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Bulle-Effect: the non-linear distribution of bed-load sediment between 
the lateral and the main channel of a steam/river diversion.  

Q , SQmain , Smain

Qside , Sside

Bifurcation: when a 
river/stream splits into 
two. e.g. the 
Pannerdensche Kop
bifurcation on Rhine 
River, Netherlands.
(image courtsey
:http://www.citg.tudelft.nl/uploads/RTEmagic
C_Rivers_Rijn_by_Gelderlander.jpg.jpg)

Diversion: A special 
type of bifurcation 
where the main-
channel continues 
along the original path. 
e.g. Mississippi River, 
West Bay diversion.
(image courtsey
http://media.nola.com/hurricane_impact/phot
o/9034828-large.jpg)
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Bulle-Effect: first extensive set of experiments in 1926
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• Data reproduced from Bulle’s experiments from 1926. 
• All the cases had a constant water discharge of Q = 5 l/sec = 0.005 

m3s-1

• Experiments were done for five different diversion angles (30, 60, 
90, 120 and 150 degree).   Sediment of D50 < 1.2 mm. 

• Sediment traveled as bedload.
• Experiments were also done for different water discharge ratios. 
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II. The Effects of Introducing Sand to Hard-Bedded Channel Models 

 
a) Current behavior and sediment movement with a diversion angle of φ = 30° 

 
After observing the behavior of water alone in fixed-bed channels, sediment material 

in the form of sand was added at regular intervals to 
water flowing through the channel model at a rate of 5 
l/s.  In order to ensure even distribution across the 
entire width of the channel, the sand was passed 
through a funnel positioned above the channel’s center 
line. As the sand flowed through it, the funnel moved 
slowly from side to side. The sand itself was fine, with 
individual grains no larger than 1.2 mm. Only a very 
small portion remained near the water’s surface as it 
traveled downstream. The sand’s volumetric weight 
was 1.5 in dry air. 
 
Sand Trial No. 1 
 
 The first trial of this kind lasted 45 minutes. The 
sand was added to the water in intervals of 5 minutes. 
The total amount of sand added to the water was 3 dm

3
 or 4500 g, which means that the 

average rate of sand addition was 1.67 g/s. All measurement values for volume and 
weight are given for dry sand. The rate of sand addition corresponded approximately to 
the rate at which the sand drifted downstream. 

 
The results of the trials are depicted in Fig. 28 and 29. These pictures clearly show the 
distance from S at which the sand began to form a deposit as the direction of the bed 
current shifted towards the lateral channel. There was also significant accumulation under 
the eddy in the lateral channel. Only a small amount of sand continued flowing through 
the main channel past the separation zone. 



Bulle found that the amount of bedload sediment entering the diversion chan-80

nel (S
side

) was disproportionately higher with respect to the water discharge.81

This highly non-linear distribution of bedload sediment discharge, between the82

main and diverted channel at a diversion is often referred to as the Bulle-E↵ect83

[10]. The relationship between the ratio of bedload discharge moving into the84

two channels S

side

/S

main

, and the ratio of the corresponding water discharge85

Q

side

/Q

main

can be defined using the equation :86

S

side

S

main

= a

✓
Q

side

Q

main

◆
b

(1)

where a and b are constants. If the distribution of bedload sediment between87

the two channels was linear, then b = 1. For Bulle’s experiments b > 1, thus88

making the sediment distribution non-linear.89

Figure 2, plotted using data from Bulle’s experiments, shows the division90

of water and bedload sediment at diversions of di↵erent angles for experiments91

conducted with Q = 0.005 m

3
s

�1 (where Q = Q

main

+ Q

side

). It is evident92

from the plot that sediment discharge (S
side

) entering the diverted channel is93

disproportionately higher than that remaining in the main channel (S
main

),94

even for cases where Q

main

> Q

side

. It can also observed that the amount of95

bedload entering the lateral-channel varies with increase in diversion-angle, with96

the maximum amount of sediment continuing in the main channel for diversion97

angle of 120 degrees. Bulle has also conducted experiments for di↵erent flow98

partitioning and channel layouts, which are further discussed and compared with99

simulations results in the following sections. Eventhough the exact mechanism100

behind the Bulle-E↵ect is not fully understood, Bulle himself and some studies101

after his have hinted towards presence of strong secondary currents that sweep102

the near-bed sediment into the diversion channel [11, 9].103

In his experiments, Bulle also observed recirculation zones (see fig. 1); one104
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Bulle-Effect: the non-linear distribution of near bed sediment 
between the lateral and the main channel of a steam/river diversion.  
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Figure 2.9: y-axis shows the percentage of the total initial sediment captured
by the diversion, and x-axis shows the corresponding percentage of water
entering the diversion. The data has been reproduced from Ordoñez (2013),
and the plot corroborates the assertion of � > 1 and ↵ > 1 for sediment
traveling near the bed. (Inset) ↵ and � was ascertained from the plot between
log [SD/(SR � SD)] and log [QD/(QR �QD)].
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Figure 2.10: y-axis shows the percentage of the total sediment captured by the
diversion, and x-axis shows the corresponding percentage of water entering the
diversion. The data is from 4 diversions/gates along the Lower Yellow River,
with the People’s Victory Canal gate at the upstream end of the reach and
Dayuzhang gate at the downstream end of the reach (Erxun 1989).
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Bulle-Effect: the non-linear distribution of near bed sediment 
between the lateral and the main channel of a steam/river diversion.  

Bulle-Effect was observed in other experiments too.
Above compilation of data reproduced from Ordonez (2013)

Similar pattern can also be observed in field data. Above data 
is from Lower Yellow River, reproduced from Erxun (1989)



Why is Bulle-Effect important ?
The knowledge gained from understanding the 
phenomenon will help Save the Deltas around 
the world from sea-level rise due to global 
warming.

to maintain land elevation (4). Upstream dams and
reservoirs trap sediment (6), and soil conservation
practices can reduce the mobilization of sediment
(7). River channelization on deltas inhibits depo-
sitional processes (8), whereas urban construction
and groundwater extraction can accelerate sedi-
ment compaction (9, 10). Land subsidence is com-

pounded by rising sea levels and the changing
intensity and distribution of extreme events re-
lated to climate change (11, 12). Policies aimed at
reducing the apparent levels of risk often employ
costly engineering solutions that may be inherently
unsustainable (13–15). A framework to enable
comparative risk assessment for deltas across

the globe that specifically accounts for the dual
natural and anthropogenic forces shaping these
systems is a necessary precursor for strategies to
improve their long-term resilience (16).
We present a systematic global-scale assess-

ment of the changing risk profiles of coastal del-
tas. Most manifestations of risk are the immediate

SCIENCE sciencemag.org 7 AUGUST 2015 • VOL 349 ISSUE 6248 639

Fig. 1. Risk trends for deltas worldwide. (A) Map showing the 48 deltas included in this study. (B) Phase diagram of contemporary risk assessment results,
showing the three component proxy indices used to estimate per-capita R'. Color density represents a delta’s overall risk trend.Quadrant III deltas have predominantly
low R', whereas quadrant II deltas have high R'. (C) Estimates of the relative rate of change in risk, or risk trend, for each delta due to increasing exposure associated
with RSLR.The Krishna and Ganges-Brahmaputra deltas, despite being only moderately susceptible to short-term hazardous events, are increasingly at risk because
of high rates of RSLR and high socioeconomic vulnerability. Ganges-Brahmaputra is abbreviated to “Ganges” in some panels for brevity.
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Why is Bulle-Effect important ?

