
Received: 8 September 2022 / Accepted: 7 October 2024 / Published online: 16 October 2024
© The Author(s), under exclusive licence to Springer Nature B.V. 2024

  João N. Fernandes
jnfernandes@lnec.pt

  João B. Leal
joao.leal@uia.no

  António H. Cardoso
antonio.cardoso@tecnico.ulisboa.pt

1 Hydraulics and Environment Department, National Laboratory of Civil Engineering, Lisbon, 
Portugal

2 Faculty of Engineering and Science, Universitetet i Agder, Kristiansand, Norway
3 CERIS and DECivil, Instituto Superior Técnico, Lisbon University, Lisbon, Portugal

Shear Layer Development and Fully Developed Flows in 
Compound Channels

João N. Fernandes1,2  · João B. Leal2 · António H. Cardoso2,3

Water Resources Management (2025) 39:1055–1072
https://doi.org/10.1007/s11269-024-04005-5

Abstract
In alluvial river reaches, flood events are characterized by the inundation of the adjacent 
land near the main channel course. In these compound channel or overbank configurations, 
the flow structure is much more complex than in a single channel due to interactions be-
tween faster and deeper flow in the main channel and the slower and shallower flow in the 
lateral floodplains. Moreover, the interactions may be enhanced by the floodplain rough-
ness as this region is usually covered by vegetation. The present study aims at understand-
ing the streamwise flow development and the turbulent flow structure in such conditions. 
An experimental campaign was carried out in a laboratory compound channel. An iterative 
procedure to obtain the uniform flow was followed by successive change of the discharge 
distribution and downstream levels. In total, nine uniform flows were studied, namely (i) 
six with floodplains made of polished concrete and (ii) three with synthetic grass covering 
the floodplains. The boundary and mixing layers are presented and the effects of the shal-
lowness and of the floodplain roughness on main flow mechanisms are assessed.
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1 Introduction

During flood events the increase of the total conveyance of rivers is achieved with the inun-
dation of the surrounding fields. As a result of the frequent occupation of the floodplains, 
this phenomenon can be a serious threat to population, environment and goods. When this 
overbank or compound channel flow occurs, important interactions between the faster flow 
in the main channel and the slower flow in the floodplains are observed. These interactions 
imply the exchange of mass and momentum among the flows, controlled by the mixing 
layer formed near the interface. Previous studies identified velocity gradient between the 
flows in main channel and floodplains (herein called sub-sections) as one of the main influ-
ential factors of interfacial large-scale vortices with vertical axis (e.g. Nezu et al. 1999).

In these overbank flows, the discharge for a given flow depth is much more difficult to 
predict than in single channels and several methods were developed to overcome this issue 
(Bousmar et al. 2016; Rahimi et al. 2022). Analytical solutions to predict the conveyance of 
compound channel were developed by Zeng et al. (2012) who identified the friction factor 
as the main influencing parameter and the much smaller effect of the dimensionless eddy 
viscosity on the precision of predictions.

To understand the development of the mixing layer between flows with different veloci-
ties, several studies have been developed over the last decades (e.g. Yule 1972). Chu et al. 
(1991) pointed out the importance of knowing the lateral spreading of the mixing layer as 
well as the stabilizing influence of the bottom friction. Booij and Tukker (2001) associated 
the width of the mixing layers with the development of the coherent structures responsible 
for the lateral momentum transfer.

Depending on the water depth, plane (or free) and shallow water mixing layers can be 
observed. In plane mixing layers, the velocity gradient between two streams is a source 
of turbulent kinetic energy and two-dimensional turbulent structures are generated. Fur-
ther downstream, these structures become unstable and disintegrate into three-dimensional 
turbulence.

In shallow flows, three types of mixing layers can be generated namely (i) flows in 
straight channel with lateral roughness changes; (ii) confluences of flows with different 
velocities and (iii) compound channel flows (Vermaas et al. 2011).

