
Secondary Flows in Rivers
CO

PYRIG
HTED

 M
ATERIA

L





1

Secondary Flows in Rivers: Theoretical
Framework, Recent Advances,

and Current Challenges
Vladimir Nikora and André G. Roy

1.1 INTRODUCTION

Water currents in rivers have fascinated and inspired
researchers (and artists) for centuries, as reflected in
numerous observations and paintings from ancient times
(e.g., Rouse and Ince, 1963; Levi, 1995). Leonardo da
Vinci’s famous drawings are probably the most impres-
sive and insightful examples of such observations. In his
sketches and notes he highlighted a number of features of
river flowswhose signatures could be clearly observed at
the water surface, especially behind obstacles and at
stream confluences (Figure 1.1). ‘Spiral’ currents are
particularly profound among these features and represent
a key facet of nearly all of his water drawings. Using an
analogy with curling hair, Leonardo summarized his
observations as “Observe the motion of the surface of
the water, how it resembles that of hair, which has two
motions – one depends on theweight of the hair, the other
on the direction of the curls; thus the water forms
whirling eddies, one part following the impetus of the
chief current, and the other following the incidental
motion and return flow” (his written comment in
Figure 1.1). It is fascinating how this description, given
500 years ago, is similar to a modern view of the mean
flow structure as a superposition of the primary flow and
the orthogonal secondary flows. Alternatively,
Leonardo’s comment may also be interpreted as the
Reynolds decomposition of the instantaneous velocity
into mean (i.e., time-averaged) and fluctuating turbulent
components (Tsinober, 2009), although the first inter-
pretation seems better justified.
Leonardo’s astute comment on secondary flows was

made well ahead of his time and it is nearly 400 years
later that this phenomenon has been re-discovered
by engineers and scientists working in hydraulics and

theoretical fluid mechanics (e.g., Thomson, 1876;
Francis, 1878;Wood, 1879;Cunningham, 1883; Stearns,
1883; Leliavski, 1894; Gibson, 1909; Joukowski, 1915).
Their studies set up a background for the first fluid
mechanical classification of the secondary flows pro-
posed by Prandtl (1926). He suggested that “The phe-
nomenon may be regarded as a combination of the main
flow with a ‘secondary flow’ at right angles to it ...” and
that this phenomenon combines two wide classes. The
first class, known as Prandtl’s secondary currents of the
first kind, combines flowmotions with streamwise mean
(i.e., time-averaged) vorticity enhanced through vortex
stretching. Secondary currents observed in curved pipe
and river bends or meanders are typical examples pro-
vided by Prandtl to illustrate this type of secondary flow.
Prandtl goes even further and proposes that the effect of
secondary flows on sediment dynamics explains why
“where they can, rivers always follow a winding course
(‘meandering’)” (Prandtl, 1952, p. 147). The second
class, often defined as Prandtl’s secondary currents of
the second kind, relates to secondary flows formed as a
result of turbulence heterogeneity. These flows are often
defined as turbulence-driven secondary currents and no
channel curvature is required to generate them. Using
rivers again as an example, Prandtl notes that “we may
also mention the fact that small objects floating in rivers
tend to move to the middle, which is explained by the
existence of a surface current from the banks to the
middle” (Prandtl, 1952, p. 148).
Typically, turbulence-generated longitudinal vorticity

is much weaker than that in curved channels. However,
even this seemingly mild three-dimensionality may
introduce significant changes in the turbulence structure
and should not be neglected. For instance, it is a common
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claim in the experimental literature that the effects of the
secondary flow on turbulence structure at the channel
centreline are negligible, even in narrow channels. As a
result, an assumptionof a 2-D flow is often acceptedbased
on the symmetry argument. This assumption ignores the
cross-flow gradients of transverse velocities and
turbulence parameters that may be (and often are) non-
zero even at the channel centerline. Prandtl’s secondary
currents of the second kind typically occur at channel
cornersorat transversebedroughness transitions.Recently,
it has also been shown that this kind of secondary current
may be formed in buoyancy-driven flows even in straight
circular pipes (Hallez and Magnaudet, 2009), where
normally this feature does not exist.
While turbulence acts to dissipate the secondary

currents of the first kind, it represents a generating
mechanism for the second kind of secondary currents.
As a consequence, Prandtl’s secondary currents of the
second king are impossible in laminar flows, while
Prandtl’s first kind of secondary currents can be observed
in both laminar and turbulent flows. Introduced rather
intuitively, Prandtl’s mechanism-based classification
has survived extensive theoretical developments and is
currently widely accepted as a starting point in consid-
erations of secondary flows.
Prandtl’s classification may additionally be supple-

mented with a topological classification that distin-
guishes two types of secondary flows: (1) non-helical
cross-flows, and (2) helical flows (Bradshaw, 1987).

Combining Prandtl’s and Bradshaw’s classifications, it
is possible to distinguish at least four types of secondary
currents: (i) Prandtl’s first kind of cross-flow
(non-helical); (ii) Prandtl’s second kind of cross-flow
(non-helical); (iii) Prandtl’s first kind of helical flow; and
(iv) Prandtl’s second kind of helical flow. It is likely that
in real river configurations all four types of secondary
flow may be observed, either superimposed or separated
in space and/or in time (e.g., topology andmechanisms of
secondary currents at low flow may differ from those at
flood stage; see Rhoads and Kenworthy, 1998). In some
cases, one of these typesmay dominate the flow topology
(e.g., Prandtl’s first kind of helical flowmay be dominant
in some meandering rivers), while in other cases all four
types can be equally significant (e.g., in braided rivers).
Although the great significance of secondary flows for

river processes has long been recognised, their origin,
mechanics, effects, and inter-relations with the primary
mean flow and turbulence are still a matter of debate and
continue to attract close attention from hydrologists,
geomorphologists, engineers, and, recently, stream ecol-
ogists. It is not surprising therefore that the literature
related to secondary flows in open channels is extensive
(Scopus shows over 600 journal papers since 1990) and
includes frequently appearing reviews reflecting the
progress and highlighting unsolved issues.
Prandtl’s secondary currents of the first kind, partic-

ularly related to meandering rivers, have been exten-
sively discussed in Ikeda and Parker (1989), Rhoads and

Figure 1.1 Leonardo da Vinci’s Old Man with Water Studies (c. 1508–1509). Windsor, Royal Library, #12579.
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Welford (1991), Blanckaert and de Vriend (2004), Semi-
nara (2006, 2010), Camporeale et al. (2007), Abad
and Garcia (2009a, 2009b), Ikeda and McEwan
(2009), and Gyr (2010), among others. In terms of
mechanical engineering applications, a comprehensive
review of this class of secondary flows has been given
by Bradshaw 1987, covering 3-D boundary layers, vor-
tex flows, and jets in cross-flows. Prandtl’s secondary
currents of the second kind have also attracted signif-
icant attention and their discussion has been even more
controversial than that of secondary currents of the first
kind. Bradshaw’s (1987) popular review only slightly
touched on this topic (mainly for 3-D free jets and wall
jets), probably because a comprehensive treatment of
duct flows had already been given in the review
by Demuren and Rodi (1984). In relation to open-
channel flows, Nezu and Nakagawa’s (1993) review
of the turbulence-driven secondary currents is still the
most comprehensive source, and a recent update of this
excellent review is available (Nezu, 2005). There are
also a number of in-depth papers reviewing complex
flow patterns at river confluences where both kinds
of Prandtl’s secondary flows are present and are inter-
linked in a multifaceted way (e.g., Rhoads and
Kenworthy, 1998; Bradbrook et al., 2000, 2001; Lane
et al., 2000; Rhoads and Sukhodolov, 2001; Sukhodolov
and Rhoads, 2001; Szupiany et al., 2009). The wide-
ranging set of papers on this topic is also recorded in Rice
et al. (2008), where extensive references and a thorough
assessment of current and future research directions can
be found.
The rapid development ofmeasurement and numerical

capabilities in recent years has brought new significant
results and the authors feel that it may be useful to
highlight recent progress in understanding secondary
flows, as well as to identify research challenges and
opportunities in studying this phenomenon, while keep-
ing overlapwith the previous reviews to theminimum. In
particular, the focus of this chapter is on: (i) theoretical
frameworks for studying secondary flows, (ii) inter-
relations between turbulence and secondary flows, and
(iii) secondary flow effects on hydraulic resistance,
sediment dynamics, and mixing. Examples from gravel-
bed rivers will be presented. In addition to open-channel
flows, some results related to conduits/ducts will also
be considered as they are directly relevant to flows in
ice-covered rivers (Ettema and Zabilansky, 2004;
Buffin-Bélanger et al., 2009).

