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Abstract This laboratory study aims at investigat-
ing the longitudinal development of a mixing layer in
a compound open-channel (two-stage geometry with
a main channel and adjacent floodplains). The flood-
plains are covered with two roughness types: either a
bed roughness representing a submerged dense meadow
or emergent roughness elements (cylinders) represent-
ing an alluvial forest. The theoretical background used
for plane mixing layers is adapted to the highly three-
dimensional mixing layer that develops at the main
channel/floodplain interface. The mixing layer width
is divided into two parts on either side of the interface.
For the wooded floodplain, the mixing layer width on
the floodplain side levels off downstream much more
rapidly than for the grassed floodplain. The lateral
profiles of normalised velocity and turbulence quanti-
ties are found to be self-similar in the longitudinal di-
rection for a fixed elevation. However, shallowness ef-
fects prevented the normalised lateral profiles of veloc-
ity and turbulence quantities from coinciding at dif-
ferent elevations. The respective contributions of lat-
eral Reynolds stresses and secondary currents to the
lateral exchange of momentum are estimated. At the
main channel/floodplain interface, the momentum ex-
change is driven by Reynolds stresses. In the main chan-
nel, both Reynolds stresses and secondary currents con-
tribute to the lateral flux of momentum. Secondary cur-
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rents are stronger with emergent macro-roughness ele-
ments than with bed-roughness only on the floodplains.
Large-scale turbulent coherent structures are investi-
gated based on two-point space-time correlations of ve-
locity. These structures are found to span the entire
floodplain flow depth, and their convection velocity is
close to the depth-averaged longitudinal velocity at the
interface. The coherent fluctuations of the longitudinal
and lateral velocities have different Strouhal number
values, similar to those found in plane mixing layers.

Keywords Laboratory study · Compound channel ·
Turbulent mixing layer · Coherent structures ·
Secondary currents · Cylinder array

1 Introduction

During high flood events a river may overflow its banks.
Then, a flow in a compound channel develops, cor-
responding to a two-stage geometry composed of the
river’s main channel and adjacent floodplains. The mix-
ing layer generated by the difference in velocity between
the deeper flow in the main channel and the shallower
flow in the floodplain has three-dimensional features
owing to the two-stage geometry and the vertical con-
finement of the flow (Knight and Shiono, 1990; Nezu
and Nakayama, 1997). The present study aims at ex-
perimentally investigating the streamwise development
towards longitudinal uniformity of the compound chan-
nel flow. This has scarcely been investigated so far. The
theoretical background developed for plane and shallow
mixing layers will be used and adapted for the com-
pound channel mixing layer.

As experimentally shown by Bousmar et al (2005),
the longitudinal development of the mean flow in a
straight compound channel is a slow process, which can
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be attributed to the mixing layer development. Thus,
the hypothesis of longitudinal uniformity for computing
compound channel flows may not be applicable in most
practical cases. The mixing layer between main channel
and floodplain plays a major role in redistributing mo-
mentum within the river cross-section and in particular
in accelerating the floodplain flow. A thorough compre-
hension of the mixing layer physical properties, of its
spatial extension and of its longitudinal development is
therefore an important point for computing compound
channel flows.

To understand the specificity of the compound chan-
nel mixing layer, one should remember the characteris-
tics of the plane and confined mixing layers in rectangu-
lar channels. The turbulent plane mixing layer is formed
by two parallel streams of different velocities without
vertical or lateral confinement of the flow. The width of
the turbulent plane mixing layer grows linearly and in-
definitely with increasing longitudinal distance from the
generation point. The growth rate increases with the
normalised velocity difference λ = (U1−U2)/(U1 +U2),
where U1 and U2 are the velocities outside the mixing
layer in the high speed stream and low speed stream, re-
spectively (Yule, 1972; Brown and Roshko, 1974; Oster
and Wygnanski, 1982). The growth rate is also sensitive
to experimental conditions such as the thickness and
state (laminar or turbulent) of the boundary layer at
the trailing edge of the splitter plates (Bell and Mehta,
1990). It can also be influenced by forced periodic ex-
citations near the splitter plates, caused e.g. by a res-
onance phenomenon in the experimental facility (Ho
and Huerre, 1984). Except in the wake of the splitter
plate, the flow in the turbulent plane mixing layer is
self-similar, i.e. the lateral profiles of longitudinal mean
velocity and of turbulence quantities are invariant in the
longitudinal direction, when they are normalised by the
velocity difference U1 − U2, and when the lateral coor-
dinate is normalised by the mixing layer width. Brown
and Roshko (1974) showed from shadowgraphs that
the velocity fluctuations of the plane turbulent mixing
layer are driven by 2D horizontal coherent structures,
whose shape and dynamics resemble the Kelvin vortex
of the laminar mixing layer. These coherent structures
are generated quasi-periodically.

Unlike the plane mixing layer, the shallow mixing
layer is a vertically confined flow under the influence of
both bed and free surface (Chu and Babarutsi, 1988;
Uijttewaal and Booij, 2000). If the influence of the bed
is sufficiently important, the mixing layer width levels
off downstream. This stabilisation is attributed to the
effect of the small-scale 3D bed-induced turbulence on
the 2D horizontal coherent structures.

Mixing layers can also be generated by a lateral
change in roughness across a flat channel. Such flows
were investigated by Vermaas et al (2011) in the case
of a rough bed adjacent to a smooth bed, and by White
and Nepf (2007) and Zong and Nepf (2010) in the case
of an array of emergent cylinders adjacent to a smooth
bed. Vermaas et al (2011) showed that in the fully devel-
oped flow region, the contribution of secondary currents
to the lateral exchange of longitudinal momentum can
exceed that of the lateral Reynolds stresses. This makes
an important difference with the plane mixing layer for
which longitudinal vorticity, although present, plays a
rather minor role in the lateral momentum exchange
(Bernal and Roshko, 1986). White and Nepf (2007)
and Zong and Nepf (2010) showed that, in a similar
way to shallowness, the presence of emergent rough-
ness elements on one side of the mixing layer makes the
mixing layer width stabilise downstream. This is at-
tributed to the high energy dissipation of the coherent
structures in the cylinder array. They found that the el-
ementary coherent structure is quasi-2D and consists in
a Kelvin-type vortex associated with a strong ejection
event (transfer of slow-moving fluid into the high speed
region) upstream of the vortex and a somewhat weaker
aspiration event (transfer of fast-moving fluid into the
low speed region) downstream of the vortex. The lat-
eral flux of longitudinal momentum is mostly due to
the ejection and aspiration events, while the contribu-
tion to this flux by the secondary currents is one order
of magnitude lower.

For practical reasons, plane and shallow mixing lay-
ers are always laterally confined in laboratory experi-
ments. This results in a reduction of the velocity differ-
ence U1−U2 and in a lateral homogenisation of the flow
when going downstream (Uijttewaal and Booij, 2000).
Furthermore, Wood and Bradshaw (1984) showed that
the presence of a side wall influences the turbulence
budget within the plane mixing layer, both before and
after the mixing layer reaches the wall.

