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ABSTRACT
An experimental characterization of the hydrodynamics of a mixing interface at an open channel confluence is presented. In the laboratory experi-
ments, both a confluence and a cylinder set-up were studied in order to validate the bluff body analogy, which has been proposed to characterize the
mixing interface. The experimental characterization included flow visualization and the computation of the mean flow field, time scales of the coher-
ent structures, and turbulent kinetic energy. The comparison among the two configurations confirms the validity of the analogy as similar features
were found for the mean flow field and time scales of the coherent structures. However, differences in the length of the stagnation zone, the flow
velocity deficit, and the turbulence intensity were observed. These differences should be taken into account when the bluff body analogy is used to
characterize the confluence hydrodynamics and to quantify the mixing at the confluence interface.

Keywords: Acoustic Doppler techniques; coherent structures; laboratory studies; mixing process; river channels confluence; turbulent
wakes; velocity measurements

1 Introduction

Stream confluences play an important role in the dynamics
of fluvial systems as they regulate the movement of sedi-
ment through braided river systems. The confluence hydro-
dynamics are characterized by the presence of complex flow

patterns (Boyer, Roy, & Best, 2006; Constantinescu, Miyawaki,
Rhoads, Sukhodolov, & Kirkil, 2011), which are influenced
by topographic effects induced by the presence of bed forms,
large scale bed roughness, and large scale banks irregularities
(Sukhodolov & Rhoads, 2001). An important feature of con-
fluence hydrodynamics is the formation of a mixing interface
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(a) (b)

Figure 1 Hydrodynamic patterns observed at the mixing interface of river confluences: (a) Kelvin–Helmholtz (KH) features; and (b) turbulent wake
(TW) features. The stagnation zone is shown in grey

between converging flows and the development of large scale
coherent structures within this interfacial region. Mixing inter-
faces have been generally analysed in the near-field of mixing
as a shallow shear layer, where lateral mass and momen-
tum exchange are considered negligible (Constantinescu et al.,
2011). However, in a small natural river confluence, Rhoads and
Sukhodolov (2004) observed a stagnation zone with recirculat-
ing fluid at the junction apex, which was bounded on each side
by smaller shear layers. The stagnation zone is one of the dis-
tinct elements of confluence hydraulics defined by Best (1987).
At the downstream end of the stagnation zone, eddies from each
of the two shear layers are alternately shed into the mixing
interface to form larger quasi 2-D coherent structures. Constan-
tinescu et al. (2011) claimed that, due to this alternate shedding,
the mixing interface will include successive coherent structures
rotating in opposite directions with alternating vorticity. In this
case, the mechanism for formation of quasi 2-D eddies is similar
to the vortex shedding process responsible of the development
of coherent structures behind a bluff body.

Sukhodolov and Rhoads (2001) found through field
observations, which were subsequently confirmed by Constan-
tinescu, Miyawaki, Rhoads, and Sukhodolov (2012, 2014) and
Constantinescu (2014) using numerical simulations, that the
mixing interface will be dominated by either Kelvin–Helmholtz
(KH) features or turbulent wake (TW) features depending on
the planform geometry, the angle between the incoming flows
and the flow velocity ratio across the mixing interface. In the
first case, the mixing interface includes predominantly quasi
two-dimensional large-scale co-rotating turbulence structures,
whose growth is driven by KH instability and by vortex pair-
ing. In the second case, the mixing interface includes quasi
two-dimensional large-scale coherent turbulence structures with
opposite directions of rotation. Both hydrodynamic patterns are
shown in Fig. 1.

Constantinescu et al. (2012) claimed that in natural river
confluences both hydrodynamic features (KH and TW) may be

present simultaneously in the mixing interface but often one pat-
tern will dominate over the other, with the dominant flow feature
being determined by the flow conditions, the confluence geom-
etry and morphology. Constantinescu et al. (2011) affirmed that
KH features will dominate, when the converging flow momen-
tum and velocities have different magnitudes. Meanwhile TW
features will dominate when converging flow momentum and
velocities have similar magnitudes.

