S faible) et ii) selon la
valeur de la hauteur d’eau adimensionnelle, l’écoulement peut être confiné verticalement
(faible valeur deh/d) ou non-confiné (forte valeur deh/d).

Une corrélation empirique permettant d’estimer la longueur de la zone de recirculation
L/d en fonction des paramètresS, Rb andh/d est finalement obtenue. Elle s’avère être en
bon accord avec les calculs numériques et les mesures expérimentales.

M OTS CL ÉS: Écoulements à surface libre peu profonds,Élargissement, Recircula-
tion, Couche de mélange, Marche descendante, Expériences, Simulations numériques,
Modélisations hydrauliques
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Notation

Subscript or superscripts

0 Position in the middle of the width of the channel in the expansion section
w Bottom wall
s Side wall

PVC PVC bottom
x The streamwise direction
y The transverse direction
z The vertical direction
c Correction by the ADV rotation
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reg Data from the regress progress
num Data from numerical simulation
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Abbreviation
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Notation

UDF UserDefinedFunction
Condition A The expansion fixing at 2.36m
Condition B The expansion fixing at 2.96m
Condition C The expansion fixing at 3.56m
Condition D The expansion fixing at 4.16m

Mathematical operator

E(..) Expect value of..
(..) Average value of ..
(..)′ Operator of fluctuation

Π(..) Dimensionless operation

Symbols

symbol description unit
α Mixing layer spreading rate coefficient in Chapter 5 [-]

Coriolis kinetic coefficient in Chapter 6 [-]
β Boussinesq momentum coefficient [-]
ε Equivalent sand grain roughness of the bed [m]

εPVC Equivalent sand grain roughness of the PVC bed [m]
εROU Equivalent sand grain roughness of the roughness bed [m]

Lt Total length of the channel [m]
Lb Distance from the water tank to the enlargement [m]
B Total channel width [m]
d Enlargement width [m]

So,x Bottom mean slope in the x-wise direction [%]
g Gravitational acceleration (g=9.81) [m/s2]
ν Kinematic viscosity of water (1.3×10−6 at 10◦C) [m2/s]

νT Kinematic viscosity of turbulence [m2/s]
µ Dynamic viscosity of water [N�s/m2]
L Length of the recirculation [m]
h Water depth [m]

hair Measured depth between the water surface and probe [m]
hbottom Measured depth between the channel bottom and probe [m]

x x position with the dimensionless ofL [-]
x∗ dimensionless streamwise distance [-]
y y position with the dimensionless ofL [-]
X x position of the flume [m]
Y y position of the flume [m]
a Parameters for calculating Ground Reference Points [-]
R Autocorrelation function of the velocity [-]
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Notation

Ruv Reynolds Stress Tensor [N]
Mi x direction length of the interrogation areas [pixel]
M j y direction length of the interrogation areas [pixel]
Ai j Distribution of the gray-level intensities of photon [-]
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normal, random variable
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ϕ Coefficient of the mixing length associated to the shear [-]
Fp Force of pressure [N]
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Fw Force of friction near the wall [N]
λU Universal threshold [-]
σ̂ Estimate of the standard deviation [-]
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hn Normal depth of the flow [m]
hL Water depth downstream the expansion [m]
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λ Darcy-Weisbach friction coefficient [-]
C Chézy coefficient [m1/2/s]
cf Bed-friction coefficient [-]
t Time [t]
u′ Fluctuation of streamwise velocityu [m/s]
v′ Fluctuation of transverse velocityv [m/s]
uc The “center” velocity in the mixing layer [m/s]
u1 Outer velocity of mixing layer [m/s]
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Notation

ymaxgradient Position with the maximum gradient in the mixing layer [m]
ω Dimensionless vorticity magnitude [-]
Ks Strickler’s coefficient [m1/3/s]
k Kinetic energy of the mean motion per unit of mass [J/kg]

νT(x) Turbulent viscosity in each sectionx [m2/s]
Si j Mean rate of strain tensor [m2/s]

νT−Prandtl Prandtl horizontal eddy viscosity [m2/s]
lm Prandtl mixing length [m]
ε Viscous dissipation term [m2/s3]
Fk Turbulent flux terms [m3/s3]

Adv Turbulent advention terms [m2/s3]
P Turbulent production terms [m2/s3]
p Total pressure [Pa]
υ Velocity scale ink− ε equation [m/s]
l Length scale ink− ε equation [m]

Rb Expansion ratio [-]
Jf Head loss due to the bottom friction [J]
Jr Head loss in the recirculation [J]
M Terms in the momentum balance analysis [-]
T Terms in the head balance analysis [-]
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Chapter 1

Introduction and scientific issue

After a brief overview of practical situations involving open-
channel shallow flows, this chapter provides a literature re-
view concerning different phenomena involved in the shallow
water flow. The expansion is then simplified as our experimen-
tal configuration. It is related to the classical backward facing
step. Then the mixing layer, notably influenced by the shallow-
ness and existing studies on the shallow water expansion are
introduced. Finally, the scientific issues stemming from this
literature review are listed and the thesis structure is detailed.
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Shallow flow conceptions

1.1 Shallow flow conceptions

Environmental shallow flows often involve a wide range of eddy length scales, ranging
from micro-scale vortices [Nezu and Nakagawa, 1993] up to large-scale coherent struc-
tures with horizontal length scales that are much larger than the water depth (L >> H)
[Talstra, 2011] . There are shallow shear flows as the compound flow in the river
as FIG.1.1. Another shallow flow is the shallow recirculation flow as the groyne in
FIG.1.2 [Talstra, 2011]. Shallow recirculating flows are very common in the nature.
They are observed in bays and harbors ( [Ouellet et al., 1986], [Langendoen et al., 1994],
[Bijvelds et al., 1999] and [Winterwerp, 2005]), behind islands [Wolanski et al., 1984]
and as coastal effluents reattach to the shoreline [Chu and Jirka, 1986]. In natural streams,
these regions have a major implication for transport of scalar [Babarutsi and Chu, 1991]
or sediment [Wang et al., 2011] then the limited velocities make the recirculation a privi-
leged zone of material deposition.

Figure 1.1: Confluence of Lyon. From Google Earth.

This thesis deals with the recirculation zones occurring downstream sudden lat-
eral expansions of open channels. Such recirculations are essential in river engineer-
ing. They form silting zones which importance depends on their streamwise extent
and thus influences the forming of the river-bed ( [Nassiri and Babarutsi, 1997] and
[Altai and Chu, 1997]). These dead zones also favour the development of specific fauna
and flora, which are influenced by the exchanges through the mixing layer separating the
main flow and the recirculation. Finally, they present strong analogies with the recircula-
tions occurring within groyne fields used for river engineering.

Following an applied science approach, this research focuses on a simplified geometry
of shallow open channel flow expansion, which is described in next section.
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1. Introduction and scientific issue

Figure 1.2: Separating and recirculating flow in groyne fields
along the river. [Talstra, 2011]

1.2 Expansion geometry and characteristics

The sudden expansion of an open-channel, shallow water flow can be considered as the
juxtaposition of different elementary flow situations (FIG.1.3). In the whole study, we
consider an expansion with a sharp edge and a flow separation always occurs. Thus, a
recirculation zone forms downstream of the expansion, which is a zero-discharge zone,
with positive and negative streamwise velocities. Apart from this zone, the flow is referred
to ”free-stream” hereafter. It expends and reaches the right wall at the flow reattachment
point which is the downstream end of the recirculation. From the flow separation lo-
cation, a mixing layer develops, which separates the free-stream and the recirculation.
From these considerations, our problem could correspond to a “classical” backward fac-
ing step situation, in a horizontal plane. Nevertheless, our flow is strongly influenced by
the shallowness. Considering shallow flows,i.e. with a water depth very smaller than
the horizontal length scales (h << B), the flow is confined between the bottom and the
free-surface. The whole flow is influenced by the bottom friction whilst 3D developments
of turbulent structure are limited by the water depth.

This chapter provides a literature review concerning the different phenomena involved
in the shallow water flow expansion: (i) backward facing step, (ii) mixing layer, notably
influenced by the shallowness, (iii) existing studies on the shallow water expansion. It
then ends by the scientific issues stemming from this literature review.
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Backward-facing steps
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Figure 1.3: Recirculation zone downstream of the expansion
Note: top view (left) and ‘AA’ cross section (right).

1.3 Backward-facing steps

The backward facing step is an abrupt expansion, considered usually in a vertical plane,
and unbounded laterally as in FIG.1.4. It is a classical problem that was abundantly
addressed in the literature, notably for its use as a “benchmark” problem to evalu-
ate 3D numerical simulation tools (e.g. [Le et al., 1997], [Dubief and Delcayre, 2000],
[Toschi et al., 2006] and [Wu et al., 2013]). When focusing on the length of the recir-
culation zone, [Abbott and Kline, 1962] observed no influence of the Reynolds num-
ber, provided the flow is turbulent and fully developed. When Reynolds num-
bers Re are in magnitude of 1.2×104, the skin friction coefficient strongly de-
pendent of Re [Tihon et al., 2001]. For Reynolds numbers Re<400, the flow past
the backward-facing step can be predicted successfully by two-dimensional compu-
tations [Biswas et al., 2004]. [Armaly et al., 1983] proposes experiments showing the
huge variations of the recirculation length from the laminar to the turbulent regime.
[Adams and Johnston, 1988] confirm that the recirculation length is influenced by the
development of the boundary layer but also by the ratio of the channel widths up-
stream and downstream of the expansion. This last point is confirmed by the numer-
ical study of [Kitoh et al., 2007]. The case of double backward facing step was stud-
ied by [Abbott and Kline, 1962]. A possible loss of symmetry, namely recirculations
of different sizes, was observed due to interaction between the two recirculation zones.
Thus, such cases were not considered in the present work. Recent studies were reviewed
by [Peltier et al., 2014], with applications to settling or retention basins. The recircula-
tion zone downstream an expansion seems similar to the recirculation that occurs in the
classical backward facing step situation. In both cases, the boundary of the recircula-
tion zone is a mixing layer, where instabilities develop [Chen and Jirka, 1995], produc-
ing detached vortices advected along the mixing layer. Nevertheless, significant differ-
ences with the present configuration originate due to the so-called vertical confinement
effect [Chu et al., 1983], as detailed hereafter.
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1. Introduction and scientific issue

Figure 1.4: Backward-facing flow configurations from [Kitoh et al., 2007]

1.4 Mixing layers

As detailed above, in an open channel sudden expansion, the approaching flow separates
from the corner of the expansion and reattaches further downstream. This separating
streamline is thus the frontier between i) on one side: the main flow which decelerates
due to an increased section and ii) on the side of the expansion: a so called “recirculation
zone”. One specificity of the recirculation zone is its low velocity magnitude compared
to the mean flow. As a consequence, the separating streamline is a location of very high
velocity gradient, named “mixing layer”, see [Pope, 2008].

Mixing layers are very common in the field or in the literature, both for gas or
liquid flows and thus have been deeply studied in the literature ( [De Serres et al., 1999],
[Rhoads and Sukhodolov, 2008]). Different types of mixing layers exist depending
on their specificity. To start with, authors such as [Wygnanski and Fiedler, 1970],
[Bell and Mehta, 1990] and [Loucks and Wallace, 2012] studied the simpler configura-
tion for a mixing layer with two parallel flows of different velocities suddenly released
one next to the other (see FIG.1.5). Authors also studied mixing layers in more complex
configurations, among others are: mixing layers in accelerated [Fiedler et al., 1991]
or curved flows ( [Margolis and Lumley, 1965], [Gibson and Younis, 1983],
[Plesniak et al., 1996]), at the edge of a plate [Ruderich and Fernholz, 1986], in a
downward-facing step ( [Kasagi and Matsunaga, 1995] and [Jovic and Driver, 1994]),
of a square-shaped submerged obstacle [Simoens et al., 2007], of a forward-facing
step ( [Largeau and Moriniere, 2007] and [Sherry et al., 2010]), of a macro-
roughness emerging from a gravel-bed [Mignot et al., 2009] or of the inner bank
of a sharp bend [Blanckaert et al., 2012], and of course of a sudden lateral expan-
sion [Babarutsi et al., 1989].

Moreover, apart from the specific geometry in which the mixing layer is ob-
served, the mixing layer may be confined, either laterally [Mignot et al., 2014a] and
[Biancofiore, 2014]) due to the side walls located close enough from the mixing layer
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Mixing layers

Figure 1.5: Schismatic of mixing layer wind tunnel. [Bell and Mehta, 1990]

to impact it and/or vertically due to the limited depth (for a liquid flow) or channel height
(for a gas flow, see [Biancafiore et al., 2011]).

1.4.1 Common characteristics of all mixing layers

As summarized by [Mignot et al., 2014b], measurements in the literature agree that:
→ for high velocity gradients, the inflection of the mean transverse velocity pro-
files lead to Kelvin-Helmholtz instabilities (see the comprehensive description by
[Raupach et al., 1996]. This gives birth to coherent turbulent structures that are shed from
the upstream end and advected along the mixing layer with increasing typical size and
time-scale (seeFIG.1.6)
→ the width of the mixing layer increases along its development length (see FIG.1.7)
→ the maximum turbulent intensities and Reynolds shear stress across the mixing layer
occur at its centerline. After an initial increase, they tend to decrease in magnitude with
distance from the upstream boundary condition. (see FIG.1.8)

These three characteristics of the mixing layers are always encountered but their de-
tails vary from one configuration to another.

1.4.2 Consequences of the mixing layers

The turbulent structures present in the mixing layer have important consequences, among
which:
→ The transfer of momentum from one side to the other
→ The transfer of mass, either passive scalar, sediments, gazes, nutrimentsetc. from one
side to the other. An example proposed here [Weitbrecht et al., 2008] is the exchange
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1. Introduction and scientific issue

Figure 1.6: Visualization of vortices in the mixing layer. [Loucks and Wallace, 2012]

Figure 1.7: Development of the mixing layer. [Van Prooijen and Uijttewaal, 2002]

Figure 1.8: Profiles of turbulent shear stress. [Bell and Mehta, 1990]
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Mixing layers

Figure 1.9: Visualization of 2DLCS and Flow dynamics in groin fields.
[Weitbrecht et al., 2008]

Figure 1.10: Shallow open channel flow with sudden expansion. [Babarutsi et al., 1989]

through the mixing layer at the interface between a main flow and a dead zone (as seen in
FIG.1.9).

1.4.3 The present mixing layer, how is it?

The mixing layer taking place along the separating streamline at the sudden expansion of
an open-channel flow (FIG.1.10) is:
→ Bounding a recirculation zone
→ Confined laterally by the reattachment wall
→ Confined vertically in a shallow flow, with limited water depth

[Li and Djilali, 1995] listed the most common geometries giving birth to a recircu-
lation zone (see FIG.1.11). Within the recirculation zone, the net discharge is null with
positive streamwise velocities near the separating streamline and negative reverse veloci-
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1. Introduction and scientific issue

Figure 1.11: Schematic view of some reattaching flows. [Li and Djilali, 1995]

ties near the side wall.
The specificity of mixing layers in separating flows are that:

→ the centerline of the mixing layer turns along its development from the separation to
the rattachment point (see [Mignot et al., 2014a]).
→ the velocity gradient is very high, the mean flow being an order of magnitude more
rapid than the recirculating flow.

Nevertheless, the main characteristics detailed above for all mixing layers are retrived
(see data from [Rouse and Appel, 1965] in FIG.1.12)

1.4.4 Specific case of the shallow flows (vertical confinement)

In limited water depth, the flow is confined between a stick condition on the bed and a zero
vertical but free horizontal slip velocity at the free-surface. This confinement creates a
strong vertical velocity gradient and thus additional turbulence generated in the near wall
region. [Uijttewaal and Booij, 2000] estimate that additionally, the vertical confinement
may induce secondary circulation which could also affect the development of the mixing
layer.

The impact of the vertical confinement on the mixing layer was deeply investigated
on the river scale (see [Sukhodolov et al., 2010]) as in FIG.1.13 or on channel scale (see
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Mixing layers

Figure 1.12: Main characteristics detailed in mixing layer. [Rouse and Appel, 1965]

[Uijttewaal and Booij, 2000]) as in FIG.1.14.

1.4.5 What about the lateral confinement

In open-channel sudden lateral expansions, as in backward facing steps, the recir-
culation zone is constrained by two perpendicular walls and closed along the third
side by the separating streamline. For the mixing layer downstream backward facing
steps authors such as [Chandrsuda and Bradshaw, 1981], [Jovic and Driver, 1994] and
[Kasagi and Matsunaga, 1995] show that:
→ The axis of the mixing layer just downstream the separation is parallel to the inflow
while further downstream, the mixing layer approaches the downstream wall with an in-
creasing angle.
→ in the upstream part of the recirculation the mixing layer strongly resembles typical
free-mixing layers (see section 1.4.1 above) with a maximum turbulent activity occurring
along the centerline of the mixing layer.
→ Further downstream, the mixing layer becomes affected by the side wall. In this reat-
tachment region, the authors show that the location of maximum Reynolds stress and tur-
bulent production is shifted from the side wall at a distance which is not clearly measured
(we aim to do it in the present work).

1.4.6 Pioneering work from McGill University research team

Regarding the analysis of mixing layers in this configuration, to the author’s knowl-
edge, the only available study was performed by the research team of McGill University,
Canada. [Babarutsi et al., 1989] confirmed that the streamwise fluctuation is maximum
along the separating streamline and decreases on both sides (See FIG.1.16).

They also confirmed what was written above :
→ The velocity on the slow flow side is very limited, as for all recirculation zones.
→ The curvature of the mixing layer trajectory increases when approaching the reattach-
ment point, as for all recirculation zones.
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1. Introduction and scientific issue

Figure 1.13: Experimental facilities and setup in the river. [Sukhodolov et al., 2010]

Figure 1.14: Schematic view of the channel with mixing layer (−−).
[Uijttewaal and Booij, 2000]
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Mixing layers

Figure 1.15: Reynolds stress contours. [Chandrsuda and Bradshaw, 1981]
(a) u′2 (b)v′2 (c)u′v′
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1. Introduction and scientific issue

Figure 1.16: Mean and r.m.s. profiles for test 3 of [Babarutsi et al., 1989]

→ The lateral confinement due to the side wall strongly influences the mixing layer, as
for all laterally confined mixing layers.

The same research team then measured [Babarutsi and Chu, 1991] the capacity of
such a mixing layer to transfer scalar from the recirculating zone towards the mean flow
and provided the interest of studying in details the mixing layer characteristics.

1.5 Length of the recirculation

1.5.1 Pioneering work from McGill University

To our knowledge, the main contribution related to our problem was again performed in
McGill University, in Montreal, Canada. Considering that the mixing layer is the lead-
ing phenomena in the flow, these authors studied the effects of the shallowness on the
behaviour of the recirculation : its capacity to exchange passive scalars with the free-
stream ( [Nassiri and Babarutsi, 1997] and [Altai and Chu, 1997]) and its extent, through
the reciruclation lengthL/d, see FIG.1.17. Our work focuses on the second point, the re-
circulation length. The bed friction numberSwas proved to account for the shallowness
effects on the mixing layer. As the mixing layer width increases from the separation to
the reattachment, [Babarutsi et al., 1989] deriveSadopting as transverse length scale the
expansion widthd (FIG.1.3) and as vertical length scale the flow depthh. Thus, consider-
ing the friction coefficientcf (linked to the Darcy-Weisbach head loss coefficientλ = 4cf
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Figure 1.17: Evolution ofL/d with Sas detailed in literatures

in fully developed flow), the bed friction numberSreads:

S=
λd
8h

(1.1)

Small values of the bed friction number (S<0.05) are refereed to “non-frictional flows”
[Chu et al., 2004] or “deep water flows” [Babarutsi et al., 1989]. The bed friction has a
limited influence on the flow pattern in this case. According to [Chu et al., 2004], the
lengthL of the recirculation zone depends only on the transverse length scale:

L
d
= 8 (1.2)

which is consistent but slightly higher than values for backward facing steps reported
by [Adams and Johnston, 1988] and [Ramamurthy et al., 1991] for Reynolds numbers
higher than 104.

Oppositely, high values of the bed friction number (S>0.1) are referred to “frictional
flows” [Chu et al., 2004] or “shallow water flows” [Babarutsi et al., 1989]. In such a case,
the recirculation is broader and its length depends also on the vertical length scaleh/cf :

L
d
= a

2h
cf d

=
a
S

(1.3)

where the constanta was successively corrected:a=0.6 for [Babarutsi et al., 1989],a=0.5
for [Babarutsi et al., 1996] and finallya=0.7 for [Chu et al., 2004]. In FIG.1.17, the two
asymptotic regimes (Eqs.(1.2) and (1.3)) are compared with the experimental results gath-
ered in the most recent publication from McGill [Chu et al., 2004]; from a laboratory
channel in closed symbols, from islands in the St.Laurent river in open symbols). The
agreement is fair in the non-frictional regime. It is more questionable in the frictional
regime, considering the logarithmic scale. Another question stems from the expansion
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ratio B/d, i.e. the ratio of the channel downstream width and of the expansion width. In
all the laboratory experiments reported by [Chu et al., 2004], the expansion ratio was al-
waysB/d = 2. Yet, this ratio was found to have an influence on the length of backward
facing steps (section 1.3) . This seems to be confirmed for shallow expansions by the case
of islands in the St.Laurent River: the ratioB/d is considerably larger, and the reported
dimensionless recirculation length noticeably smaller as in FIG.1.17.

1.5.2 Wang and co-authors’ experiments

Recently, [Wang et al., 2011] performed other experiments. They increased the bed
roughness to obtain high values of the bed friction numberS. Their results are plotted
on FIG.1.17, accounting for their definition ofS that is twice the one used in our work.
They confirm thatL/d decreases withS but, even forS reaching 2, theS−1 asymptotic
regime is never observed. Conversely,L/d follows a∼ S−0.6 law. The dimensionless
recirculation lengths observed for two different expansion widths seem to be different but
the huge scattering observed forB/d = 5.8 prevents from emitting definite conclusions.

1.5.3 Previous studies of our team at LMFA

From this last assessment, preliminary works were performed in our team to exam-
ine the influence of additional dimensionless parameters. During their Masters of Sci-
ence, Badin (2005) and Bomchill (2006) [Rivière et al., 2008] showed that the upstream
Froude number has no influence, at least as long as the flow remains sub-critical, whilst
the expansion ratio strongly affects the dimensionless recirculation lengthL/d. Gautier
(2010) [Riviere et al., 2011] confirmed the increase in size of the large scale, vertical axis
vortices when decreasingS, by means of increasing the water depth. These studies used
the same technique to characterize the reattachment, namely long time exposure pho-
tographs of floating sawdust. The results were very dependent on the choice of the time
exposure, and suffered of bias due to capillary effects that modify the sawdust particles
trajectories. Hence, a quantitative estimation of the influence of the expansion ratio was
not possible. Moreover, due the moderate length of our laboratory channel, the backwater
curve from the downstream weir was able to affect the length of the longest recirculations.

1.6 Scientific issue and structure of the manuscript

The literature review and the previous studies performed in LMFA team lead to the fol-
lowing informations:
→ The shallow, open channel flow expansion studied here exhibits similarities with the
classical backward facing step problem: a flow separation creating a recirculation zone
bounded by a mixing layer and two perpendicular walls, where instabilities develop, pro-
ducing detached vortices advected along the mixing layer and for which the mixing layer
reattaches at the wall.
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→ Nevertheless, an additional complexity is that shallow expansions are confined be-
tween the bed and the free surface. This shallowness may promote substantial differences
with unbounded backward facing steps.
→ The action of the shallowness on mixing layers between 2 parallel flows has been stud-
ied, but very few results are available for the impact of the shallowness, bounded, curved
mixing layers as the one delimiting our recirculation zone and the impact of this shallow-
ness on the interaction of the mixing layer with the lateral wall.
→ In the literature, bed friction numberS is the parameter used to characterize the shal-
lowness of expansion flows. The recirculation length follows two asymptotical behaviours
according to the values of this parameterS: one for largeS (very shallow flow) and one
for smallS(deep flow).
→ However, existing studies hardly examine the influence of other dimensionless param-
eters describing the flow, such as the expansion ratio, which was yet found influence for
backward-facing steps.
→ Preliminary studies performed at LMFA before this Ph.D. confirmed that additional
parameters must be taken into account but provide no definite conclusions due to experi-
mental limitations.

The objective of present studies are (i) establishing all the parameters influencing the
flow expansion and particularly the recirculation length, (ii) characterizing their influence
on this length, (iii) characterizing this influence on the mixing layer characteristics (local
scale) , iv) explaining this influence at the flow scale (recirculation length) and at the local
scale (mixing layer).

The manuscript is organized as follows:
# Chapter 2 describes the experimental devices and measurement techniques to charac-
terize the mixing layer and to obtain precise estimations of the recirculation length, coping
with the source of errors encountered in the previous studies at LMFA.
# Chapter 3 presents the experimental results, discusses the fact that the bed friction
number is not the only dimensionless parameters that must be considered in shallow flow
expansion, and casts doubt on the asymptotic behaviours of the recirculation length re-
lated in the literature.
# In Chapter 4, as two dimensionless parameters cannot vary independently in the exper-
iments, numerical simulations are performed to establish definitely the influence of each
of the dimensionless parameters on the recirculation length.
# Chapter 5 details the characteristics of the specific mixing layer, bounded by the lateral
wall and investigates their evolution as a function of the shallowness of the flow.
# Chapter 6, applies momentum and energy balances at the scale of the flow in the sep-
arate region. The aim is to investigate the physical role of friction on the bed (accounted
for through the bed friction numberS, shallowness (relative water depthh/d) and expan-
sion ratio (Rb). It shows the necessity to distinguish the friction effect and the vertical
confinement, though they both contribute to the shallowness.
# Chapter 7 proposes some conclusions and prospects.
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Chapter 2

Experimental set-up and measuring
devices

In this chapter, the experimental flume and its specific devices
are first presented. The characteristics of the measuring de-
vices (ADV, LSPIV and Ultrasonic probe) used for our experi-
ments are then exposed. Finally, the calibration of the instru-
ments are done to be ready to accomplish the further experi-
ments.
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Experimental set-up

2.1 Experimental set-up

Experiments presented in this thesis were conducted in a straight open-channel flume
located in the Laboratory of Fluids Mechanics and Acoustics (LMFA) of Lyon, France.

2.1.1 Main characteristics of the channel

Experiments were conducted in an 8 meters long and 0.8 meters wide experimental flume
located at LMFA, INSA. This flume is straight with a symmetrical rectangular cross-
section and has a streamwise mean slope ofSo,x =0.18 %. The channel is PVC made and
its surface state is smooth with a typical roughness which isε∼ 5×10−5 m (See FIG.2.1).
Geometrical parameters and the values are displayed in FIG.2.2.

u

u

Figure 2.1: Top looking structure of the open-channel flume.
Note: left one is upstream view and the right one is the downstream view

A PVC board is added flexibly for changing the widthB and soRb, as shown in
FIG.2.3. FIG.2.3(right) is captured in the direction towards the inlet withB = 0.3m,
d=0.2, soRb =

(B−d)
B = 0.33. In order to avoid the leak between the two parts of the

channel, a flow with the same water depth is setted in the other side of the PVC wall. The
values ofLb andd can be also adjusted by displacing the impervious block. This block is
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Figure 2.2: Top view definition sketch of the channel

B=0.3m

d=0.2m

Rb=(B-d)/B=(0.3-0.2)/0.3=0.33

Impervious 

Side Wall

Region : 

Y>B

Lb

u
u

Figure 2.3: Configuration for changing theRb in the experiments

also filled with water inside which has the same depth as in the channel in order to avoid
any leak between the two.

As depicted in FIG.2.4(a) and (b), the flume is equipped by a metal frame which
supports an automatic traversing device. This frame is independent of the channel and
follows the same mean slopeSo,x as the channel. Measuring devices are fixed on the
traversing device in order to measure the flow parameters such as water depth and the
velocity. The instantaneous velocity components along the streamwise, transverse and
the vertical directions will be noted asu, v andw, which are plotted in the FIG.2.4(a).
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u w

v

u

(a) (b)

Figure 2.4: Inlet of the channel (a) and the metal traversing device (b)
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Figure 2.5: Measuring mesh and absolute variations of the bottom topography.

2.1.2 Topography of the channel bottom

The longitudinal mean-slopeSo,x of the bottom of the flume was first surveyed using a
theodolite: So,x = 1.8 ± 0.36 mm/m [Peltier, 2011]. Afterwards, the slope of the sur-
rounding metal frame was set at the same averaged value in order to avoid any problems
of protuberance between the reference frame attached to the flume and the reference frame
attached to the traversing device. The flume topography was then surveyed using an ultra-
sonic probe (uncertainty:± 0.3 mm) which measured the distance between the traversing
device and the bottom. Measurements were carried out following the mesh displayed in
FIG.2.5(a). Then by assuming that both slopes of the flume and metal frame were equal
to 1.8 mm/m, this slope was subtracted to measurements. Resulting data FIG.2.5(b) fi-
nally represents the variations of the bottom around the mean-slope of the flume and they
therefore enable to estimate the positions of protuberances.

In the middle of the flume, the bottom is nearly flat along the streamwise and the
transverse direction. The topographic protuberance can be observed near the right bank
of the flume, there are three protuberances at 3m, 5m and 6m. The first one is totally
covered by the expansion block. The other two will influence the recirculation zone (See
section after). So another PVC bottom with less conjoint was fixed on the ancient bottom
to avoid the projection. The new topography is shown in FIG.2.6(a). The white block is
the region of the expansion. The region of the protuberance decreases compared with the
first one. When introducing the rough bottom (See section 3.4.3.2), the survey is done
in the similar methodology. The topography does not change much as in FIG.2.6(b), the
protuberance is acceptable for the experiment.
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Figure 2.6: Absolute variations of the bottom topography for different bottom

2.1.3 Upstream and the downstream boundary condition

The upstream boundary condition consists of a honeycomb followed by a succession of a
grid buffer with small mesh (FIG.2.7 (a), the succession of grids is 1 cm wide). The hon-
eycomb enables to refine the fluid coming from the tank but is responsible for a decrease
of the water depth. The grid buffer stabilizes the outflow of the honeycomb in order to
avoid the creation of a hydraulic jump due to a too strong diminution in the water depth
which is located just in the output of the honeycomb. Finally, after the two grids, a float
board made of extruded polystyrene lies on the free surface in order to release the free
surface oscillations on the flow.
The downstream boundary condition consists two parts (FIG.2.7 (b)):
→ Adjustable tailgate. The tailgate can be rotated from horizontal to vertical direction
which permits to precisely adjust the downstream water depth. It is referenced with a
permanent ruler connected in the top (uncertainty equal to± 0.1 mm).
→ Vent pipe. Due to the surface tension of the water, when the flow discharge is small,
the backwater flows along the back face of the tailgate influences the outlet. A vent pipe
permit to ensure a detached flow, and makes the flow outlet as free outlet as expected.

