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Preface

All throughout the ages, rivers have played an important role in society. They

have provided means of transportation, water for irrigation, water supply, power

generation, and many other uses. They have also caused disasters, primarily dur-

ing floods when they inundate portions of the floodplain and destroy property

and infrastructure. The sediment they transport from the watershed to the ocean

often interferes with both navigation in the rivers and infrastructure along them.

One of the river engineer’s major tasks is to help facilitate optimum usage of this

resource and at the same time provide protection against disasters. River training

is the common solution. Traditional river training strategies include construction

of dikes, wing dams, weirs, various types of revetments, and dredging. Unfortu-

nately, many of these strategies are expensive and sometimes even a detriment to

the environment. The submerged-vane technique presented in this book offers an

alternative that protects the environment and facilitates sustainable developments

around the river. In certain river environments, vanes are less expensive than tra-

ditional techniques and are equally effective.

The book is written because design guidelines are not readily available to the

profession. Several papers have been published over the years describing the tech-

nique, and field installations have proved its feasibility. However, there is no sin-

gle source outlining the steps necessary for design. Written for both students of

hydraulics and water resources engineering and practicing engineers, in particu-

lar river engineers, the book offers a simple, step-by-step approach to the devel-

opment of a submerged-vane design for a given application. The book presents

the most up-to-date design guidelines. Recognizing that there is always room for

further developments of the vane concept and for further improvements of the

design guidelines, the book also summarizes the most important aspects of the un-

derlying theory and laboratory tests validating the theory. By including part of the

underlying theory, readers will be able to better understand the concept and make

adjustments along the way as new ideas, tools, and techniques emerge.

Four different design objectives or scenarios are described: (a) stabilization of

river bank; (b) stabilization of river bed; (c) sediment control at water intake or di-

version; and (d) stabilization of river channel alignment. Chapter 1 presents illus-

trations of these four objectives. Chapter 2 describes the theoretical background

vii



for these objectives, and presents the governing equations and a set of relatively

simple design graphs applicable to all of these objectives.

The purpose of the laboratory tests described in Chapter 3 is to not only

demonstrate validity of the theory, design equations, and graphs but also to show

that results obtained in a laboratory model can be scaled to prototype conditions.

Scalability of laboratory tests is important because prototype boundary conditions

are often so complex that a model study is required for the development of final

design.

In Chapter 4, the four design objectives and guidelines are illustrated with nu-

merical examples, five in total. These examples include data typical of projects

that are already completed, and they may serve as model examples for new, sim-

ilar projects.

Select field installations are reviewed in Chapter 5. The installations are se-

lected to cover the four design objectives and a wide range of flow and sediment

conditions. The selection includes a few early designs even though, in retrospect,

they are less efficient than the newer designs. Important lessons were learned

from these early designs, and readers may value the progression in design devel-

opment. Photos are used extensively to illustrate design features. However, vane

installations cannot be photographed in design condition when they are fully sub-

merged. Therefore, all photos of vane installations were taken at extreme low flow

when the tops of the vanes extended above the water surface.

The book concludes with a summary of the design guidelines, in Chapter 6.

The summary includes a list of typical dimensions, which are listed only to pro-

vide readers with a benchmark. Many variables affect the dimensions, some of

which are summarized in this chapter. The chapter also summarizes the primary

design considerations for the four design objectives or scenarios. The summary

may serve as a checklist in preliminary design. The different vane materials that

have been used so far in applications are also reviewed. They range from simple

wooden planks to sheet-piling to double-curved, reinforced concrete panels. The

chapter concludes with a brief summary of the main limitations to vane use.
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The following symbols are used in this book:

A � area of flow cross section, or area of vane field

a � amplitude of meander wave

b � channel width

c � constant (Eq. 2-23)

cL � lift coefficient for force by vane on flow (Eq. 2-5)

D � median diameter of sediment

d � flow depth

dc � centerline flow depth

do � pre-vane cross-sectional average flow depth

dm � maximum flow depth at outer bank of river curve

d� � vane-induced flow depth within vane field or at outer bank of river curve

(Figs. 2-11, 2-12, 2-13)