Despite the mentioned numerical simulations, there is a clear
need for experimental validation of the KH and TW analo-
gies. According to Constantinescu et al. (2011), this additional
research should be focused on river confluences in which other
process affecting mixing, such as bedform presence or bank
irregularities, are negligible. These controlled conditions can
be easily achieved in the laboratory, using a simplified geom-
etry and a constant flow rate. Quantification of the temporal
and spatial variation of the mixing interface is important for
the validation of numerical models used to quantify flow and
mass transport in river confluences. In particular, it is important
to quantify the relations among the turbulence kinetic energy
(TKE), its dissipation rate, and the characteristic length scale of
turbulent processes (Rhoads & Sukhodolov, 2008).

This paper presents new laboratory results obtained with the
objective of characterizing the mixing interface hydrodynam-
ics in an open channel confluence with a fixed concordant bed
(no bed erosion is simulated) and with no density difference of
the converging flows. In the experiments, the momentum and
flow velocity ratios between the converging flows were set close
to unity, to promote the development of wake-generated struc-
tures at the mixing interface. Then the experimental set-up was
modified to observe the flow around a circular-cylindrical bluff
body. This approach adopted theoretical considerations from
fluid mechanics (i.e. TW behind a bluff body) to characterize the
features of the mixing interface. The experimental characteriza-
tion (for both confluence and bluff body experimental set-ups)
includes flow visualization and the computation of the mean
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(a) (b)

Figure 2 Experimental set-ups: (a) confluence; and (b) cylindrical bluff body

flow and turbulence intensities, TKE, as well as the temporal
scales of the coherent structures.

2 Experimental set-up, method and instrumentation

The experiments described here were performed in a labora-
tory flume located in the Instituto de Mecánica de los Fluidos
e Ingeneiría Ambiental, Facultad de Ingeniería, Universidad de
la República, Montevideo, Uruguay. The flume is 18 m long and
1.5 m wide. A pumping system is composed by a pump (maxi-
mum flow discharge of 200 l s−1) that takes water from a large
reservoir, several control valves, and an ultrasound flowmeter.
The flume bed was covered by a 0.25 m thick layer of uniform
sand, with mean size 0.8 mm. The bed was flattened and fixed
by spreading a very small amount of cement in the stagnation
zone and mixing interface, before the beginning of the exper-
iment. The water depth was controlled by a valve located at
the downstream end of the flume. Two experimental set-ups
have been used in this study (Fig. 2). One was employed to
simulate parallel confluent flows with velocity ratio equal to 1,
and the other flows around a cylindrical bluff body. The conflu-
ence apex width was the same as the diameter of the bluff body
(D = 0.16 m), and was located 8 m downstream of the flume
entrance.

Table 1 summarizes the tested flow conditions for each
experimental set-up. The kinematic viscosity of the water
was in all cases ν = 1 × 10−6 m2 s−1. The experiments were
designed so that the same bulk hydraulic parameters (i.e. mean
cross sectional velocity and flow depth downstream of con-
fluence/cylinder) were present for both set-up configurations.
However, it should be noted that the effective width of the flume
for the incoming flows was different, being 0.16 m narrower for
the confluence set-up, as can be observed in Fig. 2. This resulted
in the mean velocities of the incoming flows being 11% larger
for the confluence set-up.

A qualitative characterization of the coherent structures in the
mixing interface was achieved using two different dye-tracers
(Methylene blue and Kaolinite) and a 12-megapixel digital cam-
era Panasonic

®
(Newark, NJ, USA) model DMC-ZR1. The flow

velocity was measured at several locations along the mixing
interface (Fig. 3) and in the incoming flow zones using an

Table 1 Flow conditions analysed in this paper for both set-up con-
figurations representing flow confluence and flow around a cylindrical
bluff body

Setup configuration

Parameter Unit Confluence Bluff body

Flow discharge (Q) (l s−1) 80 80
Water depth (H ) (m) 0.26 0.26
Effective width of incoming flows

(B)
(m) 1.34 1.50

Mean velocity of incoming flow
(Um = Q/Area)

