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Abstract

The horizontal mixing induced by large-scale vortical features

(macrovortices) in a straight compound channel flow are analysed
with specific emphasis on possible similarities with those charac-

teristic of a shear layer induced by the meeting of three shallow
streams of different speed (shear layer model). An experimental

investigation based on PTV and PIV analysis of free surface ve-
locities forms the basis for the following analyses both of specific
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features of macrovortices and of the horizontal flow mixing. Dy-

namical properties are seen to strongly depend on the input dis-
charge (low-discharge, intermediate-discharge and high-discharge

conditions). The maximum streamwise mean velocity component
increases with both discharge/downstream location and the bell-
type crossflow profile of the mean streamwise velocity, typical

of the low/intermediate discharges, becomes non-monotonic at
high discharges (need of new types of self-similar solutions). The

mean shear at the transition region decreases with increasing dis-
charge and leads to the reduction of macrovortex generation at

the transition region and a simultaneous increase at the lateral
walls. Macrovortices, of mean ellipticity of about 0.5 − 0.6 and

mean radius ranging between 0.025m and 0.035m, are not sensi-
tive to the mean shear. The transition macrovortices are directed
at 40◦ − 50◦ to the channel axis, hence engulfment of floodplain

fluid by the main channel flow is more similar to that of a wake
than that of a jet/shear layer. Mixing is characterized by two

regimes: an intermediate regime and a nearly-equilibrium regime.
In the former the relative diffusivity depends on the separation

D like D4/3, suggesting a mixing dominated by shearing. The
nearly-equilibrium regime is such that the absolute eddy diffusiv-
ity grows linearly in time. At fully-developed conditions the eddy

diffusivity is constant for low and high discharges with a linear
transition in the intermediate discharges. All the analyses show

that, the shear layer model captures some features of the flow at
hand but, neglecting the uniform topographic forcing of the step

and of the lateral walls, fails to reproduce (i) the non-monotonic
velocity profile, (ii) the macrovortex generation at the transi-

tion and at the lateral walls, (iii) their size-independence on the
streamwise coordinate and (iv) a mixing more likely comparable
to that induced by a mean flow shearing than that characterized

by direct enstrophy cascading.

Keywords: Compound Channel, Horizontal Mixing, Macrovor-
tices, Shear Layer.
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1 Introduction

A great variety of natural water streams and artificial chan-
nels can be classified as ‘compound channels’ since their cross-
stream section can be assumed to be characterized by a main

central channel and shallow flood plains. We define flows of these
streams as predominantly horizontal since their horizontal di-

mensions greatly exceed the vertical dimension [1]. Although in
bounded shear flows the three-dimensional turbulent eddy size is,

typically, limited to the shortest dimension (in this case, the wa-
ter depth), large-scale, two-dimensional coherent structures with
length scales greater than the water depth are observed in a wide

range of shallow shear flows [2].

The flow velocity in the flood plains is lower than in the main
channel, due to the water shallowness and to the high bed rough-

ness (e.g. presence of vegetation [3]). Thus shearing occurs at the
interface between the main channel and the floodplains (‘tran-

sition region’ hereinafter) which may lead to various flow pat-
terns most of which characterized by large-scale vortical struc-
tures with vertical axes (macrovortices). Such turbulent struc-

tures are liable of the transfer of momentum and mass from the
main channel to the flood plains. As a result, the velocity de-

creases in the main channel and increases in the flood plains,
resulting in a conveyance reduction.

For river engineering, fundamental issues are both the estimate

of the water discharge under flood conditions and the predic-
tion of the overbank front speed during short duration floods,
the latter being essential for an effective flood warning system,

e.g. the ‘Rhine alarm model’ [4]. The former, which seems an
apparently simple task, is still proving rather difficult to tackle.

To this specific purpose laboratory experiments are being car-
ried out [5] and simple models are used to account for the tur-

bulent momentum transfer between the main channel and the
flood plains [6,7]. However, such simplified approaches seem to
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be suited only for the geometrical/flow conditions for which they
have been derived. Hence, the need of linking specific flow fea-

tures (e.g. fronts motion, lateral mixing, etc.) within an overall
and more theoretically-comprehensive model. The present and

other recent contributions attempt at describing specific features
as part of the global flow.

Horizontal flow mixing is also fundamental from an environmen-
tal viewpoint. In natural streams flood plains are often wetlands
with abundant wild life and the ‘compound channel’ cross section

has been proposed as a design section to retain large parts of the
natural environment unchanged. Hence, environmental issues are

also strongly influenced by horizontal mixing like the transport of
pollutants down a river or the transport of nutrients, especially

in estuarine areas (e.g. [8]).

It is, thus, evident that a detailed description of horizontal mix-

ing in compound channels is of great importance. However, until
recently very simple conceptual models have been used to rep-
resent this lateral mixing which has been mainly accounted for

through an empirical apparent shear stress [9]. Such a perspec-
tive, only adequate for steady-state conditions and based on in-

tegral models, is being replaced by an approach for which the
major agents of horizontal mixing are macrovortices i.e. discrete

structures which, under suitable conditions, are generated at the
transition region [10–12] (see also figure 1). The influence of such
vortical structures is so dominant on the momentum lateral ex-

change that recent works attempt at parametrically incorporating
their dynamics into available integral models [13].

With the aim of improving the overall flow description more so-
phisticated approaches are substituting the above-mentioned in-

tegral models. In particular two classes of conceptual models seem
to provide the most reliable/useful descriptions.