1.2 THEORETICAL FRAMEWORK

Most theoretical and conceptual approaches in studying
secondary flows in ducts and open channels have been
based on: (i) the time-(ensemble)-averaged momentum

equation, (ii) the energy balance equation for the mean
flow, (iii) the energy balance equation for turbulence,
and (iv) themean (i.e., time-averaged) vorticity equation.
These equations stem from the Navier–Stokes (momen-
tum) equation for instantaneous velocities and pressure,
representing its different forms and, thus, essentially
containing the same information. However, in various
equations this information is presented differently,
highlighting particular facets of secondary flows. Most
theoretical and experimental studies have been based on
one or another equation, rarely involving joint consid-
eration of two or more equations, thus reflecting authors’
preferences, specific research questions, and/or data
availability. Such a narrowly focused approach could
be a reason for discrepancies in the identification and
interpretation of the physical mechanisms creating
and maintaining secondary flows in straight and curved
channels (an example is given in Section 1.2.2). It is
therefore instructive to provide a comparative overview
of these equations, as well as to highlight other forms of
the Navier–Stokes equations which could provide addi-
tional insight into the mechanics of secondary flows. In
this review, we use Cartesian coordinates, although
curvilinear coordinates (cylindrical or natural) have also
been extensively used, especially in dealing with
curved channels. For our purpose, however, Cartesian
coordinates should be sufficient. Equations in the
following sections are written using the Cartesian
index notation, where i¼ 1 is for x and velocity compo-
nent u (along the flow), i¼ 2 is for y and velocity
component v (across the flow), and i¼ 3 is for z and
velocity component w (orthogonal to the bed into the
fluid). The repeated indices (known as dummy indices)
mean summation.

1.2.1 Reynolds-Averaged Navier–Stokes (RANS)
Equation

The time-(ensemble) averaged momentum equation,
widely known as the Reynolds-Averaged Navier–Stokes
(RANS) equation or just the Reynolds equation, is a
logical starting point in the analysis of secondary flows
and also a suitable platform to define them. For the
benefit of readers who are not closely familiar with this
topic, this equation is given below:

q�ui
qt

þ �uj
q�ui
qxj

¼ gi � 1

r

q�p
qxi

� qu0iu0j
qxj

þ q
qxj

n
q�ui
qxj

� �
ð1:1Þ

local gravity pressure “turbulent” viscous
convective force force force shear

accelerations force

where p is pressure, r is water density, n is viscosity,
overbar denotes time-(ensemble)- averaging and prime
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denotes deviations of an instantaneous value of f from
its mean value in the Reynolds decomposition, i.e.,
f ¼ �f þ f 0.
For straight, steady uniform 2-D open-channel flow,

the conditions �u2 ¼ �u3 ¼ u01u02 ¼ u02u03 ¼ 0 apply and all
derivatives in Equation (1.1) along and across the flow
are equal to zero. In this case, the flow is defined by the
longitudinal velocity �u1 and vertical momentum flux
towards the bed t=r ¼ �u01u03 þ nq�u1=qx3 � �u01u03 ,
while the vertical distribution of pressure may often
be assumed to be hydrostatic (i.e., gðH�zÞ>>
½u03u03ðzwsÞ�u03u03ðzÞ�, where zws is the water surface ele-
vation,H is water depth, and S is bed slope). The velocity
component �u1 defines the overall mass flux through the
channel cross-section and therefore is often called the
primary flow velocity, with t=r ¼ �u01u03 known as the
primary Reynolds or turbulent stress. For a more general
case of straight, steady uniform 3-D open-channel flow,
we have �u2; �u3; u01u02 ; u02u03 6¼ 0 in Equation (1.1), with
the overall mass flux being still represented by the
primary velocity �u1 as the cross-sectionally averaged
�u2 and �u3 are zero (i.e., there is no overall mass flux
across the flow or in the vertical direction). For such an
idealised 3-D mean open-channel flow, the velocity
components �u2 and �u3 describe the helical water mo-
tions orthogonal to the primary flow and thus are often
defined as helical secondary flow(s). For more com-
plex flows in curved channels with irregular banks, the
decomposition of the time-averaged water motion into
primary flow and helical secondary flow(s) may not be
as simple, since �u2 and �u3 can also include contribu-
tions from a variety of cross-flows which are not
necessarily helical. This issue in relation to secondary
flows at river confluences has been comprehensively
discussed in Rhoads and Kenworthy (1998, 1999)
and Lane et al. (1999, 2000), with practical field
examples in Parsons et al. (2007) and Szupiany et al.
(2009), among others..
The simplified versions of the time-averaged momen-

tum Equation (1.1) have been extensively used for
explanation of the origin and mechanics of secondary
flows, and for their modelling (e.g., Gessner, 1973;
Townsend, 1976; Demuren and Rodi (1984); Bradshaw
1987; Ikeda and Parker (1989);Rodi, 1993; Yang, 2005;
Ikeda and McEwan (2009). It has been shown, for
example, that it is likely that secondary flows in straight
channels are generated by transverse pressure gradients

resulting from the turbulence anisotropy or turbulence
heterogeneity observed for normal turbulent stresses
u02u02 and u03u03 (e.g., Townsend, 1976). However, Equa-
tion (1.1), when used alone, may lead to
potential misinterpretation of the secondary flow
mechanisms and thus should ideally be supplemented
with other flow dynamics equations. Examples of such
misinterpretation are given, e.g., in Hinze (1967)
and Gessner (1973), and one of them is highlighted in
Section 1.2.2 below.

1.2.2 Energy Balance of the Mean Flow

In 1967, Hinze suggested that energy-based considera-
tions are more suitable for analysing the secondary flow
mechanics compared to the momentum equation and
vorticity Equation (Hinze, 1967). His elegant analysis
was mainly based on the turbulent energy balance and
will be briefly described in the next subsection. As an
alternative to the turbulent energy balance, Gessner
(1973) proposed considering the mean flow energy
balance. He deduced that the transverse gradients of the
Reynolds shear stresses u01u02 and u01u03 are mostly
responsible for the generation of secondary flows along
channel corners, while the effects of the normal stresses
u02u02 and u03u03 and the shear stress u02u03 , highlighted
by other researchers based on the momentum and vor-
ticity equations, are of secondary importance. This con-
clusion, however, seems not to be universal, as follow-up
analyses supported earlier findings about the signifi-
cance of the normal stresses u02u02 and u03u03
(e.g., Demuren and Rodi (1984)). More recently, Yang
and Lim (1997) used the mean flow energy balance to
hypothesize that the surplusmean energy in any arbitrary
flow volume will be transferred along the direction
towards the nearest boundary. They applied this assump-
tion to study the bed shear stress distribution in the
presence of the secondary currents in uniform straight
channels.
The potential of the mean energy balance for studying

secondary flows is high and needs to be better explored.
Below we propose an approach to how the mean energy
balance can be utilized to look at possible energy fluxes
between primary mean flow, secondary mean flow, and
turbulence. The balance of the total mean kinetic energy
(MKE) for an open-channel flow (and also for conduits/
ducts) can be expressed as:

q
qt

�ui
2

2

� �
þ �uj

q
qxj

�ui
2

2

� �
¼

rate of change of MKE

gi�ui � q
qxj

energy income
from gravity

�
1

r
�ui�p

pressure
transport

þ �uiu0 iu0 j
turbulent
transport

� n
q
qxj

�ui
2

2

� �

viscous
transport

�
þ u0 iu0 j

q�ui
qxj

energy transfer
between mean

flow and turbulence

� n
q�ui
qxj

� �2

dissipation of
mean flow
energy

ð1:2Þ
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This equation follows from the multiplication of
Equation (1.1) by �ui and from some re-arrangements
(e.g., Tennekes and Lumley, 1972). As already men-
tioned, simplified forms of Equation (1.2) have been used
in Gessner (1973) and Yang and Lim (1997). However,
for studying energy exchanges between the primary and
secondary flows it is beneficial to decompose Equa-
tion (1.2) for the total MKE into two separate equations,
i.e., for the primary flowMKEand for the secondary flow
MKE. The first equation specifies the energy balance for
the longitudinal velocity �u1, while the second equation
gives the combined energy balance for �u2 and �u3 (Equa-
tions (1.3) and (1.4), respectively):

q
qt

�u1
2

2

� �
þ �uj

q
qxj

�u1
2

2

� �
¼ g1�u1��u1

1

r

q�p
qx1

�q�u1u01u0 j
qxj

þ n
q
qxj

q
qxj

�u1
2

2

� �
þ u01u0 j

q�u1
qxj

�n
q�u1
qxj

� �2

ð1:3Þ

q
qt

ð�u22 þ �u3
2Þ

2
þ �uj

q
qxj

ð�u22 þ �u3
2Þ

2
¼ g2�u2 þ g3�u3

� �u2
1

r

q�p
qx2

��u3
1

r

q�p
qx3

�q�u2u02u0 j
qxj

�q�u3u03u0 j
qxj

þ n
q
qxj

q
qxj

ð�u22 þ �u3
2Þ

2

� �

þ u02u0 j
q�u2
qxj

þ u03u0 j
q�u3
qxj

�n
q�u2
qxj

� �2

�n
q�u3
qxj

� �2 ð1:4Þ

Applying Equations (1.3) and (1.4) for steady, uniform
(straight) open-channel flow, (q=qt ¼ qp=qx2 ¼
q=qx1 ¼ 0) with g1 ¼ g sin a � gS, g2 ¼ 0,
g3 ¼ �g cos a � �g, and assuming thehydrostaticpres-
suredistribution(i.e.,rg cos aþq�p=qx3 � 0),weobtain:

�u2
q
qx2

�u1
2

2

� �
þ �u3

q
qx3

�u1
2

2

� �
¼ gS�u1

� q�u1u01u02
qx2

þ q�u1u01u03
qx3

� �
þ u01u02

q�u1
qx2

þ u01u03
q�u1
qx3

� �

þ VT1 þ VD1 ð1:5Þ

�u2
q
qx2

1

2
�u2
2 þ �u3

2
� � þ �u3

q
qx3

1

2
�u2
2 þ �u3

2
� �

¼ � q�u2u02u02
qx2

þ q�u2u02u03
qx3

� �
� q�u3u03u02

qx2
þ q�u3u03u03

qx3

� �

þ u02u02
q�u2
qx2

þ u02u03
q�u2
qx3

� �
þ u03u02

q�u3
qx2

þ u03u03
q�u3
qx3

� �

þVT2;3 þVD2;3 ð1:6Þ

where viscous transport terms VT1 and VT2;3, and viscous
dissipation terms VD1 and VD2;3 are:

VT1 ¼ n
q
qx2

q
qx2

�u1
2

2

� �
þ n

q
qx3

q
qx3

�u1
2

2

� �
;

VT2;3 ¼ n
q
qx2

q
qx2

ð�u22 þ �u3
2Þ

2

� �
þ n

q
qx3

q
qx3

ð�u22 þ �u3
2Þ

2

� �

VD1 ¼ �n
q�u1
qx2

� �2

�n
q�u1
qx3

� �2

;

VD2;3 ¼ �n
q�u2
qx2

� �2

�n
q�u2
qx3

� �2

�n
q�u3
qx2

� �2

�n
q�u3
qx3

� �2

Equation (1.5) for the primary flow MKE and Equa-
tion (1.6) for the secondary flow MKE suggest that the
following energy exchanges are likely to occur:

(1) For steady uniform (straight) open-channel flow,
the external energy (i.e., potential gravity energy)
is “pumped” into the mean kinetic energy of the
primary flow only (term gS�u1). This energy is then
spatially redistributed by molecular and turbulent
stresses, partly transferred to the turbulent kinetic
energy, and partly dissipated into heat.

(2) The mean kinetic energy balance of the secondary
flow Equation (1.6) does not explicitly include an
external energy source, suggesting that the second-
ary flow should be fed only through coupling with
the primary mean flow and/or turbulence. Equa-
tions (1.5) and (1.6) show that this coupling may
occur through turbulent stresses u01u02 and u01u03 in
(1.5) and u02u03 in (1.6), as they have common
velocity components between them and are in-
volved in turbulent transport terms and in energy
transfer between mean flow and turbulence (i.e.,
terms u0iu0jq�ui=qxj). The latter terms are most prob-
able candidates for the energy coupling between the
primary and secondary flows as the transport terms
q�uiu0iu0j=qxj in Equation (1.6) have to redistribute
the already available energy of �u2 and �u3.

(3) Based on Equations (1.5) and (1.6) and some 3-D
turbulence data (e.g., Nikora et al., 1998), the
following energy pathway may be suggested: (i)
the mean primary flow (PF) is fed by gravity
through gS�u1; (ii) PF transfers part of the received
gravity energy to turbulent kinetic energy (TKE);
(iii) TKE feedsmean secondary flow (SF) energy in
particular flow regions through a subset of
�u0iu0jq�ui=qxj; and (iv) SF returns part of the
received kinetic energy back to turbulence in par-
ticular flow regions through a different subset of
�u0iu0jq�ui=qxj. In other words, this analysis sug-
gests that turbulence serves, very likely, as an
energy link between the primary mean flow and
secondarymean flow(s). Specifically, this linkmay
occur through helical coherent structures and/or
near-bed bursting processes (see Section 1.3 for
more discussion).
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To elaborate the proposed considerations for specific
flow scenarios one would need detailed turbulence mea-
surements involving estimates of velocity derivatives.
This task will soon be realistic, even for field
experiments.
Another interesting example of how the MKE balance

may help in better understanding of secondary flows can
alsobe derived fromEquation (1.2), considering this time
the total MKE balance. For steady uniform flow we may
assume that there is a region in a flowwhere the combined
effect of the transport terms and viscous dissipation in
Equation (1.2) may be neglected, leading to:

�u2
q
qx2

�ui
2

2

� �
þ �u3

q
qx3

�ui
2

2

� �
� gS�u1 þ u0 iu02

q�ui
qx2

þ u0 iu03
q�ui
qx3
ð1:7Þ

Equation (1.7) explicitly shows that the secondary flows
may be generated in flow regions with a significant
imbalance between the energy income gS�u1 and the
energy loss u0iu0jq�ui=qxj (for turbulence generation), that
provides a mechanism for the mean energy re-distribu-
tion. As in the previous example, however, this specula-
tion requires support from data. Similar considerations
can also be instrumental for flows in curved channels.

1.2.3 Turbulent Energy Balance

Another way to look at the inter-relations between the
primary and secondary flows is to use the budget of the
turbulent kinetic energy (TKE):

Equation (1.8) can be derived in a number of ways.
For example, multiplying the Navier–Stokes equation
by ui, presenting ui and p as ui ¼ �ui þ u0i and
p ¼ �pþ p0, and then averaging, one may obtain the
full kinetic energy equation. Subtraction of Equa-
tion (1.2) for MKE from this full equation will produce
Equation (1.8) for TKE. Based on the available data for
pipes, Hinze, 1967 suggested that for the flow regions
away from the walls and the pipe centre, Equation (1.8)
can be simplified, applying the boundary layer approx-
imation, as:

�u2
q
qx2

u0 iu0 i
2

þ �u3
q
qx3

u0 iu0 i
2

� �u01u02
q�u1
qx2

�u01u03
q�u1
qx3

� n

2

X
i;j

qu0 i
qxj

þ qu0 j
qxi

� �2

ð1:9Þ

Hinze (1967) concluded that Equation (1.9) implies
the following general rule: “when in a localised region,
the production of turbulence energy is much greater
(smaller) than the viscous dissipation, there must be a
transport of turbulence-poor fluid into (out of) this region
and a transport of turbulence-rich fluid outwards (into)
the region.” This rule is well supported by observations
of the secondary flows formed at channel corners and at
bed roughness transitions (Hinze, 1973). It is easy to
see that Equation (1.7) proposed in the previous subsec-
tion has been inspired by Hinze’s Equation (1.9). Sum-
ming up these two equations together we can obtain an
equation for the simplified balance of the total kinetic
energy, i.e.:

�u2
q
qx2

�ui
2 þ u0 iu0 i

2

� �
þ �u3

q
qx3

�ui
2 þ u0 iu0 i

2

� �

� gS�u1� n

2

X
i;j

qu0 i
qxj

þ qu0 j
qxi

� �2

ð1:10Þ

Equation (1.10) highlights a potentially more general
rule for gravity-driven open-channel flows, i.e., the
secondary flows are generated as a response to an
imbalance in some flow regions between the external
energy supply to the mean flow and the energy dissipa-
tion (viscous dissipation of the mean flow is neglected in
Equations (1.7) and (1.10) as, in most cases, it is much
smaller than the turbulent dissipation).
Equations (1.9) and (1.10) mainly relate to flows in

straight channels. Detailed experimental analyses of the

turbulent energy budget for secondary flows in a
meandering channel have been reported in Blanckaert
and de Vriend (2004, 2005a, 2005b). In their considera-
tions, the authors combined the vorticity equation and the
turbulent energy balance equation and showed that tur-
bulence plays aminor role in the generation of the centre-
region cell, which is mainly due to the centrifugal force.
Another important observation made by these authors is
that there are extensive flow regions within a channel
bend where turbulent energy is transferred to the mean
flow, playing a significant role in maintaining the outer-
bank circulation cell. This observation provides some
support to a suggested chain of energy transformations in
an open-channel flow described in the previous subsec-
tion. The results of these authors will be considered in
more detail in Section 1.3.
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1.2.4 Mean Vorticity Equation