(m s−1) 0.23 0.21

Reynolds number R = Um H/ν – 6.0 × 104 5.3 × 104

Froude number F = Um / (gH)0.5 – 0.14 0.13
Obstacle Reynolds numbers =

RD = Um D/ν
– 3.7 × 104 3.3 × 104

acoustic Doppler velocimeter (ADV) and ultrasonic velocime-
ter profiler (UVP). Time series of the three-dimensional flow
velocity at several points downstream of the obstacle (Fig. 3)
were recorded using a Vectrino 10 MHz ADV Lab with Plus
firmware option

®
(Nortek, San Diego, CA, USA). These mea-

suring points were all located at mid-depth z = H/2 for the
two analysed set-ups, where H is the flow depth. The ADV
recording frequency was fR = 25 Hz, which satisfies the con-
dition FR = fR · Tf > 20 for accurate turbulence characteri-
zation (García, Cantero, Niño, & García, 2005). Here Tf is
the integral time scale of the flow turbulence, estimated as
Tf = L/Uconv, L is the largest turbulence length scale gener-
ated by bottom friction (on the order of the flow depth H )
and Uconv is the convective velocity of the turbulence struc-
tures (on the order of the mean flow velocity in the streamwise
direction).

Velocity time series were also recorded along different loca-
tions downstream of the obstacle (Fig. 3) and in the incoming
flow region using the UVP from Met-Flow (Lausanne, Switzer-
land). This instrument records the projection of the velocity
vector along the axis of the acoustic beam emitted by the sensor
(more details can be found in Pedocchi & Garcia, 2009). Verti-
cal profiles of streamwise and vertical flow velocity components
were recorded 1 m upstream of the confluence apex and the
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Figure 3 Locations of ADV and UVP velocity measurements downstream of the obstacle or confluence apex (x and y represent the streamwise and
transverse directions, respectively)

obstacle with three 4 MHz UVP sensors (one vertical and two at
30° angle), with a sampling frequency of 40 Hz, for 410 s. The
vertical profiles were measured over three streamwise planes,
located 0.3 m from each wall and on the centreline of the flume,
the centreline measurements were not obtained for the conflu-
ence configuration due to the presence of the splitter plate. Nine
horizontal profiles of the streamwise velocity component were
recorded along 0.5 m horizontal segments downstream from
the confluence apex/cylinder. These segments were located at
mid-depth z = H /2 from the channel bed. The velocity was
measured using 2 MHz UVP sensors running at a sampling
frequency of 25 Hz, for 328 s.

3 Results

3.1 Characterization of incoming flows

Figure 4 shows the dimensionless profiles of the streamwise
velocity recorded with the UVP 1 m upstream from the conflu-
ence apex/cylinder. The shear velocity u∗ was computed from
fitting the log-law to the data (Nezu, 1993); the results are sum-
marized in Table 2. No sediment motion was observed during
the experiments assuring clear water conditions in the upstream
region. This was in agreement with the fact that the u∗/u∗critical

was always below one, where u∗critical was computed from the
Shields diagram (u∗critical = 1.46 cm s−1, Garcia, 2008).

0.1

1

z/
H

Cylindrical bluff body

Confluence

Log fit

0.01
0 0.2 0.4 0.6 0.8 1 1.2

U/Um

Figure 4 Dimensionless mean streamwise velocity profiles measured
1 m upstream of the mixing interface for both set-up configurations
(representing flow confluence and flow around cylindrical bluff body).
The velocity profiles were recorded at the centreline of the right chan-
nel for the confluence configuration and in the centreline of the whole
channel for the flow around cylindrical bluff body

3.2 Visualization of flow features in the mixing interface of
the flow confluence

Figure 5 shows the results of the flow visualization along the
mixing interface for the confluence set-up. During the exper-
iment the dye-tracers were injected to the incoming flows on
each side of the confluence. Quasi 2-D coherent structures can
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Table 2 Shear velocities (u∗) computed for the incoming flow for both set-up configurations representing flow confluence and flow around
cylindrical bluff body (Q = 80 l s−1). Values of the critical shear velocities (u∗critical) for sediment motion are also shown

Setup configuration Location u∗ (cm s−1) u∗critical (cm s−1) u∗/u∗critical (%)

Cylindrical bluff body Centreline 1.09 1.46 75
Confluence Left channel 1.21 1.46 83

Right channel 1.24 1.46 85

Figure 5 Visualization (using tracers) of coherent structures at the
mixing interface of the confluence experimental configuration

be observed at the downstream end of the stagnation zone shed-
ding alternately into the mixing region. These coherent struc-
tures are similar to the ones reported by Rhoads and Sukhodolov
(2004) in a small river confluence. Rhoads and Sukhodolov
(2004) claim that the process of eddy development appears to
be similar to traditional vortex pairing, where small individual
vortices with vertical axis of rotation, moving at different speeds
on each side of the shear layer, amalgamate as they move in the
downstream direction to produce large coherent structures.