2.1.4 Closed-loop water flow system

2.1.4.1 Pump: Grundfos SP125-1-A

As the flow leaves the flume, it is collected in the main tank. For supporting the flow
continuity, the underground tank is used which has the capacity of 300m3 water. In
the tank, a submersible helical pump (Grundfos, SP125-1-A;FIG.2.8 a) is used. The
pump is 400 V three-phased with a nominal power of 7.5 kW, a nominal discharge of 125
m3/h and a nominal manometer head of 13 m. During experiments, the pump is always
used out of its nominal characteristics. So a regulator (Danfoss FC202P11KT4E55G,
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Figure 2.7: The upstream condition and the downstream condition

maximal intensity of 20 A, as in the FIG.2.8) is used to obtain the required discharges
transported in the pipe loop and to ensure that the upstream discharge in the flume remains
constant all along the experiment. A feedback control was set up on the regulator from
the flowmeters using a Proportional-Integral-Derivative controller (constant of time equal
to 10 s) to ensure a quick and stable response of the flow system. With a fully-open pipe,
the engine of the pumps could not properly spin under a frequency of 16 Hz,i.e. it could
not deliver a discharge smaller than 4 l/s. For flows with low discharge, another pump was
then used which can reach a stable minimum discharge about 0.5 l/s. The flow discharge
is adjusted by the valve in the middle of the pipe. And we use electromagnetic flowmeter
downstream of the valve for surveying the required discharges.

2.1.4.2 Electromagnetic flowmeters

The injected discharge is controlled on each supply line by an electromagnetic flowmeter
(Endress-Hauser, Promag 10, see in FIG.2.9 (a). The uncertainty on the discharge is given
by the manufacturer,i.e. the uncertainty is equal to 0.5 percent of the maximal working
range of the pump: for the Grundfos pump is 0.2 l/s. For the low discharge pump, an
electromagnetic flowmeter (Endress-Hauser, Promag 50, see in FIG.2.9 (b) is used. The
uncertainty on the discharge is 0.05 l/s which is given by the manufacturer.

2.2 Measurement techniques and calibration

2.2.1 Data acquisition system with LabVIEW

Thanks to [Peltier, 2011], the channel and the equipments for measuring were all ready to
use. Here we recall all the characteristics and redo the calibration for the measurement.
For the measurement device, we improve some functions for adjusting to our experiments.
In the experiment, all the measuring devices are fixed on the traversing device moving on
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(a) Pump (b) Regulater

Figure 2.8: Grundfos pump and the Danfoss regulator for closing the water cycling

(a) Endress-Hauser, Promag 10 (b) Endress-Hauser, Promag 50

Figure 2.9: Two electromagnetic flowmeters for different discharge
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Figure 2.10: LabVIEW controlling flow chart and the acquisition module

the metal frame surrounding the flume. Thanks to LabVIEW, all the data can be mea-
sured automatically by changing the acquisition position and storing the readable data
files. With the automation work, it is not necessary to interact with the devices. The data
acquisition was performed through a cDAQ-9172card (See FIG.2.10 (b)). The travers-
ing device is driven by a stepper motor controlled through LabVIEW which precision
equals to 0.2 mm in the streamwise direction (X-direction) and in the transverse direc-
tion (Y-direction). The measurement procedure follows the operation scheme resumed
in FIG.2.10 (a). Firstly, the mesh files should be built up including theX andY (Z if
necessary) position and the duration for acquisition. Then the file is read by the program.
After defining the initial position of the automate, the transverse devices starts moving to-
wards the next position and stops. Then the data measurement acquisition can start which
terminates with writing the data into a file which the name previously affected. The pro-
gram check if it is the end of the mesh file: if yes, the program stops; if no, the progress
continues with a next position until the end of the mesh file. Along all boundaries of the
flume, protectors are fixed which cuts the electricity when the displacement reaches given
positions. That protects the metal frame and also the measuring devices.

One of the program used for the ADV (described in section 2.2) is introduced here.
The front board interaction is illustrated in FIG.2.11. The information is simple to read
from the interface. The left region is designed for all the configuration files such as the
meshing file and position for storing the data files. The right region give the instant
information of acquisition such as the velocity and SNR (describe next).
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Figure 2.11: Front board of LabVIEW acquisition system

2.2.2 The water depth measurement

For the experiment, the uniform flow condition is expected so the measurement of water
depth along the streamwise direction is required. In this thesis, the free surface level and
the bottom level were measured using an ultrasonic probe (Baumer Electric, UNDK 20I
6912 S35A, as showed in FIG.2.12). These two probes are fixed on the transverse frame.
The minimum distance between the surface and the probe equals to 5 mm. The accuracy
of the probe is equal to± 0.3 mm and the reproducibility between two measurements
is equal to± 0.5 mm.The ultrasonic probe is composed of one cylindrical transmitter
rounded by one receiver (FIG.2.12). The transmitter sends a series of waves that reflects
on the object to be detected (bottom of the flume or free water surface) and then return to
the receiver. The distancehbottom (from the probe to the bottom) andhair (from the free
surface to the probe) are obtained by the time to travel round trip. Sohwater=hbottom-hair

is then calculated for the flow.

To evaluate the convergence of the time-series signal, long-time measurements were
done with the ultrasonic probe. As shown in FIG.2.13, the cumulative mean of the mea-
sured distance is about and constant after 30 s. As a consequence, we chose to measure
levels during 30 s in the future experiments.
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Figure 2.12: Working principle of the Ultrasonic Doppler probe
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Figure 2.13: Cumulative mean water depth measured by the ultrasound probe.
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2.2.3 Acoustic Doppler Velocimetry

For measuring the mean and fluctuating velocity field, many instruments have been used
in the recent years such as the hot-film anemometer [Babarutsi et al., 1989], laser Doppler
anemometry [Uijttewaal and Tukker, 1998] , PIV [Talstra, 2011]. Here, the ADV (Acous-
tic Doppler Velocimetry) is selected. For the condition with the water depth is smaller than
20 mm, the ADV cannot be used due to a too large intrusion in such shallow flow. This
is caused by the diameter of the sound transmitter. So the LSPIV (Large Scale Particle
Imaging Velocimetry) is then carried out for measuring the velocity field as we want.

2.2.3.1 Operating principle

The Vectrino (Nortek, Vectrino+,Fs = 1-200 Hz) is a high-resolution acoustic Velocime-
ter used to measure 3D water velocity in a wide variety of applications from the labora-
tory to the ocean. The basis measurement technology is the coherent Doppler processing,
which is characterized by accurate data with no appreciable zero offset [website Nortek].
There are many types of ADV instruments such as the down-looking or side-looking and
with or without the rigid stem. For this thesis, we use the Vectrino side looking fixed
probe (FIG.2.14 in the red frame) especially adapted for shallow flows. As displayed in
FIG.2.14, the probe (part 4) is mounted on a fixed stem (part 3) connected to the main
housing (part 2) through the probe end bell.

It uses the Doppler effect to measure flow velocity by transmitting a short pulse of
sound, receiving its echo and measuring the change in pitch or frequency of the echo.
Different from the standard Doppler profilers, the Vectrino separates the sender part and
the receiver part as shown in FIG.2.14. It transmits the signals through the central beam
and receives them through four beams displaced in one side. All the four beams focus
on the same sampling volume which is 5 cm distance from the center of the sending
beam. The sampling volume is cylinder with a fixed diameter of 6mm. The height can be
adjusted from 3mm-15mm. And so the receiver will “listen” the data in this sampling vol-
ume and then give out the instantaneous velocity. The side-looking ADV was mounted
on the carriage of the automatic displacement and was moved through LabVIEW. The
ADV moving and data acquisition was controlled by LabVIEW automatically. The ve-
locity fluctuations can be measured at a maximal frequency of 200 Hz, which is useful for
having a well described turbulent spectrum.

2.2.3.2 Measuring characteristics

During the measurement process, SNR (Signal Noise Ratio) is surveyed, which equals

20log10

(
Amplitudesignal
Amplitudenoise

)

according to Nortek Manual. It influences the precision. As

the method used by [Hurther and Lemmin, 2001] is too complex and gives lots of
data, so it is not used for our experiments. However, according to the study of
[Strom and Papanicolaou, 2007], the noise has a negligible effect on the mean veloci-
ties ,and Reynolds normal stressτyy and Reynolds shear stressτxy. Only τxx is noised, but

31

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0005/these.pdf 
© [L. Han], [2015], INSA de Lyon, tous droits réservés



2. Experimental set-up and measuring devices

4.Miniature 4 beam 

stainless steel prob 

with temperature 

sensor 5cm  to the 

sampling volume

1.Underwater meatable 

connector

2.Intergrated shape zinc 

anode and main housing

3.Rigid stem

1

2

3

4

Sampling 

volume

Figure 2.14: Working principle of the side looking probe
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Figure 2.15: Cumulative mean velocity in streamwise and transverse direction

according to [McLelland and Nicholas, 2000], when the SNR is bigger than 20 db, the
noise influences very little.

For increasing the received Doppler signal intensity in the sampling, spherical micro-
particles of glass (Dantek, HGS 10-20µm) were injected in the upstream tank of the
flume; the spherical micro-particles of glass is sufficient for the whole velocity field.
However particles cannot recirculate so we decided to use a cheaper method: electrolysis
of water for producing enough small bubbles in the upstream section of the channel in-
stead of the spherical micro-particles of glass. In addition, the diameter of the air bubble
is extraordinary small and should not influence the velocity field.

For measuring the turbulence characteristics in the mixing layer, the frequency is fixed
to 30 Hz. For testing the average velocity, a long-time data acquisition is in the FIG.2.15.
The uncertainty is about±0.5%(u,v)±1mm/s. For finding the end of the recirculation,
only the direction of the mean velocity is required so the time-average velocity conver-
gence is used and 120 s is enough. However, for the measurement of turbulence character-
istics, 3 minutes is used to get a good convergence of the cross-power spectrum densities
in the most productive zone of turbulence, as in FIG.5.4(b).

2.2.3.3 Despiking the ADV data

Comparing with the traditional methodology for measuring the outdoor hydraulic flume
such as PIV and LDV, the ADV is more rapid and practical. However, it presents two
main disadvantages. The first one is aliasing of the signal emitted by the ADV. That ap-
pears as the phase-shift between the outgoing and incoming pulse lies outside the range
between +180◦ and−180◦. And so the ambiguity will introduce a spike in the record-
ing data [Goring and Nikora, 2002] and [Nikora and Goring, 1998], as shown in FIG.2.16
(Rb= 0.75,S= 0.023,X=3.94m,Y=0.065m). A spike also occurs when the flow velocity
range exceeds the pre-set velocity range or there exits an contamination by the complex
boundary geometry in the channel and also when a large bubble passes.

In FIG.2.16, the red ellipsoids tag some spikes in the time series of the streamwise
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Figure 2.16: Spiked Adv data without correction in the velocity derection.

and the transversal velocities measured for the point (Note: the signal is measured at
Rb= 0.75, S= 0.023,X=3.94m,Y=0.065m). The magnitude of these spikes is at least
twice larger than the average magnitude of the signal. The pre-set of the velocity range
is large enough for this flow velocity, so these peaks are related to other processes and
artificially increase the variance of the signal. Hence, these peaks have to be removed
from the signal. The spikes are removed using a correction of the method developed by
[Goring and Nikora, 2002]. This method is called “Phase-Space Thresholding Method”
and is widely used by most of the ADV users. The basic thought is simple which includes
two parts: (1) detecting the spikes and (2) replacing the spikes with corrected data.
7−→ Detecting. The threshold arises from a theoretical result from normal probability dis-
tribution theory which says that forn independent, identically distributed, standard, nor-
mal, random variablesξi the expected absolute maximum isE(|σi|max) =

√
2lnN = λU

whereλU is called the universal threshold. For a normal, random variable whose stan-
dard deviation is estimated bŷσ and the mean is 0, the expected absolute maximum
λU σ̂ =

√
2lnNσ̂. In the FIG.2.17, it is apparent that most of the data points are enclosed

in the ellipsoid cloud and the spikes are outside. So, the points spiked are found out.
7−→ Replacing. [Goring and Nikora, 2002] have tried many method for replacing the
holes. It’s said that a third-order polynomial through 12 points on either side of the spike
is the best choice which can be adorable for the sampling rate changes from 25Hz to
100Hz.

However, there is a disadvantage in the algorithm: If more than 10 % of the time
series is spiked, the series is simply invalidated. So in this thesis, we use the methodology
introduced by [Peltier, 2011], which improves the equation of [Goring and Nikora, 2002],
for calculatingλU σ̂ as shown below.

θU = tan−1(Σui∆2ui/Σui
2) (2.1)

θU is the angle of rotation of principle axis of∆2ui versusui. When the second derivative
∆2ui is one order smaller (or even more) than the variableui, the angle becomes very small
and it is impossible to follow the real slope of the cloud, so [Peltier, 2011] improved the
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Figure 2.17: Application of the Phase-Space Thresholding Method. [Peltier, 2011]

equation forUi which can be written as below:

θU = tan−1[Σ(ui −ui)(∆2ui −∆2ui)/Σ(ui −ui)
2] (2.2)

This despiking method is less restrictive than the original method. So, the despiked data
signal is obtained in the FIG.2.18. It illustrates that most of the peaks seen on the original
data are removed by the despiking method and are replaced with the interpolated data.
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Figure 2.18: Results of the Phase-Space Thresholding Method application

2.2.3.4 Reposition de rotation of the ADV

ADV data is very sensitive to the probe orientation. For example, an error of±1◦ on
the probe orientation may produce±1 cm/s additional transversal velocity. So before
measurements, orientation verification of all the velocity should be done as perfectly as
we can especially for streamwise direction. The ADV probe has three rotation axes. For
vertical and transverse axes we use the ruler with a bubble level. Because of the slope of
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Figure 2.19: Application of the rotation for the ADV.

bottom (S0,x=0.0018), we should keep the vertical direction with the same slope. For the
direction longitudinal, the influence of the error angle is more sensitive to the accuracy of
the velocity. So the four beams should be strictly fixed parallel to the side wall. But, from
calibration of the bubble ruler, a small angel still remains. Hence, a correction method is
introduced in processing the data. Theoretically, in the upstream of uniform flow upstream
the enlargement, the component of transverse velocityv should be 0. We selected about
15 points measured along the centre line of the channel in the upstream flow (Y=500mm)
as shown in the FIG.2.19.

As the working theory of the ADV, if the ADV frame and the flume reference have
an angle ofθ, the corrected velocities are computed as the following equations,see
[Peltier, 2011] and [Peltier et al., 2013] .

(
uc

vc

)

=

(
cosθ −sinθ
sinθ cosθ

)(
u
v

)

(2.3)

Using the Reynolds decomposition, velocity correction can be written as following
equations,

(
uc + uc′
vc + vc′

)

=

(
cosθ −sinθ
sinθ cosθ

)(
u + u′
v + v′

)

(2.4)

As we known, the total velocity includes two parts, the instantaneous and the mean term,
with the average of the two terms, they write as below:
uc+uc′= uc

vc+vc′= vc

So the time-averaged velocities and the instantaneous velocities can be described
separately and the time-averaged velocities are written as the equation below:

(
uc

vc

)

=

(
cosθ −sinθ
sinθ cosθ

)(
u
v

)

(2.5)

Actually, the aim of the correction is to find outθ which minimizesΣupstream(vc)
2. As
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shown in FIG.2.18, the velocity corrected velocity vector are marked red which has small
v component and flows along the streamwise direction.

2.2.3.5 Spectrum analysis for the turbulence and denoise progress

The second disadvantage of the ADV is that the Doppler noise appears at high
frequency section and creates an additional variance that increases the turbu-
lent intensity such as in the Reynolds stress tensor [Nikora and Goring, 1998] and
[Voulgaris and Trowbridget, 1997]. Here the spectrum analysis is used for detecting and
deleting the noise as the [Peltier, 2011].

The spectrum densities are calculated using the method of the short modified peri-
odograms [Welch, 1967]:i.e. estimates the power spectral density of the input signal
vectorx using Welch’s averaged modified periodograms method of spectral estimation.
Here, the vectorx is the despiked time-series. The characteristics of the computations are
given below:
1. We start with the fluctuation velocity signal. It was equal toN ∼5400 for 3 min of
measurements atFs = 30 Hz. Nevertheless, the FFT algorithms need a number of samples
equal to a power 2 number, the required number of samples used for our FFT calculations
was et equal to NFFT = 2×N=10800. The signal is divided into NFFT length segments
and then, the last segment is padded with zeros.
2. A Hanning window of 512 samples wide was then applied on the new signal with an
overlapping of 50 %, therefore cutting the signal in (NFFT/512× 2−1) segments (the
window is used to reduce the aliasing in the spectrum density and it improves the resolu-
tion of the spectrum).
3. In the sequence, the FFT of each segment and their periodograms were calculated.
The average of all the periodograms finally gives the estimate of the one-sided spectral
density, as shown as the black one in the FIG.2.20.
4. The level of noise is identified at high frequencies as white noise on the power-spectrum
(green plateau at the end of the despiked signal in FIG.2.20). The noise is finally sub-
tracted to the despiked signal, therefore giving a despiked and denoised power spectrum
density.
5. The denoised signal (the red one) has the more apparent tendency of the Kol-
mogorov’s -5/3 rules and the integral of theEuu is the corrected Reynolds stress
[Voulgaris and Trowbridget, 1997].

2.2.4 Large Scale Particle Imaging Velocimetry

In the condition with water depths smaller than 20 mm, the ADV can not access the
measurement as the probe diameter exceeds the water depth. So LSPIV (Large Scale
Particle Image Velocimetry) is carried out to measure the mean velocity field in order to
find the point of reattachment. LSPIV has the same working principle as the traditional
PIV but applied to a large scale. LSPIV uses macroscopic seeding floating on the free
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Figure 2.20: Application of denoise progress.

surface which are cheap and easy to obtain. In the other hand, it is very clean for the
flume and easy to collect in the end of the channel for reusing.

2.2.4.1 Operating principle

The operating principle is based on the theory of [Hauet, 2006] as shown in the FIG.2.21.
Sony HDR-PJ10E is used for recording the film of the flow stream. It is the a high
definition video camera with 3 CCD sensors. The format of sequences is HD Blue-ray,
the frame-rate of the video-camera is 50 frames (can be change) per second and image
resolution is 1920× 1080 pixels (3.3 million pixels totally) which enables to have a good
precision on the details of the images even for very large view field. For the particle,
the wooden sawdust (about 1mm×2mm) is chosen. They has smaller capillarity than
the bigger ones and can be floated at the surface of the flow. As shown in FIG.2.21, a
zone including the reattachment point is captured by the camera and recorded along 3000
consecutive photos (25 p/s×120 s).
With the several known Ground Reference Points (GRPs) (red points in FIG.2.21), the

sequence of images is then orthorectified. The object is to solve the equation below:

X =
a1i +a2 j +a3

a7i +a8 j +1

Y =
a4i +a5 j +a6

a7i +a8 j +1

(2.6)

So, with at least 8 GRPs and the least-square method, the orthorectification is performed
as in the FIG.2.21. Displacement of the flow tracers is calculated by a classical cross-
correction algorithm. It calculates the correlationR between the interrogation area (IA)
centred on a pointai j in the n image and the area centred in the (n+1) image taken with a
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Figure 2.21: Working principle of the LSPIV

time interval of∆t (for us∆t=0.04 s). The correlation coefficientR(ai j ,bi j ) is a similarity
index for the gray-scale in density of a group of pixels contained in the two compared
areas, expressed as:

R(ai j ,ai j ) =
ΣMi

i=1ΣM j
j=1[(Ai j −Ai j)(Bi j −Bi j)]

[ΣMi
i=1ΣM j

j=1(Ai j −Ai j)2ΣMi
i=1ΣM j

j=1(Bi j −Bi j)2]1/2
(2.7)

WhereMi andM j are the size of the interrogation areas (unit in pixel), andAi j andBi j

are the distribution of the gray-level intensities in the two areas calculated by the pho-
tos. All the calculations are only computed in the searching area (SA). The region size
is selected according to the characteristics of the flow condition such as the estimated
velocity direction and magnitude in the region. Supposedly, the region should ensure that
the displacement of the tracer from then image is contained in the SA of the (n+1) image.
And so, the displacement will be calculated and the mean velocity field is shown in the
FIG.2.21.

2.2.4.2 Measurement characteristics

The precision of the LSPIV depends on the physics of the measured flow. For example,
the size of the seeding should be changed (2 mm and 4 mm) with the flow mean velocity;
the daylight is too intense, so that a peach of black cloth is added on top of the measure-
ment area to prevent any light reflection on the free surface. With the same experimental
condition, it is obvious that to have the best mean surface velocity is to start with a very
long video-sequence. In our experiments, the video sequences are selected as 2 min. As
shown in the FIG.2.22 (Rb= 0.75,S= 0.07,X= 4.3502,Y= 0.0198); the convergence is
well obtained after about 2 min. The error of the LSPIV system is hard and complex
to estimate [Peltier, 2011]. The relative error product by the size of the sawdust can be
estimated as 0.3%(which is obtained in the case with the shortest recirculation zone).
However, LSPIV is used here just to detect the reattachment point, the velocity field is
not so much focused herein.
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Figure 2.22: Cumulative mean velocity of the point measured by the LSPIV.

2.3 Chapter conclusion

Previous chapter, thanks to a literature review, established the functionalities required by
our experiments: modifiable expansion ratio, adjustable water depth with no backwater
influence, precise measurements of depth, of velocity and associated turbulent character-
istics, detection of the reattachment point.

Firstly, the channel was modified: flexible left wall to adjust the channel widthB (and
soRb), modification of the bed to limit topography effects, upstream stilling conditions,
additional roughness.

Secondly, all the instruments for measuring the velocity (ADV and LSPIV) and the
water depthh (ultrasonic probes) were taken in charge and calibrated.

With all the required functionalities and techniques available, experiments are under-
taken, as detailed in next chapter.
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Chapter 3

Experimental measurement of the
recirculation length

For the length of the recirculation, the literatures pay few at-
tention to the dimensionless analysis or to the experimental
method for detecting the attachment point precisely. So in this
chapter, we begin with the dimensional analysis for the expan-
sion flow, and then verify the influence of the experimental de-
tails. With the preliminary experiments, the main characteris-
tics of this data-set are explained. Finally, the results of the
experiments are obtained and compared with literatures.
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Dimensional analysis

3.1 Dimensional analysis

Vaschy-BuckinghamΠ theorem is a key theorem in dimensional analysis. So here it
is used for determining the relationship between the length of the recirculation and the
geometrical and flow parameters of the experiments. Given the geometry of the flume and
the various physical parameters between the mean physical parameters of the experiments,
11 variables are identified for solving the Vaschy-BuckinghamΠ theorem. They are
summarized in TAB.3.1.

Table 3.1: Consistent parameters in the system
Parameters Description of the parameters Scale

L The unknown recirculation length [L]
u Mean velocity upstream the expansion [LT−1]
uL Mean velocity downstream the expansion [LT−1]
h Flow depth upstream the expansion [L]
hL Flow depth downstream the expansion [L]
B Channel width [L]
d Enlargement width [L]
ε Equivalent sand grain roughness of the bed [L]
ρ Density of the liquid in the flume [ML −3]
µ Dynamic viscosity of the liquid in the flume [ML−1T−1]
g Gravitational acceleration [LT−2]

Some of these variables are not independent and can be expressed as function of the
others. For instance, following literature and as detailed hereafter, the water depth is
assumed constant from the upstream to downstream region of the recirculation which
writes: hL = h. Therefore,u and uL can be related through the constant discharge:uL=
u(B−d)/B. As a result, there are 9 individual parameters in the system. For solving the
dimensional analysis, the parameters can be described using three dimensions:
(1) Time scale[T] is defined ash/u;
(2) Length scale[L]is defined ash;
(3) Mass scale[M] is defined asρh3.
According to the Vaschy-BuckinghamΠ theorem, the dimensional analysis yields to 6
dimensionless parameters as equation below:

Π
(

L
h
,

ε
h
,
ρuh
µ

,
d
h
,

u√
gh

,
B
h

)

= 0 (3.1)

By introducing the upstream hydraulic radius asRh =
(B−d)h

2h+(B−d) = h, and the expansion

ratioRb =
B−d

B , the Eq.(3.1) can be written with the classical dimensionless numbers as:

L
d
= f

(
ε

Rh
,Re,

h
d
,Fr,

B
d

)

(3.2)

43

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0005/these.pdf 
© [L. Han], [2015], INSA de Lyon, tous droits réservés
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Where Re and Fr are the upstream Reynolds Re= (4uRh)/µ and Froude numberu/
√

gh.
The relative bed roughnessε/Rh and the Reynolds number define the Darcy friction co-
efficientλ in the upstream section through the Colebrook-White equation Eq.(3.3).

1√
λ
=−2log10

(
ε

3.71×4Rh
+

2.51

Re
√

λ

)

(3.3)

Thenλ andh/d define the bed friction numberS= λd/8h. Eq.(3.2) can thus be rewritten
as:

L
d
= f

(

S,Fr0,Rb0,Re0,
h0

d

)

(3.4)

where the parameters are defined with subscript 0 that refers to the position of the expan-
sion section. Eq.(3.4) indicates that, apart fromS (which impact was already studied in
the literature especially by [Chu et al., 2004], four additional parameters may influence
the dimensionless recirculation lengthL/d.

The study will investigate the impact of all geometry and flow parameters on the flow
recirculation length. To achieve this, we need to establish a set of data that covers a wide
range of flow conditions. Then, the characteristics of the data set are given and discussed.
For setting the data of the experiments, the following steps are considered:
1. the width of the channelB and the expansion widthd are defined.
2. the desired value ofS is selected and the parametersλ andh0 = hn wherehn(Q,So,x) is
the uniform flow depth in the upstream channel, are then computed (as this condition was
observed as the best way to obtain a quasi-constant depth over the whole recirculation
zone). To do so, Eq.(3.5) is solved firstly:

Q=
Ks(bh0)

5/3

(b+2h0)
2/3

S1/2
0 (3.5)

whereQ is the discharge,Ks is the Strickler’s coefficient which can be linked to Chézy
coefficientC through the equation:

C= Ks×R1/6
h (3.6)

WhereC is related to the Darcy-Weisbach friction coefficient factorλ throughC =
√
(2g/cf ) and cf = λ/4.
The relative bed roughnessε/Rh and the Reynolds number define the Darcy friction

coefficientλ in the upstream section through the Colebrook-White Eq.(3.3). This set of
equations is solved to obtainλ andh0, which also permits to computeQ.
3. the pumps and tailgate are adjusted so as to obtain the normal depth just upstream the
expansion (h0 = hn) in each configuration. TAB.3.2 (where Column 2 presents bottom
material and Column 3 is the location of the expansion) summarizes all tested configura-
tions done in the experiments.

As a brief, the dimensionless parameter experiment varies in the rage: Fr∈ [0.17∼
0.98], Rb ∈ [0.3∼ 0.75], S∈ [0.003∼ 0.25], Re∈ [1.9×103 ∼ 1.3×105], h/d ∈ [0.025∼
0.75].
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Table 3.2: All tested configurations .
N◦ Bottom Expansion B d Rb Q h0 u0 λ0 S Re0 Fr0

location [m] [m] [-] [l/s] [mm] [m/s] [-] [-] [-] [-]
1

Gray PVC

A

0.8 0.1 0.875 19.07 50.15 0.54 0.0201 0.005 7.28×104 0.775
2 0.8 0.1 0.875 8.32 29.89 0.40 0.0239 0.01 3.34×104 0.735
3 0.8 0.1 0.875 5.13 22.25 0.33 0.0267 0.015 2.10×104 0.705
4 0.8 0.1 0.875 3.64 18.1 0.29 0.029 0.02 1.51×104 0.682
5 0.8 0.1 0.875 2.09 13.01 0.23 0.0333 0.032 8.79×103 0.643
6 0.8 0.2 0.75 16.15 50.24 0.54 0.0201 0.01 7.04×104 0.764
7 0.8 0.2 0.75 9.97 37.03 0.45 0.0222 0.015 4.52×104 0.745
8 0.8 0.2 0.75 4.05 21.25 0.32 0.0272 0.032 1.92×104 0.696
9 0.8 0.2 0.75 2.39 15.48 0.26 0.031 0.05 1.16×104 0.661
10 0.8 0.2 0.75 1.05 9.57 0.18 0.0383 0.1 5.18×103 0.597
11 0.8 0.3 0.625 38.35 102.41 0.75 0.0164 0.006 1.66×105 0.748
12 0.8 0.3 0.625 21.26 68.73 0.62 0.0183 0.01 1.02×105 0.754
13 0.8 0.3 0.625 13.24 50.37 0.53 0.0201 0.015 6.73×104 0.748
14 0.8 0.3 0.625 9.43 40.54 0.47 0.0216 0.02 4.96×104 0.738
15 0.8 0.3 0.625 5.41 28.59 0.38 0.0244 0.032 2.96×104 0.715
16 0.8 0.3 0.625 3.19 20.67 0.31 0.0276 0.05 1.80×104 0.686
17 0.8 0.3 0.625 1.41 12.67 0.22 0.0338 0.1 8.20×103 0.632
18 B 0.8 0.2 0.75 4.05 21.25 0.32 0.0272 0.032 1.92×104 0.696
19 D 0.8 0.2 0.75 4.05 21.25 0.32 0.0272 0.032 1.92×104 0.696
20

C

0.8 0.2 0.75 36.51 85.65 0.71 0.0171 0.005 1.45×105 0.775
21 0.8 0.2 0.75 16.15 50.24 0.54 0.0201 0.01 7.04×104 0.764
22 0.8 0.2 0.75 9.97 37.03 0.45 0.0222 0.015 4.52×104 0.745
23 0.8 0.2 0.75 7.08 29.93 0.39 0.0239 0.02 3.28×104 0.728
24 0.8 0.2 0.75 4.05 21.25 0.32 0.0272 0.032 1.92×104 0.696
25 0.8 0.2 0.75 2.39 15.48 0.26 0.031 0.05 1.16×104 0.661
26 0.8 0.2 0.75 1.61 12.24 0.22 0.0343 0.07 7.87×103 0.633
27 0.8 0.2 0.75 1.05 9.57 0.18 0.0383 0.1 5.18×103 0.597
28 0.8 0.2 0.75 0.78 8.05 0.16 0.0419 0.13 3.87×103 0.575
29 0.8 0.2 0.75 0.48 6.05 0.13 0.0484 0.2 2.39×103 0.543
30 0.8 0.2 0.75 0.37 5.25 0.12 0.0525 0.25 1.85×103 0.518
31 0.8 0.3 0.625 38.35 102.41 0.75 0.0164 0.006 1.66×105 0.748
32 0.8 0.3 0.625 21.26 68.73 0.62 0.0183 0.01 1.02×105 0.754
33 0.8 0.3 0.625 13.24 50.37 0.53 0.0201 0.015 6.73×104 0.748
34 0.8 0.3 0.625 9.43 40.54 0.47 0.0216 0.02 4.96×104 0.738
35 0.8 0.3 0.625 5.41 28.59 0.38 0.0244 0.032 2.96×104 0.715
36 0.8 0.3 0.625 3.19 20.67 0.31 0.0276 0.05 1.80×104 0.686
37 0.8 0.3 0.625 2.14 16.26 0.26 0.0304 0.07 1.23×104 0.659
38 0.8 0.3 0.625 1.41 12.67 0.22 0.0338 0.1 8.20×103 0.632
39 0.8 0.3 0.625 1.04 10.58 0.20 0.0367 0.13 6.09×103 0.611
40 0.8 0.3 0.625 0.63 7.91 0.16 0.0422 0.2 3.73×103 0.572
41 0.8 0.3 0.625 0.49 6.83 0.14 0.0455 0.25 2.91×103 0.555
42