The idea of explaining the secondary flows in open
channels using themean vorticity equationwas proposed
by Einstein and Li (1958). The vorticity equation can be
obtained by taking the curl of the momentum Equa-
tion (1.1) (or by its cross-differentiation). Einstein and Li
(1958) focused on an equation for the streamwise vor-
ticity component �v1 that in the absence of the density
stratification, and neglecting the Coriolis effect, can be
expressed as:

where the components of themean vorticity vector �vj are
defined as:

�v1 ¼ q�u3
qx2

� q�u2
qx3

; �v2 ¼ q�u1
qx3

�q�u3
qx1

; �v3 ¼ q�u2
qx1

�q�u1
qx2

Nezu (2005) used Equation (1.11) as a basis for subdi-
vision of secondary flows into Prandtl’s first and second
kinds. In flow configurations when the vortex stretching
and tilting term in (1.11) is dominant, the first kind of
secondary current is observed as, for example, in
meandering channels. With channel curvature tending
to zero (straight channels) this term disappears, as can be
explicitly seen in the vorticity equation written in natural
coordinates (Blanckaert and de Vriend, 2004). The sec-
ond kind of secondary current occurs when turbulence
terms in Equation (1.11) are dominant, i.e., due to
turbulent stress anisotropy and heterogeneity. Of course,
in real flow configurations superposition of both me-
chanisms has to be considered.
Nezu and Nakagawa (1993) reported a comprehensive

study of Prandtl’s second kind of secondary flows in
straight channels, based on a simplified version of Equa-
tion (1.11) for steady, uniform open-channel flow:

�u2
q �v1

qx2
þ �u3

q �v1

qx3
¼ q2

qx2qx3
u032�u022

� 	

þ q2

qx32
� q2

qx22

� �
�u03u02
� � þ q

qxj
n
q �v1

qxj

� � ð1:12Þ

They concluded that secondary currents are generated as
a result of differences between the first RHS term in
(1.12), which is a production term, and the second RHS

term, representing vorticity “dissipation”, i.e., damping.
The last term in (1.12) is negligible except very close to
the solid boundary. The 18-year-old text by Nezu and
Nakagawa (1993) is still the most comprehensive work
on Prandtl’s second kind of secondary flows in straight
open channels.
Interesting results for curved channels based on the

vorticity equation in natural coordinates have been re-
cently reported by Blanckaert and de Vriend (2004).
Using high-quality laboratory data they performed a

combined analysis of the terms of the vorticity equation
and the turbulent energy balance. The revealed complex
structure of the secondary flow and associated turbulence
properties were explained by the interplay of the effects
of the centrifugal force and spatial distribution of the
turbulent stresses (see also Section 1.3).
Although after Demuren and Rodi’s (1984) and Nezu

and Nakagawa’s (1993) studies vorticity-related consid-
erations are mainly based on Equations (1.11) and (1.12)
for streamwise vorticity, it is worth noting that Gessner
(1973) pointed out that two other equations, for the
transverse and vertical components of the vorticity vec-
tor, can be even more important for explaining and
predicting the secondary flows. This view, however, has
not been properly explored yet.

1.2.5 Mean and Turbulent Enstrophy Balance
Equations

The momentum, energy, and vorticity equations, briefly
discussed above, have mainly been used for studying
time-averaged secondary flows (i.e., mean streamwise
vorticity). However, the time-averaged secondary flows
are most likely a manifestation of frequently occurring
instantaneous helical motions. The involvement of the
fluctuating vorticity can be clearly seen if we use an
alternative form of the vorticity Equation (1.11), i.e.:
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where the Reynolds decomposition is used, i.e.,
vi ¼ �vi þ v0

i. The second RHS term represents effects
of anisotropy and spatial heterogeneity of turbulent
stresses expressed through correlations of fluctuating
vorticity and velocity components. The derivative
qv0

ju0i=qxj represents the gain (or loss) of mean vorticity
due to stretching/tilting of the fluctuating vorticity by
fluctuating strain rates, while the term qv0

iu0j=qxj
represents vorticity transport in the xj direction
(e.g., Tennekes and Lumley, 1972). Similar to the mean
energy and turbulent energy, the coupling between the
mean and fluctuating vorticities can be expressed using
equations for �vi

2=2 and v0
iv0

i=2, which represent two
components of the mean product
vivi=2 ¼ �vi

2=2þ v0
iv0

i=2, where vivi is known as
enstrophy. Although there are some analogies between
the MKE and mean enstrophy �vi

2=2 (ME), and between
the TKE and the turbulent enstrophyv0

iv0
i=2 (TE), their

physical nature is different, i.e., the enstrophy represents
a measure of the density of the kinetic energy of helical
motions rather than of all motions (e.g., Tsinober, 2009).
As with Equation (1.2) for MKE, the mean enstrophy
balance can be obtained by multiplying Equation (1.13)
with �vi, i.e.:

where Sij ¼ 0:5ðq�ui=qxj þq�uj=qxiÞ. The procedure for
deriving the turbulent enstrophy balance is identical to
that for the TKE balance (1.8), i.e., it involves multipli-
cation of the equation for v0

i byv
0
i, and then subsequent

time-(ensemble)-averaging (or, alternatively, subtrac-
tion of the mean enstrophy balance from the total en-
strophy balance):

Equations (1.14) and (1.15) have been extensively
studied in turbulence research with particular focus on
their simplified versions for high-Reynolds-number
flows with homogeneous turbulence. There have been
no studies, to the writers’ knowledge, involving these
equations in the analysis of secondary flows. The
main reason for this is probably the absence of experi-
mental assessments of the terms of Equations (1.14)
and (1.15). However, with recent advances in laboratory
and field instrumentation it is quite likely that such
experimental data will soon appear. In addition, recent
progress in numerical simulation techniques and com-
puting capabilities (e.g., Keylock et al., 2005; Lyn, 2008;
Zeng et al., 2008; Constantinescu et al., 2009; van Balen
et al., 2009; Stoesser et al., 2010) also encourages
exploration of the potential of Equations (1.14) and (1.15)
for studying secondary flows. Thus, the inclusion of the
enstrophy balances in this review is justified, as it
highlights a potentially fruitful theoretical framework
for coupling mean and fluctuating vorticity fields, with
the latter formed, most likely, by helical coherent
structures. There may be several coupling mechanisms
between these fields, with the gradient production term
u0jv0

iq �vi=qxj being the most obvious candidate as it is

included in both Equations (1.14) and (1.15), similar to
the TKE production term u0iu0jq�ui=qxj in Equa-
tions (1.2) and (1.8).
To summarise this brief overview of potential ap-

proaches for studying secondary flows, it should be noted
that the recently achieved consensus among researchers
is that there should be no preferred equation. Instead,
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better understanding and predictions can only be
achieved on the basis of combined approaches.

1.3 SECONDARY CURRENTS AND
TURBULENCE

Although the importance of inter-relations between sec-
ondary currents and turbulence has been recognized
since the beginning of the last century, knowledge con-
cerning these inter-relations remains patchy and there are
still significant gaps in our understanding of how they
actually depend on each other. There are several con-
ceptual frameworks in studying turbulence that represent
different facets of turbulence. Themost advanced among
them are the Reynolds-averaging framework, the coher-
ent structures concept, and the eddy cascade concept.
The existing knowledge within these three directions is
mostly related to 2-D (in a time-averaged sense) open-
channel flows. The effects of mean flow three-
dimensionality and secondary currents on turbulence are
less understood and have beenmainly studied in terms of
bulk turbulence characteristics, with the most systematic
and comprehensive work conducted by Nezu and his
group for rectangular open-channel flows, as reviewed
in Nezu (2005), and by Knight and his group for com-
pound channels, as reviewed in Knight et al. (2009a).
The knowledge of these effects inmore complex flows