Hydrodynamic stability analyses provide a means to determine
whether a small perturbation of a given flow (the ‘basic flow’)
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grows up (instability) or is damped (stability); and, as a func-
tion of selected parameters depicting the basic flow, to define

neutral stability curves, separating stable and unstable flows.
One of the first and fundamental applications of linear stabil-

ity analyses to compound channel flows is due to Chu et al. [14]
who applied the rigid lid approximation to the turbulence- and

depth- averaged shallow water equations. A basic flow, modelled
either by a hyperbolic-tangent function (mixing-layer flow) or
by a hyperbolic-secant function (jet flow), was used to represent

either a depth or a bed-friction transverse variation. The main
results are described in terms of the bed friction number:

S ≡
cf

2h

U

Uy
. (1)

For S larger than a critical value Sc, i.e. for bed friction (cf)

large enough or weak enough lateral gradients Uy of the mean
(i.e. turbulence-averaged) flow (U) the flow, of mean depth h, is

found to be stable for any perturbation wavelengths. This ap-
proach, which has the main merit of providing the conditions for
macrovortices formation and estimating their typical size (size of

the most unstable mode), has limited value in assessing intensi-
ties/evolution of the structures which can only be achieved by

fully-nonlinear approaches. Another important merit of the work
of Chu et al. [14] is the derivation of practical conditions for flow

stability (increase of cf and/or reduction of lateral slopes of the
main channel) from a global theoretical model.

One final approach, which derives much information from stability

analyses, consists in detailing the specific features of macrovor-
tices by assuming a close similarity between the flow at the in-
terfaces between the main channel and the floodplains of a com-

pound channel and the flow generated at the interfaces of two
free shallow streams with different velocities [15,21]. Such kind

of similarity is based on the evidence that for both these config-
urations it is possible to use the same stability analysis and also

that mean velocity profiles can be, in both cases, well described by
bell-shaped functions (e.g. hyperbolic-tangent/secant). We here
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call this approach as shear layer approach.

The present contribution focuses on the description of the dy-

namics undergone by macrovortices in a compound channel as
part of the overall flow evolution. More specifically we intend to

clarify validity and ambiguities concerned with use of shear layer

approach as the most suited to represent the flow at hand. Fur-

ther, the results here described will be used as the basis for a
theoretical analysis which, in analogy to recent studies of other
types of open channel flows (e.g. shallow wakes [30], will allow

for an analytical description of the mean flow.

Section II illustrates the experimental investigation which forms
the basis for the following analyses characterizing the main fea-

tures of the macrovortices (section III) and of the horizontal
mixing (section IV ). Section V summarizes the main findings of

the work and closes the paper.

2 Experimental setup and data processing.

The experiments have been carried out in the laboratory of the

Environmental Engineering Department of the University of Gen-
ova using a pre-existing flume (see figure 2). The flume is about

15m long and has a width of W = 0.6m, the original rectan-
gular cross-section has been modified to reproduce a trapezoidal

cross-section compound channel configuration with a main chan-
nel and two lateral flat floodplains, see figure 2 for a sketch of

the geometrical characteristics of the flume. The cross-section has
been subdivided in three sections, each of them have nearly the
same width Wmain channel = Wmc = 0.2m, Wfloodplain = Wfp = 0.19m,

The main channel has a base width Wb = 0.1m and a trape-
zoidal shape with 45 degrees. The compound channel, including

the lateral vertical walls, is made by sheets of polyvinyl chloride
(PVC) 1cm thick (Manning roughness n = 0.009 s−1m1/3). The

bottom of the main channel lays on a compact layer of fine sand
in order to ensure a correct stiffness of the bottom itself along the
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entire flume. Great care has been dedicated to obtain a perfectly-

horizontal channel. The laboratory flume is equipped with a wa-
ter recirculating system with a submerged pump, a pneumatic

regulation valve with an electronic remote control and a differ-
ential pressure flowmeter, which is used to check the value of the
flow discharge. At the inlet of the flume a fine mesh metallic grid

has been inserted in the flume with the purpose to make uniform
the flow distribution across the flume. Five meters downstream

of a rectangularly-shaped channel the compound channel geome-
try starts and a floating sheet of polystyrene of about 1m length

has been placed on the free surface at the inlet of the compound
channel so that free surface disturbances rapidly die away.

In table 1 we report the main parameters of the experiments. The

turbulence condition is measured by the depth Reynolds number
calculated for the main channel to be in the range of 22000 <
Reh,mc < 74000 and for the flood plain to be in the range of

2500 < Reh,fp < 37500, which means that we have fully turbulent
conditions ([16]). The ‘compound channel Froude number’ (Frcc),

computed as typically suggested in the literature [17], is found
to approximately range between 0.6 and 0.7. The bed friction cf

is derived based on the bottom roughness coefficient n and the
hydraulic radius Rh at x = 7m by

cf ≡
gn2

R
1/3
h

. (2)

The ratio between characteristic horizontal (H) and vertical (V )

length scales is used to assess the flow shallowness (see [1]). For
our specific conditions such ratio is in the range of 4 < H/V <
20. This means that the flow can be regarded as intermediate-

to-shallow, becoming shallow for the low and intermediate dis-
charges for which the ratio is above 10. On these grounds, though

fully recognizing the role of secondary flows (e.g. [18,19]), we
proceed to an analysis based on the description of the dynamics

evolving at the water surface and take this as a good represen-
tation of the dynamics of the shallow flows. The same approach
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has been and is being used by various authors (e.g. [20,21]) for
flows similar to those here investigated.

Measurements of two-dimensional flow fields and particle trajec-
tories on the free surface horizontal plane have been obtained

using a Particle Image/Tracking Velocimetry (PIV/PTV) acqui-
sition system in continuous, single-exposure mode. A digital cam-

era has been mounted on a vertical support free to move along
an horizontal rail parallel to the flume (see figure 2). The camera

is about 3m higher than the free surface plane, with its optical
axis perpendicular with respect to object plane itself. The digi-
tal camera employed is an IDT (model: xS3) high-speed camera

with a frame rate up to about 1K fps at full resolution and a
CMOS sensor with a resolution of (1280×1024)pixel2 in com-

bination with a NIKON lens of a focal length f = 50mm to
avoid distortion of the recorded images. The area of interest for

the flow measurements has dimensions of about (0.6×0.6)m2 and
(1024×1024)pixel2. The illumination has been provided by three

white light incandescent lamps of 1000 Watts each. We used as
tracers acrylic white plastic particles with a mean diameter of
about 0.3mm and a specific gravity about 1.15 for the PIV and

white plastic particles with a mean diameter of 2.5mm and a spe-
cific gravity of 0.95 for the PTV. Before seeding the fluid during

each experiment, we treated the particles with antistatic solutions
in order to minimize possible clustering effect. Based on the di-