White PVC

0.8 0.2 0.75 20 156 0.21 0.0202 0.003 6.70×104 0.173
43 0.8 0.2 0.75 29.51 74.33 0.66 0.0178 0.006 1.20×105 0.775
44 0.8 0.2 0.75 24.62 65.99 0.62 0.0185 0.007 1.03×105 0.773
45 0.8 0.2 0.75 21.03 59.55 0.59 0.0191 0.008 8.93×104 0.770
46 0.8 0.2 0.75 16.15 50.24 0.54 0.0201 0.01 7.04×104 0.764
47 0.8 0.2 0.75 13.01 43.78 0.50 0.021 0.012 5.78×104 0.756
48 0.8 0.2 0.75 8.03 32.35 0.41 0.0233 0.018 3.69×104 0.735
49 0.8 0.2 0.75 5.43 25.42 0.36 0.0254 0.025 2.55×104 0.713
50 0.8 0.2 0.75 4.05 21.25 0.32 0.0272 0.032 1.92×104 0.696
51 0.8 0.2 0.75 3.51 19.5 0.30 0.0282 0.036 1.68×104 0.686
52 0.8 0.2 0.75 3.11 18.12 0.29 0.029 0.04 1.49×104 0.679
53 0.8 0.2 0.75 1.92 13.62 0.23 0.0327 0.06 9.35×103 0.643
54 0.8 0.2 0.75 1.37 11.17 0.20 0.0357 0.08 6.72×103 0.618
55 0.53 0.1 0.812 9.13 43.97 0.48 0.0211 0.006 5.38×104 0.736
56 0.53 0.1 0.812 5.01 30.03 0.39 0.024 0.01 3.12×104 0.715
57 0.53 0.1 0.812 3.11 22.33 0.32 0.0268 0.015 2.00×104 0.692
58 0.53 0.1 0.812 2.21 18.17 0.28 0.0291 0.02 1.45×104 0.670
59 0.53 0.1 0.812 1.28 13.05 0.23 0.0334 0.032 8.57×103 0.638
60 0.53 0.1 0.812 0.76 9.61 0.18 0.0384 0.05 5.17×103 0.599
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3. Experimental measurement of the recirculation length

N◦ Bottom Expansion B d Rb Q h0 u0 λ0 S Re0 Fr0
location [m] [m] [-] [l/s] [mm] [m/s] [-] [-] [-] [-]

61

White PVC C

0.53 0.2 0.625 20 150 0.40 0.0191 0.003 9.69×104 0.333
62 0.53 0.2 0.625 14.99 75.27 0.60 0.0181 0.006 9.52×104 0.703
63 0.53 0.2 0.625 8.41 50.75 0.50 0.0203 0.01 5.95×104 0.712
64 0.53 0.2 0.625 5.27 37.34 0.43 0.0224 0.015 3.98×104 0.707
65 0.53 0.2 0.625 3.77 30.14 0.38 0.0241 0.02 2.95×104 0.697
66 0.53 0.2 0.625 2.18 21.38 0.31 0.0274 0.032 1.79×104 0.675
67 0.53 0.2 0.625 1.3 15.54 0.25 0.0311 0.05 1.10×104 0.650
68 0.53 0.2 0.625 0.88 12.29 0.22 0.0344 0.07 7.58×103 0.625
69 0.53 0.2 0.625 0.58 9.62 0.18 0.0385 0.1 5.07×103 0.595
70 0.53 0.2 0.625 0.43 8.06 0.16 0.0419 0.13 3.79×103 0.575
71 0.53 0.2 0.625 0.26 6.07 0.13 0.0486 0.2 2.32×103 0.532
72 0.4 0.2 0.5 20 137 0.73 0.017 0.003 1.29×105 0.630
73 0.4 0.2 0.5 8.04 76.54 0.53 0.0184 0.006 6.95×104 0.606
74 0.4 0.2 0.5 4.63 51.45 0.45 0.0206 0.01 4.67×104 0.634
75 0.4 0.2 0.5 2.96 37.77 0.39 0.0227 0.015 3.28×104 0.644
76 0.4 0.2 0.5 2.14 30.45 0.35 0.0244 0.02 2.50×104 0.643
77 0.4 0.2 0.5 1.26 21.55 0.29 0.0276 0.032 1.58×104 0.636
78 0.4 0.2 0.5 0.75 15.65 0.24 0.0313 0.05 9.90×103 0.612
79 0.4 0.2 0.5 0.51 12.35 0.21 0.0346 0.07 6.93×103 0.594
80 0.4 0.2 0.5 0.34 9.67 0.18 0.0387 0.1 4.73×103 0.571
81 0.4 0.2 0.5 0.25 5.5 0.23 0.0599 0.193 3.62×103 0.979
82 0.33 0.2 0.4 10 140 0.55 0.0206 0.004 7.45×104 0.469
83 0.33 0.2 0.4 4.74 77.96 0.47 0.0187 0.006 5.06×104 0.535
84 0.33 0.2 0.4 2.8 52.25 0.41 0.0209 0.01 3.65×104 0.576
85 0.33 0.2 0.4 1.82 38.28 0.37 0.023 0.015 2.69×104 0.597
86 0.33 0.2 0.4 1.34 30.81 0.33 0.0247 0.02 2.14×104 0.609
87 0.33 0.2 0.4 0.8 21.76 0.28 0.0279 0.032 1.41×104 0.612
88 0.33 0.2 0.4 0.48 15.77 0.23 0.032 0.05 9.07×103 0.596
89 0.33 0.2 0.4 0.33 12.44 0.20 0.035 0.07 6.51×103 0.584
90 0.33 0.2 0.4 0.22 9.72 0.17 0.039 0.1 4.50×103 0.564
91 0.29 0.2 0.3 10 145 0.77 0.0207 0.004 8.04×104 0.643
92 0.29 0.2 0.3 1.59 53.43 0.33 0.0214 0.01 2.47×104 0.457
93 0.29 0.2 0.3 1.06 39.04 0.30 0.0234 0.015 1.93×104 0.488
94 0.29 0.2 0.3 0.79 31.36 0.28 0.0251 0.02 1.58×104 0.505
95 0.29 0.2 0.3 0.48 22.09 0.24 0.0283 0.032 1.09×104 0.519
96 0.29 0.2 0.3 0.3 15.97 0.21 0.0319 0.05 7.51×103 0.528
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The methodology for detecting the reattachment point
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Figure 3.1: Sketch of the ADV method for detecting the reattachment point
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Figure 3.2: Streamwise velocityu distribution for differentY.

3.2 The methodology for detecting the reattachment
point

[Riviere et al., 2011] have used long-time exposure photographs for finding the location
of the reattachment (Figure 4), but this method appeared time consuming and with a bad
accuracy as results depend on the time exposure chosen. Thanks to ADV, the work will be
more simple and precise if the water depth is larger than 20mm. The principle is shown
in FIG.3.1.

Firstly, a region which contains the reattachment point is roughly identified using
floating tracers. Then a mesh grid covering a region of 80cm length in the streamwise
direction is set up for the automation of ADV displacement. With the measurement of the
mean velocity and the process by Matlab, the point where the time average streamwise
velocity componentu passes from negative to positive is found out. Another line of
the mesh in theY= 10mm to the wall is traced for confirming the measurement. The
transverse point should be shorter than the point forY = 5mm according to the physics.
For the disadvantage of the ADV, the velocity at the wall (Y= 0mm) can not be measured.
Thus, the near wall velocity measured by ADV is replaced with the velocity atY=5mm.
One example is exhibited in the FIG.3.2 (ConditionS=0.01 with the bottom roughness).

From FIG.3.2, it is obvious that the mean velocityu passes from negative to positive
along the streamwise direction. The two positions are nearly the same for the two different
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3. Experimental measurement of the recirculation length
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Figure 3.3: Sketch for detecting the reattaching point of LSPIV.

y distances from the wall. After zooming the local part near the reattachment, we can see
that the reattachment forY= 10mm is upstream of the one inY= 5mm even though the
difference is only about 10mm which is negligible in the experiment. So, this method
is approved for our flows and will be used for detecting the reattachment point of the
recirculation zone.

For LSPIV, the mean velocity field is used for detecting the reattachment point. As
shown in the FIG.3.3, the point where the streamwise mean velocity changes from neg-
ative to positive is the point we define as the reattachment. For this case , the end of the
recirculation is 4.24 m. The enlargement is located at 3.56m andd= 0.2m. Hence,L/d is

calculated as(4.24−3.56)
0.2 =3.4.

3.3 Setting experimental details

Because of the great scale of the experiment, many influences on the length of recircu-
lation zone exist are tested below. To do so, a series of experiments were performed in
order to detect the best suited parameters.

3.3.1 Preliminary tests

Firstly, two similar preliminary tests are performed in order to investigate the influence
of the backwater curve on the recirculation length. For experiment N◦50 and 50(a) which
have similar boundary conditions, the difference is just screws added for N◦50 in order to
suppress a small bump on the bed, present in N◦50(a). The backwater curve is illustrated
in FIG.3.4 (−− is the configuration without screws fixed atX= 4m). Due to limited
topographical raise atX= 4m for N◦50(a) (without screws), the water depth decreases
locally. The FIG.3.4 also reports that the length of the recirculation isL/d=5.45 for
N◦50(a), which is 6% shorter than the one for N◦50. This can be explained qualitatively
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Setting experimental details
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Figure 3.4: Water curves of the two configurations.

in the equation below:
dh
dx

=
So,x−J

1−Fr2 (3.7)

With the assumption that the loss of the energyJ is negligible and the flume slopeSo,x

is constant. The streamwise mean velocity increases when the water depth decreases for
No◦50(a).

Hence, the backwater curve appears to play an important role in the length of the
recirculationL/d. In the following experiments, we aim at finding the best configuration
in our channel: to find the most stable possible backwater curve in the recirculation
region: betweenx= 0 andx = L. With the following experiences, the influence on the
backwater curve and onL/d is separated into 5 parts:
(1) Influence of the upstream conditions
(2) Influence of the downstream conditions
(3) Influence of the position of the expansion
(4) Influence of the detailed topography
(5) Influence of the channel and expansion widths

3.3.2 Influence of the upstream conditions

Comparing experiments N◦8(a), N◦8 and N◦8(b)(as in TAB.3.3), the flow conditions (such
as discharge and water depth) are kept constant (the bed friction number isS= 0.032 and
the normal water depth is 21.25mm). The difference between the 3 cases is only the up-
stream boundary condition. The upstream conditions for N◦8(a) is a partially blocked
honeycomb which influences the upstream backwater curve fromX= 1m and 2m down-
stream from the channel inlet as shown in FIG.3.5. However, after the expansion, the
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3. Experimental measurement of the recirculation length

Table 3.3: List of the parameters for three flows with different inlet condition

N◦ Bottom Condition Rb Q hn L/d S Addition
[l/s] [mm] condition

(8-a)
PVC A

0.750 4.045 21.25 7.7 0.032 Partially blocked inlet
8 0.750 4.045 21.25 8.1 0.032 Clean inlet condition

(8-b) 0.750 4.045 21.25 8.2 0.032 Only honeycomb
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Backwater curve N°8
Backwater curve N°8(b)
Reattachement point
Expansion point
Normal depth

Figure 3.5: Three backwater curves in different upstream configurations.

backwater curve is not affected and remains similar. The dimensionless recirculation
length is strongly reduced compared to N◦8.

For N◦8(b), the float board is removed and only the honeycomb is considered in the
inlet boundary. The change in the length of the recirculation is negligible. To conclude,
the inlet boundary does not influence much the flow as long as the honeycomb remains
clean and correctly positioned (N◦8). During the final experiments, the honeycomb was
then regularly removed for cleaning up.

3.3.3 Influence of the downstream condition

In this section, the focus is to detect how the downstream condition influences the recir-
culation zone and especially its lengthL/d. The FIG.2.7 shows the backwater for the
boundary condition used, including a tailgate and a small reservoir.

First, in the experiments including experiments N◦19 and N◦19(a) , the difference
is the location of the tailgate which is moved from X=8m (in N◦19) to X=6m (in
N◦19a)(details are in TAB.3.4). The backwater curves are shown in FIG.3.5 and exhibit
similar general patterns.L/d for N◦19(a) is 6.4 which is smaller than for N◦19 (equal to
6.7). The difference ofL/d remains limited so that in the following, the tailgate is located
at the end of the channel (X= 8m) as for N◦19.
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Setting experimental details

Table 3.4: List of the consistent parameters for two flows
N◦ Bottom Condition Rb Q hn L/d S Taigate

[l/s] [mm] condition
19

Gray PVC D
0.750 4.045 21.25 6.7 0.032 X=8.0m

19(a) 0.750 4.045 21.25 6.4 0.032 X=6.0m
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Figure 3.6: Two backwater curves in different downstream configurations.

Now, for the 3 following experiments N◦8(c), 8(d) and 8(e), the height of the tailgate
is slightly modified (everything else being kept similar) of +2mm (for N◦8d) and -2mm
(for N◦8(e)) compared to N◦8(c). The backward curves are shown in FIG.3.7. It is ob-
vious that the backwater curve for N◦8(d) remains higher than for N◦8(c) over the whole
channel and for N◦8(e) it remains lower forX >2m (downstream from the expansion).
The consequence forL/d is small but cannot be neglected : as the water depth in the
expansion increases, the recirculation length increases (fromL/d= 7.375 for N◦8(e) to
L/d= 7.6 for N◦8(d). This result confirm the conclusion in section 3.3.1. For the final
experiments, the water depth in the expansion region will be kept equal tohn.

Furthermore, we tested the influence of adding gravels in the small reservoir of the
downstream boundary condition for two configurations (N◦5 and N◦15) in order to try to
reduce the slope of the backwater curve downstream. Comparing N◦5 with N◦5(a) and

Table 3.5: List of the consistent parameters for differenthn setting

N◦ Bottom Condition Rb Q hn L/d S Water
[l/s] [mm] depth

8(c) White
A

0.750 4.045 21.25 7.45 0.032 hn

8(d) PVC 0.750 4.045 23.25 7.6 0.032 hn+2mm
8(e) without screws 0.750 4.045 20.25 7.375 0.032 hn−2mm
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3. Experimental measurement of the recirculation length

0 1 2 3 4 5 6 7 8
15

20

25

30

35

40

45

X [m]

h
[m

m
]

 

 

N°8(c)
N°8(d)
N°8(e)
Reattachment point of N°8(c)
Reattachment point of N°8(d)
Reattachment point of N°8(e)
Expansion point
Normal depth

3.5 3.6 3.7 3.8 3.9

20

22

24

26

 

 

Figure 3.7: Two backwater curves in differenthn configurations.

Table 3.6: Consistent parameters with or wothout gravels
N◦ Bottom Condition Rb Q hn L/d S Tailgate

[l/s] [mm] condition
5

Gray
A

0.875 2.087 13.01 3.6 0.032
5(a) 0.875 2.087 13.01 3.8 0.032 gravels
15

PVC
0.625 5.408 28.59 8.267 0.032

15(a) 0.625 5.408 28.59 8.483 0.032 gravels

N◦15 with N◦15(a), the impact on the backwater curve seems limited as shown in the
FIG.3.8. For case N◦15, the change inL/d is 0.2, that is 2.3% ofL/d (equal to 8.7). So
for the final experiments, the reservoir is kept empty.

3.3.4 Influence of the expansion location

In this section, the location of the channel expansion is modified by using longer and
shorter boxes and then four different positions are tested, namely A (N◦8), B(N◦18),
C(N◦24), D(N◦19) as shown in FIG.3.9. For each case, the uniform depth is obviously
the same and the tailgate is adjusted to obtainhn at the expansion location, equal tox=0.
In FIG.3.9, the abscise is no moreX, but ratherx with x=0 at the expansion.

In FIG.3.10, it is obvious that in the recirculation region (betweenx=0 and the reat-
tachment line) the water depth in conditionC (the black curve) varies less than the three
others. The consequence for the recirculation lengthL/d is obvious, it varies from 6 to 8
(33% difference). So after all, conditionC is chosen for the position of the expansion for
the final experiments.
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Figure 3.8: Two backwater curves with or without gravels near the tailgate.

0 1 2 3 4 5 6 7 8

0

0.2

0.4

0.6

0.8

X [m]

Y
 [
m
]

honeycomb

Tailgate
DCB

d

Q

A

Figure 3.9: Configuration of the different positions of the expansion in experiments

Table 3.7: Consistent parameters for different expansion position
N◦ Bottom Condition Rb Q hn S L/d

[l/s] [mm]
8

Gray
A

0.75 4.05 21.25 0.032

8.05
18 B 8.1
24

PVC
C 6.05

19 D 6.7
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3. Experimental measurement of the recirculation length
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Figure 3.10: Backwater curves of 4 positions of expansion

Table 3.8: Consistent parameters for different bottom
N◦ Bottom Condition Rb Q hn S L/d

[l/s] [mm]
24 Gray PVC

C 0.75 4.05 21.25 0.032

6.05
50 White PVC with screws 5.8

50(a) White PVC without screws 5.45

3.3.5 Influence of the bed coverage

For the bottom of the flume, we tested two types of coverage (namely “gray PVC” and
“white PVC”) for the smooth condition (ε=5×10−5); moreover, for the white PVC case,
we added screws to smoothen even more the bed topography. The topographies are com-
pared in FIG.3.12 for the three coverages. The three topographies exhibit some protu-
berances, for instance, for the gray PVC coverage some local protuberance appear atX=
2m andX= 4 m. The white PVC bottom with screws is more regular than the two other
coverages in the centre region (X= 3−5 m).

The backwater curves for one flow configuration reported in TAB.3.8 are illustrated in
FIG.3.12. They appear to be quite different from each other. In the recirculation region
between the two vertical lines (X= 3.5 m to 4.8 m), the average water depth variation
between the three coverages is 3 mm which represents 15% of the water depth. The back-
water curve for the white PVC with screws is obviously less varied than the two others.
It also appears thatL/d varies from 5.45 in N◦50(a) toL/d=6.05 in N◦24, corresponding
to 10% difference. Finally, the white PVC with screws is chosen as the final experiment
coverage.
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3. Experimental measurement of the recirculation length

Table 3.9: Consistent parameters for different configurations with sameRb

N◦ Bottom Condition Rb Q hn S L/d Additional
[l/s] [mm] condition

35(a) Gray C 0.625 8.41 50.75 0.01 12.75 B=0.533m,d=0.2m
35 PVC C 0.625 21.26 68.73 0.01 9.333 B=0.8m,d=0.3m
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Figure 3.13: Results comparison with differentB andd.

3.3.6 Influence of the channel and expansion widths

To reach the same expansion ratioRb value, it is possible to modify bothB andd to-
gether. The aim of the present section is to detect the influence of such modification. In
the present section, we fixRb=0.625 with two conditions: N◦35 with largeB andd and
N◦35(a) with smallerB andd. As L/d should theoretically remain equal (no parameter
change),L will be larger for N◦35. The main consequence is that the reattachment point is
moved towards the downstream end of the channel and may interact with the downstream
boundary condition.

FIG.3.13 (a) shows that the backwater curve is higher for N◦35 near the reattachment
point, as the downstream condition is closer than for the other case, this can produce an
adverse pressure gradient as shown as the arrow. The consequence in term of recirculation
length is high, andL/d varies from 12.75 for N◦35(a) to 9.33 for N◦35. FIG.3.13 (b)
reveals that theL/d decreases asd increases from 0.2 to 0.3m is maximum for lowerS
values, that is for largerL values, where the reattachment point is the closest from the
downstream end of the channel. In order to limit the interaction of the recirculation zone
with the downstream boundary condition, the configurationd=0.2m is selected for final
experiments.
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Final data-set

3.4 Final data-set

Following all conclusions from the tests detailed above, in section 3.3, the selected pa-
rameters for final experiments are summarized: the white PVC bottom is chosen, the
condition C is chosen for the expansion position;d= 0.2m andRb is varied by changing
B; the clean honeycomb with float board is used as inlet condition, and finally the normal
depth at the expansion is controlled by the tailgate atX= 8m. Finally, the data used for
the final analysis in the following chapter is listed in TAB.3.9 below. It comprises 5 series
corresponding to 5 differentRb values (corresponding to 5 differentB values), with fixed
d=0.2 m: 0.75, 0.625, 0.5, 0.4 and 0.3. For each series, about 10 to 15 data is considered
with varying discharges and corresponding normal depth, leading to varyingSvalues.

The analysis is performed by discussing the impact of each parameter from Eq.(3.2)
after the other. The equation is repeated here for simplicity:

L
d
= f

(
ε

Rh0
,Re0,

h0

d
,Fr0,

B
d

)

All the results in the TAB.3.10 are plotted in FIG.3.14. The results were also discussed in
the [Chatelain et al., 2014]. Error bars are given forRb = 0.75(others are similar). This
is the worst case as the uncertainty onL/d implies ∆L that is fixed; the uncertainty on
L does not affect significantly the vertical position on the graphs, and thus the future
conclusions. The positive horizontal error bars forS is derived from the measurement
uncertainty onh (ultrasonic probes); they hardly appear on FIG.3.14 and have no influence
on the conclusions. Conversely, the negative error bars are not due to a measurement error
but to the water depth evolution along theX axis. Indeed, during the experiments, the flow,
in sub-critical regime, undergoes a drastic increase of the water depth as it passes through
an expansion [Rivière et al., 2008]. This relative increase can reach 5%(several points
less than 10%) of the water depth. Nevertheless, the global tendency is not affected by
the experimental error and the conclusion does not change.

3.4.1 Influence of Fr and Re

The influence of Fr onL/d for fixed values of the remaining parameters is not performed
in the present thesis. Indeed, [Rivière et al., 2008] showed that the Froude numberFr
has a negligible effect onL/d, at least as far as the flow remains sub-critical (its range
in the experiments was 0.32<Fr0 <0.92), see FIG.3.15. Moreover, influence of Re0 is
assumed ot be negligible as the flow remains turbulent (Re0 > 104 except for the largest
Sconfigurations).

3.4.2 Influence ofRb

Our results show undoubtedly thatSalone does not permit to characterize the dimension-
less recirculation lengthL/d. Indeed, five distinct curves are obtained for the five fixedRb

values. For a givenS, L/d first increases asRb decreases, reaches a maximum value for a
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3. Experimental measurement of the recirculation length

Table 3.10:All the tests and the results ofL/d with fixing d=0.2m

N◦ B d Rb Q h0 u0 λ0 S Re0 Fr0 L/d
[m] [m] [l/s] [mm] [m/s] [-] [-] [-] [-] [-]

22 0.8 0.2 0.75 9.97 37.03 0.45 0.0222 0.015 4.52×104 0.745 9.05
23 0.8 0.2 0.75 7.08 29.93 0.39 0.0239 0.02 3.28×104 0.728 7.65
26 0.8 0.2 0.75 1.61 12.24 0.22 0.0343 0.07 7.87×103 0.633 4.00
27 0.8 0.2 0.75 1.05 9.57 0.18 0.0383 0.1 5.18×103 0.597 3.00
28 0.8 0.2 0.75 0.78 8.05 0.16 0.0419 0.13 3.87×103 0.575 2.75
29 0.8 0.2 0.75 0.48 6.05 0.13 0.0484 0.2 2.39×103 0.543 2.25
30 0.8 0.2 0.75 0.37 5.25 0.12 0.0525 0.25 1.85×103 0.518 1.95
42 0.8 0.2 0.75 20 156 0.21 0.0202 0.003 6.70×104 0.173 6.45
43 0.8 0.2 0.75 29.51 74.33 0.66 0.0178 0.006 1.20×105 0.775 8.95
45 0.8 0.2 0.75 21.03 59.55 0.59 0.0191 0.008 8.93×104 0.770 9.40
46 0.8 0.2 0.75 16.15 50.24 0.54 0.0201 0.01 7.04×104 0.764 10.30
50 0.8 0.2 0.75 4.05 21.25 0.32 0.0272 0.032 1.92×104 0.696 5.80
51 0.8 0.2 0.75 3.51 19.5 0.30 0.0282 0.036 1.68×104 0.686 5.70
52 0.8 0.2 0.75 3.11 18.12 0.29 0.029 0.04 1.49×104 0.679 5.45
53 0.8 0.2 0.75 1.92 13.62 0.23 0.0327 0.06 9.35×103 0.643 4.45
54 0.8 0.2 0.75 1.37 11.17 0.20 0.0357 0.08 6.72×103 0.618 3.75
61 0.53 0.2 0.625 20 150 0.40 0.0191 0.003 9.69×104 0.333 6.60
62 0.53 0.2 0.625 14.99 75.27 0.60 0.0181 0.006 9.52×104 0.703 10.10
63 0.53 0.2 0.625 8.41 50.75 0.50 0.0203 0.01 5.95×104 0.712 12.75
64 0.53 0.2 0.625 5.27 37.34 0.43 0.0224 0.015 3.98×104 0.707 13.00
65 0.53 0.2 0.625 3.77 30.14 0.38 0.0241 0.02 2.95×104 0.697 10.65
66 0.53 0.2 0.625 2.18 21.38 0.31 0.0274 0.032 1.79×104 0.675 8.20
67 0.53 0.2 0.625 1.3 15.54 0.25 0.0311 0.05 1.10×104 0.650 6.40
68 0.53 0.2 0.625 0.88 12.29 0.22 0.0344 0.07 7.58×103 0.625 5.15
69 0.53 0.2 0.625 0.58 9.62 0.18 0.0385 0.1 5.07×103 0.595 4.30
70 0.53 0.2 0.625 0.43 8.06 0.16 0.0419 0.13 3.79×103 0.575 3.40
71 0.53 0.2 0.625 0.26 6.07 0.13 0.0486 0.2 2.32×103 0.532 2.95
72 0.4 0.2 0.5 20 137 0.73 0.017 0.003 1.29×105 0.630 7.70
73 0.4 0.2 0.5 8.04 76.54 0.53 0.0184 0.006 6.95×104 0.606 9.60
74 0.4 0.2 0.5 4.63 51.45 0.45 0.0206 0.01 4.67×104 0.634 13.60
75 0.4 0.2 0.5 2.96 37.77 0.39 0.0227 0.015 3.28×104 0.644 14.15
76 0.4 0.2 0.5 2.14 30.45 0.35 0.0244 0.02 2.50×104 0.643 13.80
77 0.4 0.2 0.5 1.26 21.55 0.29 0.0276 0.032 1.58×104 0.636 10.60
78 0.4 0.2 0.5 0.75 15.65 0.24 0.0313 0.05 9.90×103 0.612 9.90
79 0.4 0.2 0.5 0.51 12.35 0.21 0.0346 0.07 6.93×103 0.594 7.10
80 0.4 0.2 0.5 0.34 9.67 0.18 0.0387 0.1 4.73×103 0.571 5.80
81 0.4 0.2 0.5 0.25 5.5 0.23 0.0599 0.193 3.62×103 0.979 4.25
82 0.33 0.2 0.4 10 140 0.55 0.0206 0.004 7.45×104 0.469 7.80
83 0.33 0.2 0.4 4.74 77.96 0.47 0.0187 0.006 5.06×104 0.535 9.03
84 0.33 0.2 0.4 2.8 52.25 0.41 0.0209 0.01 3.65×104 0.576 11.43
85 0.33 0.2 0.4 1.82 38.28 0.37 0.023 0.015 2.69×104 0.597 12.95
86 0.33 0.2 0.4 1.34 30.81 0.33 0.0247 0.02 2.14×104 0.609 13.05
87 0.33 0.2 0.4 0.8 21.76 0.28 0.0279 0.032 1.41×104 0.612 12.20
88 0.33 0.2 0.4 0.48 15.77 0.23 0.032 0.05 9.07×103 0.596 10.50
89 0.33 0.2 0.4 0.33 12.44 0.20 0.035 0.07 6.51×103 0.584 9.60
90 0.33 0.2 0.4 0.22 9.72 0.17 0.039 0.1 4.50×103 0.564 7.45
91 0.29 0.2 0.3 10 145 0.77 0.0207 0.004 8.04×104 0.643 7.80
92 0.29 0.2 0.3 1.59 53.43 0.33 0.0214 0.01 2.47×104 0.457 10.55
93 0.29 0.2 0.3 1.06 39.04 0.30 0.0234 0.015 1.93×104 0.488 11.48
94 0.29 0.2 0.3 0.79 31.36 0.28 0.0251 0.02 1.58×104 0.505 11.33
95 0.29 0.2 0.3 0.48 22.09 0.24 0.0283 0.032 1.09×104 0.519 9.35
96 0.29 0.2 0.3 0.3 15.97 0.21 0.0319 0.05 7.51×103 0.528 9.10
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Figure 3.15: L/d in different Fr, from [Rivière et al., 2008]
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3. Experimental measurement of the recirculation length

0.3 0.4 0.5 0.6 0.7 0.8
2

4

6

8

10

12

14

16

R
b

L
/d

 

 
S=0.003
S=0.01
S=0.0015
S=0.02
S=0.032
S=0.07
S=0.1
S=0.13

Figure 3.16: L/d in differentRb with Sfixed

givenRb and then decreases asRb decreases further. For example, FIG.3.16 shows that for
S=0.02,L/d strongly increases fromRb=0.75 toRb=0.5 (multiplied by 1.8) and thenL/d
decreases forRb lower than 0.5 (divided by 1.2 fromRb=0.5 toRb=0.3). Nevertheless,
theRb value for whichL/d is maximum varies alongS. For example, forS=0.032, maxi-
mumL/d is obtained forRb=0.4.Rb is thus another parameter that rules the recirculation
length, with an influence comparable to the one ofS. This is corroborated by the val-
ues reported by [Babarutsi et al., 1989] (See Figure 4 in it) for recirculation downstream
islands for whichRb is, from the photographs, at leastRb=0.8 and their dimensionless
recirculation lengths strongly differ from their laboratory data withRb =0.5.

3.4.3 Influence ofSand h0/d

3.4.3.1 Influence ofSand h0/d together

The experimental results are sketched on FIG.3.14 asL/d as a function ofSfor each of the
5Rb series, that is using the same approach as [Chu et al., 2004] and [Rivière et al., 2008].
Note that whileRb is kept constant for each series (each curve), the other parameters are
varied:S, h0/d, Fr0 and Re0. While we showed above that Fr0 and Re0 have no influence
on the data, impact ofh0/d andS independently is discussed in the following section.
Moreover, experimental results from [Chu et al., 2004] and the asymptotes proposed by
the same authors are also included. They deeply cast doubt on the physics of shallow
recirculation downstream expansions proposed in the literature.

Indeed, present results do not exhibit any asymptotical horizontal regime forS<0.05
for a fixedRb series, unlike data from [Chu et al., 2004]. The range ofS is extended here
to smaller values than [Chu et al., 2004]: 0.003< S<0.01. Instead of a plateau corre-
sponding toL/d ∼8, a maximum dimensionless length is observed forS=0.01-0.02 with
Lmax/d=10-14, depending onRb. L/d then decreases asSdecreases to finally reach, for
S<0.003, values in the range 5-8,i.e. comparable to the ones inventoried for 2D backward
facing steps by [Adams and Johnston, 1988]. On the other hand, for the largeS values,
L/d decreases quite linearly withS in the log figure, as predicted by [Chu et al., 2004].
However, the rate of decrease proposed by [Chu et al., 2004] isS−1 while in our case it
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Figure 3.17: Progress for obtaining the roughnessε of aluminium bottom

equals aboutS−0.6 for all Rb series. Moreover, forRb=0.5, present data and the ones
from [Chu et al., 2004] differ; however, no explanation for such difference was encoun-
tered. Hence, in summary, our data shows that:
(1) In the smallS region, that is deep water depth,L/d increases for increasingSvalues
and all data tends toL/d ≈8 asS tends to 0.
(2) In the intermediate region (0.01< S<0.03),L/d reaches a maximum value.
(3) In the largeSregion (S>0.03), that is shallow flow,L/d decreases for increasingS.