On Fig. 5 coherent structures with opposite direction of
rotation are observed, similar to those simulated by Constan-
tinescu et al. (2011) and Constantinescu et al. (2012) in angled
confluences with momentum ratio near 1. These coherent struc-
tures are analogous to those observed along the wake behind a
cylindrical bluff body (Chen & Jirka, 1995), agreeing with the
conceptual model proposed by Sukhodolov and Rhoads (2001),
Fig. 2b.

3.3 Mean flow velocity field in the mixing interface

To quantify the similarity among the hydrodynamic features in
the mixing interface for the case of the flow in a confluence
and around a cylindrical bluff body, the mean velocity fields are
compared. Figure 6a shows the mean streamwise flow velocity

fields obtained from the UVP horizontal profiles downstream of
the obstacle for both set-up configurations while Fig. 6b shows
the dimensionless mean streamwise velocities for both set-ups.

Figure 6a and b shows that for both configurations a stream-
wise velocity deficit (including a stagnation zone) develops in
the lee of the splitter plate (confluence configuration) and cylin-
der (bluff-body configuration). For the bluff body set-up the
streamwise velocities on the sides of the obstacle are greater
than for the confluence set-up. This is due to the accelerations
imposed on the flow passing around the obstacle. In addition, the
flow velocity deficit is larger for the cylindrical bluff body set-
up. Mean streamwise velocity Uij obtained at each location “i”
along the streamwise direction x, and “j ” along the transverse
direction y, are made dimensionless using the mean velocity of
incoming flow Um (Table 1). Figure 6b shows the dimensionless
mean streamwise velocities for both set-ups. The coordinates
were also made dimensionless using the diameter of the conflu-
ence apex and the cylindrical bluff body diameter (D = 0.16 m,
the same for both set-ups).

The spatial evolution of mean streamwise flow velocity
recorded using UVP in the centreline of the mixing interface
is plotted in Fig. 7, for both set-ups; experimental results from
Lourenco and Shih (1993) for a flow around a cylindrical bluff
body are also included. The results for the cylindrical bluff body
set-up are in good agreement with the data of these authors.

The velocity deficit region for both set-ups includes the stag-
nation zone where negative (or zero) streamwise mean velocity
values are observed (Fig. 7). The negative values are related
to the existence of recirculating cells behind the obstacle. For
cylindrical bluff body configuration, the stagnation zone extends
over a distance of 1.8D with a minimum mean streamwise
velocity of − 0.3Um downstream, while for the confluence
set-up the extension of the stagnation zone is 1.4D with a
minimum mean streamwise velocity of − 0.17Um. Furthermore
2.5D downstream similar values are observed for the streamwise
mean velocity for both set-ups.

3.4 Spatial evolution of flow fluctuations intensity in the
mixing interface

The downstream evolution of the flow fluctuation intensities is
analysed using values of the root mean square (RMSx) of the
streamwise velocity signal recorded with the UVP for both set-
ups (Fig. 8).

High values of RMSx were obtained along the mixing inter-
face downstream from the obstacle for both set-ups. This
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Figure 6 (a) Mean streamwise flow velocity fields (cm s−1); and (b) transverse profiles of dimensionless mean streamwise flow velocity obtained
using UVP downstream of the confluence apex (left) and cylindrical bluff body (right)
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U
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Confluence

Cylindrical bluff body

Lourenco & Shih (1993)

Figure 7 Spatial evolution of dimensionless mean streamwise flow
velocity in the centreline of the channel recorded using UVP, and
experimental results obtained by Lourenco and Shih (1993)

increase in RMSx is clearly due to the presence of the coher-
ent flow structures shedding from the obstacle. Although similar
patterns of dimensionless RMSx values were observed for both
set-ups, the cylindrical bluff body configuration has larger val-
ues of RMSx than those for the confluence configuration. In
addition, Fig. 8 shows that the width of the region of large
RMSx values is greatest for the cylindrical bluff body set-up.
The evolution of dimensionless RMSx along the cross section at
x = 2.5D and x = 3.1D downstream of the obstacle is shown in
Fig. 9 for both set-ups.