Compared to the previous types of mixing layer, the
compound channel mixing layer has specific properties
that make the physical processes somewhat different
(e.g. Shiono and Knight, 1991; Proust et al, 2013). The
difference in flow depth and bed roughness between the
two subsections (main channel and floodplain) induces
an asymmetric mixing layer with respect to the main
channel/floodplain interface. The lateral distribution of
longitudinal velocity cannot therefore be represented
with an antisymmetric function such as hyperbolic tan-
gent or error functions as proposed for plane mixing lay-
ers. The friction on the bed induces a vertical boundary
layer that interacts with the mixing layer and makes it
three-dimensional, similarly to shallow mixing layers.
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Moreover, the compound channel mixing layer is lat-
erally confined, either by side walls or by the mixing
layer on the opposite floodplain. But contrary to plane
and shallow mixing layers, the lateral flow confinement
does not induce a reduction of the velocity difference
U1−U2 when going downstream, as the velocity differ-
ence is self-sustained by the two-stage geometry.

According to Knight and Demetriou (1983), Knight
and Shiono (1990) and Tominaga and Nezu (1991), the
main driving parameters of a straight compound chan-
nel flow are: the relative flow depth Dr = Hf/Hm

(ratio of the flow depth in the floodplain Hf to that
in the main channel Hm); the width-to-depth-ratios of
main channel and floodplain; the ratio of main channel
width to floodplain width; the roughness in each subsec-
tion; and, for trapezoidal subsections, the bank slopes
of the main channel and/or floodplain. The decrease in
relative depth Dr or the increase in the difference in
roughness between floodplain and main channel both
result in increasing the velocity difference across the
mixing layer and therefore in enhancing turbulence pro-
duction (Fernandes, 2013). Relative depth, width-to-
depth-ratios and bank slopes of each subsection largely
determine the secondary currents (Tominaga and Nezu,
1991; Blanckaert et al, 2010), which in turn play an
important role in the momentum distribution across
the compound cross-section (Kara et al, 2012). For
the same width-to-depth-ratio in the main channel and
the same relative flow depth, symmetric (two identi-
cal floodplains at both sides of the main channel) and
asymmetric (one floodplain at one side and a vertical
wall at the other side) compound sections lead to dif-
ferent flow fields (Proust et al, 2013). In symmetrical
layout the two opposite mixing layers at both sides of
the main channel can meet at the main channel centre-
line. In asymmetrical layout, the mixing layer can reach
the lateral boundary layer of the vertical wall.

Compound channel flows were investigated in pre-
vious laboratory studies for different types of flood-
plain roughness: smooth bed (Knight and Shiono, 1990;
Stocchino and Brocchini, 2010; Peltier, 2011), rough
bed (Nicollet and Uan, 1979; Tominaga and Nezu, 1991;
Fernandes, 2013) and emergent macro-roughness ele-
ments (Pasche and Rouvé, 1985; Kozioł, 2013). The
flow is generally analysed at a constant downstream po-
sition, where it is considered as fully developed. Only
few studies considered the longitudinal flow develop-
ment. Proust et al (accepted) in the case of a smooth
compound channel and Fernandes (2013) in the case
of a compound channel with rough floodplains showed
that the mixing layer width stabilises downstream and
that the initial growth rate is comparable to that of a
plane mixing layer.

Sellin (1964) already identified large-scale horizon-
tal coherent structures in compound channel flows.
Stocchino and Brocchini (2010) showed that macro-
vortices at the main channel/floodplain interface are
only present for sufficiently shallow flows (Dr < 0.5).
According to Proust et al (accepted), large coherent
structures can only be present for λ′ > 0.3, where λ′ =
(Ud1−Ud2)/(Ud1 +Ud2) is based on the depth-averaged
velocities (subscript d refers to depth-averaging). Tamai
et al (1986) showed that, despite the complex 3D organ-
isation of the coherent structures in compound channel,
their periodicity can be predicted by a 2D stability anal-
ysis.

The present experimental study investigates the lon-
gitudinal development of the compound channel mix-
ing layer for two flow configurations, with either a bed
roughness or an emergent cylinder array on the flood-
plain. The flow conditions are such that Dr < 0.5 and
λ′ > 0.3, therefore horizontal coherent structures are
present in the mixing layer and are investigated.

The experimental setup and the flow conditions of
the two test cases investigated are described in Section
2. The longitudinal development of the flows is anal-
ysed in Section 3. Then, the vertical heterogeneity of
the compound channel mixing layer is discussed in Sec-
tion 4. The effects of secondary currents and lateral
Reynolds stresses on the cross-sectional distribution of
momentum and on the force balance are presented in
Section 5. Finally, the coherent structures associated
with the mixing layer are investigated in Section 6.

2 Experimental setup and methodology

The experiments were performed in an 18m long and
3m wide glassed-wall flume, located in the Hydraulics
and Hydromorphology Laboratory of Irstea, Lyon-
Villeurbanne, France. The compound channel cross-
section was symmetrical and composed of a rectangu-
lar central main channel of width Bm = 1m and of
two adjacent floodplains of width Bf = 1m (see cross-
sectional view in Fig. 1). The longitudinal bottom slope
was S0 = 1.05mm.m−1. Both right and left floodplains
were covered with dense plastic grass, whose 5mm-long
blades were rigid. The main channel bankfull level, from
the bottom of the main channel to the crest of the grass
blades, was zBF = 115mm.

The x-, y- and z-axes refer to the longitudinal
(along flume bottom), lateral and vertical (normal
to flume bottom) directions, respectively. In this co-
ordinate system, the instantaneous velocities, time-
averaged velocities and velocity fluctuations are de-
noted (u, v, w), (U, V,W ) and (u′, v′, w′). Overline de-
notes time-averaging (e.g.u′v′). The origin of the lon-
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Fig. 1: Plan view and cross-sectional view (constant for 0 < x < 17.25m) of the compound channel flume.

gitudinal coordinate is defined at the trailing edge of
the upstream splitter plates (see below). The origin of
the lateral axis is located at the side wall of the right
floodplain. The origin of the vertical coordinate is de-
fined at the bottom of the main channel. In addition,
a relative vertical coordinate zf is defined from the
floodplain bottom (bankfull level of the main channel),
i.e. zf = z − zBF .

The inlet discharge in each of the three subsections
(main channel, right and left floodplains) was regulated
independently with a control valve and an electromag-
netic discharge-meter. The standard deviation of the
discharge time series was of the order of 1.5% of the
mean discharge value. After leaving the inlet tank, the
flows in the right and left floodplains were accelerated
along a ramp which elevation increases linearly from
z = 0mm to z = 115mm between x = −0.75m and
x = 0m (see plan view in Fig. 1). The streams in the
three subsections were separated by the vertical splitter
plates until the ramp end at x = 0. Water injection in
the three inlet tanks is located below the main channel
bottom level and oriented downwards. A 100mm-thick
honeycomb (8mm alveolus) was installed in the inlet
tank of the main channel to vertically and laterally ho-
mogenise the flow. Thus, the velocity and turbulence
fields are as homogeneous as possible at x = 0m. At the
flume outlet, the flow was controlled by three indepen-
dent weirs (one per subsection). Downstream splitter
plates maintained the flow in the three subsections sep-
arated over a distance of 50 cm upstream of the weirs.