The shape is referred to as “bell shape” with a maximumL/d obtained for intermediate
Svalue. Also, it appears that for the highestRb(0.75),L/d tends to about 6,i.e.in the range
reported for unconfined (largeh0/d), turbulent flows around small (Rb →1) backward
facing steps by [Adams and Johnston, 1988].

The dimensional analysis Eq.(3.2) reveals that the dimensionless depthh0/d can also
influenceL/d. Unfortunately, during experiments (the present ones and the ones from the
literature), the two parametersSandh0/d are varied simultaneously. As a consequence,
the discussion presented above corresponds to variation ofS andh0/d together. Con-
versely, varyingSwithout affectingh0/d can be performed by varying continuouslyλ by
means of modifying the roughness of the channel bed, while keepingh0 constant.

3.4.3.2 Separated influence ofSand h0/d

In order to analyse the influence ofS andh0/d separately, the bottom roughness is in-
creased using aluminium tear plates (see FIG.3.18).

The strategy is the following: starting from for one flow with the smooth bottom,S
is kept constant by increasingλ andh0/d by the same amount. This is done by slightly
increasing the discharge. The difficulty when planning the flow conditions lies in the
Darcy-Weishbach equation corrected by Colebrook-White Eq.(3.3) which includes the
equivalent roughness heightε. Indeed, the topography of the board is complex, non-
uniform with roughness elements ofr =1.5 mm high, not aligned with the flow axis.
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3. Experimental measurement of the recirculation length

Figure 3.18: The channel with the aluminium roughness bottom

To identify the bestε value: i) the expansion is first removed and a uniform flow with
constant width is established, ii) the backwater curve is measured for various discharge
without weir leading to a critical depth at the downstream section, iii) the backwater
curve is computed using the typical sub-critical approach for various values ofε, iv) the
best computed/measured backwater curve fit permits to determine the most probableε
value. Results are given in FIG.3.19. It appears that for high discharges (and thus high
water depths, velocity and Reynolds number),ε is constant and equals about 6mm but for
low discharges,ε tends to decrease. Indeed, the limited water depth increases the ratio
r/h and Colebrook-White equation is not valid any more. The relationship betweenr and
ε becomes dependant on the water depth. In the following, we considerε=6mm , keeping
in mind that this value is doubtful for low discharges.

A serie of experiments forRb=0.75 with the aluminium rough board is measured and
detailed in TAB.3.11. These flow configurations are similar to some configurations be-
longing to the serie withRb=0.75 with smooth bed in terms ofS, Rb but differ in h0/d:
for the rough coverages,h0/d exceeds that with the smooth coverage. The dimensionless
recirculation lengths for these two coverage configurations are compared in FIG.3.20. It
appears that the two curves bifurcate atS∼0.03:
→ For the shallow flows (S>0.03),L/d increases with increasingh0/d (with the rough
converage) but there is remains a large doubt regardingε and thusSvalue.
→ For the deeper configurations, (S<0.03),L/d decreases with increasingh0/d (with
the rough converage).

The question is whether this difference of behaviour is physical or due to the doubts
regardingε value for the shallow flows.
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Figure 3.19: Relative roughnessε in different discharge

Table 3.11:All tested configurations with the aluminium tear plate bottom
N◦ Bottom Expansion B d Rb Q h0 u0 λ0 S Re0 Fr0

location [m] [m] [-] [l/s] [mm] [m/s] [-] [-] [-] [-]
97

Roughness

C

0.8 0.2 0.75 31.71 109.47 0.48 0.0438 0.01 1.18×105 0.466
98 0.8 0.2 0.75 14.62 66.29 0.37 0.053 0.02 6.09×104 0.456
99 0.8 0.2 0.75 8.59 47.58 0.30 0.0609 0.032 3.77×104 0.441
100 0.8 0.2 0.75 3.54 27.85 0.21 0.072 0.065 1.65×104 0.406
101

bottom

0.8 0.2 0.75 2.36 21.98 0.18 0.078 0.089 1.12×104 0.386
102 0.8 0.2 0.75 1.09 14.08 0.13 0.095 0.169 5.30×103 0.347
103 0.8 0.2 0.75 0.7 10.96 0.11 0.108 0.246 3.44×103 0.325
104 0.8 0.2 0.75 0.51 9.22 0.09 0.095 0.258 2.52×103 0.307
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Figure 3.20: Results in the roughness bottom configuration.
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3. Experimental measurement of the recirculation length

3.5 Chapter conclusion

This chapter was devoted to experiments. Preliminary work was a dimensional anal-
ysis which shows that 5 dimensionless parameters (Re, Fr,S,h/d,Rb) influence the
length of the recirculation. As Re and Fr were already studied in the LMFA team
( [Riviere et al., 2011]), our study focused on the 3 leading parameters: the bed friction
numberS, the relative water depthh/d and the expansion ratioRb, which influences must
be assessed. To obtain the appropriate database, final adjustments were performed on the
experimental facility.

Results show that the expansion ratioRb has a comparable influence as the one ofS.
L/d first increases asRb decreases, reaches a maximum value for a givenRb and then
decreases asRb decreases further. Experiments also confirm the influence of the bed
friction number on the recirculation length. Nevertheless, the evolution ofL/d with S is
at odd with the literature. There is not a plateau in the smallS regime and the decreasing
tendency in the highS regime differs from aS−1 law. This can be related to the third
parameterh/d, as suggested by the results obtained with a larger roughness.

Nevertheless, in our experiments, it was impossible to vary continuously and indepen-
dently the two parametersSandh/d. This is possible using numerical simulations, which
are performed in the next chapter to definitely establish the influence of each of these 2
parameters.
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Chapter 4

Numerical study and comparison with
the experimental results

This chapter focuses on numerical calculation of the flow field
in the sudden lateral expansion. The aim of this chapter is
twofold:
1) A comparison of the numerical results with the experimental
data and to thus evaluate the impact of the numerical simpli-
fications (mostly the rigid-lid approach) 2) Obtain more ac-
curate and detailed data than what could be measured for
analysing the flow characteristics and understanding the de-
tachment length behaviour.

Contents
4.1 The numerical modelling strategy . . . . . . . . . . . . . . . . . . . .. 67

4.1.1 Equations and turbulence model . . . . . . . . . . . . . . . . . . . 67

4.1.2 The rigid-lid assumption . . . . . . . . . . . . . . . . . . . . . . . 68

4.1.3 The boundary conditions . . . . . . . . . . . . . . . . . . . . . . . 69

4.1.4 The mesh characteristics . . . . . . . . . . . . . . . . . . . . . . . 71

4.1.5 Time convergence . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.1.6 Additional verification . . . . . . . . . . . . . . . . . . . . . . . . 73

65

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0005/these.pdf 
© [L. Han], [2015], INSA de Lyon, tous droits réservés



4.2 Application to a reference configuration . . . . . . . . . . . . . .. . . . 73

4.2.1 Reference configuration description . . . . . . . . . . . . . . . . . 73

4.2.2 Verification of the convergence criterions . . . . . . . . . . . . . . 74

4.3 Comparison between numerical and experimental results . . . . . . . . 76

4.4 Influence of the parameters . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.4.1 Influence of the Reynolds number Re . . . . . . . . . . . . . . . . 80

4.4.2 Influence of the bed friction numberS . . . . . . . . . . . . . . . . 81

4.4.3 Influence of the water depthh/d . . . . . . . . . . . . . . . . . . . 83

4.4.4 Influence of the expansion ratioRb . . . . . . . . . . . . . . . . . . 86

4.4.5 The relative influence of the parameters . . . . . . . . . . . . . . . 88

4.5 Chapter conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

66

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0005/these.pdf 
© [L. Han], [2015], INSA de Lyon, tous droits réservés



The numerical modelling strategy

4.1 The numerical modelling strategy

4.1.1 Equations and turbulence model

For solving the Navier-Stokes equation, the scientists have developed several methods
with different degree of complexity. For this thesis, the RANS approach is selected
as it is the simplest way to solve the 3D turbulent N-S equations, thus saving calcula-
tion time. RANS equations are obtained using the Reynolds decomposition, written as
u(x,y,z, t) = u(x,y,z, t)+u′ (x,y,z, t). Here, the Reynolds-Averaged Navier-Stokes equa-
tions are given, which comprises the momentum Eq.(4.1) and the continuity equation of
the incompressible fluid Eq.(4.2), where the subscriptsi and j refer to the different com-
ponents along thex, y andzdirection in the Cartesian coordinates:

∂ui

∂t
+u j

∂ui

∂x j
=−1

ρ
∂p
∂xi

+ν
∂2ui

∂x j∂x j
−

∂u′iu
′
j

∂x j
(4.1)

∂ui

∂xi
= 0 (4.2)

This set of equations thus includes 4 equations involving 10 unknown which are to be
solved:
-The mean velocity components in three directions:u,v,w
-The mean total pressure:p
-The 6 components of the Reynolds Stress Tensor:

Ruv =−ρ






u′2 u′v′ u′w′

v′u′ v′2 v′w′

w′u′ w′v′ w′2




 (4.3)

We thus face too few equations for solving the system. So, a turbulence model has
to be introduced as a computational procedure to close the system, by estimating the
Reynolds stress tensor. The most common turbulence models are in the TAB.4.1: For

Table 4.1: Different turbulent model in the numerical simulation
Classical models Based on the (time-averaged) Reynolds equations

1. zero-equation model, mixing length model
2. two-equation model,k− ε equation
3. two-equation model,k−ω equation
4. Reynolds stress equation model (RSM)

Large eddy simulation Based on space-filtered equation
Direct numerical simulation Navier-Stokes equations are numerically solved without any turbulence model

this thesis, the main aim is to accurately compute the length of the recirculation, so con-
sidering the accuracy and the calculation time of the available models, classical models
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4. Numerical study and comparison with the experimental results

are preferred. The RSM approach takes too much calculating time. So, the simplek− ε
model is used in the thesis.

It is possible to develop transport equations for all turbulence quantities in-
cluding the rate of the viscous dissipationε and turbulent kinetic energyk
[Bradshaw and Wong, 1972]. The model thus includes two additional transport equa-
tions, one fork and one forε. Applying the same approach as in the mixing length model
we specify the eddy viscosity as follows:

µT = ρCµ
k2

ε
(4.4)

whereCµ is a dimensionless constant. It is recommended by most previous tests as
0.09. Then, with an isotropic assumption for the eddy viscosity, the Reynolds stress tensor
terms are related to the gradient of the mean flow using the standardk− ε model as:

−ρu′iu
′
j = µT

(
∂ui

∂x j
+

∂u j

∂xi

)

− 2
3

ρkδi j

Whereδi j is the Kronecher delta (δi j =1 if i = j andδi j =0 if i 6= j).
For this thesis, the realizablek− ε model is chosen finally. It is developed from the

standardk− ε model. It keeps the Reynolds stresses correspond between the simulation
and real phenomenon by examining the term in the calculation, for example, it checks if
u′2 ≥ 0.

The final set of equation thus contains 7 unknown:u,v,w, p,k,ε,µT and 7 equations :
the 3 momentum Eqs.(4.1), the continuity Eq.(4.2), the equation forµT Eq.(4.4) and the
transport equations fork andε. The steady condition is used in the calculation, so the
times termt is not included. The system can thus be solved.

4.1.2 The rigid-lid assumption

A numerical model aiming to compute the free surface location is called Volume Of Fluid
(VOF), first introduced by [Noh and Woodward, 1976]. It can calculate the velocity field
in the water region and the air region and also the location of the interface between the
two regions. Nevertheless, this approach spends a lot of time for calculating. As the
present chapter does not focus on the free surface characteristics, the VOF long calculation
time is not performed. Other simplified method adapted to a rigid lid assumptions also
exist [Ouillon and Dartus, 1997]. Nevertheless, consistently with experiments for which
efforts were made to keep a water depth as constant as possible in the recirculation region,
water depth are not considered here.

Consequently, a rigid-lid model with constant water depth is chosen: a wall with free-
slip conditions parallel to the bottom is fixed at the free surface instead of using the VOF
model. So, the influence of the water depth variations through the recirculation zone is
neglected herein. The friction between this top wall and the flow is set to 0 using the
free-slip condition.
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h=constant
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Figure 4.1: Boundary condition to solve the calculation

4.1.3 The boundary conditions

In order to solve Eqs.(4.1) to (4.4) in the fixed region, boundary conditions must be spec-
ified along the entire boundary of the domain.
7−→ A uniform velocity profile is imposed as inlet condition, followed by a 12m long inlet
channel ensuring a developed velocity profile at the expansion as shown in the FIG.4.1.
The inlet velocity equals tou= Q/((B−d)h.
7−→ The outlet is controlled by a hydrostatic pressure distribution.
7−→ The water depth is fixed along the whole channel region using the previously de-
scribed rigid-lid assumption with no friction.
7−→ All other boundaries are defined as walls with no slip conditions.

The law of the wall is introduced here to compute the flow in the near wall region. In
this calculation model, we chose the treatment of the wall as “Two layers-Ally+” pro-
posed by the software StarCCM+. This “Two layers-Ally+” function permits to choose
the treatment of the wall as a function of the distance of the first cell center, notedy+: if
the first cell is located in the viscous sub-layer (y+ <5) a linear velocity profile is con-
sidered and if the center is the logarithm zone of the velocity profile (30< y+ <500), the
empirical law of the wall is considered.

The criterion is defined by the dimensionless distance from the wall, noted asy+:

y+ =
uτ
ν

y (4.5)

Whereuτ =
√

τw
ρ represents the local friction velocity at the level of the wall;

τw = µ∂u
∂y|y=0 is the local shear stress of the wall.
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Figure 4.2: Law of the wall. [Pope, 2008]

If y+ represents the position from the cell center closest to the wall, the empirical law
of the wall can be considered effective when 30< y+ <500, that is when the center of the
first cell near the wall is location within the logarithmic zone. (See FIG.4.2) The standard
wall law exhibits a slope discontinuity between the viscous and logarithmic regions. In
the viscosity layer (y+ <5), the velocity profile is linear:

u+lam = y+ (4.6)

In the logarithmic zone, the velocity profile is given by:

u+turb =
1

0.41
ln(E′y+) (4.7)

whereu+ = u/uτ is the dimensionless velocity; andE′ = 9
f with f calculated as indicated

below.
Introducing the roughness parameter:

ε+ =
uτ
ν

ε (4.8)

whereε is the equivalent sand-grain roughness height, the function to computef is a
slightly expanded version of the following expression given (StarCCM+):

f =







1
[

B

(
ε+−ε+smooth

ε+rough−ε+smooth

)

+Cε+
]a

B+Cε+







f or ε+ < ε+smooth
f or ε+smooth< ε+ < ε+rough

f or ε+ > ε+rough

(4.9)
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where the exponenta is expressed as:

a= sin




π
2

log
(

ε+/ε+smooth

)

log
(

ε+rough

/

ε+smooth

)



 (4.10)

and the default values of the coefficient are:B=0, C=0.253, ε+smooth=2.25 and
ε+rough=90. So,ε+ < ε+smooth, represents the flow which is hydraulic smooth;

ε+ > ε+rough represents the flow which is hydraulic rough;

ε+smoothε
+ < ε+rough aims the condition between the smooth and the rough.

For our calculation, the empirical wall function (30< y+ <500) is selected as often as
possible. Indeed, this method:
7−→ does not require to compute the flow characteristic on the near wall region (y+ <30).
Note that the accuracy of the direct calculation of the flow in this region using the selected
model is not ensured unless caring much on the time and space steps.
7−→ permits to save calculation cells (and thus also calculation time).
The size of the cells adjacent to the walls are thus chosen in order to keep the center of
the first cell within the logarithm zone of the velocity profile in the normal direction of
the wall (30< y+ <500).

Initial conditions are a water region with zero velocity.

4.1.4 The mesh characteristics

Using the finite volume method for calculation, the mesh is of high importance. For
our configuration, 3D rectangular cells are chosen, see FIG.4.3. The mesh is refined
around the enlargement (zone 2) and even more in the recirculation zone (zone 1)
in order to gain in spatial resolution of the recirculation flow structure. Themz de-
pends on the water depth of the flow. And also the first layer of the mesh should
cover 2 times of the roughness height. It varies from 1 mm to 6 mm depending on
the configurations. The typical cell sizes (along the 2 directions) in the different zones are:

1. Zone 1:mx=3 mm andmy=3 mm

2. Zone 2:mx=12.5 mm andmy=12.5 mm

3. Zone 3:mx=50 mm andmy=25 mm

4. Zone 4:mx=100 mm andmy=12.5 mm

(Note that Zone 3 includes the 0< x <10m region and zone 4 includes 16m< x <20m
which are only partly figured below). For checking the convergence of the results using
the different meshes, 3 simulations with different meshes in zone 1 (recirculation zone)
are compared in a same configuration:
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Figure 4.3: Different zone with the different size of the calculating mesh

i) Coarse mesh, 

L/d=5.63

ii)Average mesh, 

L/d=5.69

iii) Refined mesh, 

L/d=5.50

Figure 4.4: Flow fields with different size of the calculating mesh

1. Expansion ratio :Rb=0.75 (B=0.8,d=0.2).

2. Reynolds number: Re=24000 (inlet velocityu=0.326m/s).

3. Water depth:h=0.02 m.

The 3 different size of the mesh are:
a) Coarse mesh:mx=12.5mm andmz =12.5 mm. It obtainsL/d=5.625.
b) Average size mesh:mx=6.25 mm andmz =6.25 mm. It obtainsL/d=5.688.
c) Refined mesh:mx=3.125mm andmz =3.125 mm. It obtainsL/d=5.5.

The relative error of the recirculation length among the three meshes is less than 5%.
So the simulation method for calculating the length is considered acceptable. However, in
FIG.4.1.4, the coarse mesh calculation does not exhibit all details regarding the secondary
recirculation cell near the corner. Moreover, the computation time is not prohibitive. So,
we keep the fine mesh as our final mesh configuration for the sequel.

4.1.5 Time convergence

As explained in CHAP.5, The advection of the turbulent cells along the mixing layer
leads to a time-unsteady recirculation length and thus of the reattachment location
[Riviere et al., 2011]. Nevertheless, we do not focus here on this unsteadiness; we are
rather interested in the time-averaged recirculation length. In fact, the chosen turbulent
model can not calculate such turbulent unsteadiness. So, here we focus on the time-
averaged length of the recirculation zoneL and on the global influence of every parameter
on this length. To ensure the solution time-convergence in the calculation, several crite-
rion are introduced:
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Application to a reference configuration

Table 4.2: Flow configuration of the reference flow of the numerical simulation

u Channel Enlargement Water depth Upstream bottom λ Darcy
[m/s] width B [m] width d [m] h [m] Re roughnessε [m] Coefficient

0.297 0.8 0.2 0.02 2.5×10−4 3.4×10−5 0.0256

1. a criterion on the magnitude of numerical residuals which should be small enough
for the 7 equations solved: less than 1000 times smaller than at initial time.

2. the conservation of mass discharge between the inlet and outlet sections is also
surveyed.

3. a criterion based on the time-stability of the recirculation length: the instantaneous
recirculation length is estimated from the calculation every 50 iterations and com-
pared to the previous estimations.

4. a criterion based on the stability of the qualitative recirculation topology (the num-
ber of gyres and their positions), to ensure that the flow structure in the recirculation
zone is stable.

4.1.6 Additional verification

In order to ensure that the inlet and outlet boundary conditions do not impact the flow
pattern in the expansion region, a long enough inlet channel (20 m) is used to obtain an
established flow when reaching the recirculation region. For checking the established flow
condition, the velocity profiles at different streamwise locations (upstream, middle and
downstream) are plotted and compared to each other. All these criterions are illustrated
in section 4.2.2 when presenting the reference configuration.

4.2 Application to a reference configuration

4.2.1 Reference configuration description

Before investigating the impact of the flow and geometrical parameters (See the dimen-
sional analysis in CHAP.3) on the recirculation length, a reference flow configuration is
selected based on the experimental configurations from CHAP.3. This reference config-
uration and calculation verifications are described below (TAB.4.2 and FIG.4.2.1). This
procedure is the same as the one applied to all other calculations in the sequel. With the
definition of the above parameters we can obtain the dimensionless parameters:
⇒ Rb=0.75;h/d=0.1 andS=0.032.
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Figure 4.5: Parameter setting of the reference flow configuration

4.2.2 Verification of the convergence criterions

As discussed above, several criterions are considered for ensuring the convergence of the
calculation. The first criterion is the magnitude of the residual term including:

1. “Continuity” which is the mass conservation residual.

2. “X,Y, Z momentum” which are the momentum balance residuals in three spatial
directions

3. “TKE” which is the residual of the Turbulent Kinetic Energy transport equation

4. “Tdr” which is the residual of the Turbulence dissipation rate transport equation

These residuals are plotted in FIG.4.6 below. It is obvious that after 3000 iterations num-
ber, all the residuals become stable in time and are below 10−5, that is 5 order if magnitude
smaller than at initial time. Secondly, the discharge in the inlet section and the outlet sec-
tion are calculated by integrating the velocity in the two sections, which equal:
→ Inlet section:Q=3.564000×10−3m3

→ Outlet section:Q=3.564002×10−3m3

The error between the two discharges is of the order of 10−7m3/swhich is considered
acceptable herein.

The third convergence criterion is based on the time stability of the recirculation length
L along the calculation. The method for detecting the lengthL at any time step is as fol-
lows: the streamwise velocity profile along the right wall (Y=0, in FIG.4.7) (as a func-
tion of X position) is plotted as in FIG.4.8. The location where the velocity component
changes sign from negative to positive is the reattachment point (here atX=13.275 m). In
addition, we verify the time stability of this velocity profile with time.
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4. Numerical study and comparison with the experimental results

The fourth criterion is based on the qualitative pattern of the horizontal velocity field
at mid-elevation (Z = h/2). The aim is to verify that after some time, the structure of
the recirculation flow pattern becomes stable (number and the position of the cells). In
FIG.4.9, the cell in the recirculation move from the expansion section to downstream and
then the structure in the zone does not change after 2500 iteration, revealing that the crite-
rion is reached. Last, the transverse profiles of streamwise velocity are plotted at different
streamwise sections (x=7 m, 9 m,11 m, 16 m, 18 m and 20 m). From the FIG.4.10 we can
see that clearly the flow is developed both upstream and down stream of the the recircu-
lation zone. So the length of the channel is enough for covering the recirculation zone.
To summarize, when all criterions are reached, the calculation is stopped and numerical
results are exported, especially the recirculation lengthL obtained as indicated for the
criterion.

4.3 Comparison between numerical and experimental
results

Several strong hypothesis and simplifications were made regarding the numerical config-
uration compared to the experimental flow configuration such as:

1. a constant water depthh in the calculation while the free surface is evolving in the
experiment

2. an isotropic turbulence closure (k− ε)

Before analysing in details the numerical data to identify the influence of each parameter
on the flow pattern, two sets of experiments withRb equal to 0.75 and 0.5 are replicated
using the numerical model. For these series, it appears on FIG.4.11 that largeS experi-
ments were not replicated numerically, this is due to the very limited water depth and the
too large cells required to keep ay+ values larger than 30 in the near wall region. FIG.4.11
compares the experimental and numerical results(values are also listed in TAB.4.3). The
qualitative trend is retrieved by the numerical approach:

1. for large bed friction numbersS, L/d decreases asS increases.

2. At S∼0.01,L/d reaches a maximum value

3. For smallSvalues,L/d decreases asSdecreases.

4. L/d increases asRb decreases.

A small difference still exists in terms of quantitative recirculating length prediction,
which remains limited, except for the deepest configurations, that is the smallestS val-
ues. To conclude, the numerical code appears to satisfactorily estimate the recirculating
length and is in agreement with the evolution ofL/d for varyingSvalues. This numerical
approach can then be used for further analysis.
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Figure 4.9: Flow dynamic structure downstream the expansion in different iterations
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Figure 4.10: Mean velocity profiles in different sections

Table 4.3: Comparison between the experiment and simulation in differentRb
Rb=0.75 Rb=0.625 Rb=0.5

Experiments Simulations Experiments Simulations Experiments Simulations
S L/d S L/d S L/d S L/d S L/d S L/d

0.003 6.45 0.098 3.89 0.003 6.60 0.001 7.73 0.003 7.70 0.001 8.17
0.006 9.15 0.031 6.38 0.006 10.10 0.003 9.52 0.006 9.60 0.003 10.53
0.008 9.40 0.012 8.98 0.010 12.75 0.007 12.19 0.010 13.60 0.007 14.42
0.010 10.30 0.007 8.78 0.015 13.00 0.012 13.47 0.015 14.15 0.011 16.81
0.015 9.05 0.003 7.69 0.020 10.65 0.030 8.70 0.020 13.80 0.030 10.77
0.020 7.65 0.001 6.84 0.032 8.20 0.032 10.60
0.032 5.80 0.050 6.40 0.050 9.90
0.036 5.70 0.070 5.15 0.070 7.10
0.040 5.45 0.100 4.30 0.100 5.80
0.060 4.45 0.130 3.40 0.193 4.25
0.070 4.00 0.200 2.95
0.080 3.75
0.100 3.00
0.130 2.75
0.200 2.25
0.250 1.95
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Figure 4.11: Comparison ofL/d between simulations and experiments

4.4 Influence of the parameters

The dimensional analysis in CHAP.3 revealed that the parameters that could influence
the dimensionless recirculation length are: 1) the Froude number of the flowFr, 2) the
expansion ratioRb, 3) the dimensionless water depth at the expansion sectionh/d(in
simulationh/d keeps constant), 4) the Reynolds number of the inflow Re, 5) the friction
numberS. Riviere et al already showed that the impact of the Froude number remains
negligible; the influence of 4 parameters thus remain to be tested.

To do so, the calculations of the reference configuration (section 4.2.1) are modified
by altering only one parameter in each series, keeping the other parameters constant. The
strategy is detailed in TAB.4.4 the top line lists the 4 parameters to be studied, the second
line lists the variable (geometry or flow characteristics) to be modified correspondingly,
the 4 remaining lines represent the modification that must be made to keep the other
parameters constant. For example, for studying the impact ofRb, B is modified (which
directly modifiesRb,), h andd are kept constant,u is modified to keep Re constant,ε is
also modified to keepSconstant.

In the following subsections, the numerical results obtained for each serie are pre-
sented one by one.

Note the exact evaluation of the head loss coefficientλ. The head loss coefficientλ
can be computed using the Colebrook-White law, notedλth (“th” for theoretical) using the
Reynolds number and roughness heightε. However, due to the not perfect accuracy of the
empirical law of the wall proposed by the code StarCCM+, this coefficient appears not
to be equal to the head loss coefficientλnum calculated based on the energy loss per unit
length measured in the upstream channel, even though the same Re andε are considered.
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4. Numerical study and comparison with the experimental results

Table 4.4: The numerical simulation strategy
Parameter Rb h/d Re S

to be studied Section4.4.4 Section4.4.3 Section4.4.1 Section4.4.2
Variable to be modified B h u λ
Modification to Rb −−−−− fixed fixed fixed
keep the other h/d fixed −−−−− fixed fixed

parameters Re modify u modify u −−−−− modify ε
constant S modify ε modify ε modify ε −−−−−

Consequently, the following procedure is used:

1. Colebrook-White law is used to roughly predict a head loss coefficient magnitude
but the value used for computing the actualScoefficient isλth

2. the actual head loss coefficientλnum is obtained by estimating the energy loss
J12 equal to the pressure difference between two sections located in the upstream
channel (upstream from the recirculation zone, for example betweenX1=6m and
X2=11m where the water depth is uniform:

J12 =
P1−P2

ρg
= λnum

(X2−X1)

Dh

u2

2g
(4.11)

whereDh is the hydraulic diameter in the upstream channel andp1 andp2 are the
mean (spatial and temporal) pressure in both selected sections. Then,Sis computed
as

Snum= λnumd/8h (4.12)

3. if this value departs from the objective, one parameter (usually the roughness ele-
vationε) is adjusted and the procedure is repeated from the beginning.

Note that the error betweenSth obtained usingλnumandSnumobtained usingλnum remains
lower than 10%.

4.4.1 Influence of the Reynolds number Re

For evaluating the influence of the upstream Reynolds number Re, we define 5 flow con-
figurations (see TAB.4.5) analogous to the reference configuration (Rb=0.75,h/d=0.1 and
S=0.032) but with a varying Re from 2.5×104to 5×105. The configuration named Re-1
is the reference configuration detailed in section 4.2.1. For changing Re, the streamwise
inlet velocityu is modified whileh remains constant. In the same time, the Darcy friction
coefficientλ, which depends on Re, is kept constant by altering the roughness elevation
ε of the flume bottom. Consequently, ash andε remains fixed, the bed frictionS is not
altered.

The FIG.4.12 illustrates the streamwise velocity profiles along the reattachment wall
which are used for determining the recirculation length. The velocity is normalized by
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Influence of the parameters

Table 4.5: Configurations for flows with different Reynold number
N◦ Re Sth u (m/s) ε (m) L/d y+ ε+ Snum

Re-1 2.5×104 0.032 0.297 3.40×10−5 6.375 59 0.57 0.0311
Re-2 5.0×104 0.032 0.594 3.00×10−4 6.328 57 9.82 0.0291
Re-3 1.0×105 0.032 1.188 4.20×10−4 6.094 61 20.71 0.0320
Re-4 2.5×105 0.032 2.970 4.75×10−4 6.234 145 78.70 0.0306
Re-5 5.0×105 0.032 5.939 4.50×10−4 5.750 151 155.43 0.0317
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u
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0

 

 

Re=2.5×104
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Re=2.5×105
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Figure 4.12: Reattachment point of the recirculation zone
for 5 different values for Reynolds number Re.

the mean velocity upstream:u. It is obvious that the point where the sign of the velocity
changes from negative to positive (ux/u =0) equals about 13.2 m for the five configura-
tions (except for the largest Reynolds caseRe−5). We conclude that the impact of Re
on the length of the recirculation remains limited. On the other hand, FIG.4.12 reveals
that Re influences the flow pattern in the recirculation zone: the length of the secondary
recirculation decreases as Re increases and the secondary recirculation disappears when
Re becomes larger than 2.5×105(See FIG.4.13).

4.4.2 Influence of the bed friction numberS

TAB.4.6 represents the chosen configurations for studying the influence ofS magnitude
on the recirculation lengthL/d. The configurationS-7 is the reference configuration (the
same asRe-1, detailed in section 4.2.1). In section 4.3, 3 flow regimes as introduced,
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4. Numerical study and comparison with the experimental results

Figure 4.13: Countours of the velocity field in different Re
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Influence of the parameters

including the friction regime, no-friction regime and the transition regime. For studying
the whole region,Svaries here from 0.003 to 0.2. In theory,Sshould be simply modified
by changing the roughness heightε and thus theλ parameter. But whenε exceeds the dis-
tance between the wall and the center of the first cell, the calculation can not be proceed.
Thus,Scannot be varied in a large extent with a constanth/d magnitude. Hence:

1. for the first 3 configurations (S-1 to S-6, S-7 to S-12 and S-13 to S-18),h/d is mod-
ified for changingS (h/d=0.01,h/d=0.1,h/d=0.15), permitting to varySbetween
0.0202 and 0.11.

2. in order to reach lower values ofSparameter, Re number also has to be changed (2.5
×105 instead of 2.5×104) in the following 4 series (S-19 to S-41) withh/d varying
from 0.1 to 0.5. As discussed in section 4.2.1, we suppose that the modification of
Re number does not influence the length of the recirculation.