• Only way the vulnerable 
deltas can be saved is 
through creating 
diversions that divert 
sediment (and water), for 
building land.

• Success of a diversion 
would depend on how 
efficiently sediment and 
water can be diverted into 
the engineered channels. 

• Thus understanding of 
Bulle-Effect would be very 
helpful. 

7From Giosan et al. Nature, December 2014
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Canal del Dique on the Magdalena 
River, which has historically had a 
problem of silting up, ever since it 

opened in 1582.  

Understanding Bulle-Effect will also help predict morphological 
evolution of man-made and natural River systems 

Bifurcation of the Steamboat channel 
(top) and Centre Angling (right) following 
the avulsion of the river from the former 

to the latter, Cumberland Marshes, 
Saskatchewan.

Klienhans et al. (2013)

level). In low-gradient rivers, the effects of base level can be trans-
mitted a longway up river through the hydraulic backwater effect
over lengths of the order of h/S, where h is channel depth and S is
channel gradient (Parker, 2004, chapter 20).
Once a bifurcation exists, the two flow paths may or may not

both be in sediment-transporting equilibrium. A path will enlarge
and capture more of the discharge if and only if its transport
capacity exceeds the sediment supply to it. One obvious factor
here is any gradient advantage it may have. Crevasse splays often
have a relatively steep bed slope down to the adjacent alluvial
plain, and chute cutoffs in meandering or braided rivers are, by
definition, straighter and steeper than the original channel. Differ-
ences in bed composition between the old channel and the new
branch are also relevant; for example, lateral sorting in bends
implies different transport capacities in equal-sized distributaries
from the outer and inner sides of the bend (Kleinhans et al., 2007),
and major crevassing in the lower Mississippi valley occurs
preferentially in places where the banks are composed of sandy
channel fills rather than cohesive sediment (Aslan et al., 2005).
A third factor is how water discharge and bed-material flux are
distributed across the channel immediately upstream of the
bifurcation, since this affects the division between left and right
branches. Specifying this partitioning is a major problem in
quantitative models of bifurcation stability, as we discuss below,
and it depends also on a fourth factor: whether sediment is
transported mainly in suspension or as bedload.

Bifurcations and Avulsion in different
Environmental Settings

As already noted bifurcations occur in four natural settings:
alluvial fans, braided rivers, lowland river plains, and deltas
(Figure 1). These may form a simple downstream sequence in

a river system flowing from mountains to sea, and we discuss
them in that order, but more complicated sequences are
possible. In particular, local base levels related to geological
heterogeneity, tectonic activity, or glacial history can lead to
downstream alternations of channel style and to inland
deltas where rivers approach lakes or wetlands. The boundaries
between settings can be fuzzy: lowland floodplains often merge
into deltas without any sharp discontinuity, fans occasionally
extend into standing water to form fan-deltas, and so-called
mega-fans such as those of the Kosi River in northern India
and Okavango in southern Africa have much in common with
lowland floodplains. Bifurcations also occur where water is
abstracted from rivers for irrigation, industry, or domestic supply
and the abstraction takes the form of diversion of some of the
flow into an offtake channel.

Alluvial fans

Fans form where a confined feeder channel deposits most or all
of its sediment load in a distributive pattern on entering an
unconfined area with much lower gradient, for example at a
fault scarp or the margin of a glacial trough. Small alluvial
cones are also constructed where steep tributaries join larger
rivers. Sediment is supplied to fans as stream bed load and by
debris flows. It is transported on fans by these processes and
also by sheet flood if flow becomes unchannelised (Hooke,
1967; Blair and McPherson, 1994).

Sediment supply is usually highly variable over time and it is
common for the fan-head feeder channel to experience an
alternation of aggradation and incision (Schumm et al., 1987).
Fan-head feeder dynamics are often linked to the arrival of
large pulses of sediment in major floods with subsequent
redistribution in smaller events, but aggradation/incision cycles

Figure 1. Bifurcations in four different environments. (A) Bifurcations on an alluvial fan inWrangell St. Elias, Alaska (Google Earth, accessed February 2011,
flow to the right). (B) Bifurcations and confluences in the braided Sunwapta River, Canada (photograph by RI Ferguson, flow to the lower right). (C) Bifurcation
of the Steamboat channel (top) and Centre Angling (right) following the avulsion of the river from the former to the latter, CumberlandMarshes, Saskatchewan,
Canada (Photograph by MG Kleinhans, 2006). D. Deltaic bifurcations in the Mossy delta that built out by ongoing mouth bar formation, Cumberland
Marshes, Saskatchewan, Canada (Photograph by MG Kleinhans, 2006). This figure is available in colour online at wileyonlinelibrary.com/journal/espl

49BIFURCATIONS AND AVULSION

Copyright © 2012 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 38, 47–61 (2013)



High-Resolution Numerical Simulations

• In order to understand the effect of Reynolds number of the flow on Bulle-Effect, simulations
were conducted for a range of bulk Reynolds numbers (Re), from 10 to 25,000, for diversion
angle of 90 degrees.

• For Reynolds numbers in the range 10-7000, the resolution of the mesh is good-enough for
Direct Numerical Simulation (DNS).

• Most of the simulations were conducted for the discharge ratio Qside:Qmain of 50:50, though in
order to study the effect of different discharge ratios on Bulle-Effect, simulations with five
different discharge ratios (15:85, 35:65, 50:50, 65:35, 85:15) were conducted for Re = 300,
7000, 25000.

• For Re = 25000, simulations were also conducted for diversion angles of 30, 60, 120 and 150
degrees.

9
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The Flow Model

478 Flow Turbulence Combust (2013) 91:475–495

differences in the way turbulence is introduced in the domain (tripping, recycling) as
discussed by Schlatter and Örlü [28]. It is therefore interesting to see whether the ex-
pected close agreement of DNS data in pipe can be confirmed based on the available
literature data, and to what extent these data agree with corresponding simulations
in channel and boundary-layer geometries. It is thus the purpose of this paper to
critically assess the available DNS data for pipes, channels and boundary layers, and
try to find out which differences or correspondence between the data sets are real
and caused by physics, and which discrepancies are likely caused by the numerics.
Therefore, in a first step our new simulations, which were obtained in reasonably long
pipes with high accuracy in terms of resolution and convergence order of the method,
are described. After presenting the basic statistics, including data for the mean and
fluctuating pressure, the focus is shifted to more detailed investigation of the data. A
number of sensitive observables, such as the statistical moments at the pipe centre or
the deviations of the mean profile from analytical composite profiles, are discussed,
and the respective discrepancies are highlighted. Finally, energy budgets of the tur-
bulent flow in pipes are presented and put into perspective with the other canonical
wall flows.

2 Governing Equations and Numerical Method

We consider the pressure-driven incompressible flow of a viscous Newtonian fluid
in a smooth circular pipe where the governing equations are the time-dependent
Navier–Stokes equations given by

∇ · u = 0, (1)
∂u
∂t

+ (u · ∇)u = −∇ p + 1
Reb

∇2u. (2)

Here, Reb is the bulk Reynolds number defined as Ub D/ν where D is the pipe
diameter, Ub is the mean bulk velocity and ν is the kinematic viscosity.