For the confluence set-up, the region with high values of
RMSx covers a distance of about 1D on each side of the centre-
line with a maximum RMSx of 0.16Um. For the cylindrical bluff
body set-up high values of RMSx exists up to 2D on each side
of the centreline with a maximum RMSx of 0.26Um. A deficit in
the peak values of RMSx at a streamwise distance of x/D > 3 is
evident for the cylindrical bluff body set-up in agreement with
previous results by Kravchenko and Moin (2000).

3.5 Temporal time scales of coherent structures in the mixing
interface

The temporal time scale of the turbulent structures observed
along the mixing interface was estimated through spectral anal-
ysis of the recorded velocities for both experimental set-ups.
First, the spectral density functions were computed for the 3D
velocity recorded with the ADV. Note that the Doppler noise
energy has been subtracted for the spectra presented on Figs 11
and 10, following García et al. (2005).

3.5.1 Spectral analysis for locations in the mixing interface at
the centreline of the channel (y/D = 0)

Spectral density function for the transverse velocity component
(Fig. 11) at the centreline of the channel (y/D = 0) presents a
peak at frequencies ranging between 0.27 and 0.3 Hz (Table 3)
for both set-up configurations, and the maximum energy peaks
were observed at the centreline a distance x = 1.2D downstream
of the obstacle, being 12,814 cm2 s−1, and 351 cm2 s−1 for the
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Figure 8 RMSx values (cm s−1) for the streamwise flow velocity signals recorded using a horizontal UVP downstream of the obstacle, for flow
confluence (left) and flow around cylindrical bluff body (right) configuration set-ups
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Figure 9 Dimensionless RMSx of streamwise flow velocity signal
recorded in the mixing interface downstream of the obstacle

cylindrical bluff body and flow confluence set-up, respectively.
For the streamwise and vertical velocity components, a clear
peak on the spectral density functions is not observed at the
centreline (Fig. 11).

3.5.2 Spectral analysis for points located at y/D = 0.9

Power spectra for the transverse and streamwise velocity com-
ponents (Fig. 10) at y/D = 0.9 also show a peak at frequencies
ranging between 0.27 and 0.3 Hz. The vertical velocity compo-
nent does not exhibit a pronounced peak (Fig. 10) at y/D = 0.9
and different streamwise locations. For the confluence set-up,
the maximum spectral peaks for the transverse and streamwise
velocity components at (y/D = 0.9) are equal to 63 cm2 s−1

and 59 cm2 s−1, respectively, while for the cylindrical bluff
body set-up, the energy peaks for the transverse and stream-
wise velocities were equal to 1755 cm2 s−1 and 1082 cm2 s−1,
respectively.

3.6 Frequency analysis of coherent structures shedding

The frequency of the observed peaks in the spectral density
functions is directly related to the vortex shedding frequency,

through the Strouhal number S. This dimensionless number
includes the shedding frequency of the coherent structures f, a
characteristic length (in this case the diameter of the cylindrical
bluff body or the confluence apex width D) and a characteristic
flow velocity (in this case the mean velocity of the approaching
flow Um), then S = f D/Um.

Previous results by Schewe (1983) showed that the Strouhal
number of the flow around a cylindrical bluff body increases
as the obstacle Reynolds number RD increases, reaching an
approximately constant value of S ≈ 0.2 for RD between 300
and 3 × 105. Experiments reported here have RD ≈ 3 × 104,
falling in the constant Strouhal number range. Table 3 shows the
Strouhal numbers computed for the streamwise and transverse
velocity components measured with ADV at different locations
(Fig. 3) for the cylindrical bluff body and confluence set-up. The
observed Strouhal numbers are in good agreement with previ-
ous studies. Table 3 does not include Strouhal number for the
streamwise flow velocity component recorded at the centreline
(locations 1, 3, 6 and 9) because there were no noticeable peaks
in the spectral density function, and therefore f was not clearly
defined.