In FIG.4.14, it appears that:

1. asS increases,L/d decreases linearly (in logarithmic representation) for eachh/d
tested parameters.

2. unlike predicted by the literature, and especially by [Chu et al., 2004], the impact
of SonL/d is high even for low values ofS(smaller than 0.01).

3. the red and violet symbols (h/d=0.1 with 2 Reynolds number values) and on the
other hand the green and light blue symbols (h/d=0.15 with 2 Reynolds number
values) are fairly aligned, confirming that the Reynolds number has a limited impact
on the recirculation length.

4. the normalized water depth has a strong impact on the recirculation length : ash/d
increases,L/d decreases (see for instance the green and dark blue series or the light
blue and violet series with same Re magnitude).

Note that for a fixedh/d magnitude, the impact ofS remains monotonic: asS increases,
L/d decreases. This differs from the experimental shape seen on FIG.3.14 in FIG.3 where
a “bell” was obtained by changing bothh/d andSparameters.

4.4.3 Influence of the water depthh/d

To further study the influence of the relative depth,h/d is modified by changing the depth
h (remember that is the present calculations,h is kept constant over the whole domain),
keepingSconstant (by modifying the wall roughness heightε), and keeping the Reynolds
number constant by modifying the inlet velocityu. The TAB.4.7 details the two configura-
tions series (with two different Reynolds numbers, see previous section for explanation).
FIG.4.15 plots the evolution ofL/d as a function ofh/d. It appears that:L/d decreases
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4. Numerical study and comparison with the experimental results

Table 4.6: Configurations for studying the influence ofS
N◦ h/d Re Sth h (m) u (m/s) ε (m) L/d y+ ε+ Snum

S-1 0.05 2.5×104 0.066 0.01 0.575 3.40×10−5 4.891 57 1.10 0.0634
S-2 0.05 2.5×104 0.082 0.01 0.575 1.67×10−4 4.797 58 5.51 0.0661
S-3 0.05 2.5×104 0.098 0.01 0.575 3.56×10−4 4.359 63 12.84 0.0792
S-4 0.05 2.5×104 0.115 0.01 0.575 6.07×10−4 3.891 70 24.31 0.0976
S-5 0.05 2.5×104 0.134 0.01 0.575 9.27×10−4 3.547 75 39.51 0.1105
S-6 0.05 2.5×104 0.157 0.01 0.575 1.40×10−3 3.531 75 59.75 0.1108

S-7 0.1 2.5×104 0.032 0.02 0.297 3.40×10−5 6.375 59 0.57 0.0311
S-8 0.1 2.5×104 0.037 0.02 0.297 1.67×10−4 6.375 59 2.80 0.0311
S-9 0.1 2.5×104 0.042 0.02 0.297 3.56×10−4 6.203 61 6.15 0.0330
S-10 0.1 2.5×104 0.047 0.02 0.297 6.07×10−4 5.828 64 11.14 0.0373
S-11 0.1 2.5×104 0.053 0.02 0.297 9.27×10−4 5.406 69 18.31 0.0431
S-12 0.1 2.5×104 0.067 0.02 0.297 1.79×10−3 4.719 77 39.47 0.0537

S-13 0.15 2.5×104 0.022 0.03 0.204 8.84×10−5 6.641 40 1.02 0.0202
S-14 0.15 2.5×104 0.024 0.03 0.204 9.27×10−4 6.219 44 11.70 0.0240
S-15 0.15 2.5×104 0.026 0.03 0.204 1.25×10−3 6.000 46 16.56 0.0265
S-16 0.15 2.5×104 0.028 0.03 0.204 1.50×10−3 5.828 48 20.57 0.0283
S-17 0.15 2.5×104 0.030 0.03 0.204 1.75×10−3 5.672 50 24.77 0.0301
S-18 0.15 2.5×104 0.032 0.03 0.204 2.00×10−3 5.547 51 29.12 0.0319

S-19 0.1 2.5×105 0.020 0.02 2.970 8.91×10−6 8.516 57 1.15 0.0179
S-20 0.1 2.5×105 0.022 0.02 2.970 1.10×10−4 7.516 63 15.80 0.0220
S-21 0.1 2.5×105 0.024 0.02 2.970 1.50×10−4 7.125 66 22.49 0.0240
S-22 0.1 2.5×105 0.026 0.02 2.970 1.91×10−4 6.813 68 29.66 0.0258
S-23 0.1 2.5×105 0.028 0.02 2.970 3.75×10−4 6.484 141 60.29 0.0277
S-24 0.1 2.5×105 0.030 0.02 2.970 4.75×10−4 6.234 145 78.70 0.0306

S-25 0.15 2.5×105 0.013 0.03 2.042 7.62×10−6 8.984 39 0.68 0.0118
S-26 0.15 2.5×105 0.014 0.03 2.042 1.00×10−4 8.563 41 9.33 0.0129
S-27 0.15 2.5×105 0.016 0.03 2.042 2.00×10−4 7.922 44 20.25 0.0151
S-28 0.15 2.5×105 0.018 0.03 2.042 3.00×10−4 7.438 47 32.28 0.0170
S-29 0.15 2.5×105 0.020 0.03 2.042 4.00×10−4 7.328 48 43.35 0.0173

S-30 0.25 2.5×105 0.0075 0.05 1.299 4.60×10−7 8.781 50 0.03 0.0071
S-31 0.25 2.5×105 0.008 0.05 1.299 2.00×10−4 8.406 54 12.26 0.0081
S-32 0.25 2.5×105 0.009 0.05 1.299 3.00×10−4 8.109 57 19.36 0.0089
S-33 0.25 2.5×105 0.010 0.05 1.299 4.00×10−4 7.891 59 26.92 0.0096
S-34 0.25 2.5×105 0.011 0.05 1.299 5.00×10−4 7.703 61 34.68 0.0101
S-35 0.25 2.5×105 0.012 0.05 1.299 7.00×10−4 7.672 61 48.60 0.0102

S-36 0.5 2.5×105 0.0038 0.1 0.742 8.06×10−7 7.688 57 0.03 0.0034
S-37 0.5 2.5×105 0.0045 0.1 0.742 1.25×10−4 7.688 57 4.05 0.0034
S-38 0.5 2.5×105 0.0050 0.1 0.742 2.45×10−4 7.594 59 8.25 0.0036
S-39 0.5 2.5×105 0.0055 0.1 0.742 3.97×10−4 7.484 62 14.13 0.0039
S-40 0.5 2.5×105 0.0060 0.1 0.742 5.85×10−4 7.375 66 21.99 0.0042
S-41 0.5 2.5×105 0.0065 0.1 0.742 8.11×10−4 7.250 69 32.05 0.0046
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Figure 4.14: L/d with influence ofS

Table 4.7: Configurations for studying the influence ofh/d
N◦ Re h/d Sth h (m) u (m/s) ε (m) L/d y+ ε+ Snum

h-1 2.5×104 0.100 0.032 0.0200 0.297 3.40×10−5 6.375 59 0.57 0.0311
h-2 2.5×104 0.113 0.032 0.0225 0.266 4.20×10−4 6.328 54 6.51 0.0293
h-3 2.5×104 0.125 0.032 0.0250 0.241 9.00×10−4 5.969 54 13.73 0.0308
h-4 2.5×104 0.138 0.032 0.0275 0.221 1.52×10−3 5.656 53 22.97 0.0325
h-5 2.5×104 0.150 0.032 0.0300 0.204 2.00×10−3 5.547 51 29.12 0.0319
h-6 2.5×104 0.175 0.032 0.0350 0.178 3.50×10−3 5.516 46 45.54 0.0282

h-7 2.5×105 0.060 0.032 0.0120 4.826 1.94×10−6 7.266 93 0.41 0.0308
h-8 2.5×105 0.070 0.032 0.0140 4.163 5.40×10−5 7.078 85 10.48 0.0297
h-9 2.5×105 0.080 0.032 0.0160 3.666 1.41×10−4 6.547 82 26.27 0.0308
h-10 2.5×105 0.090 0.032 0.0180 3.279 2.78×10−4 6.344 77 48.58 0.0299
h-11 2.5×105 0.100 0.032 0.0200 2.970 4.75×10−4 6.234 145 78.70 0.0306
h-12 2.5×105 0.113 0.032 0.0225 2.660 5.50×10−4 6.266 143 89.76 0.0312
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Figure 4.15: L/d with influence ofh/d

ash/d increases. This evolution is quite linear (in logarithmic representation). The black
line is a linear interpolation of the computed points.

We can additionally extrapolate the data plotted in FIG.4.15 to each four differentS
values in order to obtain additional relations betweenh/d andL/d. It appears that as for
all testedS (from 0.01 to 0.06),L/d always decreases ash/d increases, this tendency is
thus consistent. Moreover, the decrease ofL/d from one series to another for increasing
Svalues (from 0.01 to 0.06) confirms the previous conclusions.

4.4.4 Influence of the expansion ratioRb

The last parameter to consider is the expansion ratioRb, which is modified by changing
the channel widthB whilst keeping the expansion widthd constant. When modifyingB,
Rh is affected and it is necessary to modify at the same timeu andε to keep the Reynolds
number, the Darcy coefficient, and thusSconstant. TAB.4.8 details the 5 series (in series 1
Re=2.5×104 and in the other series Re=2.5×105). With the same consideration as before,
the influence of Re is neglected here.

Additional data is included for the analysis of the influence ofRb, they concern 2D
calculations. These calculations exclude the vertical confinement between the bottom and
the free surface, that meansh is infinite andS tends to 0. These data are included in
TAB.4.9. The results are sketched on FIG.4.16, they reveal that:

1. For highRb values (Rb >0.3), asRb increases,L/d decreases. Oppositely, for low
Rb (Rb <0.3), asRb increases,L/d increases. This behaviour is in fair agreement
with experimental data plotted in FIG.3.14 in CHAP.3.
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Table 4.8: Configurations for studying the influence ofRb
N◦ Rb Sth h/d B (m) u (m/s) ε (m) L/d y+ ε+ Snum

B-1 0.20 0.032 0.1 0.25 0.501 2.01×10−5 18.688 100 0.575 0.029
B-2 0.35 0.032 0.1 0.308 0.382 2.64×10−5 14.609 78 0.591 0.028
B-3 0.50 0.032 0.1 0.4 0.334 3.02×10−5 10.766 68 0.588 0.030
B-4 0.60 0.032 0.1 0.5 0.316 3.20×10−5 8.703 63 0.579 0.030
B-5 0.75 0.032 0.1 0.8 0.297 3.40×10−5 6.375 59 0.570 0.031
B-6 0.80 0.032 0.1 1.0 0.292 3.45×10−5 5.844 58 0.566 0.031
B-7 0.90 0.032 0.1 2.0 0.285 3.54×10−5 5.250 56 0.562 0.031
B-8 0.92 0.032 0.1 2.5 0.283 3.56×10−5 5.172 55 0.561 0.031
B-9 0.94 0.032 0.1 3.333 0.282 3.58×10−5 5.172 55 0.559 0.031
B-10 0.96 0.032 0.1 5.0 0.281 3.59×10−5 5.086 55 0.559 0.032

B-11 0.35 0.013 0.15 0.308 2.890 5.38×10−6 22.047 56 0.69 0.0113
B-12 0.50 0.013 0.15 0.4 2.413 6.45×10−6 16.813 47 0.70 0.0114
B-13 0.60 0.013 0.15 0.5 2.227 6.99×10−6 13.469 43 0.69 0.0116
B-14 0.75 0.013 0.15 0.8 2.042 7.62×10−6 8.984 39 0.68 0.0118
B-15 0.80 0.013 0.15 1.0 1.995 7.80×10−6 7.844 38 0.67 0.0118
B-16 0.90 0.013 0.15 2.0 1.918 8.11×10−6 6.531 36 0.67 0.0119

B-17 0.20 0.008 0.25 0.25 3.341 1.79×10−7 16.188 123 0.03 0.0071
B-18 0.35 0.008 0.25 0.308 2.148 2.79×10−7 16.828 83 0.03 0.0069
B-19 0.50 0.008 0.25 0.4 1.670 3.58×10−7 14.422 64 0.03 0.0068
B-20 0.60 0.008 0.25 0.5 1.485 4.03×10−7 12.188 58 0.03 0.0069
B-21 0.75 0.008 0.25 0.8 1.299 4.60×10−7 8.781 50 0.03 0.0071
B-22 0.80 0.008 0.25 1.0 1.253 4.78×10−7 7.781 48 0.03 0.0071
B-23 0.90 0.008 0.25 2.0 1.175 5.09×10−7 6.547 44 0.03 0.0071

B-24 0.20 0.0038 0.5 0.25 2.784 2.15×10−7 10.281 96 0.02 0.0036
B-25 0.35 0.0038 0.5 0.308 1.591 3.76×10−7 11.641 59 0.03 0.0035
B-26 0.50 0.0038 0.5 0.4 1.114 5.37×10−7 10.531 84 0.03 0.0033
B-27 0.60 0.0038 0.5 0.5 0.928 6.45×10−7 9.523 72 0.03 0.0033
B-28 0.75 0.0038 0.5 0.8 0.742 8.06×10−7 7.688 57 0.03 0.0034
B-29 0.80 0.0038 0.5 1.0 0.696 8.60×10−7 7.062 53 0.03 0.0034
B-30 0.90 0.0038 0.5 2.0 0.619 9.67×10−7 6.172 47 0.03 0.0033

B-31 0.35 0.001 2 0.308 1.173 2.25×10−5 8.375 82 1.05 0.91∗10−3

B-32 0.50 0.001 2 0.4 0.696 3.80×10−5 8.172 51 1.10 0.87∗10−3

B-33 0.60 0.001 2 0.5 0.510 5.18×10−5 7.734 77 1.13 0.88∗10−3

B-34 0.75 0.001 2 0.8 0.325 8.14×10−5 6.836 49 1.13 0.95∗10−3

B-35 0.80 0.001 2 1.0 0.278 9.50×10−5 6.500 84 1.13 0.96∗10−3

B-36 0.90 0.001 2 2.0 0.201 1.32×10−4 6.023 61 1.14 0.99∗10−3
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Table 4.9: Configurations for the 2D simulations
N◦ Rb Re h/d S B (m) u (m/s) L/d

B-2D-1 0.20 2.50×104 ∞ 0 0.25 2.500 7.578
B-2D-2 0.35 2.53×104 ∞ 0 0.308 1.173 8.281
B-2D-3 0.50 2.78×104 ∞ 0 0.4 0.696 8.141
B-2D-4 0.60 3.06×104 ∞ 0 0.5 0.510 7.734
B-2D-5 0.75 3.90×104 ∞ 0 0.8 0.325 6.859
B-2D-6 0.80 4.45×104 ∞ 0 1.0 0.278 6.547
B-2D-7 0.90 7.24×104 ∞ 0 2.0 0.201 6.086
B-2D-8 0.92 8.63×104 ∞ 0 2.5 0.188 6.016
B-2D-9 0.94 1.10×105 ∞ 0 3.333 0.175 6.000
B-2D-10 0.96 1.56×105 ∞ 0 5.0 0.162 5.938

2. asRb→ 1 (that isd→0 orB→∞), L/d tends to an asymptotic value: about 6,i.e. in
the range reported for unconfined, turbulent flows around small (Rb →1) backward
facing steps by [Adams and Johnston, 1988]. This is also the recirculation length
value obtained using 2D simulations (equivalent toh/d → ∞, that is an unconfined
geometry). This asymptotic behaviour can be explained using to a momentum bal-
ance: whenRb→ 1, i.e.whenB→∞, the upstream and downstream sections tend to
the same width, and so do the mean velocities; the specific momentums upstream
and downstream the expansion tend to be equal so that the resisting forces (wall
friction and shear at the recirculation boundary) tend to their minimum magnitude,
and so do the recirculation length.

3. asRb → 0, (that isd → B,), the dimensionless recirculation lengthL/d decreases.
Again, this can be explained by a momentum balance: whenRb → 0, the upstream
discharge and specific momentum tend to zero. The resisting forces logically tend
to zero, and soL/d decreases.

4. Rb value corresponding to the maximum ofL/d is influenced by the other param-
eters. All curves on FIG.4.16 are obtained for different values orh/d andS; for
some of them, the maximum was not observed.

4.4.5 The relative influence of the parameters

The influence of the three parametersS, h/d andRb being established (Re impact was
shown to be negligible), it is worth comparing their relative impacts onL/d values. This
is the aim of FIG.4.17 where, within each constantRb series,S andh/d are modified
simultaneously. The figure illustrates the competition between impact ofSandh/d:

1. For high bed friction numbersS, corresponding to small values ofh/d (right part
of the graph) the dimensionless recirculation length “obey” toS (see FIG.4.14):
L/d decreases asS increases but does not “obey” toh/d asL/d increases ash/d
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Figure 4.16: ComputedL/d as a function of the expansion ratioRb

increases. Thus the impact ofSexceeds that ofh/d: the dimensionless recirculation
length is governed byS.

2. For low bed friction numberS, corresponding to higher values ofh/d, (left part
of the graph), the dimensionless length “obeys” toh/d: L/d decreases ash/d in-
creases, but not “obeys” toS asL/d increases asS increases. Thus the impact of
h/d exceeds that ofS: the dimensionless recirculation length is now governed by
h/d.

3. Also, FIG.4.17 shows that the expansion ratioRb strongly influencesL/d values
but does not affect the tendency described above regarding the evolution ofL/d as
a function ofSor h/d.

4.5 Chapter conclusion

In this chapter, numerical simulations were undertaken to vary independentlySandh/d,
and then to observe their respective influences. Simulations were performed using 3D
RANS Equations, with a constant water depth and a rigid-lid assumption.

Firstly, numerical results confirm the tendencies , namely the “bell shape” curve, ob-
served during the experiments (CHAP.3). The increasing left branch ofL/d(S) curve
instead of a plateau as proposed in the literature cannot attributed to experimental prob-
lems, as the same tendencies are retrieved in numerical simulations with neither backwater
effect nor topography defaults.

Secondly, our results permit to conclude that:
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Figure 4.17: ComputedL/d as a function ofS.

1. the Reynolds number of the inflow Re does not affect the sudden expansion recir-
culation length, at least in the moderate range investigated

2. the increase of the friction numberS tends to decrease the dimensionless recircula-
tion length

3. the increase of the dimensionless water depthh/d tends to decrease the dimension-
less recirculation length

Thirdly, the numerical simulations allow understanding the behaviour observed in the
experiments and referred to a “bell shape” in FIG.3.14. In the experimental procedure,
2 parameters from the dimensional analysis were modified at the same time: asS was
increased,h/d was simultaneously decreased. We showed, based on the numerical anal-
ysis performed in the present chapter, that increasingSand decreasingh/d have opposite
effect on the recirculation length: increasingS tends to decreaseL/d while decreasing
h/d tends to increaseL/d. The “bell shape” is observed as:
→ for low Svalues,L/d obeys toh/d: ash/d decreases (and thoughS increases),L/d
increases.
→ for high S values,L/d obeys toS: asS increases (and thoughh/d decreases),L/d
decreases.

These tendencies are in perfect agreement with the experimental measurements where,
for a fixedRb geometry, we faced a maximumL/d value for an intermediateS and de-
creasingL/d values for higher and lowerS values. Note that explanation of the “bell
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Chapter conclusion

shape” using only an experimental approach would have been a very difficult task, as it
would require to varySandh/d separately that is adjusting the roughness height (done in
one configuration) for various configurations. This gives credit to our analysis, combining
experimental and numerical investigations.

The respective influences of the three parameters being established, it is now neces-
sary to find out the physical mechanisms explaining them. Literature suggests that the
phenomena ruling the flow are located within the mixing layer. Thus, next chapter is
devoted to a detailed, experimental study of this mixing layer.
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Chapter 5

Mixing layer downstream the expansion
flow

The aim of the present section is to measure the characteris-
tics of the mixing layer at the interface between the main flow
and the recirculation zone. A specific attention was paid on the
impact of shallowness on these characteristics and on the co-
herent structures. Four configurations with identical geometry
and varying shallowness were thus selected. Precise and ex-
haustive velocity field measurements were performed for them
and the analysis of their mixing layers permitted to sort all
their characteristics.
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Experimental description

5.1 Experimental description

5.1.1 Experimental parameters

From the experiments of CHAP.3, FIG.5.2 plots a series of 16 non-dimensional recircu-
lation lengths configurations with increasingS values, withRb=0.75. The axis system
is set as depicted on Fig.5.1 with the center located at the expansion section along the
side wall,x the streamwise axis andy the transverse axis. Note that here the point (0,0)
locates at the section of expansion, that differs from theX,Y whose (0,0) locates at the
beginning of the channel. The recirculation lengthL is defined as the distance from the
expansion where the mean streamwise velocity along the side wall changes sign from
negative (towards upstream) in the recirculation to positive (towards downstream) further
downstream. Four configurations, F1 to F4, are specifically selected for the detailed anal-
ysis of the mixing layer characteristics in this chapter. They are located on both sides of
the “bell” with comparable recirculation lengths: F1 is a deep configuration (S<0.01)
and F3 a shallow configuration (S>0.01). F2 located on the “bell” is refereed as a tran-
sitional flow. F4 is an additional shallow configuration obtained with a bottom roughness
(addition of aluminium tear plates) larger than in the other three configurations.

Figure 5.1: Plan view of the experimental set-up

Table 5.1: Flow characteristics for all studied configurations

Test Q(l/s) u0(m/s) h0(m) cf 0 S L(m) L/d

F1 (deep) 20 0.23 0.156 0.0049 0.0032 1.29 6.45
F2 (transitional) 16.15 0.55 0.050 0.0050 0.01 1.99 9.95
F3 (shallow) 4.05 0.36 0.021 0.0068 0.032 1.16 5.80
F4 (shallow) 2.363 0.20 0.022 0.0195 0.089 0.86 4.3

All parameters for the 4 experiments are given in TAB.5.1. Let us recall that:
→ x is the streamwise axis withx= 0 located at the enlargement;y is the transverse axis

95

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0005/these.pdf 
© [L. Han], [2015], INSA de Lyon, tous droits réservés



5. Mixing layer downstream the expansion flow

10
−2

10
−1

1

2

4

6

8

10

14

F1

F2

S

L
/d

F3

F4

Figure 5.2: Selected configurations (◦, N, � and�) for measuring mixing layer

with y=0 located at the side wall (see FIG.5.1).
→ B is the channel width.
→ d is the expansion width.
→ Q is the total discharge.
→ u0 is the mean velocity in the center of the canal atx=0 andy=0.3m.
→ h0 is the water depth in the center of the channel atx=0 andy=0.3m.
→ cf 0 is the friction coefficient atx=0 andy=0.3m.
→ S is the bed-friction number.
→ Lb is the upstream flow development length, from the honeycomb to the enlargement.
→ L is the recirculation length, from the enlargement (x=0) to the reattachment point.

5.1.2 Measurement conditions

As the ADV measurement is automatic (performed using the LabVIEW software), the
measurement grid must be defined beforehand. About one thousand points are selected
in the region downstream from the enlargement as shown in FIG.5.3 for F2. This region
covers the whole recirculation area, plus the center of the channel up toy >0.6m, and
it finishes slightly further downstream. For each grid point, a 180 seconds ADV acqui-
sition is performed with sample frequency of 30 Hz. The ADV permits to measure the
2 horizontal velocity componentsu (alongx axis) andv (alongy axis). For the deepest
conditions (F1 and F2), the vertical components are also measured. No data is available
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Figure 5.4: Time convergence for the velocity and the Reynolds stress.

near the left bank (y/d >0.6m,i.e. y/d >3.3) due to ADV positioning.

5.1.3 Time-convergence verification

The 180 seconds measurements ensure a convergence of most components as shown be-
low. The point is selected from configuration F3,x/L=0.5,y/d=0.7 which is the the center
of the mixing layer. For the mean velocityu and v, 180 seconds are enough for the con-
vergence. Even after 100 s, the convergence show less fluctuations. The Reynolds stress
are also converged after 100 s as shown in the FIG.5.4, which validates the choice of 180s
during measurements. For the water depth, the fluctuation change very little (<1%), so
120 s measurement is considered herein for for obtaining the convergence well as in the
FIG.5.5.
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Figure 5.5: Time convergence for the water depthh

Note: F3,x/L=0.5,y/d=0.7 andRb=0.75.

5.2 Mean flow description

5.2.1 Upstream flow development

Before performing the measurements, it should be verified thatLb is sufficient to reach
an established inflow before reaching the enlargement. This development condition is
verified for the following flow parameters, measured alongx axis aty=0.5m, that is at the
center of the upstream channel (y=d+(B−d)/2):
→ the streamwise and transverse mean velocity componentsu and v at z/h=0.4
→ water depthh
→ the approximate discharge per unit widthh×u
→ the 3 measured Reynolds stress components:u′v′, u′2, v′2.
In FIG.5.6, these data are plotted for F3 (S=0.032). It can be seen that afterx/L=−1, all
values become quite constant. So establishment condition when reaching the enlargement
is satisfactory. All curves show a satisfactory established flow before reachingx=0. After
the enlargement (x/L >0), the same figure is also obtained at the same position ofy=0.5
m. Because they are in the outer region of the mixing layer, all the parameters remain
constant as upstream except those:
→ the termu which decreases as the flow section increases
→ hu which decreases due to mass conservation (hu = Q/(B− d) at x/L=0 and tends
towardhu= Q/B at x/L >1).
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Figure 5.6: Longitudinal variations of different measurement
aty/d=0.5 along the streamwise direction, used to gauge the the flow development
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Table 5.2: Location of the center of the recirculation zones
Test N◦ x/L y/d

F1 0.57 0.52
F2 0.41 0.42
F3 0.47 0.42
F4 0.36 0.42

5.2.2 Mean flow field

After despiking the velocity signals (see CHAP.2) and applying the rotation correction,
each velocity signal is time-averaged. The mean velocity field is then plotted as shown
in FIG.5.7 to FIG.5.10. The enlargement begins at sectionx/L = 0 and ends atx/L=1. It
appears that:

1. The flow separates atx/L=0 andy/d=1, with a velocity vector almost parallel tox
axis (v∼0).

2. A recirculation zone is observed fory/d <1 andx/L <1. The center of this recir-
culation cell is located at aboutx/L=0.5 andy/d=0.4, which are shown in TAB.5.2.
The velocity along the side wall (y/d=0) is oriented towards upstream (u<0).

3. The velocity field outside the recirculation region (y/d >1) is oriented towards the
side wall (v<0) as the flow section increases.

4. In the outer region (y/d >1.5), the velocity field is nearly uniform alongy axis but
decreases along thex axis (see FIG.5.6)

5. In the region downstream from reattachment (x/L >1), recovery towards a uniform
velocity profile along the transverse direction begins but it is not reached in the
measurement region (x/L=2) (see FIG.5.11(b), for F3 withS=0.032).

6. A secondary gyre exists near the cornerx/L=y/d=0, but it is fairly measured only
in F2 flow (S=0.01) which has the greatest velocityu0. This gyre can be seen in
FIG.5.11(a), in the zoom around the corner of the enlargement.

When comparing the four average velocity fields, it can be seen that the four mean
flow patterns are very similar one to the other (in which selected streamlines (plain lines
−), the bottom plot is a zoom of the top plot in the recirculation zone wherey/d <1). The
main difference is the location of the center of the main gyre which is given in TAB.5.2.

5.2.3 Mean streamwise velocity profiles

5.2.3.1 Comparison among 4 flow cases

From the mean velocity field, transverse profiles are presented for the 4 cases from
x/L=0.01 tox/L=1.2. The mean velocity profiles are all normalized by the mean velocity
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Figure 5.7: Time-averaged velocity field (F1).
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Figure 5.8: Time-averaged velocity field (F2).
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Figure 5.9: Time-averaged velocity field (F3).
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Figure 5.10: Time-averaged velocity field (F4).
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Figure 5.11: Some characteristics of F2 and F3

u0 (which is measured at the beginning of the recirculation:x/L=0, y=0.3 m). Those
profiles are plotted in FIG.5.12. It can be seen that:
(1) Near the enlargement (x/L=0.01), the profiles are almost uniform equal tou/u0 =1.
(2) In the most upstream section of the recirculation zone (x/L=0.1), the profiles exhibit
a maximum velocity gradient aty/d=1: u∼0 for y/d <1 andu∼ u0 for y/d >1). There
is not much difference among the 4 cases.
(3) From sectionx/L=0.2 to x/L=1, the outer velocity (aty/d >2) decreases. The
velocity near the side wall (y/d <0.5) first becomes negative and increases in magnitude
(0.2< x/L <0.5 and tends towards zero forx/L >0.6. The velocity gradient around
y/d =1 decreases asx/L increases. The differences appear among the 4 cases are
analysed in section 5.2.4 hereafter.
(4) After the end of the recirculation (x/L >1.2), the recovery region occurs and the
profiles tend towards uniformity. However, the constant velocity profile atx/L=2 is not
equal tou = u0(B− d)/B = 0.75u0 as the water depth increases towards downstream
(see FIG.5.13) so thath(x/L=1.2)> h0. It should be noted that for F1 the velocity profile
remains non uniform with a maximum velocity at the center of the channel (y/d=2,
y/B=0.5). But there exits a symmetry in the directiony. We will now compare the
velocity profiles with the ones from [Babarutsi et al., 1989].
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Figure 5.12: Streamwise velocity profiles dimensionless byu0 for four cases

105

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0005/these.pdf 
© [L. Han], [2015], INSA de Lyon, tous droits réservés
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Figure 5.13: Water depth aty=0.5 m along the streamwise direction for four cases

5.2.3.2 Comparison with literature data

In the literature, similar data is available in the study from [Babarutsi et al., 1989]. These
authors considered 5 configurations withS=0.0098, 0.0232, 0.043, 0.0977, 0.2529. In
the present section and in FIG.5.15, we compare the mean velocity profiles withS∼0.01
(S=0.0098 from [Babarutsi et al., 1989] and present for F2 (S=0.01). The green lines are
for the profiles of [Babarutsi et al., 1989] and the red lines for the present configuration
F2. However, a main difference exists between present and [Babarutsi et al., 1989] con-
figurations: the dimensionless channel widthRb equals 0.5 for [Babarutsi et al., 1989] (at
the line black dash−−), and equals 0.75 in the present case. This explains the differ-
ent shape near the left wall for [Babarutsi et al., 1989]. Where the data (y/d >1) can-
not be compared especially in the downstream region. Moreover, neglecting the evo-
lution in water depth, the homogeneous velocity far downstream tends towardsu0/2
for [Babarutsi et al., 1989] configuration and 3/4u0 for our case.

Due to these 2 reasons, comparison is limited to the upstream region of the recircu-
lation in FIG.5.15. When comparing the two profiles of streamwise mean velocity, a fair
agreement is observed.

5.2.4 Transverse gradient of mean streamwise velocity

The transverse gradient of mean streamwise velocity is defined as∂u/∂y, and made
normalization withd/u0 . The contours of this gradient are presented for the 4 cases
FIG.5.16. Further more, the profiles of the same term is plotted in FIG.5.17. The 4 cases
show very similar behaviour:
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Figure 5.14: Streamwise velocity profiles dimensionless byu0 for each case
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Figure 5.15: Streamwise velocity profiles of F2 with comparison with the literature
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Figure 5.16: Contours of the mean velocity Gradientdu/dy×d/u0

1. Outside of the mixing layer (which will be defined in the sequel), that is far from
the recirculation frontier, the gradient is close to 0.