The DNS code used to numerically solve Eqs. 1 and 2 is nek5000; developed
by Fischer et al. [9]. Nek5000 is a computational fluid dynamics solver based on
the spectral element method (SEM) that is well known for its (spectral) accuracy,
favourable dispersion properties, and efficient parallelisation. In nek5000, the
incompressible Navier–Stokes equations are solved using a Legendre polynomial
based SEM. These equations are cast into weak form and discretised in space by
the Galerkin approximation. The basis chosen for the velocity space are typical
Nth-order Lagrange polynomial interpolants on Gauss–Lobatto–Legendre (GLL)
points whereas for the pressure space, on the other hand, Lagrangian interpolants
of order N − 2 are used on Gauss–Legendre quadrature points. This is what is
formally known as the PN − PN−2 SEM and was formulated by Maday and Patera
[19]. It is worthwhile to note that the PN − PN formulation is also implemented in
nek5000 but has not been used in the present work. The time-stepping in nek5000
is semi-implicit in which the viscous terms of the Navier–Stokes equations are treated
implicitly using third-order backward differentiation (BDF3), whereas the non-linear
terms are treated by a third order extrapolation (EXT3) scheme. This leads to the
following system for the basis coefficient vectors to be solved at every time step

Hun+1 = DT pn+1 + B f n+1, Dun+1 = 0. (3)

Re = Reb =  UH/v

U = Mean Streamwise Velocity
H = Depth of the Channel
v = Viscosity of Fluid

Simulations were conducted using Nek5000, which is an open-source 
spectral element based incompressible Navier-Srokes solver. 

(Fischer et al., https://nek5000.mcs.anl.gov/)

The high-resolution simulations were conducted with the above equation, which has been non-
dimensionalized using the following parameters: 

u using the average streamwise velocity from Bulle’s experiments = Q/(WH)
Length using H
t using H/U



Nek5000: the highly scalable incompressible Navier-Stokes solver

• The spectral element method (SEM) combines the accuracy of spectral methods with the flexibility of local
approaches, like Finite Element Methods.

• Nek5000 uses high-order Lagrangian interpolants based on Gauss-Lobatto-Legendre quadrature points, as the
basis functions.

• Using high-order polynomial eliminates dispersion errors, which is very important for large-scale and long-
term turbulence calculations. (Kreiss & Oliger 72, Gottlieb et al. 2007)

• Time-stepping is done using the combination of 3rd order Backward Differencing (BDF) and Extrapolation
(for the non-linear terms).

• In case the energy-dissipation scales are not fully resolved at higher Reynolds number (LES), a local element
based explicit cutoff filter (a spectral filter) in the wave number space is used to remove energy from the
highest wavenumbers (Fischer and Mullen, 2001).
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The Lagrangian point-particle model for sediment transport 

Non-dimensionalized momentum balance equation of the particles:  

Semi-Implicit Lagrangian Particle Tracking 7

and ✏ijk is the alternating unit tensor. The lift force depends on the gradient of
velocity around a particle that is moving in a non-uniform rotational flow. The
lift coe�cient has been shown to be constant for inviscid flows (that is flows
with very high Reynolds number) by Auton et al. (1988). For relatively smaller
Reynolds number the lift coe�cient relationship suggested by Mei (1992) can
be used, which is a modified version of the relationship proposed in the seminal
work of Sa↵man (1965). [1]

The next term corresponds to force on the particle due to added mass.
This is force is important for cases in which the particle is large enough to pull
in additional fluid along with it, and the added mass coe�cient is generally
considered a constant, equal to the inviscid approximation Cm = 0.5 (Crowe
et al., 1998). In this force term Dui

Dt correspond to the material derivative of
the fluid. The last term in the momentum balance equation of the particle
corresponds to the force induced by fluid stresses on the particle, and have
been calculated by interpolating the flow-field variables to the position of the
particle.

Loth (2000) has argued that a simple addition of forces, as done in equation
19 may not be perfectly correct, due to non-linear interactions between the
fluid forces, but in general these e↵ects are assumed to be small and the simple
addition is expected to hold for most practical purposes. Equation 19 can be
further simplified by dividing through out by mass of the particle m = ⇢s

⇡d3

6
and then multiplying by ⇢s

⇢ . Thus equation 19 reduces to

✓
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⇢
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◆
dvi
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Also if ⇢s

⇢ � 1 is represented as R, whose value for quartz based sand is about

1.65; and Cm
Dui
Dt is added and subtracted to the right hand side of equation

21, it can be further simplified to

dvi
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=
1

CR
m


3

4

CD

d
|vri|vri +Rgi + CL (✏ijkvrj!k) + (Cm + 1)
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�
(23)

where CR
m = 1 + R + Cm. As most high-resolution simulations are conducted

in non-dimensional space, the above equations should be non-dimensionalized
using the appropriate velocity and length scales. e.g. In the case we are sim-
ulating flow in an open-channel, we can use the mean streamwise velocity of
the flow in the channel Um as the velocity scale and the depth of the channel
H as the length scale. Then equation 22 can be normalized by multiplying it
by H

U2
m
. Thus the non-dimensional form of equation 22 is

dṽi

dt̃
=

1

CR
m


1
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�i3
Fr2
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(24)

Viscous Drag Gravity

Lift

Added Mass

Fluid Stress on the 
particle

Semi-Implicit Lagrangian Particle Tracking 7

and ✏ijk is the alternating unit tensor. The lift force depends on the gradient of
velocity around a particle that is moving in a non-uniform rotational flow. The
lift coe�cient has been shown to be constant for inviscid flows (that is flows
with very high Reynolds number) by Auton et al. (1988). For relatively smaller
Reynolds number the lift coe�cient relationship suggested by Mei (1992) can
be used, which is a modified version of the relationship proposed in the seminal
work of Sa↵man (1965). [1]

The next term corresponds to force on the particle due to added mass.
This is force is important for cases in which the particle is large enough to pull
in additional fluid along with it, and the added mass coe�cient is generally
considered a constant, equal to the inviscid approximation Cm = 0.5 (Crowe
et al., 1998). In this force term Dui

Dt correspond to the material derivative of
the fluid. The last term in the momentum balance equation of the particle
corresponds to the force induced by fluid stresses on the particle, and have
been calculated by interpolating the flow-field variables to the position of the
particle.

Loth (2000) has argued that a simple addition of forces, as done in equation
19 may not be perfectly correct, due to non-linear interactions between the
fluid forces, but in general these e↵ects are assumed to be small and the simple
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in non-dimensional space, the above equations should be non-dimensionalized
using the appropriate velocity and length scales. e.g. In the case we are sim-
ulating flow in an open-channel, we can use the mean streamwise velocity of
the flow in the channel Um as the velocity scale and the depth of the channel
H as the length scale. Then equation 22 can be normalized by multiplying it
by H

U2
m
. Thus the non-dimensional form of equation 22 is

dṽi

dt̃
=

1

CR
m


1

St
ṽri �

�i3
Fr2

+ CL (✏ijkṽrj!̃k) + (Cm + 1)
Dũi

Dt̃

�
(24)
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In the above equation Fr2 is the square of the densimetric Froude number of
the flow, and St is the Stokes number of the flow. Ther are defined as

Fr2 =
U2
m

RgH
(25)

St =
4

3CD

d̃

|ṽri|
(26)

4.1 Integration of the additional force terms

The semi-implicit time stepper discussed in section 2 have been used with
some modifications. 1 + R + Cm for almost all cases would be a constant,
so henceforth it will be referred to as CR

m. For purpose of implementation of
equation 23 using the aforementioned semi-implicit time-stepper, it can be
rewritten as

dṽi

dt̃
=

1

StCR
m

(ũi � ṽi)�
�i3

Fr2CR
m

+
CL

CR
m

✏ijk (ũj � ṽj) !̃k

+
(Cm + 1)

CR
m

Dũi

Dt̃
(27)

In the above equation clubbing all the terms on the right-hand side that depend
on the particle velocity (vi), we get

dṽi

dt̃
=

✓
� 1

StCR
m

ṽi +
CL

CR
m

✏ijk!̃j ṽk

◆
+

1

StCR
m

ũi �
�i3

Fr2CR
m

+

CL

CR
m

✏ijkũj!̃k +
(Cm + 1)

CR
m

Dũi

Dt̃
(28)

In Nek5000, the term Dũi

Dt̃
can be evaluated in the eulerian grid (mesh for

the fluid simulation) and then interpolated to the location of the particles for
updating particle velocity, and henceforth Dũi

Dt̃
would be referred to as w̃i.