For all the sampled locations, the Strouhal number values
obtained in the mixing interface of the confluence set-up showed
good agreement with the empirical value of 0.2 predicted for a
bluff body configuration. These results agree with Rhoads and
Sukhodolov (2008), who reported a Strouhal number of 0.2 for
coherent structures in the mixing interface at a small natural
confluence.

3.7 Fluctuating kinetic energy per unit mass

The average fluctuating kinetic energy per unit mass K, com-
puted as:

K = 1
2

[u′2 + v′2 + w′2], (1)

where u′2, v′2 and w′2 are the variances (including noise cor-
rection) of the recorded velocity signal for each Cartesian
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Figure 10 Spectral density functions of: (a) transverse (Gyy ), (b) streamwise (Gxx), and (c) vertical (Gzz) flow velocity components measured with
ADV at different streamwise locations at y/D = 0.9 for confluence (left) and cylindrical bluff body (right) experimental set-ups. The figures include
the − 5/3 power law fitting

component, including flow fluctuation contributions from dif-
ferent processes (i.e. approach turbulence, coherent structures
shedding, etc.). The fluctuating kinetic energy contribution
from flow turbulence is usually referred to as TKE (turbulent
kinetic energy). Table 4 shows values of K and TKE com-
puted from velocity signals measured with ADV at different
locations for both set-ups, at progressives x > D (locations
2 to 10).

The turbulent kinetic energy TKE values were estimated
using the variances of the high pass filtered flow velocity sig-
nals. A Fourier high-pass filter was implemented with a cut-off
frequency of 0.5 Hz, which is larger than the frequency of

coherent structures shedding (between 0.27 and 0.3 Hz). The
variance contribution of the flat plateau of the spectrum for the
smallest frequencies has been considered.

Both the K and TKE values are considerably larger in the
cylindrical bluff body experimental set-up than the confluence
set-up due to the more intense shedding of coherent structures
and turbulence for this set-up. However, it should be noticed
that TKE / K ratios are similar for both set-ups. This shows
that both the shedding of coherent structures and the turbulence
generation are strongly related, having the same origin in the
detachment of the boundary layer around the cylinder or the
confluence apex.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

id
ad

 N
ac

io
na

l d
el

 L
ito

ra
l]

, [
R

ic
ar

do
 S

zu
pi

an
y]

 a
t 0

5:
24

 1
1 

A
pr

il 
20

16
 



Journal of Hydraulic Research (2016) Flow structure at a confluence 9

0.001

0.01

0.1

1

10

100

1000

10000

0.001 0.01 0.1 1 10 100

G
yy

(c
m

2 /
s)

f (Hz)

x/D=0.3 x/D=1.2
X/D=2.1 X7D=3.1
-5/3 slope

0.001

0.01

0.1

1

10

100

1000

10000

0.001 0.01 0.1 1 10 100

G
yy

(c
m

2 /
s)

f (Hz)

x/D=0.3 x/D=1.2
x/D=2.2 x/D=3.1
-5/3 slope

0.001

0.01

0.1

1

10

100

1000

10000

0.001 0.01 0.1 1 10 100

G
xx

(c
m

2 /
s)

f (Hz)

x/D=0.3 x/D=1.2
x/D=2.1 x/D=3.1
-5/3 slope

0.001

0.01

0.1

1

10

100

1000

10000

0.001 0.01 0.1 1 10 100

G
xx

(c
m

2 /
s)

f (Hz)

x/D=0.3 x/D=1.2
x/D=2.2 x/D=3.1
-5/3 slope

0.001

0.01

0.1

1

10

100

1000

10000

0.001 0.01 0.1 1 10 100

G
zz

(c
m

2 /
s)

f (Hz)

x/D=0.3 x/D=1.2
X/D=2.1 X/D=3.1
-5/3 slope

0.001

0.01

0.1

1

10

100

1000

10000

0.001 0.01 0.1 1 10 100

G
zz

(c
m

2 /
s)