Two flow test cases were investigated, with flood-
plains covered either with plastic grass only or with an
array of emergent cylinders set on the plastic grass.
These two roughness types represent a submerged
meadow and a woodland with emergent trees on the

floodplain, respectively. These two test cases are termed
CM (for Compound channel flow with Meadow over the
floodplains) and CW (for Compound channel flow with
Wood on the floodplains). The total discharge was the
same in the two test cases (Qtot = 162L.s−1). Following
Bousmar et al (2005) the upstream discharge distribu-
tion and the downstream weir levels were adjusted by
an iterative process in order to get a free surface parallel
to the channel bed and to minimize the lateral net mass
exchange between subsections. The flow conditions are
reported in Table 1. Subscripts f and m refer to the
floodplain and the main channel flow respectively.

The cylinder array for test case CW was made
of wooden circular cylinders that were uniformly dis-
tributed in staggered rows (see Fig. 2b). The cylinder
diameter was D = 10mm and the cylinder density
N = 81 cylinders.m−2. They were held together by an
emergent wooden superstructure (see Fig. 2a). The ac-
curacy of each cylinder position was ± 5mm in both
lateral and longitudinal directions.

The free surface levels were measured with ultra-
sonic sensors (UNDK20I69, Baumer) with an accu-
racy of ± 0.5mm. Longitudinal profiles of free sur-
face level were measured at 7 lateral positions (y =
300, 700, 1200, 1500, 1800, 2200, 2700mm) with a longi-
tudinal step of 1m. Each measurement was obtained by
averaging time series at 50Hz over 3min. In each sub-
section and for both flows, the average water depth was
found to be constant between x = 2 and x = 17m, with
discrepancies of ± 1mm. Two types of velocity measure-
ments were carried out: single-point measurements with
a unique ADV probe and two-point space-time correla-
tion measurements with two ADV probes. Side-looking
ADV probes were used (Vectrino Plus, Nortek), work-
ing with a sampling rate of 100Hz. The accuracy of the
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Table 1: Flow conditions of the two test cases: total discharge Qtot, discharge in the main channel Qm, discharge
in each of the two floodplains Qf , water depth in the main channel Hm, relative flow depth Dr, Reynolds number
Rei = 4Qi/(ν(2Hi +Bi)) and Froude number Fri = Qi/(H3/2

i g1/2Bi) in each subsection (i ∈ {m, f}).
Test Qtot Qm Qf Hm Dr Rem Frm Ref Frf
case (L.s−1) (L.s−1) (L.s−1) (mm)
CM 162 126 18 171 0.33 375,559 0.57 64,748 0.42
CW 162 134 14 214 0.46 375,350 0.43 46,745 0.14
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(a) (b)

Fig. 2: (a) Picture from downstream of the compound channel flume located at Irstea, with wooden cylinders set
on plastic grass over the floodplain (test case CW). (b) Plan view of the cylinder array arrangement for test case
CW.

ADV was ±0.5% of the measured value for the mean
velocities and ±1% for the Reynolds stresses. A record-
ing time of 120 s was found to be sufficient to obtain
mean velocities converged at ±0.2 cm.s−1 and Reynolds
stresses converged at ±0.2Pa. The recording time was
increased to 600 s for autocorrelations and spatial corre-
lation measurements. The ADV raw data were filtered
with the software WinADV based on the despiking con-
cept developed by Goring and Nikora (2002).

Velocity fields in the (y, z)-plane were measured
across the compound section at five x-stations along
the flume for test case CM and at four x-stations, but
only in the main channel, for test case CW (indeed
the high flow heterogeneity in the wooded floodplain
requires very refined measuring mesh). Figure 3 illus-
trates the measuring mesh used for test case CM at
x = 15.05m, consisting in 597 points. The lateral mesh
step ranged from 10mm (near the interface) to 100mm
(outside the mixing layer) and the vertical mesh step
ranged from 4mm to 15mm. Vertical profiles in the
main channel were composed of 20 measuring points
for test case CM and 24 points for test case CW.

The main channel discharge Qm was calculated by
integrating the velocity field over the main channel
cross-section for each x-station. The maximum discrep-

0 500 1000 1500 2000 2500 3000
y (mm)

0

50

100

150

z 
(m

m
)

Fig. 3: Cross-sectional measuring mesh used for ADV
measurements (test case CM).

ancy between the inlet main channel discharge (mea-
sured with the discharge-meter) and the discharge ob-
tained by velocity integration at the different x-stations
was 1.1% for test case CM and 0.9% for test case
CW. The discharge distribution between subsections
was thus considered to be constant along the channel
for both test cases.

Given the symmetry of the compound cross-section,
we mostly present measurements across the right-hand
half of the flume (0 < y < 1500mm). The vertical
(x, z)-plane at the main channel/floodplain boundary
is called interface and the right-hand interface position
is denoted yint (yint = 1000mm).
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3 Longitudinal flow development

3.1 Cross-sectional distribution of flow quantities

Figure 4 shows cross-sections of mean longitudinal ve-
locity U(y, z) (total cross-section) and lateral turbu-
lence intensity ρv′2(y, z) (500 < y < 1500) at different
x-stations for test case CM. The flow is fairly symmetri-
cal about the main channel centreline. The distribution
of both U and ρv′2 is evolving when going downstream
until becoming fairly constant from x = 13.15m. The
maximum velocity is located beneath the free surface
and progressively moves upwards when going down-
stream, from z ≈ 60mm at x = 3.35m to z ≈ 115mm
at x = 13.15m. As will be shown in Section 5.1, sec-
ondary currents are mostly responsible for the location
of the U -maximum. The turbulence level in the dark
blue region at x = 3.35m (Fig. 4f) is

√
u′2/U = 0.036,

indicating that the flow is weakly turbulent when leav-
ing the inlet tanks. The main source of turbulence in the
channel is the mixing layer, which creates a region of
high lateral turbulence intensity around y = 1000mm.
This turbulence region expands on either side of the
interface when going downstream. Another source of
turbulence is the boundary layer induced by the bot-
tom and the side walls of the main channel and this
turbulence diffuses towards the free surface when going
downstream.

Figure 5 shows U(y, z) and ρv′2(y, z) for test case
CW, but only in the right-hand half cross-section of the
main channel. The observations are similar to test case
CM (upward displacement of the region of maximum
velocity, lateral extension of the turbulence region at
the interface, turbulence production at the main chan-
nel bottom).

The distributions of U and ρv′2 are very similar in
the three last measuring stations for both flows (this
was also observed for the other turbulence quantities).
An analysis of the vertical profiles of U , u′2, v′2 and
u′v′ at the interface (not shown here, see Dupuis, 2016)
shows that the development towards a constant value is
faster for test case CW than for test case CM, all these
flow quantities being constant at the interface beyond
x ≈ 6m and x ≈ 11m, respectively. However, the seem-
ing longitudinal uniformity of the flow field, inferred
from a visual observation of Figs. 4 and 5, will be inval-
idated in the next section when analysing the mixing
layer properties.