For the study of the shallowness effect on the development of mixing layers, Uijttewaal 
and Booij (2000) carried out two experiments in a single channel where two flows with dif-
ferent velocities interacted. The bottom friction was found to affect the streamwise develop-
ment of the mixing layer due to two factors, namely the decrease of the velocity gradient and 
the suppression of the Kelvin-Helmholtz instabilities that govern the spreading of that layer. 
For higher discharges, the mixing layer behaves as a plane mixing layer and self-similarity 
is maintained.

Depending on the flow characteristics, Booij and Tukker (2001) identified three regions 
in the longitudinal development of shallow-water mixing layers. In the first region, the 
width of the layer is smaller than the water depth and the influence of the bottom on the 
mixing layer is weak. In this region, the flow develops as a free mixing layer, but the bottom 
turbulence can slightly increase the initial spreading rate. In the second region, the bottom 
friction has a major influence on the development of the mixing layer, leading to a decrease 
of its spreading rate. Here, horizontal large-scale eddies develop with dimensions larger 
than the water depth. In the third region, these macro-vortices display horizontal dimensions 
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much larger than the water depth. The stabilizing influence of the bottom friction suppresses 
the generation of new large-scale eddies, leading to the equilibrium of the mixing layer.

Stocchino and Brocchini (2010) carried out velocity measurements in the water surface 
of a compound channel flow using Particle Image Velocimetry (PIV). The transverse gradi-
ent of the bottom elevation in compound channels was considered as the main factor for the 
generation of the horizontal macro-vortices. The water depth difference near the interface 
can sustain the generation of macro-vortices. Stocchino and Brocchini (2010) found that, 
for low relative depths (hr, ratio between floodplain and main channel flow depths), hr < 
0.33, the typical size of these vortices, generated near the interface, is independent of the 
streamwise coordinate as soon as the flow is fully developed. This suggests the importance 
of the topographic forcing which is not present in plane mixing layers.

Despite the extensive study of the flow characteristics in compound channels in both 
laboratory (e.g. Proust et al. 2016; Vojoudi Mehrabani et al. 2020; Prasad et al. 2022) and 
field (e.g. Myers and Lyness 1994), issues related to the longitudinal development of the 
interaction between the flows in main channel and floodplain and the characteristics of the 
mixing layer and scales are not fully studied.

In this work, the flow development in the longitudinal direction of a compound chan-
nel and the corresponding mixing layer width will be analysed. In the present compound 
channel experiments, downstream the initial separating plates of the main channel and the 
floodplains, in cross-section x = 0 m, the flows in main channel and floodplains start to inter-
act with each other and a mixing layer develops. The interaction of two flows with different 
velocities implies the exchange of mass and momentum among them. The mixing layer 
between the flows controls this exchange, which may include pollutants or sediments. After 
the verification of the boundary layer development in the centre of the main channel, for one 
flow case, the longitudinal evolution of the mixing layer width and the streamwise velocity 
and lateral shear stress will be analysed. For this propose, velocity measurements in four 
cross-sections are evaluated for six uniform flows: (i) three on floodplains made of polished 
concrete and (ii) three on synthetic grass covering the floodplains. Furthermore, the fully 
developed flows will be discussed for nine uniform flows.

2 Experimental Details

2.1 Experimental Setup and Instrumentation

The experimental campaign took place in a 10.0 m long and 2.0 m wide symmetrical 
and straight compound channel located at the National Laboratory for Civil Engineering 
(LNEC). The cross-section comprised two lateral rectangular floodplains (floodplain width, 
Bfp = 0.7 m) and one trapezoidal and central main channel (bank full height, hb = 0.1 m, 
main channel width, Bmc = 0.6 m, and 45° lateral bank slope, sy = 1). The cross-section of 
the compound channel is presented in Fig. 1, where hmc and hfp stand for the main channel 
and the floodplain flow depths, respectively.