f (Hz)

x/D=0.3 x/D=1.2
x/D=2.2 x/D=3.1
-5/3 slope

x/D=0.3 
x/D=2.1 
-5/3 slope

x/D=1.2 
x/D=3.1 

x/D=0.3 
x/D=2.1 
-5/3 slope

x/D=1.2 
x/D=3.1 

x/D=1.2 
x/D=3.1 

x/D=1.2 
x/D=3.1 

x/D=0.3 
x/D=2.1 
-5/3 slope

x/D=0.3 
x/D=2.1 
-5/3 slope

x/D=0.3 
x/D=2.1 
-5/3 slope

x/D=0.3 
x/D=2.1 
-5/3 slope

x/D=1.2 
x/D=3.1 

x/D=1.2 
x/D=3.1 

(a)

(b)

(c)

Figure 11 Spectral density functions of: (a) transverse (Gyy ), (b) streamwise (Gxx), and (c) vertical (Gzz) flow velocity components measured with
ADV at different locations along the centreline of the mixing interface for confluence (left) and cylindrical bluff body (right) experimental set-ups.
The figures include the − 5/3 power law fitting

Table 3 Frequency of the observed peaks in the spectral density functions (f ) and Strouhal number (S) computed for the streamwise and transverse
velocity components measured with ADV at different locations for confluence and flow around a cylindrical bluff body configuration set-ups

Confluence Bluff body

Streamwise
component

Transversal
component

Streamwise
component

Transversal
component

Location f (Hz) S f (Hz) S f (Hz) S f (Hz) S

1 – – 0.278 0.22 – – 0.284 0.22
2 0.272 0.21 0.272 0.21 0.269 0.21 0.269 0.21
3 – – 0.275 0.21 – – 0.262 0.20
4 0.275 0.21 0.275 0.21 0.281 0.22 0.275 0.21
5 0.262 0.20 0.262 0.20 0.299 0.23 0.317 0.25
6 – – 0.275 0.21 – – 0.327 0.25
7 0.269 0.21 0.269 0.21 0.299 0.23 0.299 0.23
8 0.266 0.21 0.266 0.21 0.308 0.24 0.308 0.24
9 – – 0.266 0.21 – – 0.262 0.20
10 0.269 0.21 0.269 0.21 0.262 0.20 0.296 0.23
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Table 4 Fluctuating kinetic energy (K) and turbulent kinetic energy (TKE) computed from velocity signals measured with ADV at different
locations for confluence and cylindrical bluff body configuration set-ups

Confluence Cylindrical bluff body

Location K (cm2 s−2) TKE (cm2 s−2) TKE/K K (cm2 s−2) TKE (cm2 s−2) TKE/K

2 2.8 2.2 0.81 15.3 11.7 0.76
3 34.1 31.8 0.93 113.8 101.6 0.89
4 1.5 1.2 0.80 16.6 10.2 0.61
5 3.2 2.3 0.72 33.6 23.8 0.71
6 21.9 17.7 0.81 62.8 32.6 0.52
7 3.0 2.0 0.65 39.0 26.8 0.69
8 5.9 6.0 1.00 26.6 17.1 0.64
9 15.0 12.6 0.84 44.6 27.4 0.61
10 4.4 3.5 0.80 48.7 16.6 0.34

4 Conclusions

This paper presented an experimental characterization of the
mixing interface of the flow in a confluence with parallel incom-
ing flows and around a cylindrical bluff body. The detailed
measurements provide important information towards valida-
tion of the analogy from fluid mechanics (i.e. TW behind a
bluff body) that has been proposed to characterize the mixing
interface.

While similar hydrodynamic patterns were observed in the
case of the confluence and bluff body set-ups, the results also
showed some differences that have been quantified. TW patterns
were observed for both set-ups. First, the use of flow visualiza-
tion techniques in the confluence set-up showed the presence
of coherent structures downstream from the stagnation zone.
These quasi 2-D coherent structures alternately shed into the
mixing interface rotating in opposite directions similar to the
ones observed in the wake of a cylindrical bluff body. Veloc-
ity measurements showed that for both experimental set-ups
a velocity deficit is observed at the centreline of the mixing
interface. This deficit is larger for the flow around a cylindrical
bluff body and the stagnation zone extends further downstream
in this configuration. In addition, due to the flow acceleration
around the obstacle, the streamwise velocities just downstream
of the sides of the cylindrical bluff body are larger than the ones
observed in the case of the confluence.