2. In the mixing layer, the gradient increases and reaches its maximum near the cen-
ter of the layer (see below). Moreover, the maximum gradient is obtained in the
upstream part of the recirculation (x/L ∼0.1) and this gradient decreases along the
flow axis and reaches small values (below 1) afterx/L=1.

3. Finally, near the right wall (y/d ∼0), just downstream from the enlargement (0<
x/L <0.5), a negative gradient region is obtained, in agreement with the velocity
profiles presented above.
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Characteristics of the mixing layer

FIG.5.17 shows transverse profiles of this gradient. Due to perturbations of the
measurements in the experiments, the profiles near the end of the recirculation are not
smooth. So a Savitzky-Golay filtering method [Chen et al., 2004] is introduced to ob-
tained smoother profiles indicated in black in FIG.5.18. The smooth profiles (in black−)
will be used in the sequel.
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Figure 5.18: The Savitzky-Golay filtering for the gradient (•) zooming from F1

5.3 Characteristics of the mixing layer

All previous figures and flow descriptions reveal the presence of a slow recirculation
region fory/d<1 and a rapid mean flow which width expands slowly from(B−d) to Bon
the side of this recirculation (x/L <1). At the frontier between these 2 zones, we reported
a region with high velocity gradient, named mixing layer in the literature. Present section
aims at detailing this mixing layer characteristics. In the present case, the mixing layer
is confined transversally (mostly due to the reattachment wall) and is confined vertically
(due to the shallowness of the flow and the bed friction).

5.3.1 Definitions

The mixing layer is characterized considering:
→ u1(x) is the outer velocity magnitude in the free stream, measured aty/d=1.5 for each
section.
→ u2(x) is the outer velocity on the recirculation side. In their study around a square
cylinder, [Lyn and Rodi, 1994] defineu2 as the minimum velocity (negative) along the
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5. Mixing layer downstream the expansion flow

profile measured within the recirculation region. In a suddenexpansion, [Talstra, 2011]
consideru2=0, i.e. the mean streamwise velocity in the zero-discharge recirculation re-
gion. This definition is used in the present paper.
→ ∆u(x) is the outer velocity difference∆u(x) = u1(x)−u2(x) = u1(x)
→ uc(x) is the mean outer velocityuc(x) = (u1(x)+u2(x))/2= u1(x)/2
→ at each sectionx/L, the center of the mixing layer is defined as the point with the
maximum transverse gradient of streamwise velocity,∂u/∂y (see FIG.5.20)), as proposed
by [Mignot et al., 2014b] and [Mignot et al., 2014a].
→ the width of the mixing layer is defined as:

δ(x) =
∆u(x)

|∂u(x)
∂y |max

(5.1)

The local bed friction numberS(x) was defined by [Chu et al., 1983] as below:

S(x) =
cf uc

2h| ∂u(x)
∂y |max

=
cf δ(u1+u2)/2

2h(u1−u2)

Including the assumption thatu2=0, this parameter becomesS(x) = δcf /4h . Now,
assuming that the friction coefficient does not evolve noticeably and that the water is
perfectly constant along the mixing layer, the final expression used herein reads:

S(x) =
δ(x)cf 0

4h0
(5.2)

5.3.2 Outer velocity

The streamwise evolution of the velocity difference, equal to the free stream outer veloc-
ity ∆u(x) = u1(x), is plotted for 4 flows in FIG.5.19 together and the FIG.5.22) separately.
It appears that:
(1) for the deep F1 configuration, the velocity difference remains almost constant along
x axis, with a very limited decrease from the expansion to the reattachment section, in
agreement with the literature (see discussion by [Sukhodolov et al., 2010])
(2) for the F2 and F3 configurations, the velocity difference decrease is much
stronger, from ∆u/u0=1 at the expansion to 0.8 at the reattachment section.
This behavior was already observed in a shallow mixing layer: in Fig.4 by
[Van Prooijen and Uijttewaal, 2002]. However, the shape of the decreasing velocity dif-
ference in the unbounded shallow mixing layers in the literature are: i) an exponential
curve for [Van Prooijen and Uijttewaal, 2002] and [Booij and Tukker, 2001] (cases A and
D) or ii) a linear curve for [Sukhodolov et al., 2010] and [Booij and Tukker, 2001](cases
B and C). In our shallow and bounded F2 and F3 configuration, these two types of curve
do not fit the data, a better-fit is obtained using a parabolic curve. (see FIG.5.20).
(3) For the F4 configuration , the∆u(x) increases in the beginning of the recirculation
zone and then decreases following a linear tendency.
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Figure 5.19: Streamwise evolution of the outer velocity difference∆u
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Figure 5.21: Position of the maximum transverse gradient
of the streamwise velocity for the four cases

5.3.3 “Center” of the mixing layer

Based on the gradient profiles in FIG.5.17, the transverse position of the maximum gra-
dient is obtained. The values decay fromy/d=1 atx/L=0 to 0.2 atx/L=1 except for F1
as shown in FIG.5.22. Comparing the 4 cases together, the tendency are very similar
among F2, F3 and F4. The influence of the reattachment wall is that the maximum gra-
dient location does not reach the side wall (y=0). The location of the maximum gradient
atx/L=1 equalsy/d ∼0.2 and is about constant further downstream. For F1, the shape of
the maximum gradient location differs : it remains far from the reattachment wall. Rea-
son for that may be that this case contains the largest vortices (see section 5.6), so that
their interactions with the side wall takes place very early in the mixing layer develop-
ment. In the following, these curves constitute the evolution of the center of the mixing
layer. Another definition for the center of the mixing layer could be the location of the
maximum Reynolds Stresses−u′v′, even though we could not find any reference in the
literature using this definition. In FIG.5.22, the two lines corresponding to the two def-
initions are plotted and appear to be in fair agreement with each other (except for some
points in F4).

5.3.4 Width of the mixing layer

The streamwise evolution of the measured mixing layer widthsδ is plotted in FIG.5.23.
When comparing the cases, the mixing layer widths appear to be similar at the expansion,
δ0 = δ(x= 0)≈ 0.02m, but they increase quite differently:
i) For the deep configuration F1,δ increases linearly with a first increasing rate up to
x/L = 0.7 and further downstream the linear increase rate strongly reduces, as demon-
strated by the two linear tendencies on FIG.5.23.
ii) For the shallow case F2,δ also increases linearly up tox/L = 0.7, with a smaller slope
than F1, but experiences a plateau forx/L >0.7 corresponding to a local bed friction num-
berS(x)=0.009.
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Figure 5.22: Location of maximum velocity gradient (�), u′2 (◦), v′2 (+) and−u′v′ (♦)
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5. Mixing layer downstream the expansion flow

iii) F3 and F4 configurations also exhibit a linear spreading,which slope is minimum for
the shallower cases (F2 and F4) and maximum for the deeper cases (F1 and F3). Further
downstream F3 and F4 exhibit a plateau, as for F2, for respectivelyx/L >0.55 and 0.65
andS(x)=0.003 and 0.025. These trends are compared with results from the literature.
The streamwise growth of the mixing-layer width can be estimated as a function of the
ratio between the velocity difference and the center velocity as:

dδ
dx

= α
∆u(x)
uc(x)

(5.3)

which reads alternatively, when consideringu2=0 in the present problem:

dδ
dx

= 2α (5.4)

A linear trend, i.e. a constant spreading rate coefficientα, is frequently reported
in the literature for unbounded free mixing layers due to constant∆u and uc (see
[Bell and Mehta, 1990]). Considering the fitting slopes of FIG.5.23, the values of the
spreading rate for both deep and shallow regimes in the upstream region of the mixing
layer areα=0.07 for F1,α=0.08 for F2,α=0.06 for F3 andα=0.075 for F4 in agreement
with values reported for free unbounded mixing layers:α=0.03-0.11 from [Pope, 2008]
or α=0.085 from [Lesieur, 1997]. Note thatdδ

d(x/L) = 2αL whereL is the length of the
recirculation.

On the other hand, as reminded in the introduction, all published papers
for shallow unbounded mixing layers agree that the shallowness affects the
∆u/uc ratio and limits the mixing layer spreading (see [Booij and Tukker, 2001] or
[Chandrsuda and Bradshaw, 1981]). Thus the vertical confinement effect could be the
cause for the plateaus in configurations F2, F3 and F4. In the literature this spread-
ing decreases along the flow: [Van Prooijen and Uijttewaal, 2002] report thatδ(x) in-
creases following a−e−x curve, while [Sukhodolov et al., 2010] report a parabolic
a+ bx− cx2 curve,both considering a constant spreading rateα of 0.085 and 0.11 re-
spectively. Regarding the the impact of shallowness on the spreading rate coefficient
α, [Chu and Babarutsi, 1988] expressed it as:







α = α0(1−
S(x)
Sc

) for S(x)< Sc

α = 0 for S(x)> Sc

(5.5)

where α0 is constant,S(x) is the local bed friction number andSc a critical
bed friction number. Hence, in deep conditions, lim

S(x)→0
α = α0. Based on a sta-

bility analysis, [Chu et al., 1983] proposeSc=0.12 while [Alavian and Chu, 1985]
obtain Sc=0.06 and [Chu et al., 1991] obtainSc=0.12-0.145. Through mea-
surements, [Chu and Babarutsi, 1988] proposeα0=0.18 and Sc=0.09 while
[Uijttewaal and Booij, 2000] proposeα0=0.11 andSc=0.08. However, these trends
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Characteristics of the mixing layer

Table 5.3: Smax for the four configurations

Test Smax

F1 (deep) -
F2 (transitional) 0.003
F3 (shallow) 0.009
F4 (shallow) 0.025

do not match present observations. Firstly,α is constant in the deep case (F1) so as in the
transitional (F3) and shallow cases (F2 and F4) before the plateaus, at odd with Eq.(5.5).
Secondly, the appearance of the plateau (α = 0) occurs for quite variable values ofS(x)
(refereed to asSmax in TAB.5.3), all significantly smaller than the critical values proposed
in the literature (Sc=0.08-0.09). Thus, though the macroscopic behaviour (recirculation
length) so as the global bed friction numbers define F1 as a deep, F3 as a transitional and
F2 and F4 as shallow recirculations, it appears that the vertical confinement is not the
parameter responsible for the specific shape of the mixing layer width evolution (linear
increase followed by a plateau or a reduced linear increase). Indeed, vertical confinement
has an influence only if the mixing layer is sufficiently developedi.e. if the termS(x)/Sc

in Eq. (5.5) is high enough.
Yet, the mixing layer development is indicated by dimensionless streamwise distance

x∗ = xcf 0/(2h0). Experiments by [Chu and Babarutsi, 1988] (see their Fig.6) show that
Eq.(5.5) does not depart from a linear increase as long asx∗ remains smaller than 0.5. In
the present experiments, the maximum values ofx∗ obtained atx/L=1 are always smaller
than 0.45 for the four configurations; and thus even smaller at the initiation of the plateau
for F2, F3 and F4. This additionally gives credit to the fact that vertical confinement does
not affect the mixing layer development in our experiments.

The plateaus (F2, F3, F4) or the slope shortage (F1), marking a rupture in the mixing
layer spreading, are attributed to the interaction of the mixing layer with the side wall
(y = 0). In Fig.5.25, the centerline of the mixing layer (location of maximum veloc-
ity gradient) is plotted along with the half widthδ/2 extension on both sides, assuming
a symmetrical extension distribution. It shows that the downstream end of the recircu-
lation corresponds to the intersection of the mixing layer boundary with the side wall:
(yc− δ/2)∼0 at x/L=1 both for shallow and deep cases. This tendency is in agreement
with [Biancafiore et al., 2011] and [Biancofiore, 2014] who reveal through DNS calcula-
tions for a laminar transversally-confined mixing layer that the increasing width of the
mixing layer suddenly stops at a given streamwise axis due to the lateral confinement.
When the effective of the confinement inz direction (which corresponds to ourz(h) di-
rection) increases, the rate of theδ increasing becomes bigger, as seen in FIG.5.24. In
FIG.5.23, the phenomenon is observed for F1 and the F2. Although the experiments
of [Biancafiore et al., 2011] are performed in the laminar flow, the results show great
agreement with us in some degree.

From FIG.5.23, it can be seen that for the deep case F1, the centerline remains far from

117

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0005/these.pdf 
© [L. Han], [2015], INSA de Lyon, tous droits réservés



5. Mixing layer downstream the expansion flow

0 0.2 0.4 0.6 0.8 1
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

x/L

δ 
[m

]

 

 

α=0.07

F1

S(x)=0.0012

0 0.2 0.4 0.6 0.8 1
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

x/L

δ 
[m

]

 

 

S(x)=0.003

F2

α =0.08

0 0.2 0.4 0.6 0.8 1
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

x/L

δ 
[m

]

 

 

F3

α=0.06
S(x)=0.009

0 0.2 0.4 0.6 0.8 1
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

x/L

δ 
[m

]

 

 

F4

S(x)=0.025

α =0.075

Figure 5.23: Width of the mixing layer andS(x). Note: slopes of curves aredδ
d(x/L)

(a)Growth of the momentum thicknessδ
along the streamwise direction
x. [Biancofiore, 2014]

(b)Evolution of the shear layer thicknessδ
along the domain. [Biancafiore et al., 2011]

Figure 5.24: Streamwise evolution of the mixing layer.
from [Biancafiore et al., 2011] and [Biancofiore, 2014]
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Figure 5.25: Evolution of the mixing layer centerline (◦) and boundaries (−−)
for 0< x/L < 1.2.

the side wall but the mixing layer half-width is high. Conversely, for the shallow cases
F2, F3 and F4, the centerline approaches the side wall and the mixing layer half-width
is smaller. This can explain the different modifications of the mixing layer development
(plateau or slope rupture) observed in FIG.5.23 as a function of the shallowness.

Secondly, as shown in FIG.5.26, the position line withy0.9 = yu=0.9×u1 (i.e. y position
where the streamwise velocity is 0.9u1), y0.5 = yu=0.5×u1, andy0.1 = yu=0.1×u1, are added
up with the red lines (using the definition from [Pope, 2008], page 140). The position
y = 1/2(yu=0.1×u1 + yu=0.9×u1) is also plotted in black points [Champagne et al., 1976].
The centres provided using the 3 definitions are fairly in the same position and the same
tendency. The outer boundary (y0.9) and the inner boundary (y0.1) are a little farther than
ymaxgradient±δ/2. But they show the same tendency of the growth of the width. However,
for F3, it is fairly observed that the two regions defined byδ and the velocity are quite
similar.
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Figure 5.26: Evolution of the mixing layer centerline (◦) and boundaries (−−)
for 0< x/L < 1.2
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Figure 5.27: Mean streamwise velocity profiles of in similarity coordinates

5.3.5 Similarity of the mean velocity profile

Now that the mixing layer width is defined and measured, the present section aims at
verifying the similarity of transverse profiles of mean streamwise velocitiesu(y). Many
studies in the literature showed that the transverse profiles of mean streamwise velocity
are self-similar (see for instance, [Bell and Mehta, 1990] for a free unbounded mixing
layer, [Mignot et al., 2014b] for a junction, or [Lyn and Rodi, 1994] for the flow over an
obstacle). This behaviour is also retrieved in our flows with(u−u2)/(∆u) plotted (black
points) as a function of(y−yc)/δ in Fig.5.27. The tendency is fair over about two mixing
layer widths (y− yc = ±δ). The dash lines in the figures are the Gaussian curve plus a
constant, as proposed by [Lyn and Rodi, 1994]. The curve fit well in the outer side of
the mixing layer and produces a small error in the region of the recirculation. Along the
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5. Mixing layer downstream the expansion flow

streamwise directionx, the measurements separate from the Gaussian curve for the four
configurations where(y−yc)/δ <-1.

5.3.6 Wake downstream the recirculation

As a rest of the FIG.5.25 along the streamwise direction, the wake region for the four
cases are shown in FIG.5.28. Note that F2 is the case with the longest recirculation, the
end of the flow terminates atx/L=2. The four wakes are similar and can be considered as
transition toward a 1D channel flow.

5.3.7 Conclusion

This section shows the necessity to distinguish two definitions of the bed friction number:
a local bed friction numberS(x) derived using the mixing layer widthδ as horizontal
length scale and a global bed friction number derived using the expansion widthd as
horizontal length scale. Indeed, in our experiments, the localS(x) is always smaller than
the critical valueSc but a abrupt stop of the widening of the mixing layer is still observed.
It is due to the lateral right wall, which effect, as other characteristic of the flows such as
L/d, etc., is connected to the value of the global bed friction numberS. The results were
explained also in the article submitted [Han et al., a].

5.4 Turbulent characteristics of the mixing layer

5.4.1 Reynolds stress tensor analysis

5.4.1.1 Characteristics of the Reynolds stress

In this section, the three terms of the 2D Reynolds stress tensor are measured and
compared to each other. These are the longitudinal Reynolds stressu′2, transverse
Reynolds stressv′2 ,and Reynolds shear stress−u′v′. For comparing the 4 cases with
different initial velocities, 1/u2

0 is used for normalizing. The contour and the profiles of
the dimensionless:
→ Longitudinal Reynolds Stressu′2/u2

0 is given in FIG.5.29,
→ Transverse Reynolds Stressv′2/u2

0 is given in FIG.5.30,
→ Reynolds shear Stress−u′v′/u2

0 is given in FIG.5.31. We obtain the following results.

1. For the 3 terms of the Reynolds tensor, the distribution pattern is quite similar:
→Outside of the mixing layer (in the recirculation zone and fory/d >1.2), the Reynolds
stress is weak compared with the mixing-layer region. The maximum Reynolds stresses
are obtained along the centerline of the mixing layers. The maximum stress magnitude
can be easily found in each transverse profile: there is only one maximum in each profile
and the magnitudes decrease on the both sides towards the wall whichy/d=0 andy/d=4.
→ The maximum magnitudes are obtained in the upstream region of the mixing layer
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Figure 5.28: Wake downstream the recirculation for the 4 cases.
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Figure 5.29: Streamwise Reynolds Stressu′2
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Figure 5.30: Transverse Reynolds Stressv′2
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Figure 5.31: Reynolds shear Stress−u′v′
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Turbulent characteristics of the mixing layer

Table 5.4: Maximum measured Reynolds stresses compared with literature data.
(Note: FML means free mixing layer [White and Nepf, 2007], BFS means backward

facing step [Chandrsuda and Bradshaw, 1981], SUM means shallow unbounded mixing
layer [Uijttewaal and Booij, 2000] and SSE means shallow sudden

expansion [Babarutsi et al., 1989].

FML BFS SUM SSE SSE
S=0.0098 S=0.098 F1 F2

u′2/∆u2
0(%) 3.1 2.7 2.97 5.4 2.25 2.38 1.2

v′2/∆u2
0(%) 1.9 1.5 1.36 - - 0.88 0.6

−u′v′/∆u2
0(%) 0.925 1 1.04 - - 0.74 0.5

v′2/u′2(%) 61 56 46 - - 37 50
−u′v′/u′2(%) 30 37 35 - - 31 42

(x/L=0.2∼0.4) and all Reynolds stresses decrease along the mixing layer towards down-
stream.

2. For each term of the Reynolds tensor, the evolution with the bed friction numberS
is similar:
→ As S increases from 0.0032 to 0.089, the region with high Reynolds stress magnitude
decreases.
→ As S increases, the maximum magnitude of Reynolds stress decreases. These
tendencies are also found by [Babarutsi et al., 1989]:u′2 are measured and figured out.
The maximum dimensionless longitudinal Reynolds Stress is between 0.01∼0.03. Here,
the maximum dimensionless longitudinal Reynolds Stress is 0.016. Note that for theu′2

term for F4, some points at the upstream region of the recirculation have a high magnitude.

5.4.1.2 Comparison between the three terms of the Reynolds stress tensor

For the 4 cases, the dimensionless magnitudes and the ratio between each term in the lit-
erature and present work are given in TAB.5.4.
(1) The dimensionless magnitudes of the three terms of the 2D Reynolds tensor are com-
parable to the literature data: the longitudinal Reynolds stress is the strongest term among
the three.
(2) The ratio between the transverse Reynolds stress and the longitudinal Reynolds
stress is 0.4∼0.5. The ratio between the transverse Reynolds stress and the longitudi-
nal Reynolds stress is 0.4∼0.6 which is a little higher than the literatures.

5.4.1.3 Perturbations in the measurements

In FIG.5.29, the profiles are not similar for flow F4 than for other flows. This is due to
the influence of the bottom roughness that creates additional turbulence in the wake of the
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5. Mixing layer downstream the expansion flow

u

Figure 5.32: Sketch of the perturbation produced by the roughness tears

roughness elements (See sketch FIG.5.32). However the amplitude of the fluctuation of
the perturbation is smaller then the region of the Reynolds concentration.

5.4.2 Turbulent kinetic energy analysis

The aim of the present section is to gain information on the turbulent activity in the
mixing layer and the recirculation zone by estimating some of the terms from the
Turbulent Kinetic Energy equation.

5.4.2.1 TKE Equation

From the Reynolds-Averaged Navier-Stokes equation (CHAP.4), the turbulent kinetic
energy equation is obtained as follows:

−u′iu
′
j
∂ui

∂x j
−u j

∂k
∂x j

= ε+
∂

∂x j
(k′u′j +

1
ρ

p′u′j)−ν∇2k (5.6)

whereε is the viscous dissipation term andk′ and k the fluctuate and mean turbulent
kinetic energy,p is the pressure. Introducing the 2D assumption (horizontal flow):
∂φ/∂z= 0andφz for anyφ parameter linked to the velocity field (not the pressure) we
obtain:

−u′v′
∂u
∂y

−u′v′
∂v
∂x

−u′2∂u
∂x

−v′2∂v
∂y

−u
∂k
∂x

−v
∂k
∂y

=ε+
∂
∂x

(k′u′+
1
ρ

p′u′)+
∂
∂y

(k′v′+
1
ρ

p′v′)−ν(
∂2k
∂x2 +

∂2k
∂y2)

(5.7)

Here, due to experimental limitations to 2D measurement, another assumption is
introduced:
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Figure 5.33: 4 productions (P1 to P4) terms normalized usingu3
0/d for F2

w′2 =
1
2
(u′2+v′2) (5.8)

So,k′ = 1
2(u

′2+v′2+w′2) =⇒ k′ = 3
4(u

′2+v′2) and k= 3
4(u

′2+v′2)

5.4.2.2 Turbulent production term

In the 2D TKE Eqs.(5.7), four production terms appear : P1=−u′v′ ∂u
∂y , P2=−u′v′ ∂v

∂x,

P3=−u′2 ∂u
∂x and P4=−v′2 ∂v

∂y. FIG.5.33 shows for F2 that P1 magnitude strongly exceeds
the three other terms. Consequently, in the following, only discussion regarding P1 in
detailed. The production terms are responsible for dissipating energy from the mean flow
and transferring it to the fluctuating flow. FIG.5.34 presents the first production terms for
the 4 Cases are reveals that:
→ The TKE production is maximum in the mixing layer and decreases from upstream to
downstream (as for the Reynolds shear stress and the velocity gradient, see FIG.5.31 and
FIG.5.17).
→The same order of magnitude is retrieved for the four cases.
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Figure 5.34: P1 dimensionless withu3
0/d for four cases

5.4.2.3 Turbulent kinetic energy term

The TKE termk for the 4 cases is normalized by the upstream bulk velocity ask/u2
0 and

is plotted in FIG.5.34. It appears that (as for the normal Reynolds stresses ):
1. The distribution pattern is quite similar for the 4 cases and similar to Reynolds stress
termsu′2 andv′2:
→ Outside of the mixing layer (in the recirculation zone and fory/d >1.2), the TKE is
weak compared with the mixing-layer region. The maximum magnitude is obtained along
the centerline of the mixing layer.
→ The maximum magnitude is obtained in the upstream region of the mixing layer (x/L=
0.2∼ 0.4) and it decreases along the mixing layer towards downstream.
2. The evolution with the bed-friction numberS is similar for the 4 cases and similar to
u′2 and v′2:
→ As S increases from 0.0032 to 0.089, the region with highk magnitude decreases.
→ As Sincreases, the maximum magnitude ofk decreases. The region of maximum TKE
is thus the same as the region of maximum turbulent production.

We saw above that the maximum turbulent production and turbulent kinetic energy is
located along the centerline of the mixing layer.
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5. Mixing layer downstream the expansion flow

5.4.2.4 TKE fluxes

Definition of the two flux terms, along the two directions is:Fku = k′u′ and Fkv = k′v′ as
in Eq.(5.7). In FIG.5.36 (a) both fluxes are made dimensionless usingFk

u3
0
. It appears that:

→ Both fluxes are negligible in the region far from the mixing layer.
→ Fkv is negative below (lowery value) the centerline and positive above (highery value)
the centerline of the mixing layer. This behaviour is in fair agreement with the results
of [Mignot et al., 2009] and [Mignot et al., 2011]. This reveals thatFkv transports turbu-
lent kinetic energy from the maximum production location (the centerline) towards the
less energetic regions. This confirms that the TKE flux is directed “from the energy-rich
zones to the energy-want zones”.
→ Fku is positive below (lowery value) the centerline and negative above (highery
value) the centerline of the mixing layer. This behaviour is in agreement with data
from [Dey and Nath, 2009] and [Mignot et al., 2011]:Fku is positive is the slowest re-
gion (the recirculation zone) and negative is the most rapid region (the outer region away
from the recirculation).
→ The contours for the four cases show the same tendency for both flux terms. Neverthe-
less, the magnitudes are not equal.

5.4.2.5 Advection term

Advection terms correspond to the transport of turbulent kinetic energy by the mean flow.
Two terms appear in the 2D TKE Eqs.(5.7):Advx =−u∂k

∂x andAdvy =−v∂k
∂v. In FIG.5.36

(b) both advection terms are made dimensionless asd
u3

0
. It appears that:

→ both advection terms are negligible in the region far from the mixing layer.
→ Advx distribution is complex as∂k

∂x is weak in the mixing layer.

→ Advy distribution is much more evident:v is negative in the mixing layer and∂k
∂y is

positive below (loweryvalue) the centerline of the mixing layer and negative above (larger
y values).
Consequently,Advy = −v∂k

∂v is positive below and negative above the centerline of the
mixing layer.

5.5 Gradient model and eddy viscosity

5.5.1 Definition of theνT

Gradient model is based in the eddy viscosity conception following the results of
Boussinesq in 1877 [Schmitt, 2007]. It relates the Reynolds stress tensor to the mean rate
of strain tensor:

−u′iu
′
j +

2
3

kδi j = νT(∂ui/∂x j +∂u j/∂xi) = 2νTSi j (5.9)
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(a)Evolution of the TKE flux for the four
cases.
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Figure 5.36: TKE flux and TKE advection

133

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0005/these.pdf 
© [L. Han], [2015], INSA de Lyon, tous droits réservés



5. Mixing layer downstream the expansion flow
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∂x for F2

with νT the so-called “turbulent viscosity” or “eddy viscosity” coefficient,k the turbulent
kinetic energy.δi j the Kronecker symbol which equals to 1 wheni = j and 0 if i 6= j and
finally Si j the mean rate of strain tensor.

Here, as well known,νT is hypothesized isotropic as it does not depend oni and j,
and it is not satisfied in many configurations(See [Pope, 2008]). So it is not expected
to be valid in the present flow configuration, and no discussion regarding the validity
of the isotropic turbulent viscosity assumption is made here. This paper is based on a
two-dimensional (2D) analysis, application of Eq.5.9 to the nondiagonal term becomes
as below:

−u′v′ = νT(
∂u
∂y

+
∂v
∂x

) = 2νTSxy (5.10)

with x andy the streamwise and transverse axes, respectively;u andv are instantaneous
velocity components alongx and y; and Sxy is mean shear rate. Note that in our
flows,∂u

∂y >> ∂v
∂x(FIG.5.37), Eq.5.10 thus simplifies as below:

−u′v′ = νT(
∂u
∂y

) (5.11)

The aim of the next sections is to discuss the turbulent viscosity values.

5.5.2 Estimation ofνT coefficient

In order to gain precision, this section aims at identifying the longitudinal evolution of
turbulent viscosity coefficientνT(x) used in the Gradient model. Example is given in
FIG.5.38 for F2 including:
→ the transverse profiles of Reynolds shear stress−u′v′.
→ the transverse profiles of Gradient model termνT∂u/∂y using the best fit turbulent
viscosity coefficientνT(x), fitted for each transverse profile.
→ the transverse profiles of Gradient model termνT∂u/∂y using a global constant noted
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Gradient model and eddy viscosity

Table 5.5: νT(x) for each case

F1 F2 F3 F4

x/L νT x/L νT x/L νT x/L νT

(10−4m2 ·s−1) (10−4m2 ·s−1) (10−4m2 ·s−1) (10−4m2 ·s−1)

0.15 0.5 0.1 2 0.2 0.3 0.25 0.18
0.3 0.5 0.2 2 0.3 0.8 0.4 0.2
0.4 1 0.35 2 0.45 0.7 0.55 0.2
0.55 1 0.45 2 0.6 0.6 0.7 0.15
0.65 1 0.6 1.5 0.75 0.3 0.8 0.1
0.8 0.7 0.7 1.5 0.9 0.4 0.95 0.1
0.9 0.7 0.8 1.5 1 0.4
1 1 0.95 1.5

νT−Global value indicated in TAB.5.5, which is obtained as the average value of theνT (see
the next section and TAB.5.5). It appears thatνT∂u/∂y usingνT(x) fairly fits the Reynolds
stress profiles except for some high values near the mixing layer centerliney/d∼0.8. The
profiles obtained usingνT−Global are quite similar asνT(x) does not evolve too much (see
TAB.5.5). Using the same methodology, theνT(x) andνT−Global for the 3 other cases are
given in the TAB.5.5 and FIG.5.40 (Note◦ is νT

∂u
∂y and∗ is −u′v′).

TAB.5.5 and FIG.5.39 confirm thatνT(x) does not varies much andνT−Global is
defined as the averaged value fromx/L=0 to 1. Values forνT−Global are given in TAB.5.6.
Data from the literature in mixing layers (shallow or not) are also included and appear to
be of comparable magnitude as the present results. Moreover, it appears thatνT−Global

for F2 exceeds those for the other cases. This result may be related to the fact thatu0 for
F2 is much higher than for the other cases (see TAB.5.6). We thus propose to introduce
a dimensionlessνT−Global coefficientε0. For further studying the bed friction influence
on the turbulent viscosity, the dimensionless turbulent eddy viscosity coefficientε0

is introduced here. [Tennekes and Lumley, 1972] and [Wygnanski and Fiedler, 1970]
defined it asε0 = ∆Uδ. In the recirculation flow, the selected characteristic scales for
normalising ared andu0. ε0 is then defined as:

ε0 =
νT−Global

δ(x)u0
(5.12)

Fig.5.41 reveals that asS increases ,ε0 decreases. Regarding the measurements, the
tendency is quite linear for the deep cases with the mathematical expression indicated on
Fig.5.41 and for shallower cases, the decrease rate becomes smaller. Moreover, the sim-
ulation results correspond the experimental results except when the smallS. This maybe
related to the fact that the rigid lid hypothesis for the calculating impacts the turbulent
viscosity turbulent coefficient.