Also, for purpose of analysis di↵erent coe�cients and constants in force terms
have been represented by di↵erent symbols

↵ =
1

StCR
m

, � =
CL

CR
m

, � =
1

Fr2CR
m

and ⌘ =
1 + Cm

CR
m

(29)

so equation 27 can be rewritten as

dṽi

dt̃
= (�↵ṽi + �✏ijk!̃j ṽk) + ↵ũi � �i3� + �✏ijkũj!̃k + ⌘w̃i (30)

The system of ODE that has to be solved in order to update the velocity
and position of a particle has been rewritten using equation 16 and 29. Also,
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and ✏ijk is the alternating unit tensor. The lift force depends on the gradient of
velocity around a particle that is moving in a non-uniform rotational flow. The
lift coe�cient has been shown to be constant for inviscid flows (that is flows
with very high Reynolds number) by Auton et al. (1988). For relatively smaller
Reynolds number the lift coe�cient relationship suggested by Mei (1992) can
be used, which is a modified version of the relationship proposed in the seminal
work of Sa↵man (1965). [1]

The next term corresponds to force on the particle due to added mass.
This is force is important for cases in which the particle is large enough to pull
in additional fluid along with it, and the added mass coe�cient is generally
considered a constant, equal to the inviscid approximation Cm = 0.5 (Crowe
et al., 1998). In this force term Dui

Dt correspond to the material derivative of
the fluid. The last term in the momentum balance equation of the particle
corresponds to the force induced by fluid stresses on the particle, and have
been calculated by interpolating the flow-field variables to the position of the
particle.

Loth (2000) has argued that a simple addition of forces, as done in equation
19 may not be perfectly correct, due to non-linear interactions between the
fluid forces, but in general these e↵ects are assumed to be small and the simple
addition is expected to hold for most practical purposes. Equation 19 can be
further simplified by dividing through out by mass of the particle m = ⇢s

⇡d3

6
and then multiplying by ⇢s

⇢ . Thus equation 19 reduces to

✓
⇢s
⇢

+ Cm

◆
dvi
dt

=
3

4
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d
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✓
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⇢

� 1

◆
gi + CL (✏ijkvrj!k) +

Cm
Dui

Dt
+

✓
�1

⇢

@p

@xi
+ ⌫

@2ui

@xjxj

◆
(22)

Also if ⇢s

⇢ � 1 is represented as R, whose value for quartz based sand is about

1.65; and Cm
Dui
Dt is added and subtracted to the right hand side of equation

21, it can be further simplified to

dvi
dt

=
1

CR
m


3

4

CD

d
|vri|vri +Rgi + CL (✏ijkvrj!k) + (Cm + 1)

Dui

Dt

�
(23)

where CR
m = 1 + R + Cm. As most high-resolution simulations are conducted

in non-dimensional space, the above equations should be non-dimensionalized
using the appropriate velocity and length scales. e.g. In the case we are sim-
ulating flow in an open-channel, we can use the mean streamwise velocity of
the flow in the channel Um as the velocity scale and the depth of the channel
H as the length scale. Then equation 22 can be normalized by multiplying it
by H

U2
m
. Thus the non-dimensional form of equation 22 is

dṽi

dt̃
=

1

CR
m


1

St
ṽri �

�i3
Fr2
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• A novel semi-implicit time-stepping algorithm was developed to integrate 
the above equation. This algorithm was implemented in Nek5000

• In this new method, the time-step size for time-integration of the above 
equation is not constrained by the size (Stokes number) of the particle, 
unlike an explicit time-stepper. 



General Configuration of the Simulations
• Dimensions of the simulations are similar to Bulle’s

experiments.

• The 90-degree mesh has around 130,000 elements, and
combined with the 12 collocation points for each direction at
each element, in total about 224 million computational
points. The mesh for the 30-degree case has around 242.74
million grid points.

• Part of the inlet channel is used for recycling the flow, to
have a fully-developed turbulent flow at the diversion.

• The flow-split at the bifurcation was imposed using a fast
implicit enforcement of the flow division. This helped in
accurate yet faster convergence of the simulation.

• The computational requirements of the simulations were very
high, thus the simulations were conducted on the petascale
supercomputer Blue Waters, NCSA, UIUC.

the flow and bedload transport at an idealized 90 de-
gree diversion, whose scale matches the experiments 
conducted by Bulle (1926) and Herrero (2012).  
 
Previous studies that have used high-resolution nu-
merical simulations to study the hydrodynamics at 
90-degree diversions were either in the laminar re-
gime (Neary and Sotiropoulos, 1996), or used Reyn-
olds Averaged Navier Stokes (RANS) equations for 
simulating the flow (Neary et al., 1999). RANS 
based models may capture the mean hydrodynamics 
of the flow, but fail to capture coherent structures, 
accurate flow separation length, and other details 
that would provide the full picture of the mechanism 
behind a highly non-linear phenomena like the 
Bulle-Effect. Ideally, one would like to conduct Di-
rect Numerical Simulations (DNS) to capture all the 
turbulent eddies, but it becomes exorbitantly costly 
for high Reynolds numbers. Thus the current study 
conducts LES, which resolve the energy producing 
(and transporting) scales and models the energy dis-
sipating scales of turbulence (Sagaut, 2010). Also, 
bedload transport has been modeled using the La-
grangian particle formulation for bedload transport 
(Niño and Garcia, 1998).  

2 NUMERICAL MODEL  

The simulation was conducted using Nek5000, an 
open-source spectral element based incompressible 
Navier-Stokes solver (Fischer et al., 2008). The full 
3D Navier-Stokes is solved using the Spectral Ele-
ment Method (SEM), which combines the accuracy 
of spectral methods with the flexibility of numerical 
methods based on local approaches (like FEM) 
(Deville et al., 2002).  Nek5000 uses Legendre poly-
nomials as the basis function, along with a Gauss-
Lobatto-Legendre grid. Time stepping is based on 
the 3rd order backward difference for the time de-
rivative, and 3rd order extrapolation for the nonlinear 
convective terms. All the other terms are evaluated 
imlicitly at time level  tn. As part of the LES, turbu-
lent energy from the unresolved scales has to be dis-
sipated; this process is modeled using a local ele-
ment based explicit cutoff filter (a spectral filter) in 
the wave number space to remove energy from the 
highest wavenumbers (Fischer and Mullen, 2001).   
 

2.1   Details of the Flow Model 
     

Layout of the simulated domain has been repro-
duced in Fig. 1. The dimensions are similar to the 
experiment conducted by Bulle (1926) for the 90-
degree diversion. The dimensions have been non-
dimensionalised using depth of the channel. Reyn-
olds number of the simulated flow is 20,000, which 
is comparable to Bulle’s experiment, and is calculat-
ed using the mean flow velocity in the main-channel 

and depth of the channel. As part of the inflow 
boundary condition, the flow in the main-channel 
had been re-circulated in order to have a fully devel-
oped turbulence before the flow reaches “the area of 
interest” at the diversion. Turbulent outflow bounda-
ry condition was imposed at the outlets; and a 50-50 
flow-split was imposed at the bifurcation, using a 
fast implicit enforcement of the flow division, for 
accurate yet faster convergence of the simulation. A 
similar algorithm was used by Fischer et al. (2007) 
to study flow at a vascular bifurcation. No-slip con-
dition was imposed at the bottom, and sidewalls 
whereas slip (or symmetry) condition was imposed 
at the top wall to replicate open-channel flow.  
 