3.2 Mixing layer

3.2.1 Inflection point position

For plane mixing layers, U(y) is antisymmetric (of hy-
perbolic tangent type). Thus the centre of the mixing
layer can be equally defined as (i) the geometrical centre
of the mixing layer, (ii) the lateral position yU0 where
the velocity U0 = (U1 + U2)/2 is reached, and (iii) the
lateral position yIP of the inflection point in U(y). In
compound channels, these three positions do not neces-
sarily collapse (see sketch in Fig. 6a). As the inflection
point is the primary source of flow instability (Fjortoft,
1950), we consider here the inflection point position as
the centre of the mixing layer. The position of the in-
flection point yIP has been observed to be constant over
the depth and whole length of the flume, and is located
very close to the interface, at yIP = 1000± 5mm for
both test cases CM and CW. The position of yIP is
thus essentially driven by the position of the vertical
bank, i.e. by the topographical forcing caused by the
two-stage geometry.

3.2.2 Mixing layer width

The mixing layer width was estimated at different x-
positions at a constant altitude zf = Hf/2. To take
into account the asymmetry of the compound channel
mixing layer with respect to the interface, two mixing
layer widths on either side of the interface are defined:
the main channel mixing layer width δm and the flood-
plain mixing layer width δf (see sketch in Fig. 6a), such
that :

U(yIP + δm/2) = U1 + UIP
2 (1)

U(yIP − δf/2) = U2 + UIP
2 (2)

where U1 is the maximum velocity in the main channel,
U2 is the velocity in the floodplain outside the mixing
layer in the plateau region and UIP is the velocity at the
inflection point. These definitions are consistent with
the choice of yIP as the mixing layer centre. Note that
for an antisymmetric mixing layer (UIP = U0), the total
mixing layer width δtot = δm + δf is the same as the
one defined by Van Prooijen et al (2005). In the case of
a mixing layer induced by a cylinder array adjacent to
a smooth bed, White and Nepf (2007) also defined two
independent length scales on the high- and low-speed
sides of the mixing layer.

Figure 6b shows the longitudinal evolution of widths
δm and δf . The measurement accuracy of δi, evalu-
ated by repeating the measurements, was better than
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Fig. 4: Development towards longitudinal uniformity of a compound channel flow with plastic grass over the flood-
plains (test case CM).(a-e) Mean longitudinal velocity U across the total compound cross-section and (f-j) lateral
turbulence intensity ρv′2 in the right-hand half cross-section at various x-positions. Regions where measurements
are unavailable are shaded grey.

±5mm. The main channel mixing layer width δm in-
creases all along the flume for both test cases. Width
δf levels off at x ≈ 5m in the wooded floodplain (CW);
the observed scatter can be attributed to local varia-
tions in bed topography or cylinder position. For test
case CM, only the two last values of δf are close to
each other. Given that these two measurements are suf-
ficiently away from the channel outlet for not being in-
fluenced by the end conditions, it can be inferred that
δf has probably stabilised at x ≈ 13m for test case CM.
The growth rate in the main channel is similar for both
test cases (∂δm/∂x ≈ 10mm.m−1) and is lower than
that observed on the floodplain side for test case CM
(∂δf/∂x ≈ 14mm.m−1).

Previous studies highlighted three effects that can
induce a stabilisation of the mixing layer width: verti-
cal flow confinement (Chu and Babarutsi, 1988), lateral
flow confinement (Wood and Bradshaw, 1984) and the
presence of emergent roughness elements, like a cylin-
der array (White and Nepf, 2007). In the present ex-
periments, the smooth main channel is too wide and
the flow too deep compared with the length of the
flume to observe a stabilisation of the mixing layer
width. In many compound channel experiments pre-
sented in the literature, the main channel is much nar-

rower than in the present case (Peltier, 2011; Stocchino
and Brocchini, 2010). Thus lateral confinement be-
comes significant and the mixing layer is constrained
more rapidly when developing downstream, either by
the lateral boundary layer in the case of an asymmetri-
cal compound channel or by the opposite mixing layer
in the case of a symmetrical compound channel. Fer-
nandes (2013) observed that the mixing layer width on
the main channel side was the same for smooth and
rough floodplains for identical relative depth Dr; this
suggests that the dynamics of δm is weakly influenced
by the floodplain roughness but is mostly driven by the
main channel geometry.

The likely stabilisation of δf in the grassed flood-
plain can be explained by vertical confinement. Chu
and Babarutsi (1988) normalised the stabilisation dis-
tance of the shallow mixing layer width x in the form
x∗ = xcf/H, where H is the water depth and cf is
the average bed friction coefficient across the mixing
layer (cf = 0.5(cf1 + cf2) with cfi = τb/(0.5ρU2

i ),
i ∈ {1, 2} and τb the bed shear stress). They found
that the shallow mixing layer reaches a constant width
at x∗ ≈ 0.6-1. Considering only the floodplain part
of the mixing layer, we can define x∗f = xcf,f/Hf ,
where cf,f = τb/(0.5ρU2

f ). We then obtain x∗f = 1.6



8 Dupuis et al.

x = 3.37 m U (cm.s
-1

)

0

100

200

z
 
(m

m
)

20 40 60
x = 3.37m �v�2 (Pa)

0 5

x = 8.66 m

0

100

200

z
 
(m

m
)

x = 8.66 m

x = 12.99 m

0

100

200

z
 
(m

m
)

x = 12.99 m

x = 15.08 m

1000 1100 1200 1300 1400

y (mm)

x = 15.08 m

1000 1100 1200 1300 1400 1500

y (mm)

0

100

200

z
 

(m
m

)

(a)

(b)

(g)

(f)

(e)

(d)

(c)

(h)

Fig. 5: Development towards longitudinal uniformity of a compound channel flow with an emergent cylinder array
on the floodplains (test case CW). (a-d) Mean longitudinal velocity U and (e-h) lateral turbulence intensity ρv′2
in the right-hand half cross-section of the main channel at various x-positions. Regions where measurements are
unavailable are shaded grey. The black edge on the vertical axis indicates the bankfull level of the main channel.

U

y

yIP

U1

U2

UIP

(U1+UIP)/2

(U2+UIP)/2

�
m/2

�
f /2

yU0

U0

(a) 

0 5 10 15
x (m)

100

150

200

250

δ
 (

m
m

)

δ
m

 CM

δ
f
 CM

δ
m

 CW

δ
f
 CW

(b) 

Fig. 6: (a) Definition of the main channel and floodplain mixing layer widths, δm and δf , calculated from the
lateral profile of mean longitudinal velocity U . (b) Longitudinal variation in δm and δf at zf/Hf = 0.5.



Mixing layer development in compound channel flows 9

(x ≈ 13m) for test case CM, which is of the same order
of value suggested by Chu and Babarutsi (1988).

The rapid stabilisation of δf for test case CW can
be related to the presence of the cylinder array. Ac-
cording to White and Nepf (2007) and Zong and Nepf
(2010), the lateral penetration of the mixing layer and
of the associated coherent structures into a cylinder ar-
ray is limited by the strong energy dissipation due to
the cylinder drag.

It can be concluded that none of the two flows
reached longitudinal uniformity at the downstream end
of the channel, unlike the first visual impression from
observing Figs. 4 and 5. A refined investigation of the
mixing layer shows that the total mixing layer width
δtot = δm + δf always increases along the flume.