The channel bottom was made of polished concrete and its longitudinal slope was 
s0 = 0.0011 m/m. Six experiments were performed for the original polished concrete bottom 
(herein called smooth boundary), while three experiments were conducted with synthetic 
grass on the floodplains (rough boundary). Preliminary tests in a single channel were carried 
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out to characterize the bed roughness resulting Manning’s coefficient, n = 0.0092 m–1/3s for 
polished concrete and n = 0.0172 m–1/3s for synthetic grass.

Following the recommendation of Bousmar et al. (2005), separated inlets for the main 
channel and for the floodplains were installed. For each subsection, the incoming flow dis-
charge was controlled with a valve and monitored through an electromagnetic flow meter 
with the accuracy of ± 0.1 l/s. At the downstream end of the flume, independent tailgates for 
each subsection were used to adjust the water levels in the flume.

Water surface levels were measured with a point gauge (with an accuracy of ± 0.1 mm) 
in 9 cross-sections at 12 lateral positions per cross-section.

Velocity measurements were carried out with a side looking Acoustic Doppler Velocim-
eter (ADV-vectrino). The acquisition time was fixed in 3 min at each measuring position, at 
a sampling frequency of 100 Hz. The velocity data were despiked with the filter of Goring 
and Nikora (2002). Only correlations and SNR higher than 70% and 15 dB, respectively, 
were considered. To align the ADV probe with the longitudinal direction, the pitch angle 
was slightly modified to get a depth averaged transverse velocity, V, equal to 0 near the 
floodplain sidewall. This correction was considered in the computation of the local mean 
velocity and the velocity fluctuations.

2.2 Experimental Procedure, Flow Cases and Control Variables

The longitudinal development of the compound channel flow and the corresponding bound-
ary and mixing layers were analysed. For this purpose, velocity measurements were per-
formed in several cross-sections.

Since, for a given flow depth, the subsection discharge distribution corresponding to uni-
form flow was not known a priori, an iterative procedure was followed to impose it at x = 0 
m (cf. Fernandes et al. 2018). The experimental conditions are listed in Table 1, where, apart 
from the variables previously defined, Qmc and Qfp are the main channel and the floodplain 
discharges, respectively, and hr= hfp/hmc stands for the relative flow depth.

The reference of each experiment (first column of Table 1) is to be read as: “hr” followed 
by “relative depth in percentage” and by “s” or “r” (for smooth and rough floodplains, 
respectively). Froude numbers are presented per subsection, Fri = Ui/

√
gRi , where U  

is the cross-sectional average velocity, R is the hydraulic radius and subscript i stands for 
either main channel, mc, or floodplain, fp. The flow is subcritical for all tests, which is con-

Fig. 1 Schematic representation of the compound channel
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sistent with the use of three independent downstream gates to control the flow depth in each 
subsection. The Reynolds number, Re = 4UiRi/ν , where ν  is the kinematic viscosity, is 
also included in Table 1.

After verifying the symmetry of the flow conditions, only half of the cross-section was 
investigated. In the half cross-section, the measuring mesh comprised 22 measuring verti-
cals, 3 measuring points per vertical in the floodplain (between 0.4hfp and 0.8hfp) and 7 in 
the main channel (between 0.10hmc and hb+0.8hfp).

For most flow cases, the velocity measurements were conducted in cross-sections x = 1.1 
m, 3.0 m, 5.0 m and 7.5 m from the inlet section. As presented in Table 1, for flow cases 
hr01s, hr020s and hr038s, only cross-section at x = 7.5 m was surveyed. Whenever addi-
tional measurements were made in specific points, they were referred in the text.

3 Streamwise Flow Development

3.1 Boundary Layer

Near fixed walls, the flow velocity increases from zero at the wall to a value that, in the case 
of unbounded-layer flows, corresponds to external frictionless flow (Schlichting 1968). In 
open-channels, fully developed flows are reached when this boundary layer occupies the 
entire flow depth.