This work also presents a spatial analysis of flow fluctuation
intensity and a spectral analysis of the velocity signals for both
configuration set-ups. Large values of dimensionless flow fluc-
tuation intensity were observed for both set-ups. However, the
flow around the cylindrical bluff body presented larger values
of fluctuation intensity in the centreline due to more energetic
coherent flow structures. Also, the flow around the cylindrical
bluff body presented larger values of fluctuation intensity in the
centreline due to more energetic coherent flow structures.

Temporal time scales of coherent structures within the mix-
ing interface were computed through spectral analysis of the

velocity signals recorded in both experimental set-ups. Simi-
lar fluctuations frequencies were observed for the transverse
and streamwise velocities (not for vertical component). These
results indicate that coherent structures are two dimensional
with a vertical rotation axis. The Strouhal numbers computed for
streamwise and transverse velocity components for flow around
a cylindrical bluff body are in good agreement with previous
studies (S ≈ 0.2). In agreement with previous works (Rhoads
& Sukhodolov, 2008), similar Strouhal numbers were observed
for the confluence set-up, showing that the ratio between the
approaching velocity and the diameter of the confluence apex
are useful scales to characterize the vortex shedding frequency
in a confluence.

The analysis of the different sources contributing to the fluc-
tuating kinetic energy K (turbulence and coherent structures
shedding) provided support for the wake analogy. The K values
(including all the fluctuation contributions) at all the measured
locations are considerably larger for the bluff body than for the
confluence set-up. This is due to a more intense coherent struc-
tures shedding process. However, TKE/K ratios are similar for
both set-ups.

Highly similar hydrodynamics patterns were observed in the
case of the confluence of parallel incoming flows and bluff
body set-ups, confirming the validity of the wake analogy. How-
ever the results are not identical since some differences have
been observed for similar flow conditions, especially related
to the length of stagnation zone, the flow velocity deficit
and the intensities of flow fluctuations generated by coherent
structures.

It must be noted that the results of this study are limited for
confluences of parallel incoming flows and the development of
the stagnation zone is strongly influenced by flows converg-
ing at an angle. The enlargement of the stagnation zones at
angled natural confluences and momentum ratios near 1 leads
to more intense wake effects producing strong vortex shed-
ding. This aspect of confluence hydrodynamics requires further
investigation.
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Notation

B = effective width of incoming flows (m)
D = confluence apex width = diameter of the bluff

body (m)
F = Froude number
f = shedding frequency of the coherent structures

estimated as the frequency of the observed
peaks in the spectral density functions (Hz)

FR = dimensionless ADV recording frequency
fR = ADV recording frequency (m)
Gyy , Gxx, Gzz = Spectral density functions of transverse,

streamwise, and vertical velocity components,
respectively

H = flow depth (m)
K = average fluctuating kinetic energy per unit mass

(cm2 s−2)
L = largest turbulence length scale generated by

bottom friction (m)
Q = flow discharge (l s−1)
R = Reynolds number
RD = obstacle Reynolds number
RMSx = root mean square of the streamwise velocity

signal (cm s−1)
S = Strouhal number
Tf = integral time scale of the flow turbulence (s)
TKE = turbulent kinetic energy (cm2 s−2)
u∗ = shear velocity (cm s−1)
u∗critical = critical shear velocity for sediment motion

(cm s−1)
Uconv = convective velocity of the turbulence structures

(m s−1)
Uij = mean streamwise velocity values measured at

each location “i” along the streamwise direc-
tion x, and “j ” along the transverse direction y
(cm s−1)

Um = mean velocity of incoming flow (m s−1)
u′2, v′2, w′2 = variances (including noise correction) of the

recorded velocity signal for each Cartesian
component (cm2 s−2)

x, y, z = Cartesian coordinates (cm)
ν = kinematic viscosity of the water (m2 s−1)
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