mensions of the object plane and of the image plane, we deduced,
following Raffel et al. [22], that for the present application an ap-

propriate acquisition frame rate was of the order of 100Hz. All
acquisitions lasted for 20s which led to datasets of 2000 images.
In the case of PIV-analysis 1000 images were analysed and led

to 500 horizontal velocity fields covering 10 seconds of the image
sequence using the software provided by IDT. In the case of PTV-

analysis all 2000 images were analyzed using cross-correlation be-
tween two areas of interest (AOI). The size of the AOI is flexible

and defined by a fixed amount of particles surrounding the parti-
cle of interest (e.g. between 10-15 neighboring particles). Particles
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detected in the first and second frames were, then, linked to-

gether. At this stage, particle paths could be obtained by linking
step-one positions. This resulted in the production of 24 to 1178

particle trajectories longer than the chosen threshold of 100 time
steps. Note that, due to the strong shear gradients in the low-
discharge cases (Q < 5l/s) and in the very high-discharge cases

(Q > 16l/s) some particles were lost during the particle-detection
and cross-correlation stages and this led to the reduced amount of

particle paths reported in table 2. The PIV image analysis were
performed by means of cross-correlations between two successive

frames which were uniformly distributed in time (IDT Provision
software, [24]), producing time-resolved, two-dimensional vector

fields. With the PIV settings employed each interrogation win-
dows had physical dimensions of 15.0mm×15.0mm. Thus, flow
scales of few centimeters or more have been well resolved in the

present experiments. Regarding the PTV analysis, we have used
a specifically-designed PTV-software with subpixel-accuracy de-

veloped at the IfH Karlsruhe/DICAT Genova which is still under
development and cross-checked with RyTrack [23].

Three measurement sections have been selected along the flume
respectively located at 2m, 5m and 7m downstream of the inlet
section. Following Bousmar et al. [25], only the third section sat-

isfies their prescription for the establishment of a uniform flow.
The length Lu = x/Wfp, Wfp being the width of the floodplains,

takes the meaning of the distance downstream of the inlet at
which the boundary layers are completely developed and the dis-

charge is uniform in both the main channel and the floodplains.
Indeed, in the present case the length-to-floodplain width ratio
built with the distance of the third downstream measurement

section takes a value of 36.8 which is more than the value for Lu

suggested in [25]. Measurements performed at the two most up-

stream sections have the purpose to investigate the establishment
of fully-developed conditions.

The two-dimensional velocity vector outputs of the PIV analysis
have been elaborated to extract the main features of the flow un-
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der investigation. In particular, we performed an ensemble aver-

age on the velocity fields and, then, spatial averages along the lon-
gitudinal direction to extract velocity crossflow profiles for each

section, see figure 3. A specific analysis to identify and to track
vortical structures has also been carried out. Among the many
techniques of vortex identification reported in the literature, we

employed the method based on the evaluation of the swirling
strength. The latter is commonly used in turbulence measure-

ments to study coherent structures of turbulent flows [26–28].
The swirling strength, defined as the positive imaginary eigen-

value of the local velocity gradients tensor, is large where there
is a strong rotation of the flow, i.e. a vortex [27]. In two dimen-

sions, the velocity gradient tensor is only a 2 × 2 tensor, which
has either two real eigenvalues (λ1,2

r ) or a pair of complex conju-
gate eigenvalues (λcr±λci). Hence, a vortex core is identified by a

region where λci > 0. The use of the swirling strength instead of
the out-of-plane vorticity, defined as ωz = ∂v/∂x−∂u/∂y, is pre-

ferred in vortex identification, as regions of pure shear are auto-
matically excluded by the former. The calculation of the swirling

strength requires the computation of the spatial derivatives of
the velocity fields, in order to minimize the errors due to the
measurements noise, the flow fields have been previously aver-

aged over ten fields and, then, used to produce contour maps
of the swirling strength itself (e.g. example of figure 4). The re-

sulting contour maps of the swirling strength have been used
to study the evolution of the vortical structures. To extract the

main geometrical features of the vortices, the in-house-developed
object-tracking algorithm described in [29] has been applied to

the contour maps of λci, thought as colored images (see figure 4),
so that the single vortex is recognized as a single entity, with geo-
metrical characteristics related to the intensity of λci. Following

the above procedure, we could infer the position of the centroid
Xcentroid of the vortex (which is taken to correspond to the vor-

tex core), the area occupied by the vortex Ω, the radius of the
area-equivalent circle Req, and other geometrical characteristics

of interest, e.g. the eccentricity ǫ of the vortices and the max-
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imum radius Rmax, the inclination angle θ with respect to the

mean flow direction x (see figure 5). When required, the analysis
has been refined to separate vortices generated in the transition

region −0.2m≤ y ≤ 0.2m (transition region vortices) and at the
wall boundary layers y < −0.2m and y > 0.2m (wall vortices).
To this purpose the object-tracking algorithm is combined with

a region-based filtering to separate the two classes of vortices.
Probability Density Functions (PDFs) have been obtained by

normalizing the occurrence of the vortices with the total num-
ber of vortices per experiment. The total number of vortices used

for the analysis is in the range of 200 and 400 per experiment
with an average and overall (i.e. without distinguishing transi-

tion vortices from wall vortices) shedding frequency increasing
with the input discharge from 1.0Hz to 2.1Hz.

3 Mean flow and macrovortices

In the following the main features of interest for the mean flow
evolution and the macrovortex generation are reported. Depend-

ing on opportunity, results are either reported in dimensional or
dimensionless form. In the latter case it is crucial to use suitable

scales which make both more readable the experimental results
(having dimensionless variables close to order 1) and easier their
theoretical interpretation, possibly through self-similar solutions.

Such self-similar solutions are based on and exploit the experi-
mental evidence that a suitable directional decomposition can be

found for which the dependence of the flow on the longitudinal
coordinate (x−coordinate in this case) is, typically, prescribed

through a decay law while dependence from the cross-flow coordi-
nate (y−coordinate here) occurs through a function independent
of the downstream location, hence the definition of self-similar

[30,34].