The development of the boundary layer was assessed in the centre of the main channel 
for the flow case hr30s. For that purpose, vertical profiles of the streamwise velocity were 
measured in six cross-sections. The results are presented in Fig. 2, where the logarithmic-
law profile u (z) /u∗ = 1/kln (zu∗/ν ) + 5.1, where−

u (z)  is the time-averaged velocity at 
elevation z, u∗  is the friction velocity and k is the von Kármán constant (0.4), is also plotted 
(doted lines).

The streamwise velocity evolves longitudinally and becomes approximately self-similar 
between x = 7 m and x = 8 m where the universal log-law fits the measurements. At the most 
downstream cross-section, the influence of the downstream gates is observed. Keeping in 
mind that a compound channel flow is being analysed, some influence of 3D turbulence is 
expected in the centre of the channel. Therefore, other small discrepancies are ascribable to 
the interaction between main channel and floodplain flows. Despite that, a good agreement 
with the logarithmic-law profile is observed.

According to Schlichting (1968), the boundary layer thickness in turbulent flow, δ ′ , may 
be defined by δ ′ /x = 0.37(U∞ x/ν )−1/5 where, U∞  is the external flow stream velocity. 
In the case of open channel flows, U∞  is frequently replaced by the free surface flow veloc-
ity, which, in turn, is practically equal to the maximum flow velocity of a given profile.

Note that the cross-section x = 0 m is located at the end of the splitting plate between the 
main channel and the floodplain but the channel starts approximately 1 m upstream and 
therefore the development of boundary layer starts at x = − 1.0. Applying the previous equa-
tion to the present flow conditions, it may be concluded that at x = 7.5 m the boundary layer 
thickness should be approximately 0.145 m (ν  = 1.2 × 10-6 m2s–1 for water at 15°) and it 
will extend over the whole flow depth. Comparing the calculated boundary layer thickness 
with the main channel flow depth (hmc = 0.1402 m), it seems reasonable to assume that the 
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boundary layer occupies the entire flow depth at x = 7.5 m. The same is true for the remain-
ing flow cases characterized in Table 1.

3.2 Shear Layer

Due to the change on the flow depth between main channel and floodplain, streamwise 
velocities will have lateral variations in compound channels and a shear layer is observed in 
the interface between the subsections. The longitudinal development of the flow and shear 
layer in compound channels was assessed for the 6 uniform flow experiments, namely, flow 
cases hr015s, hr015r, hr020s, hr020r, hr030s and hr030r. For these flow cases, measure-
ments were conducted at cross-sections x = 1.1 m, 3 m, 5 m and 7.5 m (cf. Table 1).

The streamwise velocity, u , scaled by the cross-section averaged streamwise velocity, 
Uave, is shown in Fig. 3 where y stands for the lateral distance to the main channel centre and 
z for the vertical distance to the main channel bottom.

The streamwise velocity distribution in the four cross-sections reveals, for all flow cases, 
the longitudinal development of the boundary layer and the mixing layer. As mentioned 
before, the former may be recognized for instance in the region near the centre of the chan-
nel (y ≈ 0 m), by the velocity difference which extends until the last two cross-sections, 
x = 5.0 m and x = 7.5 m.

The development of the interaction between the flows in the main channel and in the 
floodplains is particularly evident in flow case hr015r. From x = 3.0 m to x = 7.5 m, the 
streamwise velocity in the main channel decreases due to the interaction with the slower 
floodplain flow. This effect leads to a distortion of the isovels, especially in the region above 
the bankfull level where the influence of the floodplain flow is mainly observed. The oppo-
site effect is observed in the floodplain flow. Along the longitudinal direction, floodplain 
flow near the interface is accelerated due to the interaction with the main channel flow.