F � function of m and d/H (Eq. 2-31)

FD � sediment Froude number �

FD � vane-induced drag force

FL � horizontal vane lift force

f � Darcy-Weisbach friction factor

g � acceleration due to gravity

gr � ratio of bed-load transport into diversion per unit width gi to bed-load

transport in main channel per unit width

H � vane height (above pre-vane streambed)

H/L � vane aspect ratio

k � meander-wave number

L � vane length

� � meander length, measured along channel centerline

M � function of m (Eq. 2-20)

m � resistance parameter � 

N � number of vanes in vane system

n � lateral distance from channel centerline, or Manning’s number

Q � discharge

Notation

xi

u gDo / ( )

� �u gSd fo o/ /� 8



Qi � intake/diversion discharge

q � discharge per unit width (specific discharge)

qi � unit discharge of water into intake or diversion

qr � ratio of unit discharge of water into intake or diversion to unit discharge

of water in main channel � qi /q
R � hydraulic radius

r � radius of curvature, or radial distance from vortex axis

rc � centerline radius of curvature

S � longitudinal (streamwise) slope of water surface and/or channel bed

Stc � transverse bed slope at channel centerline

s � longitudinal (downstream) distance along channel centerline, or down-

stream distance along vortex axis

T � vane submergence below design water level

t � time

u � depth-averaged flow velocity

uo � pre-vane cross-sectional average velocity

um � maximum depth-averaged flow velocity at outer bank of river curve

� � transverse velocity component

�� � tangential velocity in vane induced vortex

� � vane angle of attack

� � vane system angle with bankline (Fig. 3-14) or area-averaging factor 

(Eqs. 2-12 and 2-13)

� � meander wavelength, or vane interaction coefficient

�h � increase in bed level (decrease in flow depth) outside vane field

�d � decrease in bed level (increase in flow depth) outside vane field

� � von Karman constant (� 0.40)

	b � distance from bank to vane

	s, 	n � vane spacings in streamwise and transverse directions, respectively

	� � width of vane field or width of accretion created by vane field


 � phase lag (angle) between channel curvature and transverse bed slope

(Fig. 2-19)

� � included angle of channel segment (Eq. 2-30), or critical Shields stress

� � eddy viscosity

� � bed shear stress


 � vane-induced horizontal circulation
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CHAPTER 1

Introduction

1

1.1 Objective

Sediment management, in particular the control of sediment movement, scour,

and deposition, is one of the most difficult problems encountered by river engi-

neers. Bed scour along the outer bank of river curves frequently causes undermin-

ing of the banks and loss of soil and infrastructure (Figs. 1-1 and 1-2). Deposition

of sediment often reduces flood-conveyance capacity of rivers and interferes with

navigation (Fig. 1-3). Deposition of sediment is also a recurring problem at many

water intakes and diversions (Fig. 1-4). The main difficulty in the engineering

treatment of these problems is the absence of effective, affordable measures to

control the movement of sediment.

Traditionally, sediment management, and river training in general, are ac-

complished by construction of revetments, dikes, wing dams, weirs, and by dredg-

ing. These techniques function by adjusting bank resistance and/or bank erodibil-

ity and/or flow and bed topography. They have been perfected over many years,

and experience and design guidelines are well documented in the literature

(Biedenham et al. 1997; Petersen 1986; Jansen et al. 1979; and numerous reports

by the U.S. Army Corps of Engineers).

The submerged-vane technique is a new and not so well documented tech-

nique whose promise is becoming more evident every day. Both laboratory and

field tests (Odgaard and Kennedy 1983; Odgaard and Spoljaric 1986; Odgaard

and Mosconi 1987; Wang 1990; Fukuoka 1989; Fukuoka and Watanabe 1989)

suggest that this technique has a broad range of applications. Vanes have already

been installed in many rivers throughout the world, including the Nile River,

Egypt; Waikato River, New Zealand; Kosi River, Nepal (Fig. 1-5); Kuro River,

Japan; Feng-Shan Creek, Taiwan; Missouri River, United States; and a number of

smaller rivers in the midwest states of the United States. Figure 1-6 shows an early

version of the vane design installed in East Nishnabotna River, Iowa. Feedback

from these and other sites have resulted in an improved understanding of the

functioning of vanes and improved design basis.