3.2.3 Self-similar flow development

The theory of plane mixing layer (Yule, 1972) states
that the lateral profiles of mean velocity and turbu-
lence quantities are self-similar in their longitudinal de-
velopment, except in the near-field region, where the
flow is still influenced by the splitter plate wake. We
therefore decided to investigate the likely self-similarity
of the compound channel mixing layer. Lateral pro-
files U(y),

√
u′2(y) and u′v′(y) are plotted in Fig. 7 for

both test cases at a constant elevation zf = Hf/2. The
three quantities are normalised by the velocity differ-
ence U1 −U2, similarly to plane mixing layers. To take
into account the asymmetry of the mixing layer, the lat-
eral coordinate y is normalised by δf in the floodplain
and by δm in the main channel. Apart from the most
upstream profile (blue ’+’) that may still be influenced
by the upstream boundary conditions, the mixing layer
is found to be self-similar for both test cases.

Table 2 shows the normalised peak values of
√
u′2,√

v′2 and
√
u′v′ measured at zf = Hf/2 for test cases

CM and CW, compared with typical values for plane
mixing layers (Olsen and Dutton, 2002) and with values
for shallow mixing layers (Uijttewaal and Booij, 2000).
For test case CW, the peak values are measured 120mm
downstream of the cylinder positioned at y = 980mm,
such that the peak values are not due to the cylinder
wake. Some higher values of

√
u′2max/(U1 − U2) and√

u′v′max/(U1−U2) are observed for test case CW but
globally the peak turbulence values for plane, shallow
and compound channel mixing layers are of the same
order of magnitude.

Table 2: Normalised peak values of
√
u′2,

√
v′2 and√

u′v′ for the compound channel test cases CM and CW
at zf = Hf/2, for the plane mixing layer (PML, from
Olsen and Dutton, 2002) and for the shallow mixing
layer (SML, from Uijttewaal and Booij, 2000).(√

u′2
)

max

U1−U2

(√
v′2
)

max

U1−U2

(√
u′v′
)

max

U1−U2

CM 0.17 0.11 0.10
CW 0.21 0.13 0.13
PML 0.17 0.14 0.10
SML 0.13 0.11 0.09

4 Vertical heterogeneity of the mixing layer

4.1 Mixing layer widths and λ-ratio

Vertical profiles δm(z) and δf (z) at x = 15.05m for test
case CM and at x = 11.76m for test case CM are pre-
sented in Fig. 8a. Both widths δm and δf increase when
going towards the free surface. However, the increase
in δf in the wooded floodplain (CW) is less significant
than for δf in the grassed floodplain (CM) and for δm
for both roughness types. This is related to the verti-
cal homogenisation of the flow exerted by the cylinder
array (Liu et al, 2008; Dupuis et al, 2016).

At constant elevation zf/Hf = 0.5, the normalised
velocity difference λ = (U1 − U2)/(U1 + U2) approx-
imately increases from 0.40 to 0.50 for test CM and
from 0.70 to 0.74 for test case CW between x = 2 and
x = 15m (not shown). This longitudinal increase in λ is
due to the increase in the maximum velocity in the main
channel U1, whereas U2 keeps nearly constant at fixed
elevation. Vertical profiles λ(z) are shown in Fig. 8b.
For both test cases, a strong increase is observed near
the floodplain bottom zf/Hf = 0, which is due to the
decrease in U2 near the floodplain bottom. Similarly to
δf , variations of λ along the vertical are larger for test
case CM than for test case CW.

The compound channel mixing layer is therefore
very heterogeneous in the vertical direction. However,
the presence of an emergent cylinder array makes the
mixing layer more two-dimensional.

4.2 Lateral profiles of mean velocity and turbulence
quantities

Lateral profiles U(y), u′v′(y),
√
u′2(y) and

√
v′2(y) at

x = 13.15m and at three different elevations zf/Hf =
0.27, 0.50 and 0.89, are presented in Fig. 9 for test case
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CM (study not performed for test case CW). These lat-
eral profiles have been normalised in the same way as
in Fig. 7, widths δi and velocities U1 and U2 being cal-
culated at the considered elevation. The profiles do not
coincide over the depth, particularly on the floodplain
side (y− yIP )/δi < 0. The magnitudes of the peak tur-
bulence quantities vary across the water column, as well
as the position of the peaks. These vertical variations
can be attributed to the shallowness effect in the flood-
plain: due to bed-induced turbulence, the turbulence
budget and flow equilibrium are necessarily different in

the near bed region and in the free-surface region. On
the main channel side, where shallowness effects are
lower, the differences between the normalised profiles
are less important.

On the floodplain side, in the near interface re-
gion −1 < (y − yIP )/δi < 0, a different behaviour
can be observed between

√
u′2/(U1 − U2) on the one

hand, which increases when approaching the bed (from
zf/Hf = 0.89 to 0.27), and

√
v′2/(U1 − U2) and√

u′v′/(U1 − U2), on the other hand, which decrease
when approaching the bed. This could be explained
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as follows. Quantity u′2 increases near the bed under
the effect of bed-induced turbulence. The influence of
bed-induced turbulence is less intense on v′2: accord-
ing to Nezu and Nakagawa (1993)

√
u′2/U∗ = 2.30

and
√
v′2/U∗ = 1.63 at the bed level, where U∗ is the

shear velocity. On the other hand, the bed-induced tur-
bulence practically does not contribute to u′v′. There-
fore the dominant contribution to v′2 and u′v′ for
−1 < (y − yIP )/δi < 0 is the mixing layer turbulence,
which can be assumed to decrease near the bed, because
the small-scale 3D bed turbulence tends to disorganize
the large 2D turbulent coherent structures, compared
to the upper water column. Besides, we note that when
moving away from the interface towards the floodplain,
i.e. (y−yIP )/δi < −1, the levels of

√
u′2/(U1−U2) and√

v′2/(U1 − U2) remain high at zf/Hf = 0.27, com-
pared to the profiles at zf/Hf = 0.50 and 0.89 upper
in the water column. This is due to the contribution
of bed turbulence in the overall turbulence. The ratio√
u′2/

√
v′2 is about 2, which is higher but on the same

order of magnitude as that given by Nezu and Naka-
gawa (1993), i.e. 1.4.

5 Effects of secondary currents and lateral
Reynolds stresses in the main channel

5.1 Cross-sectional distribution of longitudinal velocity

Figure 10 shows cross-sectional distribution U(y, z),
V (y, z) and −ρu′v′(y, z) in the main channel at x =

15.05m for test case CM (left charts) and at x =
12.99m for test case CW (right charts).

In the presence of grassed floodplains (test case
CM), U(y, z) is characterized by two quasi-symmetric
high velocity regions, separated by a velocity dip at
ycentre = 1500mm, the centre of the channel (Fig. 10a).
The two symmetric velocity peaks are located at
z/Hm ≈ 0.73 and at about (y − ycentre)/Bm = ± 0.15.
In contrast, for the flow with wooded floodplains CW
(Fig. 10d), the contour-lines of U are concentrically dis-
tributed around a unique velocity peak, which is lo-
cated at ycentre = 1500mm and at z/Hm ≈ 0.54. The
contour-lines of U suggest that the distribution of lon-
gitudinal momentum is influenced by both turbulent
mixing and secondary current cells.