The main driving factor for the mixing layer generation is the gradient of the stream-
wise velocities in the two subsections (e.g. Dupuis et al. 2017). Defining Uh and Ul as the 
depth-averaged velocities outside of a mixing layer, in the regions of higher and lower 
velocities, respectively, the following three characteristic parameters may be defined: (i) 
characteristic convection velocity of the mixing layer, Uc = (Uh + Ul) /2; (ii) the charac-

Fig. 2 Vertical profiles of the streamwise velocity in the centre of the channel for flow hr30s
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Fig. 3 Cross-section distribution of the streamwise velocity along the compound channel
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teristic velocity difference, Us = Uh − Ul  and (iii) the characteristic mixing layer param-
eter, λ ml = (Uh − Ul) / (Uh + Ul).

According to Champagne et al. (1976), the longitudinal spreading rate parameter can be 
defined as Sp = Uc/Usdδ /dx  where δ  is the mixing layer width and therefore dδ /dx is 
the longitudinal spreading of the mixing layer width. In the case of free mixing layers, with-
out any boundary confinement the longitudinal spreading rate parameter must be constant 
according to Pope (2000). Values of Sp equal to 0.097 or ranging from 0.06 to 0.11 were 
reported in the literature. The variation in the measured values of Sp in the literature from 
one experiment to another is partly attributed to the state of the flow leaving the splitter plate 
(e.g. Slessor et al. 1998).

In the case of compound channel flows, mixing layer width can be defined using different 
criteria. Figure 4(a) presents the criterion defined by Pope (2000), where the lateral position 
yα  can be indirectly determined using Uyα = Uh + α Us  (for 0 < α  < 1). The definitions of 
U0.1, U0.9, y0.1 and y0.9 are schematically presented for a typical depth-averaged streamwise 
velocity profile of a compound channel flow. Pope (2000) defined the mixing layer width, δ
, as the difference between positions y0.1 and y0.9, i.e., δ = | y0.9 − y0.1| ,  and van Prooijen 
et al. (2005) used the equation δ = 2 |y0.75 − y0.25| .

The longitudinal variation of the mixing layer width, δ, derived from the depth-averaged 
velocity measurements is presented in Fig. 4(b). The spreading rates of δ, Sp = 0.06 and Sp 
= 0.11 are also included.

Fig. 4  Mixing layer (a) Definitions (criterion defined by Pope  2000). (b) Longitudinal evolution of the 
mixing layer width and (c) mixing layer width for the experimental data of the present study
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The width of the mixing layer increases along the longitudinal direction from upstream 
to downstream. This pattern is accompanied by the occurrence of advected turbulent eddies 
and a maximum turbulence along this mixing layer due to the increased shear and velocity 
gradient (cf. Han et al. 2016).

In the upstream reach of the compound channel (x < 1.1 m), the mixing layer devel-
ops with spreading rates similar to those of plane mixing layers. Higher growth rates are 
observed for flow cases on smooth floodplains. Due to the effect of the additional friction 
caused by the bottom wall, a decrease in the growth rate can be observed between the sec-
ond and the third cross-sections, x = 3.0 m and x = 5.0 m and further downstream. Similar 
decrease was observed, for instance, by Uijttewaal and Booij (2000), in the development of 
shallow mixing layers generated by two flows with the same depths but different velocities.

In shallow-water flows, the spreading of the mixing layer is restrained by the additional 
friction due to the bottom. Additionally, in such flows, there is a geometrical restriction of 
the water motion and eddies larger than the water depth cannot move or stretch in the verti-
cal direction. For flow cases with the same relative depth but different floodplain roughness 
the development of the mixing layer is slower for rough floodplain.

The lateral shear stresses were also obtained from the velocity measurements. The lon-
gitudinal evolution of the lateral shear stress in the vertical plane, −ρ u′ v′ , is presented 
in Fig. 5.

The magnitude of the lateral shear stress increases along the longitudinal direction. Due 
to the higher velocity gradient between the flows in each subsection, it was found that the 
roughness in the floodplains enhances the lateral shear stress near the interface between the 
main channel and the floodplain. For all flow cases, the turbulent shear layer spreads later-
ally towards the main channel and floodplain in the downstream direction.