The cost of a vane installation is generally lower than that of a comparable tra-

ditional river training structure. The cost of the East Nishnabotna installation was
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Figure 1-2. Abutment scour at Bulls Bridge over Rangitikei River, New
Zealand. Source: Raudkivi and Ettema (1985), ASCE.

Figure 1-1. Stream bank erosion in East Nishnabotna River, Iowa.
Source: Odgaard (1987).
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Figure 1-3. Shoaling in Kaoping River, Taiwan, China, 2007.

Figure 1-4. Sedimentation in forebay of intake adjoining Ohio River, U.S.A.
Source: Neary et al. (1999), ASCE.
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Figure 1-5. Submerged vanes being installed at water intake on Kosi River,
Nepal. View is downstream and inside of coffer dam (right). The vane system
will prevent sediment from being entrained into the intake (left). Courtesy of
J. Oosterman, DHV Consulting Engineers.

Figure 1-6. Submerged vanes (early version) in East Nishnabotna River,
Iowa, protecting stream bank against erosion. View is downstream at
extreme low flow, showing vane-induced sediment deposition along right
bank. The sediment deposits provide natural toe protection at the bank.



(per meter bank) about half the cost of a rock riprap embankment installed at the

same time along a comparable reach of the nearby Raccoon River.

1.2 Concept

Submerged vanes are small flow-training structures (foils) designed to modify the

near-bed flow pattern and redistribute flow and sediment transport within the

channel cross section. The structures are installed at an angle of attack of typically

10 to 20 degrees with the flow, and their initial height is 0.2 to 0.4 times the local

water depth at design stage.

The vanes function by generating secondary circulation in the flow. The cir-

culation alters magnitude and direction of the bed shear stresses and causes a

change in the distribution of velocity, depth, and sediment transport in the area

affected by the vanes. As a result, the riverbed aggrades in one portion of the

channel cross section and degrades in another (Fig. 1-7).

To illustrate the concept, consider two vanes placed near the centerline of a

long, rectangular channel as shown in Fig. 1-8. The view in the figure is toward

downstream and before water is admitted to the flume. The vanes are 7 cm tall

and 16.5 cm long and angled at 20 degrees with the centerline of the flume. Fig-

ure 1-9 is a top view of the same two vanes with water flowing through the flume

(from top of photo to the bottom). Water depth is about 15 cm, slightly more than

twice the vane height. The figure also shows two dye traces from dye injected up-

stream from the vanes. Neutrally buoyant blue dye is being injected at the bottom

and neutrally buoyant red dye on the surface. The figure shows the circulation

that the vanes induce in the flow downstream from the vanes. (In the grayscale

photograph, the red dye appears as the darker of the two dye traces.) Figure 1-10

shows an array of four vanes placed across the channel with blue dye being in-

jected on the bottom upstream of the array. As seen, the vane array causes the blue

INTRODUCTION 5

Figure 1-7. Submerged vanes redistribute flow and sediment transport
within a channel cross section.
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Figure 1-8. Two vanes at centerline of open channel. View is downstream
before water is admitted.

dye to be deflected to the left, illustrating what an array like this could do to sand

moving along the bed. Near-bed flow is being deflected toward the left side, and

surface flow toward the right. The effect of a vane on bed sediment is shown in

Fig. 1-11. The vane in this figure is 7 cm tall and angled 20 degrees with the flow.

With water flowing through the flume at a depth of about 18 cm, the vane effec-

tively diverts bed load toward one side, creating a longitudinal ridge of sand along

one side of the channel and a trough along the other side.

