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Summary

In studies of flow structures on single-thread meandering rivers, secondary currents have been shown
to have a large influence on the morphological development of meander bends. Until this joint study
between FAP 24 and the University of Nottingham, UK, there had been few similar studies carried
out on the influence of secondary currents on large braided rivers such as the Brahmaputra River in
Bangladesh. As a consequence of this lack of fieldwork, our understanding of braided river behaviour
and the development of predictive tools have been impeded. This document reports on a series of field
surveys to investigate the flow distributions around a braid bar in the Brahmaputra River near
Bahadurabad. Results demonstrate linkages between large scale secondary current cells and the pattern
of primary flow and the pathways of concentrated suspended sediment around the bar. Patterns
observed along the flanks of the braid bar curved anabranch are similar to those observed in single-
thread meandering channel bends. Patterns observed at the flow bifurcation upstream of the bar demon-
strate how the secondary currents influence the development of the bifurcation through their effect
on the near bed primary flow pattern and sediment transport. The results further demonstrate that an
Acoustic Doppler Current Profiler is a powerful instrument, capable of investigating three-dimensional
coherent flow structures in large rivers. A copy of all the data presented in this document is contained
on a 3.5" diskette in ASCII text format attached to the back cover.
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1 Introduction

| | Context of the study

The River Survey Project

The River Survey Project was initiated on 9 June 1992. The project was executed by Flood Plan
Coordination Organization (FPCO), presently merged with Water Resources Planning Organization
(WARPO) under the Ministry of Water Resources (formerly the Ministry of Irrigation, Water
Development and Flood Control). It was funded by the European Commission. The Consultant is
DELFT-DHI Consortium in association with Osiris, Hydroland and Aprotech. Project supervision is
undertaken by a Project Management Unit with participation by WARPO, a Project Adviser and a
Resident Project Adviser.

The objectives of the project are (1) to establish the availability of detailed and accurate field data as
part of the basis for the Flood Action Plan projects, and (2) to add to the basic data for any other
planning, impact evaluation, and design activities within national water resources and river engineering
activities.

The project consists of three categories of activities:

] a survey component, comprising a comprehensive field survey programme of river
hydrology, sediment transport and morphology;

° a study component, comprising investigations of processes and effects within river
hydrology, sediment transport and morphology; and

. a training component.

Background for the University of Nottingham/RSP joint study

In the ToR of the project a distinction is made between the study topics to be taken up under phase
1 and those for phase 2 of the project. In phase 1 the available data on river morphology and the
historical water levels and discharges have been analyzed. And in phase 2 the programme of river
studies had been undertaken to investigate key characteristics of the behaviour of the river systems.
An inventory of possible study topics has been presented in Study Report 1, Selection of Study Topics
for Phase 2, published in September 1993. The study of the flow and sediment distribution at
bifurcations in braided channels and offtakes had received a high priority. In the list of study topics
this study was described under topic 4.1. This study is intended to improve the understanding of factors
which are important in determining the sediment transport distribution at bifurcations and, thereby,
enable improved prediction of overall morphological trends. In the end of 1993, following the
International Workshop on large alluvial rivers in Bangladesh, an agreement was reached to involve
Prof. C. Thorne of the University of Nottingham in a joint study aimed at contributing to this
improved understanding by investigating the influence of large scale, secondary flow structures.

This study is related to the study of sand bars, as reported in SPR-09 Bars and bedforms in Jamuna
River. The University of Leeds was involved in that study. The bifurcation and confluence studied
by the University of Nottingham is included in the study of the morphological developments in the

River Survey Project FAP24 1
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left channel of the Jamuna river near Bahadurabad (SPR-24 Morphological developments at Bahadurab-
ad). The study area was also part of the bathymetric surveys carried out by RSP (SPR_03 Bathymetric
surveys).