The highest shear regions and the peaks of lateral shear stress are located close to the 
main channel edge. This region is located in the same lateral position (approximately y = 0.28 
m) for almost all flow cases and longitudinal cross-sections. This position falls close to the 
location of the centre of the mixing layer, y0.5 (definition on Fig. 4a).

4 Developed Flows in Compound Channels

4.1 Turbulent Flow Structure

From the previous results it seems reasonable to consider that, with the exception of hr038s, 
the mixing layer and the boundary layer are fully developed for all flow cases in the cross-
section located at x = 7.5 m. The present analysis of the developed flow in compound 
channels will be performed for that cross-section. The time-averaged streamwise velocity 
distributions, u , at that cross-section are presented in Fig. 6 for the nine uniform flow cases. 
The same figure (right column) shows the depth-averaged streamwise velocity, U, which 
writes U = 1

H

∫ H

0 udz .
In both cases, velocity distributions are scaled by the averaged cross-section streamwise 

velocity, Uave.
The streamwise velocity distribution is strongly influenced by the relative depth and the 

roughness of the floodplains.
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The curvature of the isovels in the main channel towards its centre is observed for smaller 
relative depths. This effect is induced by the slower floodplain flow and it is enhanced in 
the flow cases with rough floodplains. The roughness of the floodplains not only reduces 
the velocity in the floodplains but it strongly affects the main channel flow. It highlights the 
mixing between the flows in the main channel and in the floodplain and it is in accordance 
with the results of Nezu et al. (1999) for relative depths bellow 0.33.

With the increase of the relative depth, the isovels in the main channel become closer to 
what can be observed in a single trapezoidal channel.

Fig. 5 Cross-section distribution of the lateral shear stress along the compound channel
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Fig. 6  Time-averaged streamwise veloc-
ity, u  , and depth-averaged streamwise 
velocity,  U , scaled by the cross-section 
averaged streamwise velocity, Uave, in 
cross-section  x  = 7.5 m
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It is observed that the isovels do not bulge upward near the interface, suggesting that the 
secondary currents are not strong enough to influence the streamwise velocity distribution.

Regarding the depth-averaged streamwise velocity, the floodplain is wide enough for the 
establishment of a constant value in the depth-averaged streamwise velocity.

The reduction of the velocity gradient between main channel and floodplain flows with 
the increase of the relative depth is observed. On contrary, rough floodplains lead to an 
increase in the velocity gradient.

Figure 7 presents the distribution of the time-averaged lateral shear stress in the cross-sec-
tion x = 7.5 m for the nine flow cases under uniform flow. In the same figure (right column) the 
lateral distributions of the depth-averaged lateral shear stress, τ d

xy = 1
H

∫ H
0

(
−ρ u′ v′

)
dz

, are also presented.
The results of the cross-section distribution of lateral shear stress show the influence 

of the interaction between the main channel and the floodplains flows. The depth-aver-
aged lateral shear stress is approximately equal to zero far from the interface (y < 0.2 m 
and y > 0.4–0.5 m). The shear layer is observed for the region 0.2 m < y < 0.4–0.5 m. In this 
region, the lateral profile features a bell shape previously identified, for instance, in Juez et 
al. (2019). The absolute value of the lateral shear stress increases rapidly, reaching a peak 
in the main channel near the interface (y ≈ 0.28–0.30 m). The region of higher shear spreads 
laterally from this lateral position (y ≈ 0.30) towards the main channel and the floodplain. It 
also expands vertically towards the main channel bank.

The lateral shear stress is related with the gradient of the streamwise velocity. With the 
increase of the relative depth, the gradient decreases and the lateral shear stress in the inter-
face follows this decrease. The same pattern is observed in the experiments with rough 
floodplains, where the lateral shear stress is enhanced near the interface.