Typically, vanes are installed in arrays along one side (or both sides) of a river

channel over a reach long enough to create a desired flow redistribution. Their

advantage over traditional training structures, such as dikes and groins, is that

they can produce a given redistribution of flow at less resistance to the flow and at

less cost. Whereas groins and dikes, which are usually placed normal to the flow,

produce flow redistribution by simple continuity and drag force, vanes produce

flow redistribution by vorticity. Because they are nearly aligned with the flow, the

associated drag force is relatively small. Their alignment also eliminates the prob-

lem of structural stability associated with local scour, which is often a concern with

the traditional structures. An important point in regard to flow resistance is that

the resulting lower velocity within the vane field not only causes a reduction in

flow depth, but also results in dunes in the vane field that are smaller than prior

to the installation of vanes. So, in the vane field, the increase of flow resistance due

to vane-induced drag is partially outweighed by the decrease of flow resistance

due to smaller size of bed forms. As a result, the overall change in water-surface

slope is often negligible. This feature makes the vanes ideally suited for sustain-

able adjustments of flow in the river.



1.3 Developments

Although the literature indicates that vanes, or panels, similar to those discussed

here have been used in the past for river-channel stabilization (Potapov and

Pyshkin 1947; Chabert et al. 1961; Jansen et al. 1979), little is documented on

vane design and performance. Only recently have efforts been made to optimize

INTRODUCTION 7

Figure 1-9. Top view of vane pair with water flowing (from top of photo to
bottom) at depth about twice the vane height; dye injected upstream (blue
at the bottom and red at the surface) shows vane-induced circulation.



vane design and document performance. These efforts have targeted three broad

areas of application: (a) bank protection, (b) shoaling amelioration, and (c) sedi-

ment control at diversions and water intakes.

1.3.1 Areas of Application

The first known attempts to develop a theoretical design basis are by Odgaard and

Kennedy (1983) and Odgaard and Spoljaric (1986). Odgaard’s and Kennedy’s

efforts are aimed at designing a system of vanes to stop or reduce bank erosion

8 RIVER TRAINING AND SEDIMENT MANAGEMENT WITH SUBMERGED VANES

Figure 1-10. Vane array deflecting near-bed flow (blue dye) toward left side
in open-channel flow.



in river curves. In such an application, the vanes are laid out so that the vane-

generated secondary current eliminates the centrifugal-induced secondary cur-

rent, which is the root cause of bank undermining (Fig. 1-12). The centrifugally

induced secondary current in river bends, also known as the transverse circulation

or helical motion, results from the difference in centrifugal acceleration along a

vertical line in the flow because of the nonuniform vertical profile of the velocity.

The secondary current forces high-velocity surface current outward and low-velocity

near-bed current inward (Fig. 1-12a). The increase in velocity at the outer bank

increases the erosive attack on the bank, causing it to fail. By directing the near-

INTRODUCTION 9

Figure 1-11. Vane in sand-bed channel deflecting sediment to one side of
the channel.
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Figure 1-12. Submerged vanes for mitigating bank erosion. (a) Naturally
occurring secondary current in river bend; (b) vane-induced secondary
current eliminates the naturally occurring secondary current and stabilizes
the bank.

bed current toward the outer bank, the submerged vanes counter the centrifugally

induced secondary current, thereby inhibiting bank erosion. The vanes stabilize

the toe of the bank (Fig. 1-12b). Laboratory tests by Odgaard and Wang (1990)

have confirmed that a vane layout can be designed that makes the water and sed-

iment move through a river curve as if it were straight.

Figure 1-13 shows how vanes might be laid out to stabilize a meandering river

reach. Field tests with this application have been conducted by Odgaard and

Mosconi (1987), Fukuoka and Watanabe (1989), and others. Select field tests are

described in detail in Chapter 5.

The technique has been further developed to ameliorate shoaling problems

in rivers (Fig. 1-14). This application is suggested by laboratory tests (Odgaard

(a)

(b)



and Spoljaric 1986) in which vanes are laid out to change the cross-sectional pro-

file of the bed in a straight channel. The tests show that significant changes in

depth can be achieved without causing significant changes in cross-sectional area,

energy slope, and downstream sediment transport. The changes in cross-sectional

average parameters are small because the vane-induced secondary current changes

the direction of the bed shear stresses by only a small amount. These findings were

validated in subsequent tests by Odgaard and Wang (1991).