Field data were collected by Mr Hans Heyer and staff from FAP-24 using the DHA vessel. Data
processing was performed by a postgraduate research student at the University of Nottingham, Mr
Roy Richardson, who is studying under the supervision of Prof. Thorne. Mr Richardson is funded
by the Engineering and Physical Science Research Council, UK with sponsorship from Sir William
Halcrow and Partners, UK. His research topic is concerned with the fluvial hydraulics of braided
rivers. Hence, the joint study falls within the broader research topic of Mr Richardson. It is intended
that he will use data from the FAP24-UoN joint study together with data from other reaches of large,
alluvial rivers to form more general theories of flow and sediment transport in braided systems.

1.2 Objectives

The objectives of the joint study are to define the secondary flow pattern at a simple bifurcation-bar-
confluence in a large braided river, examine the influence of changing stage on the secondary flow
structure and relate the flow pattern to changes in channel morphology observed over a monsoon
season.

1.3 Secondary currents, bend morphology and channel change in single thre-
ad meandering channels

Flow in alluvial rivers is strongly three-dimensional (Peters and Goldberg, 1989). Secondary currents
are defined as currents which occur in the plane normal to the axis of the primary flow (Prandtl,
1952). They have been shown to be of two types: Stress-induced currents driven by non-uniform
boundary shear stress distributions in straight channels; and skew-induced currents caused by skewing
of cross-stream vorticity into a longstream direction when the flow is curved.

Three decades of research in meandering rivers has established that the pattern of primary isovels and
pathways of bed material transport (both bed load and suspended load) are strongly affected by
skew-induced secondary currents (Engelund, 1974; Hey and Thorne, 1975; Bathurst et al., 1977:
Bridge, 1977; 1984; Dietrich et al., 1979; Bathurst et al., 1979; Thorne and Rais, 1984; Thorne et
al., 1985: Odgaard and Berg, 1988; Markham and Thorne, 1992). Secondary currents occur at all
flow stages in meander bends (Anthony, 1987) and at high flow they may also persist through the
inflection point between meanders (Thorne and Hey, 1979). The influence of secondary currents on
flow and sediment dynamics causes meander shifting through river bank erosion and bar sedimentation
that leads to the planform evolution that is typical of meandering rivers (Friedkin, 1945; Thorne and
Lewin, 1979; Lapointe and Carson, 1986; Thorne, 1991).

Up until the late 1970s it was thought that secondary flow at a bend consisted of a single, skew-induced
cell carrying fast surface water towards the outer bank and slow, near bed water towards the inner
bank (Engelund, 1974) (Fig. 1.1). However, direct measurements of secondary currents using
electromagnetic current meters indicated that close to the eroding outer bank there was often a smaller
cell of reverse rotation (Thorne and Hey, 1975; Bathurst et al. 1977, 1979) (Fig. 1.2). Further work
in the late 1970s and early 1980s demonstrated that the skew-induced secondary cell does not extend
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to the inner bank (Dietrich et al., 1979, 1984; Thorne et al., 1985, Markham and Thorne, 1992). In
fact, flow over the upper point bar is directed radially outwards throughout the whole water column
(Fig. 1.2). This is the case because the outwards acting centrifugal force on the curved flow overcomes
the inward pressure gradient force caused by the transverse water surface slope. Continuity is satisfied
because the flow decelerates in the longstream direction and because the depth decreases due to
shelving of the flow over the point bar (Dietrich, 1982).

In the papers cited above, geomorphologists and river engineers have shown how the pattern of
secondary flow affects the distribution of primary velocity. Where the flow plunges, isovels are
compressed leading to a steeper velocity gradient and intense near-bed shear stresses, while areas of
upwelling show reduced primary velocity gradients and boundary stresses. Hence, secondary currents
play a strong role in determining the distribution of scour and fill around the channel perimeter. This
may be illustrated using two examples.