4.2 Mixing Layer and Coherent Flow Structures

The mixing layer widths calculated for the fully developed flows were previously shown 
in Fig. 4(c). The position of the mixing layer in the region of higher velocity (definition 
in Fig. 4a), y0.9, is located approximately over the beginning of the main channel bank for 
all flow cases. The limit of the mixing layer in the region of lowest velocity, y0.1, shows a 
slightly increase with the relative depth for flow cases with smooth floodplains. For the 
rough floodplains flow cases, y0.1 is closer to the interface than in the flow cases with smooth 
floodplains, and no clear influence of the relative depth is observed. In accordance with the 
results presented by Juez et al. (2019), for flow cases with floodplains covered by synthetic 
grass, the mixing layer width is smaller than for smooth floodplains. It is observed that this 
difference is attenuated with the increase of the relative depth, due to the decrease of the 
roughness influence.

The interaction between the flows in the main channel and in the floodplain generates a 
shear layer around the interface. This region is characterized by the occurrence of coherent 
structures with vertical axis characterized by strong vorticity concentration that induce a 
local roll-up of the flow and keep a characteristic shape during a certain time scale (Lesieur 
2008). For the current uniform flow cases, the characteristics of these coherent structures in 
the shear layer may be influenced by both the roughness of the floodplain and the relative 
flow depth. The existence of these coherent structures makes easier the momentum transfers 
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Fig. 7 Distributions of the lateral shear stress 
and of the depth-averaged lateral shear stress in 
cross-section x = 7.5 m
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by turbulent mixing between main channel and floodplain flows and may influence the mix-
ing layer width in the interface (e.g. Jirka 2001).

The identification of the 2D coherent structures may be based on the two types of 2D tur-
bulence (e.g. Proust et al. 2017). The first type stands for a purely 2D isotropic turbulence, 
forced at a wave number k and without vortex stretching. It is a freely decaying turbulence 
presenting an energy spectrum with a double cascade. In the power density spectra of the 
fluctuation velocities, these structures are identified by the k-5/3 spectrum from large to small 
k-wave numbers, i.e., from small to large scales followed by the k-3 range (high k-values). In 
the second type of 2D coherent structures, vortex stretching may be observed. These struc-
tures were identified by Stocchino and Brocchini (2010) in a compound channel. Besides 
the cascade with a k-5/3 spectrum, an energy peak in the power spectra is then also observed.

The coherent structures can be identified from the streamwise and spanwise velocity 
time series, namely by the periodic oscillation of these velocities around the time-averaged 
value. In this work, these oscillations were inferred by the autocorrelation function, R, and 
the power density spectra, S, for velocity fluctuations.

The autocorrelation function of the spanwise velocity fluctuations, Ryy, over a time span, 
�t , is (e.g. Pope 2000): : Ryy = v′ (t)v′ (t+\varDelta t)

v′ (t)2
.

Autocorrelation functions and wavenumber power spectra of the spanwise fluctuation 
velocities are presented in Fig. 8 for the point located at the interface between the main 
channel and floodplain flows at 40% of the flow depth for flow cases hr015s, hr020s, hr030s, 
hr015r, hr020r and hr030r. The wave number, k, was calculated using the streamwise veloc-
ity k = 2πF/u, where F is the frequency.

The integral flow scales may be used to derive the size, shape and travelling times of tur-
bulent vortical structures and its determination is an objective for both fundamental research 
and practical applications (e.g. Tropea et al. 2007).

The Eulerian integral time scales of spanwise velocity fluctuations, τyy, may be obtained 
from the autocorrelation function as (e.g. Nikora et al. 1994), τ yy =

∫ ∞
0 Ryy (t) dt

Following the procedure of Dupuis et al. (2017), the Eulerian integral time scales of the 
spanwise velocity fluctuations were calculated from the autocorrelation functions and taken 
as four times the first zero-crossing.