is much less complete although recent publications
demonstrate some significant advances in studying flows
in meandering channels (e.g., Blanckaert and de Vriend,
2004, 2005a, 2005b; Odgaard and Abad, 2008; Abad and
Garcia, 2009a, 2009b; Blanckaert, 2009, 2010; Knight
et al., 2009a; Sanjou and Nezu, 2009; Gyr, 2010;
Sukhodolov and Kaschtschejewa, 2010), riffle-pools
(e.g., MacVicar and Roy, 2007a, 2007b), tidally- forced
channels (e.g., Fong et al., 2009), channel expansion-
contractions (Papanicolaou et al., 2007), at river
confluences (e.g., Rhoads and Sukhodolov, 2001;
Sukhodolov and Rhoads, 2001; Boyer et al., 2006), and
even in the complex situations of ice-covered rivers
(Ettema, 2008). However, the relations between coherent
structures, eddy cascade, and secondary currents remain
poorly understood. Recent findings related to these inter-
relations are briefly summarized below.
Within the Reynolds-averaging framework, turbu-

lence is expressed with bulk parameters arising in the
Reynolds-averaged equations for momentum, energy,
and/or vorticity. Examples include turbulent energy,
Reynolds stresses, absolute and relative turbulence in-
tensities, velocity–vorticity correlations, enstrophy, and
higher-order statistical moments such as skewness and
kurtosis. The Reynolds-averaged equations represent
both turbulence and secondary currents and therefore
they seem to be a suitable platform for studying inter-

relations between them. In recent studies of secondary
currents in straight open channels, the focus has been on
flows over rough gravel beds, extending and comple-
menting the well-established results of Nezu’s
group (Nezu, 2005) for smooth-bed open-channel flows.
The major finding that has been independently reported
by at least four groups is that secondary flow cells in
rough-bed flows cover the whole channel cross-section
evenly, even at width-to-depth ratios as high as 20
(Albayrak (2008); Rodriguez and Garcia, 2008; Belcher
and Fox, 2009; Blanckaert et al. 2010). Figure 1.2 shows
an example of the multicellular structures observed in
an experiment with smooth side walls and a rough
bed (Rodriguez and Garcia, 2008). This finding differs
significantly from that for smooth-bed flows, where
secondary currents disappear in the centre of the channel
at aspect ratios larger than 5.
The most striking feature of the reported multicellular

secondary currents is that their origin cannot be linked to
sediment motion on the bed or to the transverse hetero-
geneity in bed roughness, as beds were not water-worked
and no particle sorting or topographic variations were
observed. Rodriguez and Garcia (2008) explain this
phenomenon by the effect of the large gradient in rough-
ness between the smooth glasswalls and the gravel bed in
their experiments, leading to an enhancement of near-
wall cells and transverse transport of vorticity towards
the centre of the channel. On the other hand, based on
their extensive experiments in rectangular and trapezoi-
dal channels Blanckaert et al. (2010) propose that the
formation of secondary flow cells over the entre channel
width is a result of hydrodynamic instability driven by
near-bank secondary currents.
These observations can be supplemented with those

of Cooper and Tait (2008) who reported the presence of
high-speed longitudinal streaks in the time-averaged
fields of streamwise velocity over water-worked gravel
beds (no sediment motion was observed during the
experiments). Interestingly, Cooper and Tait (2008)
found no correlation between the time-averaged velocity
streaks and bed topography, suggesting that their origin
is not linked to variation in bed roughness or topography.
Although the authors reject the presence of secondary
currents as the possible explanation of the observed
velocity streaks, their data are consistent with signatures
of such currents and thus they should perhaps not be
readily dismissed as the potential cause of the streaks.
Altogether, the results of these studies suggest that

multicellular currents exhibit some form of self-organi-
sation triggered by the pre-existing corner helical flows
enhanced by bed roughness. Furthermore, Albayrak’s
(2008) study hints that the number of cells at a particular
aspect ratio may depend on the properties of bed rough-
ness. These observations shed new light on the old
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reports of longitudinal sediment ridges observed in some
rivers (e.g., McLean, 1981; Nezu and Nakagawa, 1993)
and may help in better formulations for channel mor-
phodynamics. The physical origin of the observed mul-
ticellular structure is not yet clear and awaits a proper
investigation.
Highlights of recent studies of the relation between

secondary currents and turbulence in meandering chan-
nels include the detailed analysis of the spatial distribu-
tion of bulk turbulence properties by Blanckaert and de
Vriend (2004, 2005a, 2005b). These authors performed
comprehensive laboratory measurements of velocity
vectors in a sharp open-channel bend, focusing on a
bicellular pattern of secondary currents and its inter-
relations with turbulent energy, its production, dissipa-
tion, and transport. The revealed circulation pattern
includes the classical centre-region helical cell and a
weaker and smaller counter-rotating outer-bank cell
(believed to play an important role in bank erosion
processes). By analysing simultaneously the vorticity
equation and the kinetic energy transfer between the
mean flow and turbulence, the authors established that
the centre-region cell is mainly formed due to the cen-
trifugal force while the turbulence contribution is minor,
as one could expect. The data also suggest that the origin
of the outer cell can be explained by the interplay of the
near-bank turbulence heterogeneity and channel curva-
ture effects. This finding is somewhat consistent with
laboratory and LES numerical studies of secondary
circulation at the corners formed by a solid vertical wall

and flow free surface, i.e., at mixed-boundary corners
(e.g., Grega et al., 2002; Broglia et al., 2003). However,
in straight channels the mixed-boundary (inner) corner
vortex rotates toward the solid wall at the water surface
while in a curved channel the vortex rotation is opposite,
probably reflecting additional effects of the centrifugal
force and the associated centre-region cell. Blanckaert
and de Vriend (2005b) proposed that the observed sig-
nificant deviation of the turbulence structure in a curved
channel from its straight channel counterpart is due to
the streamline curvature effects. The transverse
“stratification” of bulk turbulence properties is explained
using an analogy with buoyancy-induced stratification
and, therefore, can be quantified with the “curvature-
flux-Richardson” number. The recent LES-based numer-
ical study of van Balen et al. (2009, 2010) reproduces all
key features observed in the laboratory experiments,
additionally emphasizing the enhanced TKE and its
production in the region of the outer near-bank cell.
Blanckaert and de Vriend’s (2004, 2005a, 2005b)

experiments covered an idealized situation of an isolated
bend where the effects of adjacent bends were not
present. A more realistic channel shape was used in
recent experiments by Abad and Garcia (2009a,
2009b) who performed extensive velocitymeasurements
in a unique five-bends facility known as the “Kinoshita
channel” and reported detailed maps of mean velocity
vectors, Reynolds stresses, and TKE. Both fixed-bed and
mobile-bed scenarios were examined, particularly focus-
ing on the effects of bend orientation, i.e., upstream or

Figure 1.2 The results of a flume experiment with smooth walls and rough beds (Rodriguez and Garcia, 2008) at low
flow (a) and high flow (b). The cells are delineated from the changes in direction in the streamwise vorticity and the
directions of the secondary velocity. The cell size scales roughly with flow depth.
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downstream. For a flat, smooth bed condition, the mea-
surements revealed that at the bend apex the maximum
velocity occurs near the inner bank for both upstream and
downstream bend orientations. However, for the up-
stream-oriented bends, secondary flowwas weaker com-
pared to that in the downstream-oriented bends. Even
more interesting, the hydraulic resistance factor ap-
peared to depend on bend orientation, i.e., for the same
channel sinuosity the resistance was higher for the
downstream-skewed bends, probably reflecting stronger
secondary currents. The laboratory data described above
can be compared with comprehensive field turbulence
measurements in a bend of the Spree River where the
level of detail and measurement accuracy can compete
with those in the laboratory set-ups (Sukhodolov and
Kaschtschejewa, 2010). An example of a field study in a
bend of the Tollense River near Lebbin (Germany) by
Sukhodolov’s group is shown in Figure 1.3.
These findings relate to the time-averaged structure

and represent a significant step forward in our current
understanding of secondary flows in straight and
curved channels. However, the averaging procedures
eliminate details on key agents forming this “time-
averaged” structure. These agents are most likely
coherent structures and eddy cascades, discussed
below.
The concept of coherent structures is based on the

recognition of some order in turbulence. A coherent
structure (or eddy) can be broadly defined as a 3-D flow
region over which at least one fundamental flow var-
iable exhibits significant correlation with itself or with
another variable over a range of space and/or time (e.g.,
Robinson, 1991; Roy et al., 2004; Adrian, 2007). Many

kinds of coherent structures have been identified,
depending on flow type and Reynolds number, and it
has been shown that they play a significant role in mass
and momentum transfer in rivers. The issue of identi-
fying, detecting, and quantifying coherent structures
remains a hot research topic in physics, engineering,
and the earth sciences. It is likely that at least some
secondary currents in river flows are formed by helical
coherent structures, intermittently or quasi-periodically
appearing in particular regions of the channel cross-
sections (e.g., at corners). In addition (or independent-
ly), secondary flow cells can be partly controlled by the
spatial distribution and intensity of near-bed bursting
processes. These possibilities have been highlighted by
works of Nakagawa and Nezu (1981), Gulliver and
Halverson (1987), Nezu and Nakagawa (1993), Lane
et al. (2000), Blankaert and de Vriend (2005b), Albayrak
(2008), Sterling et al. (2008), Buffin-Bélanger et al.
(2009),Miyawaki et al. (2009), and Pinelli et al. (2010).
These mechanisms are also consistent with the analysis
of themean flow energy balance in Section 1.2.2,where it
is proposed that secondary flows are fed by turbulence.
Pinelli et al. (2010) performed direct numerical simu-

lations of smooth-wall turbulent flow in a straight square
duct with a particular focus on the role of coherent
structures in the generation and characterization of
near-corner cells. They found that the buffer layer struc-
tures determine the distribution of mean streamwise
vorticity, while the shape of the cells is influenced by
larger-scale motions. Pinelli et al.’s (2010) paper is
probably the first quantitative report that explicitly de-
monstrates close interconnections between near-corner
secondary flows with both buffer-scale and duct-scale