It is well know, for example, that shear flows are, typically, char-
acterized by different transversal and longitudinal length scales
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(e.g. [34]), these respectively measuring the distances over which
lateral mixing and downstream momentum changes occur. This

also occurs for shallow shear layers (e.g. see analyses of shal-
low wakes [30]) for which transversal lengths are scaled with the

channel half width W/2 (0.3m in our experiments) while longi-
tudinal ones are scaled with the frictional length scale h∞/(2cf),

h∞ being the water depth at the floodplains. Recognizing the im-
portance of properly describing also the longitudinal momentum
evolution we adopt the above-mentioned scales.

3.1 Mean flow

One of the main characteristics of a compound channel flow is

the difference in velocity between the main-channel flow and the
floodplain flow. Such difference is essentially driven by the bot-

tom friction which, being inversely proportional to the flow depth,
more effectively slows down the floodplain streams than that flow-
ing in the deeper main channel (e.g. [31–33]).

Inspection of figure 3 well illustrates the mean velocity reduction

occurring over the floodplains, the growth of the mean velocity
with both the flow discharge Q and the downstream distance x.
The growth of Umax with Q and x is also clearly illustrated in fig-

ure 6 which helps identify the almost-linear growth of Umax with
the inflow discharge typical of free-turbulence flows [34] while ex-

trapolation of the x−dependence cannot be made since, apart
from those collected at x = 7m, data pertain to a flow which is

not fully developed. As already mentioned, according to the cri-
terion of Bousmar et al. [25], for which in a straight compound

channel equilibrium through mass/momentum transfer between
the floodplain and main channel occurs downstream of a distance
Lu = 35Wfp, in our flume a fully-developed flow only occurs at

the most downstream section x = 7m. Hence, a self-similar solu-
tion can only be attempted downstream of such section.

Other features are also evident. For example, the reduction of
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the transversal shear at fixed x and the near-wall sudden veloc-

ity decay because of the no-slip condition at the lateral walls and
the non-monotonic profiles observed at the most downstream sec-

tion x = 7m for flow rates higher than Q = 10.2l/s. While the
former suggests a progressive reduction with both x and Q of vor-
tex generation at the transition region balanced by an increasing

generation at the lateral boundaries (see also figure 4), the latter
clearly indicates that a self-similar solution, if any is possible, has

to be sought with a shape more complicated than that given by
the usual hyperbolic functions.

Since it is well recognized that the maximum shear intensity at
the transition region is the most important parameter govern-

ing the flow [14,15,21], we investigate its role through inspection
of figure 7. The bottom panel of the figure shows that the in-

flection points of the mean velocity profile migrate inward with
respect to the middle of the transition region for intermediate

discharge values (5l/s≤ Q ≤ 10.2l/s) while for large discharges
Q > 10.2l/s an outward migration is observed at the two most
upstream sections. The top panel clearly illustrates the reduc-

tion in flow shearing at the transition region with increasing flow
intensity. This is also reflected in the reduction of macrovortices

generation at the transition region and a simultaneous increase at
the lateral walls (see figure 4 and next section). It is also evident

(within the experimental limits) that the shear does not increase
(rather it likely decreases) with the downstream distance. This

fact can also be seen in figure 8 where the shear layer thickness:

δ ≡
∆U

Uy
(3)

built with the velocity difference across the shear layer ∆U =
Umax − Ufp and the velocity gradient Uy at the inflection point,

is drawn as a function of the discharge Q and the downstream
distance x. We can clearly see the “no increase” of the shear layer

thickness with x in opposition to what happens in a shallow free
shear layer and in other shallow flows.
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3.2 Vortex features

In this section we focus, also on the basis of the results of the
previous section, on the main features of the macrovortices.

It is first fundamental to assess the characteristics of their genera-
tion which, as above mentioned, seems to be mainly concentrated

in the transition region for low discharges and at the lateral walls
for high values of Q. This proposition can be better quantified in

terms of the stability number S of equation (2) which summarizes
information on various flow properties (cf , h, U, Uy) to state that
the flow is unconditionally stable for S > Sc where, according

to Chu et al. [14], the critical stability parameter is Sc = 0.1.
In the present case the stability number takes values of one or-

der of magnitude smaller and a critical range can be found to be
around Sc = 0.01. With this in mind we plot S at the three avail-

able sections (see figure 9) and find that stability conditions are
reached for increasing discharges when moving downstream. In

more detail, at the most upstream section the stability numbers
have a strong scattering due to the inflow conditions, at x = 5m
stability is achieved for discharges higher than Q > 7l/s, while

at x = 7m for Q > 16l/s. This confirms that in the asymptotic
conditions Q → 0 macrovortices are generated at the transition

region while in the limit Q → ∞ the flow of the transition region
is stable. Also note that, in partial opposition to the findings of

van Prooijen and Uijttewaal [21], our results indirectly support
the validity of use of S for practical purposes, though for a much

smaller critical value than that proposed in Chu et al. [14].

Macrovortices of different sizes are generated in dependence of the

flow intensity Q and of the generation region. To detail such de-
pendencies we have analyzed both the PDFs of the vortex radius

(top 4 rows of figure 10) of both transition region vortices (rep-
resented by lines with diamonds) and wall vortices (represented

by lines with crosses) and the vortex radius/area as function of
both Q and x (left and right panels of the bottom row of the
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figure). For low discharges (Q < 5l/s), vortices are seen to reside
mainly in the transition region at all three considered sections

and with typical size in the range (0.025 − 0.035)m. For large
discharges (Q > 10.2l/s) macrovortices both increase in size and

frequency over the floodplains, the transition region exhibiting
a decreasing vortex content. It is also interesting to note that,

generally, floodplain vortices are smaller than those generated
at the transition region. The fundamental result is, however, re-
ported in the bottom panels of the figure: the mean vortex radius,

weakly-decreasing in size for Q < 10.2l/s, is always in the range
0.020m≤ Req ≤ 0.037m, which well compares with the transver-

sal size of the transition region (0.05m), for all values of x. The
vortex area (right panels of the bottom rows, obviously, follows

trends similar to those of Req.