The region |ρu′v′| > 0.7Pa is depicted in Figs. 10c
and 10f by red dotted lines. This region is more ex-
tended for test case CW than for test case CM. There-
fore the turbulent diffusion of low momentum fluid from
the floodplain to the main channel is more significant
with emergent cylinders than with bed roughness only.
As a result, the contour-lines of U are more curved to-
wards the main channel centreline for test case CW
(Fig.10d) than for test case CM (Fig.10a).

The vertical mean velocities W could not have
been reliably measured with the ADV probe. Neverthe-
less, from the distribution of the lateral mean velocity
V (y, z), shown in Figs. 10b and 10e, we can infer the
presence of six secondary current cells for test case CM
(depicted in Fig. 10a with black arrows) and of four cells
for test case CW (Fig. 10d), symmetrically distributed
about ycentre = 1500mm.



12 Dupuis et al.

0

0.2

0.4

0.6

0.8

1

(U
−

U
2
)/
(U

1
−

U
2
)

z
f
/H

f
 = 0.27

z
f
/H

f
 = 0.50

z
f
/H

f
 = 0.89

-0.5

0

0.5

1

1.5

−
u
′
v
′
/(
U

1
−

U
2
)2
(×

1
02
)

-3 -2 -1 0 1 2
(y-y

IP
)/δ

i

0.05

0.1

0.15

0.2

√

u
′
2
/
(U

1
−

U
2
)

-3 -2 -1 0 1 2
(y-y

IP
)/δ

i

0

0.05

0.1

0.15

√

v
′
2
/(
U

1
−
U

2
)

(a) (b) 

(c) (d) 

Fig. 9: Lateral profiles of normalised (a) mean longitudinal velocity, (b) lateral Reynolds stress, (c) longitudinal
turbulence intensity and (d) lateral turbulence intensity at x = 13.15m and at three different elevations for test
case CM. Width δi = δf on the floodplain side and δi = δm on the main channel side.

The upper cell close to the interface for test case
CM (cell 1) is characteristic of compound channel flows
(Tominaga and Nezu, 1991) and is commonly called
main channel vortex. This cell is usually associated with
a counter-rotating cell on the floodplain side, the flood-
plain vortex, which is not observable with the present
data. The cell close to the bottom (cell 2) has also
been observed by Tominaga and Nezu (1991) for rel-
ative depths Dr between 0.25 and 0.5. A third cell (cell
3) is observed near the main channel centreline. This
cell is not directly related to the compound channel ge-
ometry. It advects slow fluid from the bottom region up
to the free-surface and generates a velocity dip at the
main channel centreline.

Only cells 1 and 2 are observed for test case CW.
They advect slow fluid from the interface region and
from the lower main channel corner towards the main
channel centreline and induce a concentric contour-line
pattern. The absence of cell 3 is consistent with the ab-
sence of velocity dip at the centreline. When comparing
the lateral velocity vectors in Figs. 10b and 10e, it ap-
pears that the secondary current magnitude is globally

higher with emergent rigid cylinders over the floodplain
than with bed roughness only.

Cell 3 for test case CM spans the entire flow depth,
a characteristic that is typical for secondary cells in flat
straight channels (Blanckaert et al, 2010). The width-
to-height ratio of cells 1 and 2 taken together is 2 for test
case CM and 2.3 for test case CW, therefore relatively
close. Assuming that the width-to-height ratio of cells
1+2 is a constant for the present channel geometry and
as the water depth is higher for test case CW than for
test case CM, the absence of cell 3 for test case CW
could then only be due to lack of space, which prevents
the development of a couple of two symmetric cells near
the channel centreline.

For compound channel flows with relative depths
Dr = 0.25 and 0.5, Tominaga and Nezu (1991) found
the width-to-height ratio of cells 1+2 to be of the order
of 1 with both smooth and rough floodplains. Similarly
to the present study, the width-to-height ratio of cells
1+2 does not depend on the floodplain roughness. How-
ever, this ratio is of the order of 2 in the present study,
though Reynolds and Froude numbers are similar. It
suggests that this ratio does depend on other factors
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that could be the geometry of the compound channel
(ratio Bm/Hm, symmetric or asymmetric channel).

5.2 Lateral exchange of longitudinal momentum

The time-averaged and depth-averaged lateral ex-
change of longitudinal momentum reads (Proust et al,
2013):

ρ(uv)d = ρ(u′v′)d + ρ(U(V − Vd))d + ρUdVd (3)

where subscript d refers to depth-averaging. In the case
of longitudinal uniformity, the depth-averaged lateral
velocity Vd is equal to zero; thus the lateral exchange of
momentum ρ(uv)d is driven by lateral Reynolds stresses
and secondary currents only (first and second terms on
the right-hand side of Eq. 3). Figure 11 shows the lateral
distribution of these two terms in the main channel. The
contributions of turbulent mixing and secondary cur-
rents to the lateral exchange of momentum are globally
of the same order of magnitude. However, at the main
channel/floodplain interface y = 1000mm, while the

turbulent exchange is maximum, the momentum flux by
the secondary currents vanishes. Thus, secondary cur-
rents only redistribute longitudinal momentum within
the main channel and do not contribute significantly to
the momentum exchange between the main channel and
floodplains. This result is consistent with the previous
analysis of Van Prooijen et al (2005).

The shape of ρ(U(V − Vd))d(y) is similar for both
test cases (fit with a fifth order polynomial function
in Fig. 11b) although the cross-sectional distribution of
the secondary current cells is very different (Fig.10). In
particular, the lateral positions of the extremum values
of ρ(U(V −Vd))d are the same (y = 1200 and 1800mm).
The secondary currents advect momentum in the same
direction as the lateral Reynolds stresses.

5.3 Depth-averaged force balance

The depth-averaged momentum equation in the main
channel for a steady uniform flow reads (see e.g. Shiono
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and Knight, 1991):

S0 = 1
gHm

∂Hm(UV )d
∂y

+ 1
gHm

∂Hm(u′v′)d
∂y

+ τb
ρgHm

(4)

The three terms on the right-hand side of Eq. 4 relate
to secondary currents, lateral Reynolds shear stress and
bed friction, respectively. They were calculated from
the experimental data and are plotted in Fig. 12 for
both flow cases, after normalisation by S0. The sum
of the three contributions in Fig. 12 should therefore
be equal to 1, which is approximatively the case. Note
that the second term on the right-hand side of Eq. 4
also takes into account the friction on the side walls.
Bed shear stress (and lateral shear on the side walls)
was calculated using the logarithmic law applied to the
vertical (and horizontal) velocity profiles in the near
wall region.

In the region 1000 < y < 1200mm, the force due to
secondary currents tends to accelerate the flow and is
therefore opposite to the force due to lateral Reynolds
stresses (lateral Reynolds stresses are partly counter-
balanced by the secondary current force). Both forces
are of the same order of magnitude (CM) or even one
order of magnitude higher (CW) than the bed friction
force. In the region 1200 < y < 1500mm, both forces
are resistant and lower than the bed friction.