 

 

 
 

 

 
 
Figure 1. Layout of the simulated domain, with the imposed 
boundary conditions and other imposed conditions like flow-
splitting and recirculating inflow.   

Figure 2. Cross-section of the channel shows part of the mesh, 
illustrating the distribution of the elements along with the col-
location points. The first grid point in the z-direction is placed 
approximately at z+ = 0.058, and in the y-direction at y+ = 0.65.   

 
 Around 130,000 elements were used to spatially 
discretize the domain, combined with the 12 colloca-
tion points for each direction at each element, in to-
tal about 224 million computational points were 
used for the simulation. The first grid point in the z-
direction is placed approximately at z+ = 0.058, and 
in the y-direction at y+ = 0.65. The simulation was 
conducted for at least 180 convective time units, be-
fore data was collected for Reynolds averaging and 
analysis of the flow results. 180 convective time 
units was found to be long enough for the flow in the 
inlet channel to become fully turbulent. Transition of 
the flow to fully turbulent was relatively fast due to 
the use of wall-bounded vorticity coupled with ran-
dom fluctuations as the initial condition. All the 
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For the points closest to the walls, z+ = 0.058    
and y+ = 0.65, at Rebulk = 20,000 13



The need to use  Blue Waters to conduct the simulations
• Scale of the simulations are same as Bulle’s experiments, which

makes them one of the few simulations in the field of River
Mechanics that has conducted high-quality LES at this scale.

• The number of computational points is in the range of 224 million
to 242.74 million, along with 200,000 sediment particles.

• Each simulations were run long enough to reach a statistical steady
state, which can range from 90 to 150 convective time units
depending on the flow-split. And then sediment particles were added
to the domain, which took around 40-50 time units to move out from
the main channel. So 130 -200 convective time-units.

• The Re = 25000 cases takes approximately 256 node hours for 1
convective time units, which means it can take up to 51200 node
hours for a complete simulation … this would not have been
possible without a petascale system which can provide sustained
performance = Blue Waters.
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Nek5000 was found to scale strongly up to 
32768 mpi ranks, with linear speedup up to 
4096 mpi ranks and relatively efficient scaling 
up to 16384 mpi ranks (40 %).  



What is causing Bulle-Effect ?
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Velocity Magnitude for, Re=20000, 50:50 flow division

Instantaneous Velocity Magnitude at different levels 16

Re = HU/v

H – channel height

U – Mean velocity

v - viscosity

 
Figure 3. Instantaneous velocity magnitude in the channel at: 
(a) 1 percent height from the bottom (b) 5 percent height (c) 50 
percent height (d) 75 percent height from the bottom.    
 
Also, the flow separation in the lateral channel is 
relatively wider at heights 50 percent and above, and 
relatively narrower near the bed. The opposite is ob-
served for the flow separation in the main channel, 
and this perfectly matches observations made by 
Bulle (1926). We can also observe the turbulent 
streaks at the bottom of the main-channel, especially 
for the profile at a height 1 percent from the bottom 
(Fig. 3a). 
 In order to get a holistic picture of the flow the 
time-averaged velocity magnitude has been plotted 
below (see Fig. 4). The time averaging was done 
over 4 convective time unit.  

 
Figure 4. Time-averaged velocity magnitude in the channel at: 
(a) 1 percent height from the bottom (b) 5 percent height (c) 50 
percent height (d) 75 percent height from the bottom.   
 
The time-averaged velocity magnitudes at different 
depths are in general similar to the instantaneous ve-
locity magnitude profiles, though with the fluctua-
tions smoothed out thus providing a more complete 
view of the preferential flow path. The average flow 
near the bottom primarily moves into the side-
channel, and the portion that continues into the 
main-channel primarily sticks to the left bank. For 
the flow entering the side-channel, the flow near the 
bottom (at a depth of 1 to 10 percent from the bot-
tom) covers almost the whole width of channel, 
whereas in the upper half of the channel the flow 

separates appreciably from the left wall and stays 
confined near the right wall. On the other hand for 
the flow continuing in the main-channel, in the up-
per half of the channel the flow almost covers the 
whole width. Finally, the flow in both the channels 
becomes uniform after about 10 channel lengths, but 
this process is impeded in the side-channel due to 
presence of the vortexes that are shed at regular in-
terval.     
The instantaneous velocity magnitude at different 
cross-sections has been plotted in Fig 5. Cross-
sections (a) and (b) are in the main channel before 
the bifurcation, (c) is in the main-channel just after 
the bifurcation, and (d) is in the lateral channel just 
after the bifurcation. At x = -10 (see Fig. 5a) the 
flow has not been influenced by the diversion, thus 
the high velocity core is located at the center of the 
channel. At x = -2 (see Fig. 5b) the high velocity 
core has shifted towards the diversion (right side in 
the plot as the flow is coming out of the plane). In 
the instantaneous velocity magnitude plots, ejections 
and turbulent bursts from bottom and the sidewalls 
can be seen, thus showing further evidence of a well-
resolved boundary-layers at the walls.   

Figure 5. Instantaneous velocity magnitude in the channel at 
different cross-sections: (a) at x = -10 (b) at x = -2 (c) at x = 3 
(d) at y = 3. For (a), (b) and (c), the flow is coming out of the 
plane, for (d) the flow is going into the plane. Also, (a-b), (c) 
and (d) have been plotted using different scales. 
 
The panels (c) and (d) correspond to cross-sections 
at x =3 and y = 3, that is just after the bifurcation in 
both the channels. The flow can be seen to have sep-
arated from one of the sidewalls, with the width of 
separation zones increasing with increase in depth 
for (c), and vice-versa for (d). These observations 
are consistent with those of Bulle.     

Figure 6. Instantaneous wall normal (z) velocity at the cross-
section y = 3, this is a cross-section in the lateral channel just 
after the bifurcation. Direction of the flow is into the plane, and 
the rotating arrows show the clock-wise rotating vortex that is 
formed in the lateral channel. 