Macrovortices have an elongated shape which is, usually, mea-
sured in terms of the eccentricity ǫ i.e. the ratio between the
major and minor axes of the vortex. PDFs of ǫ are reported,

with the same graphical arrangement used in figure 10, in the
top four rows of figure 11. Again, for Q < 5l/s macrovortices of

ǫ ≈ 0.55−0.60 mainly reside over the transition region, structures
being almost absent over the floodplains. For larger discharges

the vortex content over the floodplains increases, such macrovor-
tices being characterized by a bimodal distribution of eccentricity

peaked at ǫ ≈ 0.5 and ǫ ≈ 0.7. This suggests that wall-vortices
are rounder than those generated at the transition region. The
bottom two panels of the figure summarizes the results for which

ǫ, decreasing with x and Q, ranges in average between 0.5 and
0.6, hence representing rather elongated vortical structures.

Fundamental results for vortical structures generated within a

shear layer are those here briefly summarized:

• the shear at the transition region of a jet is strong enough to
align the interface vortices parallel to the mean interface; this

does not happen for wakes [35];
• randomly-oriented interface vortices weakly engulf the environ-
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ment fluid (the latter being the floodplain fluid for our flow)
[36].

To characterize the flow mixing at the transition region is, thus,

important to evaluate how efficient is the shear in aligning the
macrovortices with the mean flow and how effective is the engulf-

ment of floodplain flow.

Figure 12 summarizes PDFs and mean values of the angle θ de-
fined according to figure 5 (note that vortex-mean flow alignment

is achieved for θ = 0). The PDFs reported on the first four rows
of the figures show, with the same graphical arrangement used
in figure 10, result somewhat similar to those of the other PDFs:

for Q < 5l/s macrovortices of θ ≈ 40◦ − 50◦ are mainly found
in the transition region, structures being almost absent over the

floodplains. For increasing discharges the vortex content over the
flooplains increases, such macrovortices being characterized by a

bimodal distribution of orientation peaked at θ ≈ 0◦ and θ ≈ 50◦

while macrovortices generated at the transition region are char-

acterized by a broader and broader orientation distribution. This
suggests that wall-vortices are, in average, more aligned with the
current than those generated at the transition region. The last

panels of the figure clarify the above results, showing that while
the transition vortices have orientation which does not vary with

Q, the floodplain ones are more aligned with the channel axis
for low discharges, their direction becoming closer and closer to

that of the transition region vortices for increasing Q. Moreover
θ, constant with dU/dy over the transition region and weakly de-

creasing over the floodplain, ranges in average between 20◦ and
50◦. This shows that macrovortices are, generally, not parallel to
the main current, those covering the transition region are not sen-

sitive to the mean shear (a decrease of θ with dU/dy is expected
for alignment due to shearing) and those over the floodplains are

weakly aligned by the mean shear. In other words, the transition
region macrovortices are believed to weakly engulf the floodplain

fluid more similarly to what happens for wakes than for jets/shear
layers.
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4 The horizontal mixing

Mixing induced within the compound channel flow can also be
investigated in terms of statistics of passive tracers. In particular

we aim at defining both the mixing intensity (through absolute
statistics) and the mixing regimes (through relative statistics).

4.1 Fundamentals on mixing

The fundamental assumption we make is that lagrangian drifters
are passively advected in a two-dimensional flow. We follow typ-

ical literature methods for the definition and inspection of la-
grangian statistics [37,38]. For the sake of brevity a very syn-
thetic description of such methods is here provided, the reader

being referred to the mentioned literature for more details.

The only difference with the procedure used in such studies is
related with the availability of a well-defined long-term mean

flow U(y) (see figure 3). Hence, particle statistics can be easily
defined in terms of velocity fluctuations obtained by removal of

such mean flow field. This leads to x−displacements to be com-
puted as follows:

dx(t)

dt
= [u(x, y, t)− U(x, y)]. (4)

In particular we compute the absolute dispersion defined as

〈

X2
ij(t)

〉

≡
1

M

∑

particles

xi(t)xj(t) (5)

where xi is the particle displacement from its initial position in

the x-direction (i, j=1) and in the y-direction (i, j=2) and M is
the number of particles. The trace of this matrix is the ‘total’

absolute dispersion, i.e.
〈

X2
〉

=
〈

X2
11

〉

+
〈

X2
22

〉

=
〈

X2
x

〉

+
〈

X2
y

〉

.
The absolute diffusivity, i.e. the time derivative of the absolute
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dispersion, is

K(1) ≡
1

2

d

dt

〈

X2
〉

. (6)

We can also compute the relative dispersion tensor as

〈

D2
ij(t)

〉

≡
1

N

∑

pairs

yi(t)yj(t) (7)

where yi is the particles’ separation in the x-direction (i, j = 1)
and in the y-direction (i, j = 2) and N is the number of pairs.
More details on pair definition can be found in the referenced

literature [37,38].

Like for the absolute dispersion, the trace of this matrix is the ‘to-
tal’ relative dispersion, i.e.

〈

D2
〉

=
〈

D2
11

〉

+
〈

D2
22

〉

=
〈

D2
x

〉

+
〈

D2
y

〉

and we can define the relative diffusivity as the time derivative
of the dispersion

K(2) ≡
1

2

d

dt

〈

D2
〉

. (8)

Flow regimes are, usually, defined on the basis of typical time

scales. Here we use both Tp (time for which, soon after deploy-
ment, ‘pairs of particles have lost memory of their initial separa-

tion D0’) and TL (time for which, soon after deployment, ‘single
particles have lost memory of their initial velocity) which are

related as follows: Tp < TL.

For small times, i.e. t < Tp, a quadratic growth in time is, typi-
cally, observed both for the absolute and relative statistics

〈X2〉 ∝ t2 and 〈D2〉 ∝ t2 (9)

while diffusivities undergo a linear growth in time

K(1) ∝ t and K(2) ∝ t . (10)

In the ‘intermediate regime’, i.e. for Tp < t < TL, when the
dependence on D0 is lost, various behaviours can be observed
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in dependence of the evolution modalities of large-scale coherent

vortices.

Differences can also be found for the relative dispersion:

• in the case of a dominance of enstrophy cascade an exponential

growth of particle separations and, consequently, a D2-law in
the relative diffusivity are observed:

〈D2〉 ∝ exp
(

β1/3t
)

and K(2) ∝ β2/3
〈

D2
〉

(11)

in which β represents the flux of enstrophy injected at the
forcing wavenumber.