To conclude on secondary currents, they advect lon-
gitudinal momentum from the main channel centreline
towards the interface region (Fig. 11b), this lateral mo-
mentum flux being maximum at y = 1200mm (when
considering the right-half main channel) and vanishing
at the interface with the floodplain. Secondary currents
exert a driving force on the fluid (on an infinitesimal
volume of width dy) in the region 1000 < y < 1200mm
(Fig. 12), that is opposite the lateral Reynolds stresses

and of the same order of magnitude, and exert a re-
sistance force on the fluid in the region 1200 < y <

1500mm, that is of the same sign and of the same or-
der of magnitude as the lateral Reynolds stresses.

6 Coherent structures

6.1 Definitions and procedure

The time series of longitudinal and lateral velocities
feature large quasi-periodic oscillations in the interface
region, as illustrated in Fig. 13a. These oscillations are
the signature of coherent structures that are generated
by the mixing layer. Quantities u and v are in opposite
phase, so that these coherent events can be considered
as an alternate succession of large sweeps (u′ > 0, v′ <
0, when considering the mixing layer at the right-hand
interface) and ejections (u′ < 0, v′ > 0, idem).

The two-point space-time correlation function is de-
fined by (Shaw et al, 1995):

R
(j)
ik (ξj , τ) =

u′i(xj , t)u′k(xj + ξj , t+ τ)(
u′2i (xj , t)u′2k (xj + ξj , t)

)1/2 (5)

where ξj and τ are the spatial and time lags, i, j, k ∈
{1, 2, 3}, (x1, x2, x3) = (x, y, z) and (u1, u2, u3) =
(u, v, w).

The Eulerian integral time scales of the longitudinal
and lateral velocity fluctuations τ11 and τ22 are calcu-
lated from the autocorrelation functions R(−)

11 (0, τ) and
R

(−)
22 (0, τ), respectively, and taken as four times the first

zero-crossing, as sketched in Fig. 13b. Indeed, the first
zero crossing of R(−)

ii (0, τ) corresponds to a quarter pe-
riod for a periodic signal.
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Furthermore, for a given space lag ξj , the maximum
correlation R(j)

ii,max is the correlation at the time lag τ
that maximises R(j)

ii :

R
(j)
ii,max(ξj) = max

τ
R

(j)
ii (ξj , τ). (6)

The autocorrelation functions R(−)
11 and R

(−)
22 were

calculated with the raw time series. In order to remove
the influence of the small scale fluctuations, which are
uncorrelated even for small spatial lags, the two-point
space-time correlations were calculated with low-pass
filtered signals, using a Savitzky-Golay smoothing filter
(Matlab function ’sgolayfilt’). Low-pass-filtered velocity
signals are shown in Fig. 13a for test case CW (black
lines).

6.2 Phase velocity

If the coherent velocity fluctuations are considered as
waves that propagate downstream, one can define the
phase velocity of the coherent fluctuations of the lon-
gitudinal and lateral velocity, U11 and U22. Using the
Taylor hypothesis, the Eulerian integral time scales can
then be converted into longitudinal Eulerian integral
length scales with the equation L(1)

ii = Uiiτii.
The experimental determination of phase velocity

Uii is often a difficult task. Zaman and Hussain (1981)
tested different assumptions for approximating phase
velocity (local instantaneous velocity, local mean veloc-
ity, etc.) and found that the best results were obtained
by taking a constant velocity across the entire coherent
structure, equal to the mean velocity at the centre of
the structure. In our study, a direct estimation of the
phase velocities was undertaken at some locations, in
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order to assess the best choice for approximating Uii.
Phase velocity was evaluated by tracking the coherent
events between two points separated by a longitudinal
spatial lag (space-time correlation in the longitudinal
direction). The coherent events were detected using the
local velocity maximum in the low-pass filtered time
series; only coherent events that could be clearly recog-
nized were selected. Phase velocities were obtained by
averaging about 100 selected coherent events.

Phase velocities U11 and U22 at the interface (y =
1000mm) and at elevation zf = Hf/2 for both test
cases CM and CW are presented in Table 3 and are
compared with the local mean longitudinal velocity and
with the depth averaged mean longitudinal velocity.
Phase velocities U11 and U22 are identical within the
measurement accuracy for both test cases. The depth-
averaged velocity at the interface seems to give a rather
good estimate of the phase velocities. The local mean
velocity is not adapted, especially for test case CM,
for which it would overestimate by 15% the measured
phase velocity.

In the following, when using the Taylor hypothesis,
the phase velocity is taken as the depth-averaged lon-
gitudinal velocity at the interface and is assumed to
be constant over the depth, following the recommen-
dations of Zaman and Hussain (1981). No distinction
is made between the phase velocity of longitudinal and
lateral velocity fluctuations.

Table 3: Estimation of the phase velocities of longitu-
dinal and lateral velocity fluctuations U11 and U22 at
the interface (y = 1000mm) and at zf = Hf/2 for test
cases CM (x = 14.80m) and CW (x = 14.55m). Com-
parison with depth averaged mean longitudinal velocity
Ud and the local punctual time-averaged velocity Ulocal.

Test case U11 U22 Ud Ulocal
CM 45.5± 3 46.5± 3 48± 1 53± 1
CW 39± 3 36± 3 40.5± 1 39± 1

6.3 Longitudinal evolution

Figure 14a shows longitudinal profiles τ11(x) and τ22(x)
at the interface y = 1000mm and at zf/Hf = 0.20 for
test case CM and zf/Hf = 0.60 for test case CW. Time
scales τii, and therefore the longitudinal size of the co-
herent structures, grow approximately linear up to the
channel end for test case CM. The coherent structure
size is fairly constant for test case CW after x ≈ 10m.
For both flows τ11 is higher than τ22, which implies, by

using the Taylor hypothesis, that the coherent struc-
tures related to U are longer than those related to V .
The ratio τ11/τ22 is about 1.4 for CM and 1.25 for CW,
which is very close to the values found by Nikora et al
(2007), i.e. between 1.19 and 1.37, for large-scale coher-
ent structures in super- and sub-critical shallow open-
channel flows. The present results suggest that coherent
structures are not characterised by a single frequency
but at least by two different frequencies for the longi-
tudinal and lateral velocity components.

Figure 14b shows the longitudinal length scales
L

(1)
11 and L

(1)
22 scaled by the total mixing layer width

δtot = δm + δf . It appears that the longitudinal size of
the coherent structures is approximatively proportional
to the total mixing layer width, especially far from the
channel ends, between x = 5 and x = 15m. A similar
result was obtained for plane mixing layers by Brown
and Roshko (1974), who showed that the mean distance
LCS between two successive coherent structures is pro-
portional to the vorticity width of the mixing layer,
defined by δω = (U1 − U2)/(dU/dy)max, and they esti-
mated LCS/δω ≈ 2.9. The present results show that the
ratios L(1)

ii /δtot depend on floodplain occupation and
are higher for the compound channel flow with wooded
floodplains than with grassed floodplains.