 

(a) (b) 

(c) (d) 

(a) 

(d) (b) 

(c) 

(a) (b) 

(d) (c) 

1 % height
from the bottom

5 % height
from the bottom

50 % height
from the bottom

75 % height
from the bottom



In physical units, the equivalent diameter of the par-
ticles is 1.05 mm, and density 2.65 kgm-3.  The posi-
tion and velocity of each particle was tracked over 
time, thus the time-evolution of the horizontal posi-
tions of the particles have been reproduced below 
(see Fig. 13 and 14). After being released the sedi-
ment in general moves in a straight line, discounting 
small deviations due to turbulent fluctuations of ve-
locity, till the last position portrayed in panel (a) of 
Fig. 13, where for the first time the particles show 
proclivity to move into the side-channel. In the final 
position portrayed in panel (b), the left side of the 
sediment set has already moved into the side-
channel. This is obviously caused by the flow near 
the bottom, which flows preferentially into the side-
channel. In panel (c) it is clear that major portion of 
bedload will enter into the side-channel. Also, the 
sediment that have moved into the side-channel with 
the fast moving flow, can be seen to be moving 
away from the right wall of the channel. The move-
ment of the sediment away from the right wall, to-
wards the left hand side of the diverted channel be-
comes obvious in panel (d). This can be completely 
attributed to the clock-wise rotating vortex discussed 
in the previous subsection. Even though the sedi-
ment is taken into the side-channel by the fast bot-
tom-hugging currents that is primarily confined to 
the right hand side of the diverted-channel; the 
clock-wise rotating vortex sweeps the sediment to-
wards the left hand side of the channel. The sedi-
ment swept to the left hand side then gets trapped in-
to the recirculation zone formed in the region where 
the flow has separated. This becomes apparent by 
the final evolution state of the sediment in panel (d) 
of Fig. 13.  
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Evolution of horizontal position of the sediment par-
ticles. The sequence of colors representing the earliest to latest 
position of sediment in the figure are, blue, green, red and 
black. After the rapid evolution shown in panels 13 c and d, the 
evolution portrayed in the current panel is relatively slow. The 
labels correspond to time of simulation in convective time unit. 
Bl is blue, G is green, R red, and B is black. 

In order to analyze the percentage of total sediment 
that enters the side-channel, the simulation with the 
particles was further continued. Results from the last 
few evolution state have been plotted in Fig. 14. 
From the positions of the particles portrayed in Fig. 
14, two conclusions can be drawn. First, the process 
of preferential entry of the near bed sediment into 
diverted-channel is relatively quick, but once the 
sediment has entered the channel it has a tendency to 
get trapped in the recirculation zone near the left-
wall. Second, once the sediment enters the recircula-
tion-zone, it gets slowly spread throughout the recir-
culation zone. It is also obvious that very small 
amount of the total sediment finally entered the 
main-channel. This percentage was found to be 
around 4.29 percent. Bulle in his experiment on the 
90-degree diversion observed that 9.45 percent sand 
entered the main-channel, but in his experiments on-
ly 45.2 percent of the total flow entered the side-
channel, whereas we used a 50-50 split for our simu-
lations. Thus Bulle’s experiment with which we 
should compare our numbers is the 30-degree case, 
where 50 percent of the flow enters the side-channel. 
For that case, Bulle observed that depending on how 
long the experiment was run, 2.67 to 4.47 percent of 
sediment entered the main-channel. Our number 
3.85 percent is close to the range observed by Bulle. 
On the other hand, expecting that only 2.67 percent 
of the sediment enters the main-channel for our case 
is erroneous, because the side-channel for the 30-
degree case has higher entrance width than the 90-
degree case, thus allowing more near-bed sediment 
to enter the side-channel. And 4.47 might be erring 
on the higher side, because that experiment is influ-
enced by the deposition of sediment near the en-
trance. So, the case that might be comparable is the 
60-degree diversion case, as percentage of water en-
tering side-channel is closer to 50 percent (it is 48.2 
percent); and the width of the side-channel entrance 
is closer to the 90-degree case. For the aforemen-
tioned experiment, Bulle observed that 3.8 percent 
of the sediment entered the main-channel.  
An interesting observation that can be made from 
fig. 14, is that some sediment at the center of the 
main-channel have been aligned with the separation-
curve between the flow going in to the lateral chan-
nel, and the flow remaining in the main channel. 
From the plot, it can also be inferred that the flow on 
the right hand side of the separation-curve is rela-
tively slower than that on the left hand side of the 
curve.                 

4  CONCLUSIONS 

The current study used LES to numerically model 
the flow at a 90-degree diversion. Additionally, a 
Lagrangian particle-tracking model was used for 
modeling the bedload transport at the diversion. 
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• 20000 sediment particles, 
of size 0.015 (actual size 
1.05 mm, density 2.65 
kgm-3). 

• Released together, 
upstream of the bifurcation. 

• In agreement with the 
experiments, a very small 
quantity of the total 
sediment (4.29 %) entered 
the main-channel after the 
bifurcation.  
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Figure 4. Time-averaged velocity magnitude in the channel at: 
(a) 1 percent height from the bottom (b) 5 percent height (c) 50 
percent height (d) 75 percent height from the bottom.   
 
The time-averaged velocity magnitudes at different 
depths are in general similar to the instantaneous ve-
locity magnitude profiles, though with the fluctua-
tions smoothed out thus providing a more complete 
view of the preferential flow path. The average flow 
near the bottom primarily moves into the side-
channel, and the portion that continues into the 
main-channel primarily sticks to the left bank. For 
the flow entering the side-channel, the flow near the 
bottom (at a depth of 1 to 10 percent from the bot-
tom) covers almost the whole width of channel, 
whereas in the upper half of the channel the flow 

separates appreciably from the left wall and stays 
confined near the right wall. On the other hand for 
the flow continuing in the main-channel, in the up-
per half of the channel the flow almost covers the 
whole width. Finally, the flow in both the channels 
becomes uniform after about 10 channel lengths, but 
this process is impeded in the side-channel due to 
presence of the vortexes that are shed at regular in-
terval.     
The instantaneous velocity magnitude at different 
cross-sections has been plotted in Fig 5. Cross-
sections (a) and (b) are in the main channel before 
the bifurcation, (c) is in the main-channel just after 
the bifurcation, and (d) is in the lateral channel just 
after the bifurcation. At x = -10 (see Fig. 5a) the 
flow has not been influenced by the diversion, thus 
the high velocity core is located at the center of the 
channel. At x = -2 (see Fig. 5b) the high velocity 
core has shifted towards the diversion (right side in 
the plot as the flow is coming out of the plane). In 
the instantaneous velocity magnitude plots, ejections 
and turbulent bursts from bottom and the sidewalls 
can be seen, thus showing further evidence of a well-
resolved boundary-layers at the walls.   

Figure 5. Instantaneous velocity magnitude in the channel at 
different cross-sections: (a) at x = -10 (b) at x = -2 (c) at x = 3 
(d) at y = 3. For (a), (b) and (c), the flow is coming out of the 
plane, for (d) the flow is going into the plane. Also, (a-b), (c) 
and (d) have been plotted using different scales. 
 
The panels (c) and (d) correspond to cross-sections 
at x =3 and y = 3, that is just after the bifurcation in 
both the channels. The flow can be seen to have sep-
arated from one of the sidewalls, with the width of 
separation zones increasing with increase in depth 
for (c), and vice-versa for (d). These observations 
are consistent with those of Bulle.     

Figure 6. Instantaneous wall normal (z) velocity at the cross-
section y = 3, this is a cross-section in the lateral channel just 
after the bifurcation. Direction of the flow is into the plane, and 
the rotating arrows show the clock-wise rotating vortex that is 
formed in the lateral channel. 

 

(a) (b) 

(c) (d) 

(a) 

(d) (b) 

(c) 

(a) (b) 

(d) (c) 
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Figure 11. Velocity in the z-direction in the side-channel at dif-
ferent cross-sections: (a) at y = 1.5 (b) at y = 3 (c) at y = 5 (d) 
at y = 10. The flow is coming out of the plane, and the maxi-
mum of the velocity scale is 0.5 (a-b) and 0.25 (c-d).   
At the section y = 3, the clock-wise rotating vortex 
can be seen to have become stronger (Fig. 10-11 b). 
And like in the case of the main-channel, the strong 
vortex also induces a weak clock-wise rotating vor-
tex in the low-flow region of the cross-section. 
Though in contrast to the main-channel, instead of 
maintaining two vortices (one strong and one weak) 
the flow coalesces into a single vortex that remains 
strong till y = 10 (see Fig. 10-11 c, d). In order to 
find regions of the flow where the vorticity is rela-
tively higher, magnitude of total instantaneous vorti-
city at three sections before and after the diversion 
were analyzed (see Fig. 12). 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Magnitude of instantaneous vorticity at three differ-
ent cross-sections, (a) x = -5, (b) x = 3 and (c) y =3. Direction 
of the flow is coming out of the plane for (a) and (b), and into 
the plane for (c).  
 