[Wygnanski and Fiedler, 1970] obtainedε0 = 0.06 in the mixing layer. For
[Alavian and Chu, 1985],ε0 ranges 0.05 to 0.11, as seen in TAB.5.7. For this paper, the
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Table 5.6: νT−Global of the four cases with comparison of the litterature.
Case S νT−Global

(10−4m2/s)
F1 0.0032 0.8
F2 0.01 1.75
F3 0.032 0.5
F4 0.089 0.155

[Mignot et al., 2014a] deep 0.5
[Peltier, 2011] deep 3

[Alavian and Chu, 1985] deep 1∼3
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Table 5.7: Dimensionless turbulent viscosityε0 with comparison of the literature
ε0

[Wygnanski and Fiedler, 1970] 0.06
[Alavian and Chu, 1985] 0.05-0.11

Present results 0.003-0.03

value ranges from 0.003 to 0.03 that is lightly smaller than inthe literature. The different
configuration could influence the turbulence development. For the present sudden expan-
sion configuration, the side wall makes the mixing layer different from the free mixing
layer [Talstra, 2011]. This part was prepared to be submitted on line [Han et al., b]

5.5.3 Prandtl mixing length

The Prandtl mixing length assumption writes:

νT−Prandtl = lm
2
∣
∣
∣
∣

∂u
∂y

+
∂v
∂x

∣
∣
∣
∣
max

(5.13)

With:
→ νT−Prandtl is the Prandtl horizontal eddy viscosity.
→ lm is the Prandtl mixing length (in meter).

→
∣
∣
∣

∂v
∂x

∣
∣
∣
max

is the maximum velocity gradient along the transversey direction for each

streamwise sectionx.
In the present flow pattern,

∂u
∂y

≫ ∂v
∂x

(see FIG.5.37), so that Prandtl turbulent viscosity coefficient reads:

νT−Prandtl = lm
2
∣
∣
∣
∣

∂u
∂y

∣
∣
∣
∣
max

(5.14)
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Figure 5.42: Evolution alongx/L of eddy viscosity coefficientνT−Prandtl andνT−Global

Based on numerous experiments from the literature, [Pope, 2008] proposes the magnitude
of the mixing length,lm(x) = 0.07×δx so that:

νT−Prandtl(x) = 0.072δx
2
∣
∣
∣
∣

∂u
∂y

∣
∣
∣
∣
max

(5.15)

With Eq.(5.10), we obtain−u′v′ (x,y) = νT−Prandtl(x)
∂u
∂y (x,y).

Streamwise evolution of best-fitνT(x) from FIG.5.38 and Prandtl turbulent viscosity from
Eq. (5.15) are plotted for the 4 cases in FIG.5.42. It appears that Prandtl assumption of
mixing length equal to 0.07 does not compare well with the experimental data for the four
cases.
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Figure 5.43: Energy spectrum ofv along the centerline atx= 0.2L of F3.

5.6 Role of the detached eddies in the mixing layer

5.6.1 One dimensional spectra

The aim of the present section is to estimate the frequency of the coherent cells ad-
vected along the mixing layer. FIG.5.43 plots the energy spectrum of the transverse
velocity componentv in the mixing layer atx/L=0.2 andy = yc while FIG.5.44 plots
similar spectra everyx= L/13 distance, in a similar manner as [Hertzberg and Ho, 1995]
or [White and Nepf, 2007] for other mixing layer configurations, with the peak indicated
by a symbol for each spectrum (Note: the symbols presents the peak value of eachx/L
section.). It appears that:
→ For averaged frequencies (f =0.7 to 7 Hz), the main inertial range characterized by the
-5/3 cascade is observed.
→ In the low frequency range, the peak frequencyfp corresponding to the dominating
vortex passing frequency appears to differ between the two cases: atx/L=0.2, fp ∼0.6Hz
for the shallow F3 case, whilefp ∼0.3Hz for the deep F1 case (see FIG.5.44). For F1, this
peak frequency decreases towards downstream fromfp=0.3Hz to fp=0.1Hz atx/L=0.5
and an even lower frequency at the reattachment section (x/L=1). For F3, the peak fre-
quency decreases less rapidly fromfp=0.6Hz to fp=0.4Hz atx/L=0.5 and fp=0.2Hz at
x/L=1. The decreasing peak frequency behaviours along the streamwise axis are in agree-
ment with observations from [Uijttewaal and Booij, 2000].

The vortex passing frequency decreases less rapidly for the shallow case than for the
deep case and this can be connected to the dynamic of large eddies addressed in the next
section.
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Figure 5.45: Amplitude of the vorticity for 4 Cases

5.6.2 Vorticity characteristics

The dimensionless vorticityω = (∂u
∂y −

∂v
∂x)/

d
u0

is plotted in FIG.5.45. In the upstream re-
gion of the recirculation, the magnitude is maximum value, and then decreases along the
streamwise axis. It appears that:
→ The flow can be separated into 3 regions with different vorticity sign (rotation direc-
tion): in the recirculationω <0 (zone A), in the mixing layer region,ω >0 (zone B), in
the outer regionω <0 (zone C). In the figure of the sketch of vorticity, these regions are
marked using three circles with the rotating directions.
→ The magnitude of the positive vorticity in the mixing layer region is higher than the
magnitude in both negative vorticity regions
→ In the mixing layer the magnitude of the vorticity is maximum near the upstream cor-
ner and decreases towards downstream.
→ The four cases show similar qualitative and quantitative vorticity maps.

5.6.3 Photography

The end of the recirculation corresponds to the reattachment of the flow to the wall,
i.e. to a stagnation point. This one is located through trajectories of sawdust particles
floating on the free surface, which are visualized thanks to long time-exposure pho-
tographs [Riviere et al., 2011]. The random passing of vortices− frequencyO(0.1Hz)
− strongly affects the location of the reattachment point that significantly varies from one
photograph to another. This is sketched on FIG.5.46 representing four successive pho-
tographies with a 2s time exposure. All the trends observed within the mixing layer are
connected to the large eddies detached from the upstream corner of the expansion and
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5. Mixing layer downstream the expansion flow

Figure 5.46: Successive 2 s long time exposure photographs. From [Riviere et al., 2011]
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Role of the detached eddies in the mixing layer

Figure 5.47: Successive 1s exposure photograph for case F1

advected towards downstream. Such eddies can be observed using time-exposure photog-
raphy of floating sawdust (see [Riviere et al., 2011]). Due to the different flow velocities,

the time exposure are 1s and 0.5s for cases F1 and F3 in FIG.5.47 (Dotted line
... marks the

location of the instantaneous reattachment) and FIG.5.48, respectively. Photographs for
the shallow case F3 are given in Fig.5.48 where vortices of vertical axis are clearly visible,
with an increasing size during their advection. The behaviour appears quite reproducible
from one vortex to another. The reattachment location can be identified, and varies from
one photograph to another around thex/L = 1 location, depending on the position of the
vortices. On Fig.5.47, the deep case F1 appears more complex: again, vortices of vertical
axis are clearly visible, with bigger sizes, but with less reproducible trajectories and sizes.
The flow reattachment cannot be located as easily as for the shallow case F3. The pattern
of eddies varies significantly with time (e.g.from t=0 to t=300s, Fig.5.48).

5.6.4 Autocorrelation

In order to obtain more quantitative vortices characteristics, the autocorrelation function
of the transverse velocity fluctuationRvv is computed along the centerline of the mix-
ing layer, atx/L=0.2, 0.5, 0.8 and 1. The characteristic time scale of the large scale
coherent structures is considered as the time shift between two successive peaks defined
by [Constantinescu, 2013]. The signal is more complex for the deep case F1, confirming
that eddies are less reproducible as shown by the photographs, but the two cases exhibit
similar trends (see FIG.5.49). Firstly, FIG.5.49 shows that that the time shiftτ between
two successive eddies increases asx/L increases, indicating that the 2D eddies grow in
the streamwise direction. Secondly, the coherence of the signal is worse forx/L=0.2,
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5. Mixing layer downstream the expansion flow

Figure 5.48: Successive 0.5s exposure photograph for case F3.
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Figure 5.49: Autocorrelation functionRvvin differentx/L section along the centerline

corresponding to the initial development of eddies. Thirdly, the time shift for the shallow
case F3 is much shorter than for the deep condition F1, corroborating the frequencies
observed through the spectrum analysis. TAB.5.8 compares the results from the different
techniques, for twox/L values, for the shallower case F3. Estimates of the transverse
length scale of vortices from photographs compare well with the mixing layer width de-
rived from the mean velocity profiles. Estimates of the convection velocity by locating
the vortex center displacement between two successive photographs compare well with
the measured local mean velocity. For the letter, two values are provided, measured on
both sides of the maximum gradient location. Estimate of the passing frequencies from
photographs compare well with the spectra frequencies at the same location. Finally, es-
timates of the longitudinal length of vortices from photographs compare well with the
integral lengthΛ obtained by multiplying the local mean velocity with the character-
istic times from the autocorrelationRvv on both sides of the maximum gradient loca-
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Chapter conclusion

Table 5.8: Characteristics of vortices and the mixing layer for F3 at two locations
x/L ∼0.4 x/L ∼0.7

Photograph ADV Photograph ADV
Transverse size(m) 0.09 δ=0.07 0.12 δ=0.11
uadvection(m/s) 0.25 0.14-0.24 0.2 0.13-0.2
Frequency(Hz) 0.59 0.6 0.44 0.47
Streamwise size(m) 0.3 Λ=0.24-0.36 0.36 Λ=0.31-0.42

Table 5.9: Characteristics of the vortex passing along the mixing layer for F1
x/L ∼0.5

Photograph ADV
Thickness(m) 0.2 δ=0.13
uadvection(m/s) 0.06 0.08-0.12
Frequency(Hz) 0.13 0.18
Streamwise size(m) 0.25-0.44 Λ=0.35-0.61

tion [Uijttewaal and Booij, 2000]. The same comparison is performed for the deep case
F1 in TAB.5.9, atx/L=0.5. The agreement is worse than for case F2. This is clearly
due to the difficulty in estimating accurate values, without an averaging process, from the
photographs.

To correlate further the role of vortices on the behavior of the mixing layer and on
the flow reattachment, the dimensionless mixing layer widthδ/d is plotted in FIG.5.50
(autocorrelation evolution is right axis with symbols• andN) and definition of Eq.(5.1) is
left axis with symbols◦ and△) along the mixing layer centerline fromx/L=0 tox/L=1)
as a function ofx/L, along with the integral longitudinal length scaleΛ of vortices. The
behaviours ofδ/d and ofΛ are similar: linear increase for the deep case F1 and linear
increase followed by a plateau for the shallow case F3. Considering the two different
vertical axis, the mixing layer width is about 3 times smaller than the longitudinal integral
length scale. This corresponds to the longitudinal/transverse diameters ratio observed in
the photographs (FIG.5.48) and to the one obtained by [Cheng and Constantinescu, 2014]
for an unbounded shallow mixing layer of larger scale.

5.7 Chapter conclusion

This chapter was devoted to the mixing layer separating the free-stream and the recircu-
lation.

Detailed experimental characterisations were undertaken for different flow configu-
rations, corresponding to different values of the dimensionless parameters,S andh/d.
As for shallow, plane mixing-layers, the present mixing layer is the location of high ve-
locity gradient, Reynolds stresses, turbulent production and turbulent kinetic energy. A
self-similarity was reported for these quantities, with a maximum magnitude at the cen-
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5. Mixing layer downstream the expansion flow
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Figure 5.50: Comparison between autocorrelation evolution and the photography

treline of the mixing layer and a rapidly decreasing magnitude on both sides as previously
reported in the literature.

Then, the influence of the shallowness could be examined. Surprisingly, due to the
moderate flow dimensions, the local bed friction numberS(x) derived using the mixing
layer width was always smaller that the critical valueSc (0.09∼0.12) above which the
confinement effect stops the growing of the mixing layer. Such a growing stop was nev-
ertheless observed, but it is due to the influence of the lateral wall and not to the vertical
confinement. This lateral wall effect increases whenS extends. This explains the rel-
evance of a flow shallowness quantified by the global bed friction numberS based on
the expansion width as length scale [Babarutsi et al., 1989], independently of the mixing
layer shallowness, quantified by the local bed friction numberS(x) based on the local
mixing layer width as length scale.

However, the differences are limited to the downstream end of the mixing layer, close
to the flow reattachment location and they cannot explain the non-monotonic dependency
of L/d on S. This local approach at the mixing layer scale being unable to explain the
experimental and numerical results, an integral approach at the whole flow scale is under-
taken in next chapter, using momentum and energy balances.
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Chapter 6

Analysis and understanding of the
results

Both experimental and numerical results show behaviours of
the recirculation length at odd with the ones reported in the
literature. Notably, we obtained a bell shaped curve with (i)a
left increasing branch for the non-frictional regime, where the
recirculation zone length L/d increases with bed friction num-
ber S instead of a plateau and (ii) a right decreasing branch
for the frictional regime, where L/d decreases with increasing
S but with an exponent different from “S−1” proposed in the
literature. The objective of this chapter is to explain these ten-
dencies, using momentum and head balance, with additional
numerical simulations devoted to the frictional regime.
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Introduction

6.1 Introduction

As described in the CHAP.3 and CHAP.5, the experimental and numerical results show
behaviours of the recirculation length at odd with the ones reported in the literature. As
seen in the FIG.6.1, we obtained two regimes: the non-frictional regime and the frictional
regime. In the next section, the analysis starts with the momentum balance.
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Figure 6.1: Dimensionless length of the recirculation zoneL/d.

6.2 Momentum Balance

6.2.1 Control volume and forces

For deriving the momentum balance of our computed flows, the region covering the en-
tire recirculation zone is chosen as the control volume “I-M-K-J” as in FIG.6.2 with the
separation point, K the reattachment point and I and J the corresponding left-bank points.
We thus define:

→ the inlet sectionS1 (mean velocityu1 and pressurep1)
→ the outlet sectionS2 (mean velocityu2 and pressurep2)
→ the bottom wallSw with a resisting wall shear stressτw and where the pressure forces
act perpendicularly tox
→ the side wallSs (vertical plane from I to J) with a resisting wall shear stress and with
pressure forces exerted perpendicularly tox. The shear stress is however negligible on this
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xyτ

wτ

d

B

z x

L

y

I

J

N

M

K

3
n
uur

l

θ

S2

p2

S1

p1
Sw

S3   p3

1
u

2
u

Ss

Figure 6.2: Control volume used for the momentum balance.

Note that the recirculation boundary is approximated by an inclined plane.

section, as checked in our numerical results. This is explained by the transverse velocities
caused by the expansion, which tend to promote a flow separation on this wall.
→ the interfaceS3 between the recirculation and the main flow. There, the pressure is
p3 and the interface shear stressτxy acts against the flow.S3 should be the limit of the
recirculation zone; due to the difficulty of defining precisely this limit for numerous test
cases, it is approximated by a plane (Assumption H6-1)
→ the upper surfaceS4 (rigid lid with free slip conditions) where the pressure forces are
perpendicular tox and where the shear stress is by definition nil. This section does not
participate to the momentum balance.

The momentum balance is applied and projected on thex-axis. It reads as the equation
below:

Mx = Fpx+Fxy+Fwx (6.1)

WhereMx is the variation ofx−momentum flux across the control volume,Fpx is the
sum of all pressure forces projected alongx, Fxy is the shear force along the mixing layer
projected alongx andFwx is the bottom friction force projected alongx.

6.2.1.1 Variation of momentum flux across the control volumeMx

Mx = M2x +M1x, which are the inlet and outlet momentum derived by integrating the
corresponding momentum on theS1 andS2 sections, respectively, as:
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Momentum Balance

M1x =−β1ρu2
1h(B−d)

M2x = β2ρu2
2hB

= β2ρu2
1Rbh(B−d)

(6.2)

whereβ is the Boussinesq momentum coefficient, defined asβ1 =
∫ B
d u2dy

u2(B−d)
and β2 =∫ B

0 u2dy
u2B

.
Then the momentum balance reads:

Mx = ρu2
1h(B−d)(β1−β2Rb) (6.3)

6.2.1.2 Pressure forces

The total pressure force projected alongx is:
Fpx = Fp1+Fp2+Fp3 whereFp1 andFp2 are the pressure forces obtained by integrating
the pressure overS1 andS2. They can be expressed as :

Fp1 = p1(B−d)h

Fp2 =−p2Bh
(6.4)

Fp3 is the pressure force alongS3, computed as:

Fp3 =

∫ K

M
(−p(l)−→n3) �

−→
lx dlh= hsinθ

∫ K

M
p(l)dl

= hsinθp3
L

cosθ
= hL tanθp3 = p3hd

(6.5)

wherep3 is the average pressure onS3 in the sense of pressure forces,l is unit length
along S3 direction. In order to allow simplifications, a second assumption (H6-2)
considersp3 = (p1+ p2)/2. It is considered as satisfactory as FIG.6.6 shows that the
associated error is less than 0.5%. Therefore, the pressure force on sectionS3 projected
alongx is:

p3dh=
p1+ p2

2
dh (6.6)

Finally, the total pressure force exerted on the control volume and projected onx is:

Fpx= (p1− p2)h(B− d
2
) (6.7)

6.2.1.3 Bottom friction

The bottom friction can be related to the skin friction coefficientcf , which is considered
as a constant (assumption H6-3) on the whole bottom, at least betweenS1 andS2.
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Fwx =
x

Sw

τwdS≈ cf
1
2

ρ
u2

1+u2
2

2
L(B− d

2
) =ρu2

1L
cf

4
(1+R2

b)(B− d
2
)

=ρu2
1L

2hS
d

(1+R2
b)(B− d

2
)

(6.8)

Fwx from Eq.(6.8) is plotted as a function ofFwx from numerical computations in FIG.6.3,
which shows that assumption H6-3 is satisfactory.

6.2.1.4 Shear stress in the mixing layer

The force due to shear stress in the mixing layer is

Fxy =

∫ L

0
|τxy(hd

−→
lx )|=| τxy | Lh (6.9)

and we checked on numerical results that this term is satisfactorily approximated by:

τxy≈ µt
∂ū
∂y

(6.10)

Where the gradient is the center of the mixing layer. Then assume both (H6-4) that an
estimate of the gradient is

∂ū
∂y

≈ u1−0
d

=
u1

d
(6.11)
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Momentum Balance
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Figure 6.4: Evolution of ϕ with S from numerical calculations of CHAP.4

and that the eddy viscosityµt can be derived through a mixing length model,i.e. :

µT = ρ(ϕd)2u1

d
(6.12)

where (ϕd)is the mixing length associated to the shear in the mixing layer and defined as
a fractionϕ of the enlargement widthd. The space averaged shear is :

| τxy |= ρϕ2u2
1 (6.13)

and the associated force:
Fxy = ρu2

1ϕ2Lh (6.14)

Based on the numerical database,ϕ decreases from 0.06 to 0.02 asS increases(See
FIG.6.4). However, asFxy is very small and negligible compared with the other forces,
the form used in Eq.(6.14) is retained as it can be easily normalized.

All the forces rewritten as in Eqs (6.3), (6.7), (6.8) and (6.14), the momentum balance
finally reads,once normalized:

L
d

[

S+
4(1−Rb)

(1+Rb)(1+R2
b)

ϕ2
]

=
p1− p2

1
2ρu2

1

1

(1+R2
b)

+
4Rb

(1+Rb)(1+R2
b)
(β1−β2Rb)

(6.15)

The terms of this equation are explicitly function ofL/d, S, Rb but also implicitly of
S, Rb, h/d throughϕ, β1, β2 and the pressure force term.
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6. Analysis and understanding of the results

6.2.2 The different terms in the momentum analyse

Eq.(6.15) is composed of four terms which influenceL/d. FIG.6.5 sketches their depen-
dency onS for differenth/d in fixed Rb = 0.75.

→ M2 = L
d

4(1−Rb)

(1+Rb)(1+R2
b)

ϕ2 implies L/d and accounts for the shear force in the mixing

layer. In FIG.6.5, M2 is clearly negligible compared to the other terms, whether values
from numerical simulations or from Eq.(6.15) are used.
→ M3 =

p1−p2
1
2ρu2

1

1
(1+R2

b)
accounts for the pressure forces exerted onS1, S2 andS3. It strongly

depends on the bed friction numberSbut also onh/d (see the shifts in theM3 curve) and
on Rb (not shown here). In the frictional regime,M3 can be considered approximately as
evolving asS0.4.
→ M4 =

4Rb
(1+Rb)(1+R2

b)
(β1−β2Rb) accounts for the momentum variation across the control

volume. It depends onRb obviously, but also on other parameters, through the influ-
ence of the Boussinesq momentum coefficientsβ1 andβ2 which evolution as a function
of S and h/d is depicted on FIG.6.7. β1 appears as constant,β1 ≈ 1, as the incom-
ing flow is fully developed and turbulent. Conversely,β2 depends mainly onh/d. In-
deed,h/d gives an estimate of the size of the large scale, vertical axis, coherent struc-
tures( [Uijttewaal and Booij, 2000]). These structures develop in the mixing layer, partic-
ipate to the momentum exchange, and thus influenceβ2. In the frictional regime, where
bothh/d and these structures are small,β2 andM4 are almost constant (forS>0.06, see
FIG.6.7 and FIG.6.5); conversely, in the non-frictional regime,M4 decreases whenSde-
creases under the influence ofh/d.
→ M1 =

L
dSimpliesL/d and accounts for the forces due to bottom friction; it experiences

dependencies to the different flow parameters, following the evolutions ofM2, M3 andM4.
L/d depends mainly onS in the frictional regime, but also onh/d in the non-frictional
regime.

From these observations, we can say that the momentum balance analysis provides
the following information:

1. M2 is clearly negligible compared to the other terms: the shear force in the mixing
layer does not influenceL/d.

2. in the frictional regime, (M1 = L/d×S) follows the increase of the pressure term
(M3) with S. Hence,L/d evolves as the sum ofM4/S (∝ to S−1) and ofM3/S (∝
S−0.6).

3. the different behaviour in the non-frictional regime is due to theM4 term, i.e. to
the momentum coefficientβ2 which depends onh/d and thus makesL/d decrease
whenh/d decreases.

In other words, the bell shaped curveL/d(S), observed both in the experimental and
numerical results, is caused on the left side (non-frictional regime) by the modification
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Figure 6.5: Evolution of four different terms of Eq.(6.15) in differentS

of the momentum distribution byh/d and on the right side by the increase of the bottom
friction with S.

Hence, the momentum balance provides significant information, notably that the shear
force exerted along the mixing layer is negligible compared to other forces. Nevertheless,
with the assumptions made to re-write the different terms, the balance is not perfectly en-
sured, as shown on FIG.6.5 where the sum (M1+M2−M3−M4) is always negative. This
is mainly due to the pressure termM3. The assumptionp3 = (p1+ p2)/2 is quite satisfac-
tory to estimate the pressure forceF3, but leads to a significant relative error when used
to estimate the total force (F1+F2+F3+Fw+Fxy), as depicted by FIG.6.6. Additionally,
Eq.(6.15) includes two terms involvingL/d which complicates the evolutions that have
to be considered. For these reasons, a head balance is performed in the next section, 6.3.

6.3 Head balance

6.3.1 Control volume and head losses

The control volume “I-N-K-J” is sketched in FIG.6.8. It is bigger than the control volume
used for the momentum balance, as it includes the whole recirculation region. Pressure
p3 along the mixing layer will thus not appear explicitly in the derivations.

Head loss includes two parts as in FIG.6.8: The first partJf is due to the bottom
friction, and the second partJr is the head loss in the recirculation zone.

6.3.1.1 Dissipation due to bottom friction

The termJf concerns the dissipation due to the wall friction on the bottom, excluding the
bottom within the recirculation zone (seeJr ) and the vertical wall (“IJ”). On this vertical
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wall, the wall shear stress is negligible, as mentioned in section 6.2, and does not promote
significant dissipation in the flow. In the simulation results, as mentioned in section 6.2,
the friction force exerted by the side wall “IJ” is less than 1% of the bottom friction, so
the friction force on the side wall (y= B) is assumed to promote no significant dissipation
in the flow. Excluding this side wall (y = B), the hydraulic diameterDh in the inlet and
outlet sections,S1 andS2, writes as below:

Dh1 =
4(B−d)h

B−d
= 4h=

4Bh
B

= Dh2 (6.16)

In fact, when excluding the vertical wall (“IJ”), the hydraulic diameter is constant along
the whole control volume. Hence, the classic 1D linear head loss equation is used for this
term and reads:

Jf ≈ λ
L

Dh

1
2

ρ(
u2

1+u2
2

2
) =

1
2

ρu2
1λ

L
8h

(1+R2
b)

=
1
2

ρu2
1
LS
d
(1+R2

b)

(6.17)

where we consider (Assumption H6-4) an average square velocity(u2
1+ u2

2)/2, which
proved to close the head balance equation far better than an average velocity leading to
the term((u1+u2)/2)2.

6.3.1.2 Dissipation in the recirculation

The second termJr focuses on the head loss in the recirculation which corresponds to a
sudden expansion and should be well estimated using Borda-Carnot equation, leading to:
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Jr =
1
2

ρu2
1

[

(1− S1

S2
)2
]

=
1
2

ρu2
1(1−Rb)

2 (6.18)

6.3.1.3 Head in the inlet and outlet sections

The total head in section 1 and 2 read as below:

H1 = α1
1
2

ρu2
1+ p1

H2 = α2
1
2

ρu2
2+ p2

(6.19)

Whereα is the Coriolis kinetic energy coefficient.
Bernoulli’s energy equation expresses the head balance:

H1−H2 = (Jf +Jr) (6.20)

Then, with the 4 equations derived above, the Eq. (6.20) can be rearranged as:

L
d

S
︸︷︷︸

=

T1

p1− p2
1
2ρu2

1

1

(1+R2
b)

︸ ︷︷ ︸

T2

+
(α1−α2R2

b)

(1+Rb
2)

︸ ︷︷ ︸

T3

− (1−Rb)
2

(1+Rb
2)

︸ ︷︷ ︸

T4

(6.21)

→ T1 = L
dS expresses the bottom friction; it is influenced directly by the bed friction

numberS;
→ T2 =

p1−p2
1
2ρu2

1

1
(1+R2

b)
expresses the variation of (potential energy of) pressure from section

1 to section 2.
→ T3 =

(α1−α2R2
b)

(1+Rb
2)

expresses the variation of kinetic energy from section 1 to section 2,

which depends on the coefficientα1 andα2;

→ T4 =
(1−Rb)

2

(1+Rb
2)

expresses the Borda-Carnot head loss and depends directly only onRb.

Eq.(6.21) involves explicitly the dimensionless recirculation lengthL/d, influenced by
the bed friction number and by the three other terms. Next section examines the evolution
of these 4 terms depending on the dimensionless parametersRb, h/d andS stemming
from the dimensional analysis, and also compares their relative weights in the different
flow regimes.

6.3.2 Head balance analysis

6.3.2.1 Influence of theRb

In order to analyse the influence of the expansion ratio, the four terms are plotted as a
function of Rb, for three groups of computations, one withh/d = 0.25 andS∼ 0.01
(FIG.6.9 (a)), the other withh/d = 0.1, S∼ 0.03 (FIG.6.9 (b)) and the third one ish/d =
0.5, S∼ 0.003 (FIG.6.9 (c)).
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→ T1 =
L
dS increases asRb decreases. It means that for a givenS, whenRb becomes

smaller,L/d turns bigger.Rb tending to 1 corresponds to an expansiond becoming drasti-
cally smaller than the channel widthB (d/B tends to zero). Hence,T1 tends asymptotically
to the (dimensionless) head loss in a flow of constant widthB.

→ T3, which expresses the variation of kinetic energy through the control volume,
has the greatest magnitude among the four terms. It decreases asRb increases, following
a quasi-linear tendency. These variations are connected to the evolution of the Coriolis
kinetic energy coefficientα2 in section 2. Indeed,T3 tends to zero whenRb tends to 1:
this correspond toα1=α2 when the channel becomes a square duct.

→ T4, related to Borda-Carnot head loss, depends explicitly onRb, and decreases as
Rb increases, tending to zero for vanishing expansions (Rb tending to 1 ord/B tending to
zero).

→ T2 is a complex term as it includes the pressure evolution from section 1 to 2.
Hence,T2 depends onRb not only trough 1

(1+R2
b)

but also through (p1-p2) which de-

pends also onRb. T2 is the only term that has negative values, depending onRb. This
is connected to the evolution of the three other terms. On the one hand, the expansion in-
creases the section and thus decreases the mean velocity and so the kinetic energy (T3 >0).
With no head losses, this results inp2 > p1 (repressuring through an expansion) and thus
(T2 <0). On the other hand, the head losses due to the expansion (Borda-Carnot) and to
bottom friction decreases the head in section 2 and so the (potential energy) pressurep2.
If head losses are strong enough, thenp2 < p1 andT2 >0. The sign ofT2 results from a
balance between head losses and expansion repressuring: for smallRb values, repressur-
ing is stronger andT2 <0 while friction more influences the flow above a threshold value
of Rb that depends on the other parameters (please compare FIG.6.9 (a) and FIG.6.9 (b)).
WhenRb tends to 1,d/B tends to zero: both the expansion repressuring and the Borda-
Carnot head loss vanishes ;T2 logically tends toT1 as the pressure gradient is due to the
bottom friction alone.

The sum (T2+T3-T1-T4), should be zero according to Eq.(6.21). Its values are plotted
on FIG.6.9 as a dashed line (−−), which indicates that forh/d = 0.25 andS∼ 0.01
andh/d = 0.5 andS∼ 0.003, Eq.(6.21) is well closed. This is more questionable for
h/d= 0.1 andS∼ 0.03, but similar withRb>0.6. This validates the different assumptions
concerning the head losses.

As a result, analysis of these different terms showed that the expansion ratioRb influ-
ences the energy balance and then the relative lengthL/d.

6.3.2.2 Influence ofh/d

To study the influence of the relative flow depthh/d, the four terms are plotted as a
function ofSon FIG.6.10, with fixedS=0.03 andRb=0.75.h/d varies from 0.1 to 0.175,
which is the maximum possible range whilst keepingSconstant. Eq.(6.21) is satisfactorily
closed, the sum of the four terms being almost zero on the wholeh/d range. The observed
tendencies on the different terms are:

→ T4 exhibits explicitly no variations withh/d, as it depends only onRb.
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Figure 6.9: Evolution of each term of Eq.6.21 for differentRb.
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→ T3 decreases whenh/d increases. This decrease is connected to the redistribution
of the kinetic energy, and hence related to the evolution of the Coriolis kinetic energy
coefficients withh/d. In our configuration, the upstream channel is long enough to en-
sure a uniform flow at the inlet condition andα1 is constant (α1=1.066).T3 is therefore
influenced byα2: as observed in FIG.6.10,α2 increases ash/d increases. According to
Eq.6.21, this decreasesT3 whenh/d increases.

→ T2 exhibits almost no variations withh/d, at least in the present range of numerical
simulations.

→ as a result,T1 exhibits the same variations asT3, which are also the variations
of L/d asS is constant here. Hence,h/d is able to decrease the relative length of the
recirculationL/d, by means of a modification of the Coriolis kinetic energy coefficient
α2.

6.3.2.3 Influence of bed friction numberS

The bed friction numberS is the most important parameter in our research. It influences
the length of the recirculation directly throughT1=L

dS, but also through its influence on the
other terms, which is detailed hereafter. For studying this, the 4 terms of 23 configurations
with differentSare plotted in the FIG.6.11, for different values ofh/d and withRb=0.75.
Eq.(6.21) is satisfactorily closed, the sum of the four terms being almost zero on the whole
Srange.
The four terms exhibits different dependencies onS:

→ again,T4, related to Borda-Carnot, is constant as it depends only onRb.
→ T3, related to the kinetic energy variation through the control volume, exhibits two

different behaviours: forS<0.3, T3 increases continuously withS and then reaches a
plateau. This behaviour follows the one ofα2, depicted on the same figure. It is related to
the large eddies behaviour that changes withS, as it will be discussed hereafter
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Figure 6.11: Evolution of each term of Eq.6.21 in differentS.