• viceversa in the presence of a background shear [44,45], the

turbulent diffusivity follows a ‘4/3-law’[45]:

〈D2
x〉 ∝ t3 and K(2)

x ∝ 〈D4/3〉 . (12)

Once the ‘Brownian regime’ is reached, i.e. for t > TL, the ab-

solute dispersion increases linearly in time, determining a con-
stant diffusivity K(1) → const.

In these conditions the relative dispersion becomes absolute with
a Brownian regime described by

K(2) ≃ 2K(1) . (13)

4.2 Results on mixing

Flow mixing is here quantified in terms of absolute and relative
statistics (i.e. dispersion and diffusivity) of experimental floaters
motion and the results are, in many ways, consistent with the

predictions coming from the theory of 2D flow mixing. In par-
ticular we analyze and discuss not only the behaviors in time of

both the absolute and relative dispersion and diffusivity but also
the dependence of the relative diffusivity on the separation D.

Five initial separations are considered for the relative dispersion
analysis, D0 = (0.04, 0.05, 0.07, 0.08, 0.10)m, as shown in table 2.
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The first two values are representative respectively of vertical and

transversal dimensions of the depth gradient between the main
channel and the flood plains. The last value is comparable with

the width of the main channel, while the third and the fourth is
chosen to have a continuous data range.

The analysis of all the available data coming from the labora-

tory experiments suggests a simple scenario, characterized by
two regimes which can be clearly found both in the absolute

dispersion (figure 13) and in the absolute diffusivity (see figure
14). We first find an ‘intermediate regime’ characterized by a
t3/2 growth of the absolute diffusivity and a t3-behaviour of the

absolute dispersion. Then a final ‘nearly-equilibrium regime’ is
characterized by a linear growth of the absolute diffusivity and a

nearly quadratic growth t2.1 of the absolute dispersion. The two
regimes separate at about 0.1s which, using frozen turbulence as-

sumption and the velocity result of the top panel of figure to es-
timate the friction velocity, gives an estimated separation length
scale of about 0.01m i.e. rather smaller than that of the detected

macrovortices (0.025m ≤ Req ≤ 0.035m).

Those discrepancies with the theoretical decay laws for the in-

termediate and equilibrium regimes, along with the complete ab-
sence of a ballistic regime reflect, respectively, two properties of
the experimental analyses. The former seems a clear indication

that both the duration of the trajectories registration and the
dimensions of the area of interest are too small to reach a true

asymptotic regime. The latter seem more related with the flow
insemination procedure for which the seeding is released in a rel-

atively strong, steady stream in which microturbulence effects,
better visible in weak background mean flows, are largely over-

shadowed by large-scale motions.

From a comparison among the trends of the absolute diffusivi-
ties due to different discharge values (see table 2 and figure 14)

we can conclude that the absolute diffusivity K(1) increases for
increasing discharges. Although an asymptotic regime is not com-
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pletely reached we take the values of K(1) at the final recording
time tout = 1.0s as representative for each discharge. Comparing

to e.g. a dye tracer study by Guymer et al. [46] in a meander-
ing laboratory flume providing absolute diffusivities in the range

(0.08− 0.11)m2/s our values in the range of (0.006− 0.016)m2/s
are a bit less than one order of magnitude smaller due to two var-

ious reasons among which: i) the strong influence of secondary
currents in the flow of Guymer et al. [46] which, in opposition to
ours, develops in a meandering channel, ii) an asymptotic regime

is not completely reached and iii) the rather different approach of
computing the diffusivities (indirect from dye measurements in

the case of Guymer et al. [46] and direct from particles’ statistics
in the present study).

The flow anisotropy, a fundamental feature for the compound
channel configuration, is analysed both in terms of absolute and

relative dispersions, as shown in figure 15 (dotted lines indicate
± one standard deviation on the mean). Three flow discharges

are analysed in detail as representative of the low-discharge con-
ditions (Q = 5.0l/s, top panels), of the intermediate-discharge

conditions (Q = 8.8l/s, middle panels) and of the high-discharge
conditions (Q = 15.7l/s, bottom panels). We can observe (see
left column of figure 15) that the absolute dispersion correctly

represents the strong anisotropy of the integral-scale flow (fluid
streaming in the x−direction and geometrically confined in the

y−direction), with a clear dominance of the streamwise disper-
sion 〈X2

11〉 over the crossflow dispersion 〈X2
22〉. At scales smaller

than the integral one the picture is rather different, with an over-
all balance of streamwise 〈D2

11〉 and crossflow 〈D2
22〉 dispersions.

In figure 16 the total relative diffusivities, i.e. K(2) = K(2)
x +

K(2)
y , are plotted for the five initial separations D0 = (0.04, 0.05,

0.07, 0.08, 0.10)m, against the distance D defined as the square
root of 〈D2〉. The compound channel flow exhibits a K(2) ∝ D4/3

law which recalls the case of shear dominance [45], rather than
an inverse energy cascade, also in view of no evidence of vortex
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merging, which is essential for inverse energy cascading. Hence,

the strong horizontal shear, given by the tanh distribution of
the mean velocities, seems to cause the D4/3-dependence for the

relative diffusivity. This result is somehow at odds with those
collected in the case of channel shear layer turbulence, for which
energy spectra suggest a E(k) ∝ k−3 decay [21] (k being the

wavenumber). This, suggesting an intense enstrophy cascading
which should likely be reflected in a K(2) ∝ D2 mixing law.

Note that, as for the absolute diffusivity, also the relative dif-

fusivity K(2) does not reach an equilibrium condition and the
asymptotic value K(2) ≃ 2K(1) is greater than that effectively

achieved by the curves of figure 16. However, a tendency to
equilibrium is evident for scales of about (0.05 − 0.06)m, repre-

senting the Lagrangian scale LL, i.e. the energy-containing scale,
and well compare with the measured sizes of the macrovortices
(0.025m ≤ Req ≤ 0.035m).