In Fig. 12, the first panel (a) shows magnitude of in-
stantaneous vorticity at a section in the channel be-
fore the diversion. Flow in this section is not biased 
towards any of the sidewalls. Thus vortices can be 
seen to shed from all the three walls almost evenly. 
The next panel (b) represents the vorticity at a cross-
section in the main-channel but just after the diver-
sion. Signature of the strong counter-clockwise ro-
tating vortex can be seen on the right hand side of 
the cross-section (near the bottom). One can also ob-
serve vortex shedding at the interface of the high-
velocity region, and the region where the flow has 

separated from the wall. This may be caused due to 
the shear between portions of the flow having dia-
metrically opposite characteristics. Similar phenom-
ena can be also observed in the cross-section taken 
in the side channel (c). The strong signature of the 
clockwise rotating vortex is on the right hand side of 
the section, whereas the vortex shedding due to 
shear between the two regions of the flow is at the 
center of the channel. In the current subsection, the 
characteristics of the flow have been studied in some 
details. In the next subsection, the transport of bed-
load sediment at the diversion would be discussed. 
Sediment has been modeled using the Lagrangian 
particle-tracking framework.  
 
     3.2 Bedload Transport at the Diversion 
 
 A set of 11250 particles representing sand grains 
was released near the bottom of the channel, up-
stream from the diversion. The particles were uni-
formly distributed in three layers (in z) between x = 
-5 to -2, y = -1 to 1, and z = 0.02 to 0.11. The diame-
ter of the particle used was 0.015 (dimensionless), 
which was based on the reported size of particle 
used by Bulle in his experiments. Starting from top 
of the channel, the time required by a particle to 
reach the bottom of channel under quiescent condi-
tion is 0.42 convective time units. This means irre-
spective of the initial position of the particles in the 
vertical, they have been placed far enough upstream 
that they all travel near the bed by the time they 
reach the diversion.  

 
 

 
 

 
 

 
  

 
 

 
 
 
 

 
 
 
 

 
Figure 13. The plot shows the time evolution of horizontal po-
sitions of sediment particles moving in the channel. In every 
panel, the initial position is represented using blue, followed by 
green, red and black respectively. Also, the final position in a 
panel is the initial position in the next panel. That means black 
in (a) is blue in (b). The labels correspond to time of simulation 
in convective time unit. Bl is blue, and B is black.  
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Re=25000 and Different Flow divisions. Instantaneous Velocity 
Magnitude at 5 % of the depth (from the bottom).

• Even for the case where 
only 35 percent of the 
total flow enters the 
lateral channel, most of 
the flow near the bottom 
goes into the lateral 
channel.
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Re=25000 and Different Diversion Angles. Instantaneous Velocity 
Magnitude at 5 % of the depth. flow division ~ 48:52
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Re=300 and Different flow-divisions. Instantaneous Velocity 
Magnitude at 5 % and 50 % of the depth (from the bottom).

(a) (b)

50:50 15:85

15:85

(d)

50:50
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What is causing Flow near the bottom to enter the side-channel ?

Can we quantify how much flow is entering the side-channel 
from each depth ?
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For different Reynolds numbers. Hydrodynamic Pressure at 50 % 
height from the bottom.

Re = 25000 Re = 1000

22

• An adverse pressure gradient is created in the 
main-channel, and a favorable one in the lateral. 

• Thus part of the flow that has less Inertia 
(velocity) is more easily moved into the lateral-
channel.  



Dynamics of weight-less and very fine Lagrangian particles in Re = 
300, 90-degree, and 50-50 flow division
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Dynamics of weight-less very fine Lagrangian particles in Re = 300, 
90-degree, and 50-50 flow division
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Dynamics of weight-less Lagrangian particles in Re = 25000, 90-
degree, and 50-50 flow division
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Dynamics of weight-less Lagrangian particles in Re = 25000, 90-
degree, and 50-50 flow division
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Percentage of weight-less particles from each segment entering the 
side-channel, for different Reynolds number, 90-degree, and 50-50 
flow division

27

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50 60 70 80 90 100 110

H
ei

gh
t f

ro
m

 th
e 

B
ot

to
m

% of particles from each bin moving into the side-channel

Re=10
Re=100
Re=300
Re=1000
Re=7000
Re=25000

Figure 5.29: x-axis represents the percentage of the particles from each
bin/layer entering the lateral-channel, for a 90-degree diversion and a 50:50
flow-split. y-axis represents the mean height of each bin/layer. Results from
six di↵erent Reynolds number was plotted.
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What does this mean for actual sediment particles ?

It means the phenomenon of Bulle-
Effect not only transfers large 
percentage of bed-load to the side-
channel, it will also transfer near bed 
suspended sediment

28

is the bed shear velocity and  is the Von Karman constant.
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Figure 5.30: Concentration profiles used for initializing the suspended
sediments for the Rebulk = 25000 case. The profiles are based on the
Rouse-Ippen-Vannoni relationship for suspended sediment [48].

Analyzing the results from the simulations, first the case Rebulk = 7000 has

been presented (see fig. 5.31). Apart from the wash-load, the Rouse number of

the other sediment in suspension in this case is ⇠ 0.35, thus the initial sediment

profile used for it is similar to that of the 0.07 mm case in fig. 5.30.

The wash-load can be seen to have been simulated correctly, with the dis-

tribution between the channels almost matching the flow division. It is also

evident that apart from the flow-division, the size of the sediment plays a ma-

jor factor in deciding the sediment distribution at the diversion. For the same

flow-division, the amount of sediment entering the lateral-channel increases with

increase in sediment size. Similar results were also observed experimentally by

Dancy [55] and in the field by Erxun [53] (see Chapter 2). And not just sedi-

ment moving as bedload, but even suspended sediment can be seen to enter the

lateral-channel, when it has higher concentration at the bottom 20 percent of

channel. The way size of sediment e↵ects sediment distribution is; larger sedi-

ment tend to get transported closer to the bottom of the channel, and the flow

closer to the bottom primarily enters the lateral-channel, thus sediment that

move closer to the bottom of the channel will have a higher chance to enter the
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Sediment Concentration 
Profiles calculated using 

the Rouse-Vannoni-
Ippen Relationship



Percentage of sediment of different sizes entering the side-channel, for 
Re = 7000 and 25000, 90-degree, and different flow divisions
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Figure 5.31: y-axis represents the percentage of total sediment entering the
lateral-channel (Sside/S), and x-axis represents the percentage of water
entering the lateral-channel (Qside/Q). The case presented here is the
90-degree diversion, and Rebulk = 7000. The plot shows the e↵ect of
flow-division and sediment-size on the distribution of sediment at the diversion.
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lateral-channel.This basically confirms the hypothesis that Bulle-E↵ect can be

also used for e�ciently diverting suspended sediment.

Next the case of Rebulk = 25000 has been analyzed (see fig. 5.32). Along

with the results from the simulations, results from Bulle’s experiments have also

been plotted. Among Bulle’s experiments, there is only case that matches the

simulation configuration, that is the case with 90-degree diversion and about

45 percent of the flow entering the lateral-channel. Though there are other

experiments with di↵erent flow-divisions, but with diversion angle of 30-degree.