Close to the outer bank, the flow plunges where the skew-induced and outer bank cells converge at
the surface. Hence, primary isovels are packed near the bed and bank shear stresses are high in this
region, promoting toe scour and undercutting of the bank (Thorne and Lewin, 1979). This often leads
to mass instability and bank collapse that produces rapid bankline retreat (Thorne, 1978; 1982: Thorne
and Osman, 1988). Failure blocks fall to the lower bank and bank toe, but their residence time there
is short due to the high velocities and shear stresses imposed by the flow. Hence, the basal clean-out
phase is often very short. Once failed debris has been swept away, the flow again attacks the lower
bank, again over-steepening it and generating further mass instability. In this way, the secondary and
primary flows combine to produce aggressive and effective bank erosion capable of driving rapid and
sustained bankline retreat.

Sediment transport in meander bends is also strorigly influenced by the secondary flow pattern. On
the upper, point bar platform bed material is transported laterally outwards, towards the point bar
crest. Sedimentation on the platform consists mostly of fines and wash load deposited due to decreasing
flow discharge and velocity in the longstream direction. Sediment sorting occurs on the sloping point
bar face. The largest, heaviest particles roll downslope under gravity against the inwardly directed
near-bed secondary current, while lighter particles are swept inwards against gravity (Fig. 1.3). At
the junction of the skew-induced cell and the zone of outward flow, near-bed currents converge and
there is upwelling. Here sediment ladened, near bed water is carried up into the body of the flow by
upwelling secondary currents. Often, bed material transport (both bed load and suspended load) is
concentrated in a ribbon running along the line of convergence of the main skew-induced cell and the
zone of outward flow. The accumulation of sediment there leads to the building of a sharp ridge
separating the upper, gently sloping point bar platform from the lower, steeper point bar face. This
is significant, especially for the bed load component which cannot be neglected (Peters, 1993). Bed
load is highly significant because it is responsible for driving morphological change through advance
of the point bar crest (Dietrich,1982). In meandering rivers the point bar crest follows the zone of
bed load convergence, which is skewed across the channel from the outer bank at the bend entrance,
to the inner bank at the bend exit. This topographic feature itself induces further strong circulations
that play important roles in sediment sorting by size fraction and determine sediment pathways through
the bend (Dietrich et al., 1979; 1984; Dietrich and Whiting, 1989, Markham and Thorne, 1992) (Fig.
L3),

Mathematical models of flow in bends initially emphasised the impacts of water and momentum
transfers on the distribution of depth-averaged flow and bed topography (Engelund, 1974; Bridge 1977;
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1984; Odgaard, 1986). More recently the importance of convective accelerations associated with
topographic steering by the point bar in general and in particular radially directed outwards flow have
led to revisions of models to better account for the actual patterns of secondary flow (Dietrich and
Whiting, 1989; Smith and McLean, 1984). This illustrates that it is necessary to identify the factors
involved in controlling morphology and driving morphological change through field studies before
attempting to model flow and sedimentary phenomena numerically (Peters, 1993).

There is now overwhelming evidence that secondary currents significantly affect channel morphology
in single-thread meandering rivers and that recognition of the pattern of secondary currents (both
helical cells and lateral flows) are crucial to understanding, explaining and modelling flow and
sediment processes in channel bendways.

1.4 Secondary currents and channel changes in the braided Jamuna River

There have been few field measurements of velocity fields around bars in braided rivers (Bridge and
Gabel, 1992 is an exception, for a gravel-bed river) and to date there has been no systematic,
field-based study of secondary currents in a large, sand-bed braided river due to lack of availability
of suitable instrumentation and resources to mount the necessary field campaign. Those studies that
have been carried out have tended to emphasize flow and morphological dynamics at confluences (see
Bristow and Best, 1993 for a full review) with the link between converging flow at a confluence and
subsequent divergence leading to bifurcation of the channel being relatively neglected. Consequently,
rather little is known about flow in large braided rivers (Peters, 1977) and even less is known about
any role secondary currents may play in confluence/difluence mechanics (Best and Bristow, 1993).
Similarities between meandering and braided rivers do exist, however, (Thorne et al., 1993) suggesting
that secondary currents could be in part responsible for significant morphological forms in braided
rivers.