In the attempt to both quantify the mixing in terms of the flow
intensity and detect eventual threshold effects already highlighted
in section II we attempt at a best-fitting analysis of K(1) as func-

tion of Q. This is reported in figure 17 where a clear threshold
effect is only evident for the x = 7m conditions. At such section

it is K = 6.1× 10−3m2/s for Q ≤ 5.0l/s and K = 16× 10−3m2/s
for Q ≥ 15.7l/s, the two asymptotic regimes being connected by

a K(1) ∝ Q growth.

5 Discussion

The results above reported provide a rather detailed and com-

plete description of the overall behaviour of horizontal mixing
in a straight compound channel. Can such a description be ex-

plained in terms of a shear layer approach?

The answer to the above question is negative. In other words
the flow in a compound channel has global characteristics which
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cannot be adequately explained as if the flow was obtained by the

meeting of three parallel streams of different velocity (fast stream
in the main channel and two slow streams at the floodplains).

The first difference is made evident by the mean flow profile of fig-

ure 3. For large discharges a non-monotonic profile characterizes
the fully-developed flow. Hence, no bell-type functions, typically

used as self-similar solutions for free shear layers [13–15,21], can
adequately represent the mean flow in a compound channel. This

is one first indication of the importance of the geometrical con-
straint given by the depth transition and absent in a true free
shear layer.

One second, important, difference between the two flows is the
size of the macrovortices which are found in both cases to pro-
vide the fundamental agent for horizontal mixing. Such difference

is easily appreciated by inspecting figure 18, which illustrates in
suitable dimensionless form the downstream growth of Req for

the macrovortices observed in our experiments (solid and dashed
lines) and characterizing the free shear flow of van Prooijen and

Uijttewaal [21] (dashed-dotted lines). While the former have a
size almost constant with x (at most weakly decreasing as also il-

lustrated by the weakly decreasing shear layer thickness of figure
8) the latter grow in size at a considerable rate. This is a reflec-
tion of the fundamental fact that the size of compound-channel

macrovortices scales with the crossflow size of the transition re-
gion [10,38] while that of shear-layer macrovortices scales with

the shear layer width which increases downstream of the incep-
tion (see figure 5 of [21]).

Macrovortices are also found to characterize different spatial re-

gions in the two flows. In the case of a free shear layer the vortex
position, coinciding with that of the shear layer, is seen to bend

towards the low velocity region of the shear layer (see figure 6 of
[21]). On the contrary, in a compound channel, not only the lat-

eral walls provide a extra agent for vortex generation (mainly con-
fined over the flood plains), but also transition-region macrovor-
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tices are found to reside over the transition region only (see the
bottom panel of figure 7).

The above differences in properties of the mean flow and vortical
features seem also to be reflected in the global properties of mix-

ing. It seems widely accepted that a free shear, shallow flow is
characterized by an energy spectra decay of the type E(k) ∝ k−3

[21]. This suggests an intense direct enstrophy cascade which,
in turn, should likely be reflected in a K(2) ∝ D2 mixing law.
On the contrary, we find that relative diffusivity decay accord-

ing to K(2) ∝ D4/3, which, under various flow conditions, has
been found associated with intense flow shearing of macrovor-

tices [37,38,44,45].

6 Conclusions

A detailed and extensive experimental investigation based on

PTV and PIV analysis of free surface velocities has been made
to reveal the fundamental features of the flow characterizing a

straight compound channel from the inception to fully-developed
conditions. Specific focus was on elucidating the properties of

horizontal flow mixing and pointing out similarities/differences
with a true free shear flow.

The main findings of our work can be summarized as follows:

• over the entire longitudinal extension of the flow (i.e. from

near-inception to fully-developed conditions) dynamical prop-
erties are seen to strongly depend on the input discharge. These
conditions can be classified as low-discharge conditions (Q ≤

5.0l/s), intermediate-discharge conditions (5l/s < Q ≤ 10.2l/s)
and high-discharge conditions (Q > 10.2l/s);

• the maximum streamwise mean velocity component increases
(approximatively linearly) with Q and x, while the bell-type

crossflow profile of U , typical of the low/intermediate discharges,
becomes non-monotonic at high discharges (hence the need of

24



new types of self-similar solutions). The mean shear at the
transition region decreases with increasing Q and leads the re-

duction of macrovortex generation at the transition region and
a simultaneous increase at the lateral walls;

• the macrovortices radii range between 0.025m and 0.035m, i.e.
clearly scaling with the crossflow extension of the transition re-

gion. Macrovortices, elongated with a mean ellipticity of about
0.5 − 0.6, are not sensitive to the mean shear. The transition
macrovortices are directed at 40◦ − 50◦ with respect to the

channel axis like a sensible fraction of wall macrovortices, the
latter, however are seen to be more aligned with the mean flow.

The above suggests that engulfment of floodplain fluid by the
main channel flow is more similar to that of a wake than that

of a jet/shear layer;
• the horizontal mixing is characterized by two regimes: an in-

termediate regime (t ≤ 0.1s) and a nearly-equilibrium regime,

a possible ballistic regime not being detected. In the interme-
diate regime the absolute eddy diffusivity grows like t3/2 while

the relative diffusivity depends on the separation like D4/3,
hence suggesting a mixing dominated by shearing. The nearly-

equilibrium regime is such that the absolute eddy diffusivity
grows linearly in time. Moreover at fully-developed conditions

the eddy diffusivity is constant for low and high discharges with
a linear transition in the intermediate discharges;

• the global dynamics of a straight compound channel cannot

be entirely explained by a shear layer approach i.e. the flow
largely differs from that obtained by the meeting of three paral-

lel streams of different velocity (fast stream in the main channel
and two slow streams at the floodplains). The compound chan-

nel topography and boundaries force a non-monotonic velocity
profile, a shear layer thickness weakly decreasing downstream,

macrovortices generated at the transition and at the lateral
wall with size almost independent of the streamwise coordi-
nate and a mixing more likely comparable to that induced by

a mean flow shearing (global) than that characterized by direct
enstrophy cascading (local at shear layer location).
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All the above suggests that more analyses should be devoted to

the understanding of the global flow in a compound channel in
addition to ongoing studies of local features.
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TABLES

Case Q hfp/hmc Reh,fp/Reh,mc Frcc cf

[l/s] [m] [-] [-] [×10−3]