Thus, in order to check the general trend of variation of Sside/S with respect

to Qside/Q for a particular sediment size, the results from the 30-degree and

90-degree experiments have been plotted together.
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Figure 5.32: y-axis represents the percentage of total sediment entering the
lateral-channel (Sside/S), and x-axis represents the percentage of water
entering the lateral-channel (Qside/Q). The case presented here is the
90-degree diversion, and Rebulk = 25000. The plot shows the e↵ect of
flow-division and sediment-size on the distribution of sediment at the
diversion. Results from Bulle’s experiments have been plotted for comparison.

For this case too, the trend of increase in Sside/S with increase in sediment

size is evident. The general trend agrees with the trend shown in Bulle’s ex-
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Re=25000



Percentage of sediment of different sizes entering the side-channel, for 
Re = 7000 and 25000, 90-degree, and different flow divisions
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Figure 5.33: y-axis represents the percentage of total sediment entering the
lateral-channel (Sside/S), and x-axis represents the percentage of water
entering the lateral-channel (Qside/Q). The cases presented here are the
90-degree diversion, and Rebulk = 7000 and Rebulk = 25000. The plot shows
the e↵ect of flow-division and sediment-size on the distribution of sediment at
the diversion. Results from Bulle’s experiments have been plotted for
comparison. For comparison purposes, the approximate Rouse number for all
the cases have also been provided in the legends.
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Albert Dancy (1946) found the dependence of the 
phenomenon on size of sediment. Used a mixture of sediment 

of different sizes, Q = 0.59 l/sec, Angle = 30-degree

Rouse No. = Vs/(k u*)

Vs – particle settling 
velocity

u* - fluid shear 
velocity

k – Von Karman 
constant 
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Key Findings• Bulle-Effect is caused due to flow near the bottom
preferentially entering the side-channel, even when
only 35 percent of the total flow enters the lateral-
channel.

• This happens because Velocity of the flow near
bottom is relatively low (compared to the top); thus
when part of the flow in the main-channel changes
direction to move into the lateral-channel, most of it
comes from the bottom part of the flow.

• For laminar cases almost 100 percent of the flow in
the bottom 30-40 percent of the channel enters the
lateral-channel, and for turbulent flows 60-70 percent
in the bottom 25-35 percent of the flow. [when flow
division 50:50]

• Bulle-Effect not only causes non-linear distribution
of bedload, it can also cause non-linear distribution of
suspended sediment.

• The proclivity of sediment to enter lateral-channel
increases with increase in sediment-size. Though a
better parameter is Rouse number.

35:65
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Figure 5.33: y-axis represents the percentage of total sediment entering the
lateral-channel (Sside/S), and x-axis represents the percentage of water
entering the lateral-channel (Qside/Q). The cases presented here are the
90-degree diversion, and Rebulk = 7000 and Rebulk = 25000. The plot shows
the e↵ect of flow-division and sediment-size on the distribution of sediment at
the diversion. Results from Bulle’s experiments have been plotted for
comparison. For comparison purposes, the approximate Rouse number for all
the cases have also been provided in the legends.
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Other Phenomena currently being studied

Oscillatory Flow and Sediment transport through an array of aquatic vegetation 

Hydrosystems Laboratory at the University of Illinois at

Urbana-Champaign and described in detail by Admiraal
et al. (2006). The working section of the flume is approx-

imately 0.25 m high, 0.20 m wide and 4 m long (Fig. 1).

The top and side walls are composed of smooth, trans-
parent Perspex, and the bed is composed of a machined

PVC plate. The PVC plate remained clean of sediment for

the experimental runs in the smooth-wall scenarios,
whereas sediment was glued to the surface of the PVC

plate for the tests under rough-bed conditions. The oscil-
latory flow was driven by an Exlar electrical actuator

moving a piston located at the right end of the tunnel and

controlled with a computer through a National Instruments
card and a custom program devised with LabView, which

generated a repeatable sinusoidal motion. The motion was

controlled by setting the amplitude and the period of an
oscillation, the accuracy of which were 0.1 mm and 1 ls,

respectively. Cycles were recorded randomly in time

(through PIV images) in order to consider them indepen-
dent. At the opposing end of the tunnel, a honeycomb

structure was placed across the entire cross-section to avoid

the influence of vortices created at the junction of the
tunnel and the equilibrium chimney. The measurement

location was positioned at the streamwise and spanwise

centers of the flume, far enough from both ends and the
side walls to avoid any boundary effects, which ensured

uniform flow characteristics in the streamwise direction (x).

Velocity fields were measured under four different Rew

conditions and three different bed scenarios: a smooth wall

and two rough walls with different grain size distributions

(Table 1). The condition with the smaller bed roughness
consisted of three layers of sediment with a median

diameter of D50 = 1.5 mm and r = 1.3 mm, glued uni-

formly onto a PVC plate and placed in the tunnel as a false
bottom. The condition with the larger bed roughness con-

sisted of two layers of sediment with D50 = 7.0 mm and

r = 1.2 mm placed in the tunnel without gluing the sedi-
ment to the PVC (the weight of the sediment ensured its

stationary positioning during the oscillatory flow condi-

tions tested).

Velocities were measured at the mid-span of the tunnel

using a PIV system, consisting of a dual-cavity, pulsed
Nd:YAG laser (Gemini, New Wave; up to 120 mJ/pulse at

15 Hz), and two, 2 k 9 2 k pixel, 12-bit, frame-straddle

CCD cameras (4MP, TSI Inc.). The cameras were mounted
to an aluminum frame and were positioned 55 cm from the

laser light sheet measurement plane. In order to achieve a

wide streamwise field of view so that the whole flow field
could be captured during a cycle, the two cameras were set

on opposite sides of the flume and offset so that the fields
of view overlapped by 6.3 mm (Fig. 2). Camera lenses

used in all experiments were AF Micro Nikon 105 mm

1:2.8D that generated a combined field of view of up to
4 cm high and 8 cm long [wall-normal (y) by streamwise

(x)]. The light sheet was conveyed to the working section

through a mirror arm. Lenses used to optimize light sheet
characteristics included a cylindrical lens with a focal

number of 15 mm and a spherical lens of 500 mm, which

produced a laser thickness at the channel bottom of
approximately 0.5 mm. Optical characteristics of the

camera and the laser are summarized in Table 2, yielding

to a diffraction limit of 14 lm and a depth-of-field of
2 mm.

Measurements were made at a sampling frequency of

7.25 Hz, which is the maximum allowed by the PIV sys-
tem. Initially, three different periods of oscillation were

considered (T = 5, 3, 2 s), but due to the sampling fre-

quency limitations, and to ensure at least a 30! phase
interval in every experiment, the periods were adjusted

accordingly to 5.007, 3.338 and 1.669 s, respectively. The

time delay between each frame within a pair was chosen to
allow a 10-pixel displacement at the maximum free-stream

velocity phase. Sphericel" hollow glass spheres of 11 lm

mean diameter and a density of 1.1 g/cm3 from Potter
Industries Inc. were used as tracer particles for all experi-

ments. Also, for each test, 60 cycles were sampled to

ensure adequate convergence of statistics (see Sleath
1987). All experimental conditions analyzed for both the

smooth and rough scenarios are summarized in Table 1. As

a definition criterion, it was decided to name scenarios the
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Other Phenomena currently being studied
Dynamics of continuously flowing 
gravity current

  

Prototype 2

Dense fluid inlet
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surface waves

Approximate current height
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