The joint study between the River Survey Project (FAP-24) and the University of Nottingham is
intended to begin rectifying this gap in our knowledge by resolving at least some of the questions
concerning the existence, patterns and morphological influence of secondary currents in braided rivers.

In a recent paper Ashworth and Ferguson (1992) suggested that a bifurcated channel could be viewed
as consisting of back-to-back meander bends (Fig. 1.4), the left channel being a mirror image of the
right. On this basis, they suggested that the secondary flow pattern would consist of twin skew-induced
cells, diverging at the surface and converging at the bed (Fig. 1.4). The resulting circulation drives
fast surface water outwards to the banks where it plunges, and bring slow, near bed water inwards,
where it upwells at the channel centre.

While the analogy of a bifurcated channel in a braided river with back-to-back meanders has merit,
examination of the results reported in the previous section on flow in meander bends of single-thread
channels suggests that Ashworth and Ferguson’s concept of secondary current cells possibly over-simp-
lifies the situation found in nature.

A mirror image of the current understanding of secondary flow at a meander bend (Figure 1.2) would
indicate that the likely pattern of secondary currents in a bifurcated channel might be similar to that
shown in Figure 1.5. The salient features are:
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. Helical flow in the deep anabranch thalweg channels, with outwards flow driving
fast surface water towards the outer, eroding banks and inwards flow bringing
sediment ladened near bed flow towards the flank of braid bar;

° Outer bank cells generating flow convergence and plunging some distance out from
the banks and promoting basal scour and undercutting of the banks around the bank
toe; and

. Outwards flow over the upper part of the braid bar at the channel centre, concen-

trating bed material transport and deposition at the near-bed flow conver-

gence/upwelling zone on the flank of the braid bar and promoting fines deposition

on the bar top through reducing unit discharge over the bar in the downstream
" direction.

This hypothesis of secondary flow pattern is qualitatively consistent with the main morphological
features of bifurcating channels and, if validated, establishment of the flow pattern could help our
understanding of process-form linkages responsible for bed scour, bank erosion and bar sedimentation.
Based on experience in single-thread rivers, qualitative understanding of flow patterns and the
significance of secondary flow and convective acceleration terms in the equations of fluid motion are
crucial prior to successful mathematical modelling of flow in bifurcating channels. Further, and
perhaps most importantly, such an understanding could form the basis for intervention in channel
evolution through the use of recurrent measures and Active Flood Plain Management in controlling,
or at least influencing, flow patterns and channel migration.

It is known that the fundamental morphological unit of the braided river is the bifurcation-bar-conflue-
nce unit (Best and Bristow, 1993; Thorne et al., 1993). Hence, an investigation of secondary currents
and braiding should cover this morphologic unit. On this basis, a field study programme should consist
of cross-sections throughout a bifurcation-bar-confluence unit. A conceptual framework for field data
collection is shown in Figure 1.6. In order to investigate process-form linkages and secondary flow
patterns, it is desirable that measurements in a braided river be repeated at different flow stages during
channel evolution.
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Figure 1.2: Current theory of bend flow with skew-induced and outer bank cells plus outwards flow
at the inner bank

Figure 1.3: Effect of the point bar crest on flow pattern and sediment sorting in a meander bend
(adapted from Dietrich, 1982).
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scour

Figure 1.4: Concept of flow in a bifurcated channel as mirror image meanders (Ashworth
et al., 1992)

Outer bank  Helical
cell flow Outward flow

Figure 1.5: Hypothesis for the pattern of secondary circulation in a bifurcated channel.
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Direction of flow 1

Figure 1.6: Conceptual framework for measurement sections in study of flow through
a bifurcation-bar-confluence morphological unit in a braided river.
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