8 3.3 0.010/0.060 2520/22440 0.583 2.87

12 4.1 0.011/0.063 2870/23620 0.658 2.84

18 5.0 0.017/0.067 5100/26730 0.592 2.65

27 6.1 0.020/0.070 6860/29890 0.626 2.57

47 8.0 0.026/0.076 10350/34880 0.639 2.45

56 8.8 0.029/0.079 11770/36650 0.629 2.39

86 10.2 0.034/0.085 16490/44625 0.610 2.31

120 12.9 0.040/0.090 20840/50670 0.650 2.24

180 15.7 0.045/0.095 25965/57665 0.691 2.18

287 19.9 0.054/0.104 33700/67600 0.705 2.09

350 22.0 0.059/0.109 37525/74120 0.709 2.06

Table 1
Main flow characteristics of the experimental cases performed at the DICAT: the
case number gives the the level of HG in mm of the differential pressure flowmeter
of the flume, while Q is the calibrated discharge according in l/s. Depth Reynolds
number is calculated at x = 7m both for floodplain and main channel. Froude
number is calculated for the compound channel geometry according to [17].
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Case nabs tout np1 np2 np3 np4 np5 K(1)

[level of HG] [s] [×10−3m2/s]

8 274 1.0 95 112 162 184 193 6.03

12 528 1.0 256 317 417 460 469 5.95

18 987 1.0 693 887 1211 1378 1444 6.40

27 1087 1.0 858 1145 1595 1800 1854 7.45

47 1081 1.0 923 1254 1736 1964 2009 9.10

56 1178 1.0 1002 1335 1866 2109 2157 9.42

86 1083 1.0 742 1014 1424 1620 1638 11.76

120 942 1.0 631 925 1303 1460 1474 13.65

180 552 1.0 284 360 441 476 481 15.86

287 88 1.0 18 23 26 27 27 15.79

350 24 1.0 4 4 4 4 4 16.20

Table 2
Main characteristics of the experimental cases performed at the DICAT. nabs is the
total number of particles used for the absolute statistics, tout is the maximum time
for which particles are used to compute absolute statistics, npi, gives the number
of pairs for the four initial separations used for the relative dispersion analysis, i.e.
for D0 = 0.04m (i=1), D0 = 0.05m (i=2), D0 = 0.07m (i=3), D0 = 0.08m (i=4)
and D0 = 0.10m (i=5) respectively. K(1) is the value of the absolute diffusivity at
x = 7m and for t = tout.
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FIGURES

Fig. 1. Macrovortices generated at the boundaries between the main channel and
the flood plains. The flow is from left to right. Left panel: experimental visualiza-
tion of macrovortices (adapted from [11]). Right panel: computed vorticity patterns
(adapted from [10]).

Fig. 2. Left panel: view from the outflow section of the flume at DICAT with the
compound channel geometry and the camera setup at the top of the picture. Right
panel: sketch of the cross section of the DICAT compound channel flume. The
compound channel made of PVC is placed on a compact layer of fine sand. All
dimensions are in cm.
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discharges Q = (3.3, 5.0, 8.0, 10.2, 15.7)l/s. From top to bottom: average velocity
profiles at section x = (7, 5, 2) m.
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Fig. 4. Swirling strength and velocity fluctuations distribution of sample ensem-
ble-averaged flow fields at section 7m for a low discharge Q = 3.3l/s (left panel) and
a high discharge Q = 12.9l/s (right panel) case. The velocity fields are derived from
a space-time decomposition of the instantaneous velocity field and different colors
correspond to the magnitude of the swirling strength.
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as function of the discharge Q. Bottom panel: position of the inflection point.
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Fig. 10. Macrovortex size. The top four rows give the PDF of the equivalent radius
Req for the discharges Q = (3.3, 5.0, 10.2, 22.0)l/s. The lines with diamonds refer
to structures residing in the transition region while the lines with crosses to those
residing in the floodplains. The last rows report the mean vortex radius as func-
tion of Q at the three available sections (left panels) and, with the same graphical
arrangement the vortex area (right panels). Transition region vortices (penultimate
row) are separated from the floodplain vortices (last row).
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Fig. 11. Macrovortex shape. The top four rows give the PDF of the vortex eccen-
tricity ǫ for the discharges Q = (3.3, 5.0, 10.2, 22.0)l/s. The lines with diamonds
refer to structures residing in the transition region while the lines with crosses to
those residing in the floodplains. The last rows report the mean vortex eccentricity
as function of Q at the three available sections for the transition region vortices
(penultimate row) and the flood plain vortices (last row).
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Fig. 12. Macrovortex orientation. The top four rows give the PDF of the alignment
angle θ for the discharges Q = (3.3, 5.0, 10.2, 22.0)l/s. The lines with diamonds
refer to structures residing in the transition region while the lines with crosses to
those residing in the floodplains. The last rows report the mean vortex alignment as
function of Q (left panels) and dU/dy (right panels) at the three available sections
for the transition region vortices (penultimate row) and the flood plain vortices (last
row).
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Fig. 13. Growth in time of the absolute dispersion 〈X2〉 at x = 7m for dis-
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Fig. 14. Growth in time of the absolute diffusivity K(1) at x = 7m for discharges
Q = (3.3, 5.0, 6.1, 8.8, 10.2, 15.7)l/s.
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Fig. 15. Absolute (left column) and relative (right column) dispersions at x = 7m in
the x-direction, i.e. longitudinal (solid blue line), in the y-direction, i.e. transversal
(dashed green line), and the cross term (dash-dotted red line), left and right panels
respectively. Top panels: Q = 5.0l/s; middle panels: Q = 8.8l/s; bottom panels:
Q = 15.7l/s.
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Fig. 16. The relative diffusivity vs. mean separation distance at x = 7m for ini-
tial separations: D0 = 0.04m (solid blue line), D0 = 0.05m (dashed green line),
D0 = 0.07m (dotted red line), D0 = 0.08m (dotted magenta line) and D0 = 0.1m
(dotted black line). From top to bottom, from left to right discharges are: Q = 5.0l/s,
Q = 8.0l/s, Q = 12.9l/s, Q = 15.7l/s.
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