→ T1 globally behaves asS0.4 except for the smallSvalues (S< 0.005) or highh/d
values (h/d = 0.5)

→ as a result,T2, which expresses the pressure variation through the control volume,
also exhibits three different behaviours.
(i) For S<0.01, bothT1 andT4 are small compared to the two other terms.T2 varies as a
function ofSsimilarly asT3. The variations ofS induce variations of the kinetic energy
redistribution (α2 andT3) which impose the pressure gradient (T2).
(ii) For S>0.03, asT3 experiences a plateau and asT4 is smaller than the other terms,T2

experiences the same variations withS asT1. With constant kinetic energy distribution
in the upstream and downstream sections, an increase of the bed friction (T1) causes an
equivalent increase of the pressure drop.
(iii) For 0.01< S<0.03, the four terms have comparable magnitudes: this is a transition
from the two preceding regimes, and the flow is influenced by bottom friction, dissipation
in the recirculation and kinetic energy distribution.

6.3.2.4 Frictional and non-frictional regimes

From the preceding observations, we can define two asymptotic flow regimes: non-
frictional for S<0.01 and frictional forS>0.03.

In the non-frictional regime(S<0.01), the kinetic energy distribution in the down-
stream section has the lead role. It imposes the pressure gradient along the recirculation
and then the recirculation lengthL/d. This kinetic energy distribution is expressed by
α2 and, with a constantRb, depends only onh/d (see FIG.6.12). Indeed,α2 is influ-
enced by large eddies (vortices of vertical axis due to vortex shedding) advected along
the mixing layer, which participate to the redistribution of the kinetic energy within
section 2, by injecting small velocity water in high velocity regions andvice et versa.
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h/d provides an estimate of the size of these structure ( [Uijttewaal and Booij, 2000]
and [Sukhodolov et al., 2010]). For largeh/d (h/d=0.75; FIG.6.13(a)), the flow is un-
confined, the eddies have a size comparable tod (please refer to the study of the mixing
layer, in the CHAP.5) and promote kinetic energy transfers throughout the whole section.
This results in a smooth streamwise velocity profile, with no constant velocity region.
The moreα2 is different from 1, the more this effect is important. Ash/d decreases, the
flow is vertically confined as the large eddies diameter evolves ash/d, leading to higher
L/d value.

In the frictional regime, the bottom friction has the lead role. With a smallerh/d
(h/d=0.1; FIG.6.13(b)), the eddies diameter remains small compared tod (please again
refer to the study of the mixing layer, as CHAP.5). They do not participate to the ki-
netic energy transfers in the free-flow, where the velocity profiles exhibits a plateau. This
plateau imposesα2 ≈ 1.2, with no more kinetic energy modifications in section 2 when
extendingS. The flow and the recirculation length are driven by the equilibrium between
the dissipation, proportional both toSandL/d, and the pressure gradient along the flow.
This results inL/d ∝ S−0.6, as detailed in next section.

To conclude, the bell shaped curvesL/d= f (S) obtained experimentally are explained
by the roles of two parameters stemming from the dimensional analysis:

→ S, the bed friction number, accounts for the bottom friction, at the control volume
scale. Its extension always decreases the recirculation lengthL/d to ensure the equilib-
rium between the dissipation (∝ L

dS) and the pressure drop.
→ h/d, the relative water depth, accounts for the size of the vortices of vertical

axis advected along the mixing layer and thus of their capacity to influence the kinetic
energy distribution in the main flow. An extend ofh/d decreasesL/d. This decrease
remains however limited as whenh/d becomes, say, larger than one, vortices diameter
becomes independent ofh/d. This situation corresponds to the backward-facing step.
Hence, as observed in CHAP.4 ,L/d experiences a plateau whenh/d (and soS) tends to 0.
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This explanation must be completed by two additional observations:

→ Rb, the third parameter, also influencesL/d, although without changing the re-
spective roles ofS andh/d. WhenRb decreases, the Borda-Carnot head losses become
non-negligible and intervene in the pressure drop-bottom friction equilibrium. For high
values ofS, this shifts verticallyL/d = f (S) curves, as observed in the experiments. Dif-
ferent values ofRb expresses different ratio of the inlet and outlet sections of the control
volume: as seen previously,α2 is function ofRb. However,Rb influences also the kinetic
energy distribution, and soL/d, in the non-frictional regime.

→ the impossibility to modify independentlyh/d andS over high ranges also com-
plicates the problem. This is illustrated by (FIG.6.12) withRb=0.75. Let us examine
first the numerical results. For fixed values ofh/d, α2 is constant withS. The bottom
friction increase (withS) acts alone onL/d which decreases.L/d = f (S) curve is thus a
discontinuous succession of decreasing segments corresponding to differenth/d values.
This is quite different for the experimental results. AsSandh/d evolve simultaneously,
L/d = f (S) curve is uninterrupted : the increasing left branch is due to the dominating
effect ofh/d i.e. of the large eddies which modify the kinetic energy distribution; the de-
creasing right branch is due to the the dominating effect of the bottom friction (throughS).
Experiments using different roughnesses may lead to a differentSvalues for the transition
between these two regimes, and should modify also the increasing branch: indeed, with
different roughnesses, a given value ofScorresponds to different values of the relative wa-
ter depthh/d. This is consistent with the experimental results obtained with aluminium
tear plates see FIG.3.20.
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6.4 Empirical correlation L/d = f (S,Rb,h/d)

6.4.1 Correlation for numerical simulations

The different terms (T1, T2, T3, T4) exhibits different dependencies on the three parameters
stemming from the dimensional analysis (S, Rb, h/d), studied in the previous section.
From FIG.6.9 to FIG.6.11 (complete information concerning each influence are detailed
in Appendix A), these dependencies can be expressed as follow.

→ The termT4 accounting for the “Borda-Carnot” dissipation in the recirculation
depends explicitly only onRb.

T4 =
(1−Rb)

2

(1+Rb2)
(6.22)

→ The termT3 expresses the influence of the kinetic energy distribution. It thus depends
onh/d, through an exponential function which expresses a strong influence ofh/d in the
non-frictional regime (in fact for highh/d values) and no more effect once the velocity
profile in the free-flow is a plateau (smallh/d values):

T3 =
[α1−R2

b · (k31+k32e(k33(h/d)+k34Rb))]

(1+R2
b)

(6.23)

→ The termT2 accounts for the pressure gradient through the control volume. It
depends on the three parametersS ,h/d andRb. Its expression is in the form:

T2 = S0.4+[(k21Rb
2+k22Rb+k23)

h
d
+(k24Rb

2+k25Rb+k26)] (6.24)

Finally, the termT1 expresses the bottom friction in the free-flow outside of the recir-
culation. In the frictional regime, its dependency onS is the same as the one ofT2. The
obtained correlation reads:

T1 = S0.4 �{[k11(1−Rb)
k12+k13] ln(h/d)+ [k14(1−Rb)

k15+k16]} (6.25)

For each term, a least square method is used for identifying all the parameters, using
all the numerical simulation database. The object is to find the minimum value of the
Σn

1(Tnum−Treg)
2 for each term. The parameters obtained for Eqs. (6.22) to (6.25) are

listed in TAB.6.1.
The accuracy of these correlations is illustrated by figures FIG.6.14, FIG.6.15 and

FIG.6.16 where the values from the correlations are plotted as a function of the numerical
values in the same flow conditions.

The three figures exhibit a satisfactory agreement between numerical and correlation
results, notably forT1 andT3, as most of the points are located in the±5% error lines. The
regression process was more tedious and less accurate forT2. This is due to the possible
change of sign of this pressure gradient when the bottom friction excesses the pressure
increase due to the section expansion.

The correlation providing the dimensionless recirculation lengthL/d can be obtained
from Eq.(6.25) asT1=S×L/d. Hence,L/d ∝ S−0.6.
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Table 6.1: List of the regressed parameters for the 4 energy terms

T1 T2 T3

k11 -1.876 k21 0.914 k31 -0.095
k12 2.412 k22 1.571 k32 3.198
k13 -0.219 k23 0.620 k33 1.191
k14 -2.887 k24 0.707 k34 0.291
k15 4.531 k25 0.646
k16 0.114 k26 0.157
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6. Analysis and understanding of the results

6.4.2 Final correlation for experiments

Previous section confirmed the dependencies observed on the different parameters. How-
ever, to cope with the assumptions made in the numerical simulations, it is necessary to
seek a correlation based on the experimental data. For each value ofRb, a least square
method is again used to obtain an empirical correlation, as illustrated by FIG.6.17. These
correlations are of the form:

L/d = S−0.6 � [k1+(k2−k1) �e
−k3(h/d)2] (6.26)

whereh/d acts onL/d through a Gauss function, which expresses its influence related
in the previous sections. Whenh/d → 0, e−k3(h/d)2 → 1 andL/d → k2S−0.6 : this is the
frictional regime. Whenh/d is sufficiently high, it counterbalance the influence ofSand
has the lead influence onL/d. L/d values from both the empirical correlation and from
experiments are plotted in FIG.6.17, and exhibit a fair agreement.

Coefficientsk1,k2 andk3 used in Eq.(6.26) depend onRb. They can be obtained using
a cubic-polynomial fitting withRb:

→ k1 = 6.5255R3
b−10.259R2

b+4.8917Rb−0.4524
→ k2 = 47.741R3

b−83.246R2
b+44.059Rb−5.5163

→ k3 = 483.4R3
b−766.06R2

b+360.34Rb−36.07
The accuracy of this final correlation is illustrated by FIG.6.18 where the values from

the correlation are plotted as a function of the experimental values of the dimensionless
recirculation length in the same flow conditions. The result is satisfactory, as most of
the values computed from the correlation are within±10% around the experimental ones.
Due to a lack of time, a more efficient regression method, leading to more accurate results,
was not undertaken.

The final correlation is now evaluated with experimental results from the two studies
available in the literature. FIG.6.19 sketches data from [Chu et al., 2004]. In FIG.6.19
(a), the values from correlation are plotted as a function of the experimental ones. The
agreement is admissible in the frictional regime (S> 0.03), not in the non-frictional
one. FIG.6.19 (b) shows that, conversely to our correlation, experimental results from
[Chu et al., 2004] are not affected byh/d. As our experimental observations were con-
firmed by numerical simulations, we attribute these differences to possible backwater ef-
fects (please refer to CHAP.3) in [Chu et al., 2004]’s experiments. FIG.6.20 sketches data
from [Wang et al., 2011] for muddy water (CHAP.1 presented their results for clean water
for which, unfortunately, the water depth is not provided). Beware of the the water depth
h, that is measured by the authors in the downstream part of the channel, very downstream
of the reattachment location. FIG.6.20 shows puzzling results, as some data match well
while some others are at odd with our correlation. In fact, the different data series (group
of four or five points) correspond to different discharges. Such a dependency on a dimen-
sional parameter (the discharge) is questionable. We attribute this to the location of the
water depth measurement, leading to non relevant values ofSor h/d, and this can explain
the observed results. Unfortunately, no backwater curves are provided by the authors and
this makes impossible to emit any definite conclusion.
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Empirical correlationL/d = f (S,Rb,h/d)
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Figure 6.17: Comparison ofL/d from experiments and correlation (Eq.(6.26)), for dif-
ferentRb
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L/d dependency onS in the frictional regime
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Figure 6.20: The correlation for the data of [Wang et al., 2011]

Note that our correlation Eq.(6.26) is valid only forS> 0.003 that corresponds to
the present experimental range of parameters. For smallerS or higherh/d values, the
diameter of the large scale vortices of vertical axis becomes independent of bothh/d and
S. Yet, our correlation is dominated, for very smallSvalues, again byS−0.6 whenS→ 0,
asS−0.6 → ∞. A form suitable for the whole range of parameters would be:

L/d = [k1e−k4S2
+(1−e−k4S2

)S−0.6][1+(k2−1)e−k3(h/d)2] (6.27)

Whenh/d → 0, L/d → k2S−0.6 : this is the frictional regime. Whenh/d is high and thus
S→ 0, L/d → k1: this corresponds to the backward facing step. The intermediate region
is the non-frictional regime where the vertical confinement affects the large scale vortices
but where the bottom friction effect has a weaker influence compared with the kinetic en-
ergy redistribution. Nevertheless, the identification of the four coefficients (k1,k2, k3, k4)
could not be undertaken as, without experiments corresponding to the backward-facing
step, no values are available to identifyk1.

The influence of the different dimensionless parameters is now understood and cor-
roborated by the empirical correlation (6.26). In the frictional regime, a dependency such
asL/d ∝ S−0.6 was observed in our experiments, consistently with [Wang et al., 2011]
but at odd with [Chu et al., 2004]. The reason for thisL/d ∝ S−0.6 dependency is still to
be established. This is the aim of the next section.

6.5 L/d dependency onS in the frictional regime

In the frictional regime, the dependency ofL/d onSwe obtained isL/d∝S−0.6. This is at
odd with the literature where the tendency, proposed from experimental data, isL/d= a/S
(wherea=0.6 for [Babarutsi et al., 1989] anda= 0.7 for [Chu et al., 2004]).

We showed that the dependency ofL/d on Smust not be considered through consid-
erations on the flow at the scale of the mixing layer, but through a balance (namely of
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6. Analysis and understanding of the results

head) at the whole flow scale. We have shown that theS−0.6 dependency in the frictional
regime stems from the equilibrium between bottom friction and the streamwise pressure
gradient. Nevertheless, in the head balance equation, neither the pressure gradient nor the
recirculation length are knowna priori. Hence, willing to obtain theoretically theS−0.6

dependency, a closure law is required. To our knowledge, no such a closure law being
available, we use local equations to complete our integral approach at the control volume
scale.

6.5.1 Local differential flow equations

The same flow conditions as in the numerical simulations (CHAP.4) are considered here.
The water depthh is constant and the upper wall with a slip condition. A depth average
of the Navier-Stokes equations is operated, overh. As only the frictional regime is con-
sidered, an additional assumption (H6-5) is used. In this regime, the large scale vortices
of vertical axis have no influence on the crosswise kinetic energy transfers. Moreover,
the dissipation in the free-flow is well estimated by a bottom friction induced head loss.
Hence, the effects of both molecular viscosity and turbulence are discarded in the equa-
tions. They are considered as accounted for by the bottom friction.

Under this assumption, the depth averaged equations read:

∂u
∂x

+
∂v
∂y

= 0

u
∂u
∂x

+v
∂u
∂y

=−1
ρ

∂p
∂x

− τwx

ρh

u
∂v
∂x

+v
∂v
∂y

=−1
ρ

∂p
∂y

− τwy

ρh

(6.28)

In which p is the depth averaged pressure,h is the constant water depth,ρ is the fluid
density. u and v are the depth-average velocity components in thex andy directions,
respectively. These equations are different from Saint-Venant’s shallow water equations
as the water depth is constant and as they involve the pressure. The bed friction term is
derived as follows:

τwx
/

ρ =
1
2

cf u ·
∣
∣u2+v2

∣
∣

1
2

τwy
/

ρ =
1
2

cf v·
∣
∣u2+v2

∣
∣

1
2

(6.29)

wherecf is the bottom friction coefficient, assumed to be constant in the whole flow,
consistently with the assumption validated in the momentum balance section. It is related
to SasS=

cf d
2h . The Eq.6.28 thus explicitly contains the bed friction number becomes and
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Figure 6.21: Boundary conditions for the numerical simulations

writes:
∂u
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+
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u
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=−1
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∂p
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+S
v
d

√

u2+v2

(6.30)

6.5.2 Solver used for these equations

These equations are solved using the code StarCCM+. They correspond to 2D inviscid
Euler’s equations, in which two source terms, corresponding to the bed friction, must be
added. This is performed simply by using UDF (User Defined Functions).

The computational domain is a rectangle of variable widthB and length 8 m, which
is thus much longer than the recirculation zone, as seen in FIG.6.22. FIG.6.21 describes
the boundary conditions. The left side of the domain corresponds to the expansion. The
boundary condition is hence splitted in a wall (lengthd, lower part) featuring the expan-
sion and in a velocity inlet (upper part). The right boundary condition is a pressure outlet,
the pressure being always fixed asp= 2×105 Pa in the computations.B is adjustable to
obtain the differentRb.

The geometry is very simple and a rectangular mesh is chosen. Cells dimensions
are 30mm×7mm. They are refined in the vicinity of the expansion (0< x < 3m and
0< y <0.3m) with 3mm×3mm cells. The dependency of the results on the mesh was
checked as shown in the TAB.6.2.

For solving the Eqs.(6.30), an implicit unsteady solver is chosen, notably as diver-
gence problems were encountered with a steady solver forS<0.3. When the steady and
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6. Analysis and understanding of the results

Table 6.2: The dependency of the mesh size

L L/d Difference
Coarse 0.3 0.15 16%
Refine 0.33 0.165 Reference

Very refine 0.33 0.165 0%

u

3 3mm mm×

25 6mm mm×

5 0 2 5m m m m×

Figure 6.22: 3 different mesh zones. Note: this is the configuration ofRb=0.75.

unsteady computations were possible, they led to the same results. The time step was
defined it asLmesh

u0
=0.01 s. The precision chosen is second order. The maximum inner

iteration number is chosen as 100, which ensures a reasonable convergence in each 0.01 s
time step. The initial condition includes the inlet velocity (u=0.001 m/s) and the pressure
(2×105 Pa).

The computation convergence is first checked through the residuals. For our configu-
rations, all the residuals of continuity, momentum inx andy direction are in the magnitude
of 10−6 and keep constant and steady, as in FIG.6.23. The peak is the initial value at the
beginning of each time step. The convergence is confirmed by checking the stabilization
with time of the streamwise velocity, in different positions near the side wall fromx=0
to x=1.8, as in the FIG.6.24(Rb=0.625,S=0.1). We can see that although the residuals
experience a plateau at 15 s, thex-velocity atx=0.6 still decreases until 30 s.
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L/d dependency onS in the frictional regime

Table 6.3: The dependency of inlet velocity. Note:S=0.4,Rb=0.75

Inlet velocity(m/s) L L/d Difference
0.1 0.33 0.165 0%

0.575 0.33 0.165 reference
1 0.33 0.165 0%

Continuity
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Figure 6.23: 3 residuals with the iteration. Note:Config.Rb=0.625,S=0.1
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Figure 6.24: Time evolution of the velocityu in different positions near the side wall.
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6. Analysis and understanding of the results

6.5.3 Results of the simulation

Figure 6.25 gives an example of velocity fields obtained for different values ofS and
Rb. Note that no velocity gradient is imposed near the walls due to the inviscid fluid
assumption. It is worth noting that, despite Eq.(6.30) does not contain any dissipation
term, two main features are retrieved in the velocity field : (i) a momentum transfer
from the free-stream to the recirculation, extending the positivex-velocity to the walls
and (ii) a “mixing layer”, characterized by a strong crosswise velocity gradient, between
the free stream and the recirculation. In fact, dissipation is ensured by the two source
terms inx andy momentum equations: local bottom friction in the high velocity zone
promotes pressure gradient and then crosswise velocities. Crosswise momentum transfers
are ensured by this velocity component, with no need of momentum transfers due to
turbulence. They explain why both the streamwise velocity profile and the Coriolis kinetic
energy coefficientα2 do not evolve any more withh/d in the frictional regime.

The recirculation length is obtained by locating the zero velocity on the right wall.
The results are plotted in FIG.6.26. The three different series, corresponding to different
values ofRb, show the same tendency:L/d decreases asS increases, with an asymp-
totic behaviourS−0.6, consistently with the experiments of CHAP.3 and the simulations
of CHAP.5. Note that the velocity does not influence the result ofL/d as shown in the
TAB.6.3, consistently with the dimensional analysis.

The comparison of these numerical results with experimental results is emphasized by
FIG.6.27. For the highestSvalues, the dependency onS fairly matches the experimental
one. More, the frictional region whereS>0.2, that cannot be investigated during the
experiments, was extended toS=1 and keeps a similar tendency. Quantitative agreement
is satisfactory forRb=0.75, more questionable forRb=0.625 and 0.5. The fact that the
influence ofRb is not reproduced by the 2D, simplified equations is not surprising. Indeed,
in the frictional regime, as the kinetic energy distribution (orα2) is almost fixed,Rb acts
mainly through the Borda-Carnot recirculation head loss. The moreRb is small, the more
this recirculation is huge, which causes the parallel shift observed from one experimental
curve to another in the frictional regime. “Borda-Carnot” head losses are mainly caused
by the strong velocity gradients and the associated turbulence in the recirculation. With no
turbulence model nor molecular viscosity, the 2D simplified equations cannot reproduced
such head losses; only the bottom friction and slight difference onα2 causes the “slight”
differences between the three numerical inside the recirculation.

6.6 Chapter conclusion

Previous chapters showed that the relative recirculation length, plotted as a function of
the bed friction numberS, follows a bell-shaped curve, instead of a plateau followed
by a decrease as proposed in the literature. They showed that the bed friction number
S is not the only parameter ruling the dimensionless recirculation length, and that the
expansion ratioRb and the relative water depthh/d have comparable influences. This
chapter explained these results.
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Figure 6.25: Velocity fields obtained from Eq.(6.30)
(a) Rb = 0.75;S= 0.05
(b) Rb = 0.75;S= 0.8
(c) Rb = 0.5; S= 0.05
(d) Rb = 0.5; S= 0.8
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Chapter conclusion

Firstly, we confirmed thatS has a strong influence, but through the bottom friction,
at the whole flow scale, and not through a stabilizing effect on the vortices within the
mixing layer. The water depthh/d has a comparable influence. In fact,h/d accounts
for the diameter of vortices of vertical axis due to vortex shedding. When this diameter is
comparable to the expansion widthd, the vortices influence the kinetic energy distribution
in the free-stream. This decreasesL/d when increasingh/d.

Secondly, in experiments,S andh/d cannot be modified independently, asS is in-
creased notably by decreasingh/d. This causes the obtained, characteristic, bell-shaped
curvesL/d= f (S). These curves can be described from the left (S→ 0) to the right.
→ Very smallSvalues correspond to quite highh/d values: the flow is not affected by the
bottom friction and the vortices are not affected by the vertical confinement. The flow is
unconfined and non-frictional.L/d is constant and the expansion is in fact a (horizontal)
backward facing step.
→ WhenS increases and soh/d decreases, the bottom friction remains negligible but the
vertical confinement limits the size of the large scale vortices in the mixing layer, and thus
their influence on the kinetic energy distribution.L/d increases ash/d decreases (corre-
sponding to increasingSvalues). The regime is confined vertically but non-frictional.
→ WhenS increases further more, both the bottom friction and the vertical confinement
organise the flow. The flow is both frictional and confined.L/d evolves asS−0.6 instead
of S−1 as reported in the literature. This was explained thanks to our local equations:
in absence of any turbulent or viscous diffusion, the bottom friction creates crosswise
velocities and then momentum/kinetic energy exchanges.

Finally, the expansion ratioRb adds its influence on the preceding results, as it mod-
ifies both the “Borda-Carnot” head loss in the recirculation and the kinetic energy distri-
bution downstream of the recirculation.
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Conclusion

In this work, we have investigated a sudden, lateral expansion of an open-channel flow.
Such flow expansions could be considered as similar to a horizontal backward facing step,
but the vertical confinement effect and the associated bottom friction considerably affect
the flow.

Dimensional analysis suggested that two dimensionless parameters are necessary to
account for this confinement: the bed friction numberSalready proposed in the literature
but also the dimensionless water depthh/d. A third dimensionless parameter accounts
for the intensity of the expansion: the expansion ratioRb.

The influence of these parameters was studied first through experiments in a 8m long
open channel that was modified in order to allow adjusting the expansion ratio on demand.
A specific care was devoted to obtain results without backwater influences. Measurements
of water depth, velocity and associated turbulent characteristics, characterized the flow.
The experimental finding casted doubt on the results available in the literature: instead of
a plateau followed by a decrease, our curvesL/d= f (S) exhibited a bell-shape with a right
branch following aS−0.6 decrease.

Numerical simulations, performed using 3D RANS equations with the code Star-
CCM+, confirmed these results. More, they allow separating the influence of each pa-
rameter, which was not possible in the experiments where the roughness modification is
highly difficult. They showed that both the increase of the bed friction numberSand the
decrease of the relative water depthh/d decrease the recirculation length. This proves that
the “bell shape” (for increasingSvalues) is in fact the result of the double and opposite
influence of the increase ofSand the decrease ofh/d.

To understand these influences, a local approach, at the mixing layer scale was adopted
first. Velocities, velocity gradient, turbulent characteristics such as Reynolds stresses,
showed that the mixing layer behaves almost as a plane, shallow mixing layer. No con-
nexion was found between the mixing layer stability and the behaviour of the recirculation
length. Indeed, the “local” bed friction number derived using the mixing layer width was
always below its critical value. And yet, a sudden stop in the mixing layer widening was
observed, which is in fact due to a lateral wall effect, accounted for by the “global” bed
friction number derived using the expansion width.

Hence, an integral approach was adopted, using balances at the whole flow scale.
1. Momentum balance showed that the shear force exerted along the mixing layer is
negligible compared to the other forces.
2. Energy (head) balance explained the influence of the dimensionless parameters.
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Conclusion

When the water depth is high enough, the large scale vortices of vertical axis are big
enough to take on a share of the kinetic energy distribution throughout flow sections. This
results in smooth bumped velocity profiles in the free-stream. This effect disappears when
h/d is too small,i.e. when the vertical confinement is strong. When the bottom friction
is strong enough, corresponding to strong bed friction numbersS, it ensures the kinetic
energy redistribution by creating pressure gradients and transverse velocities, as shown
by simplified equations. This results in characteristics flat velocity profiles (plug flow)
in the free-stream. The expansion ratio participates both to kinetic energy redistribution
− adding its influence to the one ofh/d − and to the pressure gradients by modifying
the head losses in the recirculation− adding its influence to the one ofS. The combined
effects ofSandh/d explain the bell-shape curves obtained experimentally, that could be
reproduced by an empirical correlation involvingS, h/d andRb.

To conclude for the present work, the present results bring significant new knowledge
compared to the literature. They cast doubts on the two asymptotic regimes considered
so far and show that the bed friction number cannot by itself account for the recirculation
behaviour. Nevertheless, apart from these two deep re-assessments, our work should
be considered as a complement and as a clarification of existing works from McGill
University:
7→ Firstly, in spite of everything, we confirmed the influence of the bed friction number
on the recirculation zone downstream expansions, though we brought two fundamental
new results. Firstly, a distinction is necessary between the local bed friction numberS(x)
and the global bed friction numberS. This distinction is comparable to the one between a
flow Reynolds number and a particulate Reynolds number based an obstacle length scale,
thoughS andRecompare different forces in the flow. The (local) bed friction number
S(x) is derived using the mixing layer width: its comparison to a critical value tells on the
state of the vortices advected in the mixing layer and their stability. It can be associated
to the flow Reynolds number derived using the hydraulic diameter, which value tells if
the flow is laminar or turbulent, and gives information on the turbulence intensity. The
(global) bed friction numberS is derived using a fixed length scale, the expansion width,
a characteristic of the flow geometry. It informs on the equilibrium between the different
forces exerted on the free-stream and on the size of the recirculation. It can be associated
to a particulate Reynolds number which values inform on the shape and size of the wake
downstream of an obstacle.
7→ Secondly, we have shown that the bed friction numberS meaning is to quantify the
intensity of the bottom friction and its importance in the momentum and energy balances.
To refer to the flow regimes corresponding to small or highS, the names “frictional
/ non-frictional regimes” used by [Chu et al., 2004] are far more appropriate than the
names “shallow / deep water flows” used formerly [Babarutsi et al., 1989].
7→ Indeed, and this is the third point, our work establishes and explains the role of a
second dimensionless parameter, the relative water depthh/d. This parameter informs
on the intensity of the vertical confinement compelling the large scale vortices to take a
diameter proportional to the water depth.
7→ Finally, we showed that a third dimensionless parameters, the expansion ratioRb, has
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an influence comparable to the two former ones, by contributing both to the head losses
and the kinetic energy redistribution.

As a brief, according to the values of the dimensionless parameters, the flow follows
different regimes:
7→ according to the bed frictionS values, the flow can be non-frictional (smallS) or
frictional (largeS)
7→ according to the relative water depth, the flow can be vertically unconfined (largeh/d)
or confined (smallh/d)

Non-frictional, unconfined expansions are similar to backward-facing steps. Con-
fined, non-frictional flows are leaded by the confinement: the recirculation length in-
creases ash/d decreases. Frictional, confined flows are leaded by the bottom friction: the
recirculation length decreases asS increases.
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Prospects

In the short term, some aspects of our problem that could not be addressed during the
Ph.D could be investigated.
→ Firstly, in all probability, a more accurate empirical correlation can be derived using
more sophisticated and appropriate regression techniques, which was not performed due
to a lack of time.
→ Then, additional experiments with higher roughness would be interesting, notably to
investigate the transition between the different regimes and to determine if an “unconfined
and frictional” regime exists. Such experiments are difficult as additional roughness such
as bumps in a tear plate (our study) or strings laid transversally on the bottom (literature)
create additional eddies which are affected by the vertical confinement: the value of the
Darcy coefficient is then difficult to determine and is a function of the water depth. The
use of uniform canopies (artificial grass for example) could be a solution.
→ Afterwards, our experiments confirmed the correlation between the vertical confine-
ment (h/d) and the size of large scale vortices of vertical axis but a quantitative correla-
tion, in the formΛ = f (h/d)-all other paramters being kept equal- would be interesting
to understand more deeply the role of these vortices on the momentum/kinetic energy dis-
tribution.
→ Finally, technical solutions to avoid backwater effects encountered during the exper-
iments with small expansion ratio must be sought to allow investigating smallRb values
and understand more deeply the non-monotonic influence of this parameter.

In the medium or long terms, a more precise characterization of the different cells
(gyres) in the recirculation zone could be undertaken. Then, the implications of our re-
sults on sediment deposition could be investigated. Otherwise, our results could be used to
evaluate the ability of numerical simulation tools. Saint-Venant’s shallow water equations
are expected to give good results in the frictional regime - provided they reproduce cor-
rectly the dissipation in the recirculation zone - but the confined/non−frictional regime is
still a challenge due to the role of detached, large vortices. Our experiments could be also
a test case for 3D LES or DNS, more complex than the backward facing step, especially if
the free-surface reconstruction is undertaken. And yet, it would be interesting to check in
the literature concerning the backward facing if a lateral confinement was present in some
data, which could explain some discrepancies on the recirculation length. Finally, our
results could be applied to the retention or deposition reservoirs [Dufresne et al., 2010],
where a central jet separates two recirculation zones which interact with each other.
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Appendix A

The influence of the each term in Eq.(6.21) in CHAP.6.
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d’un éoulement tourbillonnaire en régime permanent.Canadian Journal of Civil En-
gineering, 13(3):310–318.

195

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0005/these.pdf 
© [L. Han], [2015], INSA de Lyon, tous droits réservés



Bibliography

[Ouillon and Dartus, 1997] Ouillon, S. and Dartus, D. (1997).Three-dimensional com-
putation of flow around groyne.Journal of hydraulic Engineering, 123(11):962–970.

[Peltier, 2011] Peltier, Y. (2011).Physical modelling of overbank flows with a groyne set
on the floodplain. Theses, Université Claude Bernard - Lyon I.
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