Figure 1.3 Field experimental set-up in a bend of the Tollense River near Lebbin (2009) for studying secondary
currents by the research group of A. Sukhodolov, Leibniz-Institute of Freshwater Ecology and Inland Fisheries, Berlin,
Germany.
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coherent structures. Although the range of Reynolds
numbers was quite limited and flow configuration was
very simplified, this study highlights potentially impor-
tant effects that may be directly relevant to river flows.
More realistic conditions of open-channel gravel bed
flow have been studied by Albayrak (2008). Based on
extensive experiments in a large, straight, gravel bed
flume,Albayrak (2008) explored properties of prevailing
coherent structures and their relation to the secondary
flow cells. He found that Adrian’s (2007) model of
hairpin packets is applicable to the conditions of
rough-bed open-channel flows, confirming earlier find-
ings of Hurther et al. (2007). Furthermore, Albayrak
(2008) showed that the vertical extension of the hairpin
packets is significantly enhanced in upwelling zones of
the secondary flow cells and reduced in downwelling
zones. Albayrak’s (2008) data also suggest that the time-
averaged secondary flow cells represent effects of large
instantaneous helical structures, similar to those ob-
served by Gulliver and Halverson (1987).
Turbulent structures in a channel bend with well-

documented secondary flow cells and bulk turbulence
parameters were studied by Blankaert and de Vriend
(2005b). These authors showed, for the first time, that
velocity fluctuations within a bend can be considered
as a superposition of large-scale structures occupying
the whole channel cross-section and small-scale
“background” turbulence. Large-scale width-coherent
velocity fluctuations resemble wavelike motions and
mainly contribute to the normal turbulent stresses, while
the “background” turbulence is a main contributor to the
shear stress generation. The origin of these two compo-
nents and interrelations between them need further
investigation.
A more intricate case of a meandering compound

open-channel flow was examined by Sanjou and Nezu
(2009) who employed a multilayer scanning PIV and
revealed a strong connection between the horizontal
vortices and secondary currents. Their phenomenologi-
cal model is summarized in Figure 1.4. Buffin-Bélanger
et al. (2009) andDemers et al. (2011) considered an even
more complicated case of an ice-covered meandering
flow and addressed the question of how coherent struc-
tures rising from the bed and ice boundaries interact and
modify the overall structure of the flow. Based on
laboratory and field studies, they compared an ice-
covered flow and an ice-free flow in the same channel.
They discovered that the flow field in the ice-covered
condition is characterized by two counter-rotating helical
cells at the bend entrance which evolve, further down-
stream, into one helical cell that rotates in the opposite
direction compared to that without the ice cover. Tur-
bulence properties are also significantly different for
these two scenarios, showing low correlations between

structures generated at the bed and at the ice cover, as if
the two boundary layers were disconnected. How exactly
these structures influence secondary flow cells in this
most complicated set-up remains unclear.
The eddy cascade concept reflects the multiscale

structure of turbulence. According to this concept,
turbulence is initiated at an external scale of the flow
(e.g., flow depth or width in a stream) as a result of
hydrodynamic instability that transfers the energy
from an external forcing to the largest eddies com-
parable to the external flow scale. These large eddies
being unstable themselves then transfer their energy to
smaller eddies and so on, until the eddy size reaches
the so-called dissipative scale. At this scale, viscous
forces overcome inertial forces and turbulence be-
comes suppressed by viscosity. The key analyses of
this approach include velocity spectra, correlations,
and structure functions (e.g., Tennekes and Lumley,
1972). In time-averaged 2-D open-channel flow over a
flat bed, the eddy cascade is assumed to start with
generation of large eddies (2–5 flow depths H in
length and 1–2 H in width), which then will cascade
their energy down to the dissipative scale. In this
scenario, there is only one external scale and associ-
ated energy supply to turbulence from the mean flow.
In rivers, of course, there may be several superim-
posed mechanisms of TKE production associated
with multiscale bed forms. Altogether they represent
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Figure 1.4 Phenomenological flow model of horizon-
tal vortices and secondary currents in meandering com-
pound open-channel flow (Sanjuo and Nezu, 2009).

14 VLADIMIR NIKORA AND ANDRÉ G. ROY



different canals of energy transfer from the mean flow
to turbulence (Nikora, 2008).
In addition to these mechanisms, the helical sec-

ondary flows may introduce a potentially important
external scale and associated instability that may
modify conventional transport of energy from gravity
to the mean flow to the depth-scale eddies and
through the eddy cascade to heat. Alternative scenar-
ios are also possible. As has been highlighted in
Section 1.2.2, it is quite likely that secondary flows
in straight channels receive their energy from turbu-
lence, suggesting the existence of an inverse energy
cascade (i.e., flux of energy from smaller scales to
larger scales to the mean flow) in particular regions of
the flow. This conjecture is supported by Blanckaert
and de Vriend’s (2004) experiments. However, until
now there have been no systematic studies of this
aspect of secondary flow–turbulence interactions.

1.4 SECONDARY CURRENTS AND
HYDRAULIC RESISTANCE

Although the effect of secondary currents on hydraulic
resistance is widely recognized, its nature is not yet clear.
Thus, its explicit incorporation into resistance equations
is still an unsolved problem (e.g., Yen, 2002). In general,
secondary currents modify the transverse distributions of
mean velocities, fluid shear stresses, and bed shear stress.
It is often assumed that these modifications increase the
bulk friction factor f ¼ 8ðu2*=U 2

o Þ compared to the case
when secondary currents are absent (u2* ¼ to=r, Uo is
cross-section mean velocity, to is a “reach-scale” bed
shear stress). There are also indications that in some
situations secondary flows do not affect the bulk friction
factor, while significantly altering boundary shear stress
and near-bank velocities (Kean et al., 2009). Indeed,
since the bulk friction factor f ¼ 8ðu2*=U2

o Þ is a result of
integration of the Reynolds-averaged momentum equa-
tion over the whole cross-section (or even over a river
reach), the different resistance mechanisms are lumped
together, making it difficult to unambiguously observe
their individual contributions.
A more practical approach to account for the presence

of secondary currents is to use the depth-averaged mo-
mentum equation and the local friction factor
f ¼ 8ðtb=rU 2

d Þ defined at a particular vertical at the
transverse coordinate y, where tbðyÞ is a “local” bed
shear stress, and UdðyÞ is the depth-averaged velocity.
This approach has been extensively developed and ex-
plored by Knight and his group (Knight et al. 2009a,
2009b, and references therein). Their work provides a
thorough theoretical analysis, in-depth experimental
support, and implementation in a range of analytical and

computer models. The conceptual basis of the approach
is the depth-averaged momentum equation expressed as
(Knight et al. 2009a):

rgHS
gravity
term

þ q
qy

ðH t̂yxÞ
transverse
stress term

� tb 1þ 1

s2

� �1=2

local bed
shear stress

¼ q
qy

ðrH�u�vÞd
secondary
flow term

ð1:16Þ

where H is the flow depth, t̂yx is the depth-averaged
transverse shear stress, s is the transverse bed slope
(i.e., dzb/dy), �u and �v are local time-averaged longi-
tudinal and transverse velocities, and an index “d” in
the secondary flow term indicates depth-averaging.
The local friction factor f ¼ 8ðtb=rU 2