Fig. 8  (a) Autocorrelation functions of spanwise velocity fluctuations and (b) cross-power spectra den-
sity for spanwise velocity fluctuations.
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For steady and uniform turbulent flow, using Taylor’s hypothesis for the integral length 
scale for the spanwise turbulent length scale Λ yy = τ yy.Uc  where Uc  is the convection 
velocity which can be taken as the streamwise depth average velocity at the interface (e.g. 
Dupuis et al. 2017). For increasing relative depths (from 0.15 to 0.3), the results obtained 
for the spanwise turbulent length scales were from 0.9 to 0.5 m for smooth floodplain and 
from 1.04 to 0.81 m for vegetated floodplains.

For all cases, the power spectra density of the spanwise velocity fluctuations (Fig. 8b) 
show a typical profile comprising a peak region near a frequency of 0.5 Hz. The 2D charac-
teristic of the large coherent structures may be recognized by the slope of approximately k-3 
in the middle range of the energy spectra of the turbulence (e.g. Uittewall and Booij 2000). 
The large coherent structures may also be identified by the modulation of the autocorrela-
tion functions in a clear correspondence to the peaks of the power density spectra. In this 
type of flow, bottom turbulence may be neglected in regard to the shear layer turbulence. For 
higher frequencies, the inertial range is recognized by the slope k-5/3.

Apart from this general pattern, some differences among the uniform flow cases are 
observed. For small relative depths, a strong modulation in the autocorrelation functions in 
the spanwise velocity fluctuations reveals the presence of large coherent structures. Turbu-
lent structures of flow for these shallower flows are coherent over a much longer duration. 
With the increase of the relative depth, these large structures tend to vanish and only small-
scale turbulence is observed. For the same relative depths, with the increase of the rough-
ness a higher magnitude of the peak in the power density spectra is observed suggesting that 
floodplain vegetation enhances the formation of the larger scale coherent structures.

It is noted that higher relative depth and smooth floodplain (hr03s) lead to much less 
shear and the 2D coherent structures almost vanish. This is identified by the reduction of the 
peak in the power density spectra.

Comparing flow cases with similar flow depth but different floodplain roughness it is 
clear that floodplain vegetation enhances the occurrence of large-scale coherent structures. 
In accordance with Truong et al. (2019) and Juez et al. (2019), the presence of vegetation 
seems to be the dominant factor controlling the dynamics of the mixing layer.

5 Conclusions

The typical configuration of rivers in alluvial reaches is a compound channel where flows 
with different depths and velocities interact forming a mixing and shear region near the 
interface between main channel and floodplains. The complexity associated to these flows 
leads to difficulties in the prediction of the total conveyance and of the discharge distribution 
between the subsections. Due to the intermittent inundation of the floodplains, these regions 
are usually vegetated with the associated change of roughness.

In the present paper, the streamwise development and the fully developed overbank flows 
in with and without vegetation were investigated by means of acoustic velocity measure-
ments in a compound channel. The experiments comprised six uniform flows with smooth 
floodplains and three uniform flows with floodplains covered with synthetic grass.

Velocity measurements in the centre of the main channel for one flow case revealed the 
fully development of the boundary layer in the Sect. 7.5 m from the inlet.
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The roughness of the floodplains not only reduces the velocity in the floodplains but it 
strongly affects the main channel flow. The slower flow in the floodplain influences the flow in 
the main channel above the bankfull level. The velocity gradient of the flows in these subsec-
tions is the trigger for the generation of the mixing layer. Following the upstream reach where 
the spreading rate of the mixing layer width is similar to a free mixing layer, it is restrained by 
the additional friction due to the bottom. For flow cases with the same water depth and differ-
ent floodplain roughness, a higher growth rate is observed for flows on smoother floodplains 
while a constant mixing layer width is achieved further from the inlet section.

The shear layer is characterized by high values of lateral shear stress in the interface. 
It is enhanced by the floodplain roughness and the lower relative depths. The peaks of lat-
eral shear stress correspond to the centre of the mixing layers. The region of higher shear 
spreads laterally from this lateral position towards the main channel and the floodplain. It 
also expands vertically towards the main channel bank.
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