According to Ho and Huerre (1984), the coher-
ent structures of the plane mixing layer are generated
with a preferred mode, which is characterised by the
Strouhal number St = fθ/U0, where f is the passage
frequency of the coherent structures and θ is the mo-
mentum thickness of the mixing layer, defined by:

θ =
∫ +∞

−∞

(
1
4 −

(
U − U0

U1 − U2

)2
)
dy. (7)

The natural Strouhal number of the plane mixing layer
is St = 0.032 for sufficiently low free stream velocities.
If the free stream velocities are such that the initial
boundary layers at the splitter plates are turbulent,
the Strouhal number of the plane mixing layer is in-
creased to St = 0.044-0.048 (Ho and Huerre, 1984). Fig-
ure 15 shows the longitudinal evolution of the Strouhal
number for test case CM. The Strouhal number is cal-
culated either with the passage frequency of the u-
fluctuations θ/(τ11U0) or with the passage frequency of
the v-fluctuations θ/(τ22U0). The momentum thickness,
which measures the difference in momentum with re-
spect to a potential flow formed by two parallel streams
of uniform velocities U1 and U2, is calculated with
a more general definition, adapted for an asymmetric
mixing layer:

θ =
∫ yIP

−∞ (U2
2 − U2)dy +

∫∞
yIP

(U2
1 − U2)dy

(U1 − U2)2 . (8)
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Fig. 14: (a) Longitudinal evolution along the interface (y = 1000mm) of the integral time scales τ11 and τ22 for
test cases CM (at zf/Hf = 0.20) and CW (at zf/Hf = 0.60). (b) Integral length scales L(1)

11 and L(1)
22 normalised

by the total mixing layer width.

Figure 15 shows that the Strouhal number is not con-
stant when going downstream but stabilises around x ≈
12m. The value θ/(τ11U0) converges to 0.034, i.e. close
to the value of the plane mixing layer. The Strouhal
number associated with the v-fluctuations θ/(τ22U0)
converges to a somewhat higher value of 0.044.

For test case CW the computation of θ is biased by
the cylinder wakes that cause velocity dips in the lat-
eral profile of U . In the case of a mixing layer caused by
an array of emergent cylinders on the low speed side,
White and Nepf (2007) found the passage frequency
of the coherent structures to be equal to the Strouhal
number value of the plane mixing layer St = 0.032 (they
computed θ based on the lateral profile of the spatially
averaged longitudinal velocity, which smooths the cylin-
der wakes).

It can therefore be concluded that the Strouhal
number value St ≈ 0.032 for mixing layers is quite uni-
versal, irrespective of the different mixing layer types.
However, the present study points out that the Strouhal
numbers associated with the u- and v-fluctuations are
a priori different, and that for the compound channel
mixing layer, the Strouhal number is not constant in
the near-field region.

6.4 Vertical extension

Figure 16a shows vertical profiles τ11(z) and τ22(z) for
test cases CM and CW. Time scales τ11 and τ22 are
nearly constant across the water column (a decrease of
about 10% is observed from the floodplain bottom to
the free surface). Assuming a constant phase velocity
over the depth, as stated in Section 6.2, it follows that
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Fig. 15: Longitudinal evolution of the Strouhal num-
ber associated with the mixing layer of test case CM.
Measurement at zf/Hf = 0.5.

the integral length scales L(1)
11 and L

(1)
22 , and therefore

the longitudinal size of the coherent structures, are also
constant across the water column. The ratio τ11/τ22 is
constant over the depth and is about 1.3 for both test
cases CM and CW (see Section 6.3).

In order to investigate the vertical extent of the
coherent structures, two-point space-time correlations
were carried out in the vertical direction. The refer-
ence probe was kept constant near the free surface (at
position (xr, yr, zr) = (13.82m, 1000mm, 166mm) for
test case CM and (13.76m, 1000mm, 192mm) for test
case CW) and the moving probe was moved downwards.
Figure 16b shows the maximum correlation R(3)

11,max(z)
and R(3)

22,max(z). A slight loss of correlation is observed
when the two probes are moved away from each other,
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Fig. 16: (a) Vertical variation in the integral time scales τii of the longitudinal and lateral velocity fluctuations
for test cases CM (at x = 15.05m) and CW (at x = 13.76m) at the interface (y = 1000mm). (b) Maximum of
correlation R

(3)
ii,max in the vertical direction for test case CM with reference probe at (xr = 13.82m, yr = yint,

zr = 166mm) and for test case CW with reference probe at (xr = 13.76m, yr = yint, zr = 192mm); the vertical
position of the reference probe is marked with dotted lines.

mainly for test case CM, but the maximum correlations
for the two velocity components remains high (> 0.8).
It suggests that the coherent structure forms a unique
entity that spans the entire water column.

7 Conclusion

Two compound channel flows with floodplains covered
with either a bed roughness (meadow-type vegetation)
or an emergent cylinder array installed on a bed rough-
ness (wood-type vegetation) were experimentally inves-
tigated. The two flows were developing downstream
without reaching a uniform state, but were charac-
terised by self-similarity. The main results are sum-
marised below:

– To take into account the asymmetry of the com-
pound channel mixing layer, two mixing layer
widths on both sides of the mean velocity inflection
point were defined: δm on the main channel side and
δf on the floodplain side.

– Both the growth rate of the mixing layer and the sta-
bilisation of its width differed on the main channel
side and on the floodplain side. Width δf stabilised
under the effect either of vertical flow confinement
or of the presence of emergent roughness in the
floodplain. The latter effect was stronger than the
former. The wide main channel used in the present
study prevented a stabilisation of δm by lateral flow
confinement within the flume length. Therefore no
state of longitudinal flow uniformity was observed.

– The compound channel mixing layer was self-similar
in the longitudinal direction at a given elevation,
when the flow quantities were normalised by the ve-
locity difference across the mixing layer and the lat-
eral coordinate was normalised by δm or δf on either
side of the inflection point.

– The compound channel mixing layer was highly het-
erogeneous in the vertical direction, in particular the
mixing layer width increased and the dimensionless
velocity difference λ decreased from the floodplain
bottom to the free surface. The presence of emergent
roughness elements in the floodplain homogenised
the mixing layer in the vertical direction. The nor-
malised lateral profiles of velocity and turbulence
did not coincide at different elevations, notably on
the floodplain side, because of an increasing effect of
bed-induced turbulence on mixing layer turbulence
from the free surface to the floodplain bottom.

– The present study confirmed that the contribu-
tion of secondary currents to the momentum ex-
change between floodplain and main channel is neg-
ligible (Van Prooijen et al, 2005). However, sec-
ondary currents played a major role in the re-
distribution of longitudinal momentum within the
main channel and exerted a force on the fluid that
was on the same order of magnitude as the lateral
Reynolds stresses. Secondary currents were stronger
with wooded floodplains than with grassed flood-
plains.

– Turbulent coherent structures in the form of a suc-
cession of large sweep and ejection events were ob-
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served in the compound channel mixing layer. The
phase velocity of the coherent structures could be
roughly approximated by the depth-averaged lon-
gitudinal velocity at the main channel/floodplain
interface. The longitudinal length scale of the co-
herent structures scaled with the total mixing layer
width. The longitudinal and lateral velocity fluc-
tuations were characterised by different Strouhal
number values. These Strouhal number values were
comparable to those found for plane mixing layers
St = 0.032−0.044. Spatial correlations of the veloc-
ity signals showed that coherent structures spanned
the entire floodplain flow depth and had a constant
length over the water column.
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