d Þ is involved
in the parameterization of the transverse stress term
and the bed shear stress term. Knight et al. (2009a)
reviewed a range of closure models for the terms of
Equation (1.16) and demonstrated their applicability
for both straight and meandering compound channels,
including those with vegetated floodplains. The reli-
ability of the 2-D resistance models can be further
strengthened if deeper understanding of the secondary
flow mechanisms is developed and, based on this,
more appropriate closures for the secondary flow term
in Equation (1.16) are proposed (currently this term is
often assumed to be a constant). The research in this
direction is ongoing and can be well illustrated with
recent results by Blanckaert (2009, and references
therein), who proposed a set of relations describing
different effects of secondary currents in meandering
channels on the hydraulic resistance factor. The effect
of bend orientation on hydraulic resistance, recently
discovered by Abad and Garcia (2009a, 2009b) has
already been mentioned in Section 1.3.
A potentially useful framework for assessment of

secondary flow effects on hydraulic resistance has been
recently suggested in Nikora (2009). Starting with the
Reynolds-averaged momentum equation, he derived a
relation for partitioning the bulk and local friction factors
into constitutive components, accounting for the
effects of: (i) viscous stress; (ii) turbulent stress; (iii)
form-induced stress; (iv) flow unsteadiness and spatial
heterogeneity of mean velocities (e.g., due to non-
uniformity and/or secondary currents); (v) spatial het-
erogeneity of turbulence characteristics (e.g., due to
secondary currents); and (vi) vertical heterogeneity of
driving forces. These components of the friction factor
account for the roughness geometry and highlight the
significance of the Reynolds and form-induced stresses
in the near-bed region, where their values are the largest.
The suggested relation can guide better understanding of
the resistance mechanisms and developing their para-
meterizations and models.
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1.5 SECONDARY CURRENTS,
SEDIMENTS AND MORPHODYNAMICS

Since the pioneeringworks of river navigation engineers,
it is widely accepted that secondary flows play a signif-
icant role in channel deformation, bank stability, and
sediment transport. One of the historically earliest ex-
planations of secondary currents involved suspended
sediments as a key factor of their generation (Vanoni,
1946). In his experiments, Vanoni (1946) noticed that the
addition of a small amount of fine sediments in a clear-
water open-channel flow led to the modification of the
velocity distribution across the channel and formation of
longitudinal streaks in the suspended sediment concen-
tration field (three strong streaks at the channel centre
and weaker streaks near the walls). Thus, Vanoni con-
sidered the effect of suspended sediment to be a cause of
the observed secondary currents.
This experimentally guided conjecture was later

replaced by the alternative idea that the observed
suspended sediment streaks are generated by the pre-
existing secondary currents. A recent study byHallez and
Magnaudet (2009), however, points out the possibility of
generating secondary currents, even by weak density
stratification,whichcouldhavebeencreated in theVanoni
experiments by the addition of suspended sediments. In
light of Hallez and Magnaudet’s (2009) study, it is ben-
eficial to reconsider Vanoni’s (1946) abandoned hypoth-
esis, which may well be correct, representing a specific
form of Prandtl’s second kind of secondary current.
The formation of sand ribbons on the beds of straight

channels is another similar phenomenon that has been
known for a long time and that is often explained by some
kind of self-organization involving flow-bed sediment
interactions (e.g., McLean, 1981; Nezu and Nakagawa,
1993; Garcia, 2008; Parker, 2008). Colombini (1993)
and Colombini and Parker (1995) proposed an instabil-
ity-basedmechanistic explanation for these bed features,
while McLelland et al. (1999) and Wang and Cheng
(2006) provided the most systematic recent account on
this topic, supported by extensive laboratory experiments
with bimodal sediments and artificial bedforms.
Although bank erosion is often associated with sec-

ondary currents, detailed and reliable information on the
mechanisms involved and their quantitative measures
has become available only recently. Comprehensive re-
views of various predictive engineering methods for
bank erosion involving effects of secondary currents can
be found in Pizzuto (2008) andRinaldi andDarby (2008).
These methods are often based on the depth-averaged
Equation (1.16) and on parameterizations proposed by
Knight and his group (e.g., Knight et al., 2009a). Among
recent works, special attention should be given to
Papanicolaou et al.’s (2007) study, which combined

detailed turbulencemeasurements in a gravel-bed stream
(with cohesive banks) with extensive laboratory erosion
tests. The 3-D and depth-averagedmomentumequations,
similar to Equations (1.1) and (1.16), were used by the
authors as a framework for data analysis and
interpretation. Papanicolaou et al. (2007) demonstrated
that secondary currents increase the magnitude of the
depth-averaged sidewall shear stress by a factor of at
least 2.0, while the ratio of the maximum to the depth-
averaged sidewall shear stresswas found to be larger than
5. This finding suggests that the conventional approaches
in morphodynamics based on the depth-averaged side-
wall shear stress may not be a suitable approximation of
the reality for natural channels with complex morphol-
ogy involving contractions and expansions.
Another highlight of the influence of secondary flows

on sediment transport is a study of bend orientation
(curvature) effects on sediment dynamics and, through
this, on morphodynamics (Abad and Garcia, 2009b).
This study is complementary to the already mentioned
set of experiments in the same facility with a fixed
bed (Abad and Garcia 2009a). The experiments with
mobile beds revealed significant differences in sediment
dynamics between upstream- and downstream-oriented
bends. In particular, downstream-oriented bends gener-
ated stronger secondary currents and more distinct bed
forms,with higher shear stresses along the bed and banks.
These hydrodynamic features may have significant mor-
phological effects as they most likely produce higher
erosion power and enhanced sediment transport rates
leading to increased channel migration rates. In addition,
this study provides qualitative and quantitative informa-
tion on potential effects of secondary currents and flow
non-uniformity on dune shape, sizes, andmigration rates,
knowledge of which is still very limited (Best, 2005).
Consideration of Abad and Garcia’s (2009b) study
should be supplemented with laboratory experiments
of Termini (2009) and Jamieson et al. (2010), which
expand a range of Abad and Garcia’s (2009b) scenarios
in terms of bend shape and hydraulic conditions.
The more complicated case of braided channels in-

volvesawidespectrumofsecondary flowpatterns that are
the inherent component of nearly all morphodynamic
processes occurring in this highly dynamic channel type.
Specific examples can be found in a recent specialized
volume on braided channels edited by Sambrook Smith
et al. (2006). Although there have been some important
advances in this area (e.g., Ashworth, 1996; De Serres
et al. 1999; Richardson and Thorne, 2001), knowledge of
secondary flows inbraidedchannels remains fragmentary
and rather qualitative. Quickly developing simulation
methodologiessuchasDNS(directnumericalsimulation)
andLES (large eddy simulation)may soon appear to beof
great help by complementing laboratory and field studies
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in clarifying details of secondary flows for typical ele-
ments of braided channel morphology such as con-
fluences, bifurcations, islands, and anabranches (e.g.,
Keylock et al., 2005; Lyn, 2008; Zeng et al., 2010). A
recent exampleofa successful applicationof thedetached
eddy simulation (DES) technique for studying flowstruc-
ture at a river confluence is given in Miyawaki et al.
(2009). This study convincingly shows that the time-
averaged helical currents at the confluences are a
result of frequently occurring helical coherent structures
(Figure 1.5).
Themost challenging scenarios for secondary currents

and their roles in sediment transport and channel mor-
phodynamics occur, not surprisingly, in ice-covered
rivers. Due to the great technical difficulties of winter-
time field work, the knowledge of secondary currents in
ice-covered rivers is very fragmentary. Wide-ranging
reviews of channel responses to ice cover are given
in Ettema (2002, 2008), while unique data and their
conceptualization are provided in Tsai and Ettema
(1994), Ettema and Zabilansky (2004) and in the already
discussed work of Buffin-Belanger et al. (2009) and
Demers et al. (2011). Tsai and Ettema, 1994 studied the
ice cover effect on the circulation pattern and its strength
in a curved channel in a laboratory flume. The authors
showed that the ice cover changes the topology of the
secondary flow cells and dampens their strength. Ettema
and Zabilansky (2004) reported unique wintertime field-
work along the Fort Peck reach of the Missouri River.
They documented, for the first time, how exactly ice
cover can modify flow structures that trigger associated
morphological responses, such as the migration of chan-
nel bends, transient scours, sediment deposition, and

cyclic shifts of the thalweg through sinuous-braided
subreaches. All these changes reflect changes in second-
ary flow patterns accompanied by many other super-
imposed changes due to the ice cover.

1.6 SECONDARY CURRENTS AND
MIXING PROCESSES

The presence of secondary currents may significantly
modify vertical, transverse, and longitudinal mixing, as
discussed in detail in Rutherford (1994). Depending on
the specific flow configuration, secondary currents may
either enhance or dampenmixing rates in all directions or
selectively. For example, an increase in transverse mix-
ing due to secondary currents may be associated with a
reduction in longitudinalmixing. Progress in understand-
ing the mixing processes when secondary currents are
present depends on the depth of understanding of the
overall hydrodynamics of secondary currents and of their
inter-relations with turbulence.
In relation to straight channels, secondary flow effects

on mixing in rectangular and one-sided compound chan-
nels have recently been considered by Kang and Choi
(2009). Using the injection of dye into the compound
channel, these authors found that the secondary flow
cells move the location of the maximum dye concentra-
tion towards the floodplain, leading to a skewed distri-
bution of the mean dye concentration in the spanwise
direction. A similar but weaker effect was noted for
rectangular channels. Kang andChoi (2009) also showed
that the Reynolds fluxes reduce the concentration peak
and thicken the tails of themean dye concentration, while
secondary currents affect the magnitude of the mean
concentration over the entire channel width, moving the
peak concentration in the flow direction.
These results can be supplemented with earlier exper-

imental data obtained in a straight, smooth-bed channel
that highlight particular features in the flow regions
around the local symmetry z–x planes between the helical
secondary currents near side-walls and the central part of
the flow (Nikora et al., 1998). These regions are char-
acterized by some anomalous properties:

(1) Local minima in the longitudinal velocity which
coincide with the local maxima in the vertical
velocity, i.e., the minima in the longitudinal ve-
locity occur in the upflow regions where the trans-
verse velocity changes its sign.

(2) Localminima in the transverse eddy diffusivity and
in the turbulent energy generation term
�u0v0d�u=dy, surrounded by local maxima in these
variables.

(3) The transverse turbulent flux�u0v0 in the near-bed
layer is close to zero and changes its sign from

Figure 1.5 Instantaneous vorticity at the confluence
visualized with the contours on the water surface
(Miyawaki et al., 2009). (See color version of this
figure in color plate section.)
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minus to plus (this means that transverse turbulent
fluxes occur towards the boundary between each
helical secondary current and the central flow).

(4) Fluid ejections are suppressed while fluid sweeps
are increased, in agreement with the transverse
distributions of velocity skewness and kurtosis.

Thus, the data suggest the existence of an interesting
phenomenon – the suppression of transverse mixing in
the narrow regions between the helical near-wall currents
and the central flow. A qualitative confirmation of the
suggested phenomenon can be found in aerial photo-
graphs from tracer experiments depicted on the cover of
Rutherford’s (1994) book. They clearly show suppressed
mixing between stable dye strips near the banks and the
central flow of the Waikato River in New Zealand. This
could be explained by the near-bank helical currents,
which suppress mixing between the near-bank flow
region and the central flow region. However, this effect
requires further investigation for a wider range of
conditions.
In relation to curved channels, recent research on the

effects of the mechanics of secondary flows on mixing
processes has been reported by Boxall et al. (2003) and
Marion and Zaramella (2006) for large laboratory self-
formed channels, and by Rowinski et al. (2008) for the
field sites. These authors show that channel curvature
may have two effects on dispersion that tend to oppose
each other. On one hand, curvature increases the longi-
tudinal dispersion, reflecting an increase in the turbu-
lence intensity. On the other hand, it reduces dispersion
by enhancing transverse mixing. These results also show
that the most efficient longitudinal dispersion occurs at
the bend entrance, sharply decreasing beyond the me-
ander apex. Theoretical and modelling aspects of the
secondary flow effects on mixing and dispersion pro-
cesses have been recently addressed by Czernuszenko
and Rylov (2002), Albers and Steffler (2007), and Khos-
ronejad et al. (2007), among others.

1.7 CONCLUSIONS

Twenty three years ago Bradshaw (1987) concluded that
“Flowswith strong skew-induced streamwise vorticity or
flows dominated by stress-induced vorticity are partic-
ularly challenging, and the main conclusion of the pres-
ent review is that we lack basic physical understanding of
the effect of mean-flow three dimensionality on turbu-
lence structure.” His closing words were: “The step from
2-D to 3-D mean flow is as difficult in simulation as in
experiment. . .” (Bradshaw 1987). Today, these conclu-
sions remain largely valid, especially in relation to gravel
bed rivers, where a complex combination of multiscale
secondary currents is an inherent feature.

The present review shows that, although significant
recent advances should be acknowledged in understand-
ing the secondary flow mechanics and their inter-rela-
tions with other river processes, there are still many
knowledge gaps that have to be addressed. In particular,
these gaps relate to quantification and prediction of
secondary flow effects on sediment transport, hydraulic
resistance, mixing, and morphodynamics. Furthermore,
the researcher’s attention should be also extended to the
identification of the role of secondary currents in the
functioning of streamecosystems. The profound effect of
secondary currents on the mean velocities, turbulence,
mixing, and sediment dynamics is likely to be reflected in
ecosystem structure and functioning, but this effect
remains to be understood and quantified. This focus area
highlights the significance of secondary flows from a
multidisciplinary perspective.
To achieve the goal of greater understanding, a number

of theoretical, experimental, and conceptual issues
should be resolved. In relation to theoretical analyses,
a conceptual uncertainty related to the cause-and-effect
relations between key processes and variables awaits to
be resolved. This can only be achieved on the basis of
combined approaches involving various forms of the
Navier–Stokes equations, from the RANS to the enstro-
phy equations. There are also methodological issues that
require urgent attention, with identification and quanti-
fication of secondary flow patterns in complex flows
being among the most challenging. This task is partic-
ularly relevant to secondary flows in braided channels
where partitioning into primary and secondary flows is,
in most cases, unclear. The solution may be sought using
analogies with the problem of coherent structure iden-
tification in turbulent flows, where a variety of invariant
measures (i.e., independent of the coordinate system
orientation) have been explored. Progress in this direc-
tion should advance the topological and mechanistic
classification of secondary currents in river flows that,
once developed, should help in a better coupling between
channel morphology, flow structure, and sediment dy-
namics at multiple scales. In relation to the data base,
laboratory studies, and quickly developing numerical
simulation techniques need to be complemented by
comprehensive field studies. Work in this direction is
growing (e.g., Sukhodolov and Rhoads, 2001; Rhoads
and Sukhodolov, 2001; Ettema and Zabilansky, 2004;
Buffin-Belanger et al. 2009; Fong et al. 2009; Rowinski
et al., 2008; Sukhodolov and Kaschtschejewa, 2010).
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1.10 DISCUSSION

1.10.1 Discussion by Tim Randle

Would the authors please comment on the potential
for secondary currents of the second kind in straight

channels (e.g. canals, straightened channels, perhaps
meander cutoffs) to eventually evolve the channel plat-
form to increased sinuosity and the development of
secondary currents of the first kind?

1.10.2 Discussion by Gordon E. Grant

Is it possible to use our current understanding and ability
to model secondary flows to establish a set of criteria (or
even a set of hypotheses) about where such flows should
and should not have morphodynamic significance? In
other words, it’s one thing to be able to identify that
secondary flows, perhaps as stimulated by grain rough-
ness or similar, should exist; it’s another to argue that
such flows should leave a discernible and measureable
imprint on the channelmorphology. For example, in very
rough channels, any tendency for coherent secondary
flow structures is likely to be suppressed by the turbu-
lence set up by the form and large-scale grain roughness.
It would help us better understand secondary flows and
their role in channel morphology if we could identify, at
least to first order, where we should expect to see
coherent flow structures that could potentially modify
channel form.

1.10.3 Reply by Vladimir Nikora and André G. Roy

T.Randle’s question andG.Grant’s comment highlight a
potentially important role of secondary currents in gen-
erating instabilities in channelswith erodible boundaries.
For example, a time-averaged secondary cell in a straight
channel can be viewed as a manifestation of the fre-
quently occurring instantaneous helical motions, wan-
dering, to a certain degree, across the channel and serving
as large-scale perturbations leading to development of
plane deformations of the channel. A similar situation
may also occur in channels with more realistic and
complex channel geometries, with different types of
secondary currents. Recent achievements in this field
suggest that soon we should have much better capabil-
ities for predicting locations and strength of time-
averaged secondary currents. However, it seems that the
role of the mean secondary currents in channel morpho-
dynamics is essentially defined by their instantaneous
components (e.g., helical motions), regularly or inter-
mittently occurring in the flow. We believe that the
topology, intensity, and statistics of these instantaneous
components of the time-averaged secondary currents,
still practically unknown, will provide important knowl-
edge to better understand many aspects of channel
morphodynamics.
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