The vanes’ effectiveness in sediment redistribution is particularly useful at di-

versions and water intakes. Strategically placed, the vanes are effective in prevent-

ing bed-load transport from entering the diversion or water intake (Fig. 1-15).

Guidelines for this application, first developed by Odgaard and Wang (1991),

have been refined through several laboratory studies and field tests (Wang et al.

1996; Barkdoll et al. 1999; Nakato and Ogden 1998; Muste and Ettema 2000;

Michell et al. 2006).

INTRODUCTION 11

Figure 1-13. Layout of vane systems in meander curves.
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Figure 1-14. Layout of vane systems to ameliorate shoaling problems.

Figure 1-15. Layout of vane system to prevent bed load from entering
water intake.



Finally, vanes may be used effectively in conjunction with traditional river

training strategies. For example, protecting a river bank using a system of sub-

merged vanes together with a moderate toe protection with riprap is, in many

cases, less expensive than and equally effective as a full-height riprap embank-

ment. The vane–riprap solution is also more environmentally attractive because

both vanes and riprap will be submerged most of the time, allowing the upper

bank to maintain its natural structure and ecosystem. As will be demonstrated in

Chapter 5, vanes also work well in combination with dikes and wing dams. In this

case, the dikes and wing dams are installed upstream to stabilize a river segment

and provide optimum approach-flow conditions for the vane system.

1.3.2 Vane Profile

Most applications so far have been with a simple, flat-panel design. Laboratory

studies (Spoljaric 1988; Odgaard and Spoljaric 1989) have shown that vane effi-

ciency can be improved by a redesign of the vanes. These studies were conducted

in a flume with the vanes mounted on a separate bottom panel that allowed meas-

urements of horizontal lift and drag. Figure 1-16 shows the experimental setup

INTRODUCTION 13

Figure 1-16. Lift and drag measurements on vane profiles in laboratory
flume resulted in improved vane design.
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Figure 1-17. Different vane designs tested in the laboratory flume in Fig. 1-16.

and Fig. 1-17 the different designs tested. The final design is sketched in Fig. 1-18.

Figure 1-19 shows the improved vane prototype.

Efforts are currently underway to further optimize the vane profile using ge-

netic algorithms. Reference is made to Ouyang et al. (2006). Another effort is

related to applications in the coastal zone. Here, vanes are being designed so

when they are placed in the upper part of the water column and aligned with a

specific angle of attack to the incoming waves, they induce a radiation stress

component that affects the long-shore sediment transport. Reference is made to

Marelius (2001).

1.3.3 Rock Vanes and Bend-Way Weirs

In their first analyses, Odgaard and Kennedy (1983) suggested that if vertical

vanes (say, in the form of sheet-piling) were objectionable for one reason or an-

other, it is likely that so-called rock vanes, constructed from rows of dumped rock

with steep side slopes, would achieve much the same result, although more and

longer vanes of this type likely would be required because of the smaller transverse

force per unit area that would be exerted on them. It still remains to be seen

whether rock vanes designed with the principles described herein will perform

satisfactorily. One of the potential concerns with rock vanes is that they may cause

too large a local reduction in water-surface slope. Such a reduction would cause a

slowdown in near-bank velocity. However, downstream from the rock vanes, slope

would increase again, causing higher near-bank velocity and, potentially, bed

scour. Channel-alignment instability may result. As will be demonstrated subse-

quently, vertical vanes placed at a small angle of attack have negligible effect on

water-surface slope.
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Figure 1-18. Sketch showing improved final design. Courtesy of Robert
DeWitt, River Engineering International.

Figure 1-19. Improved vane prototype. Courtesy of Robert DeWitt, River
Engineering International.



A unique type of rock vanes have been developed and are being promoted by

the U.S. Army Corps of Engineers, the so-called bend-way weirs (Fig. 1-20). Bend-

way weirs are conceptually quite different from the vanes discussed in this book.

Both types are designed to redirect the near-bank surface current away from the

bank. However, the submerged vanes do it by inducing a secondary current in the

flow, eliminating the naturally occurring secondary current, whereas the bend-way

weirs do it by “weir effect.” The weirs cause water flowing over them to be redi-

rected at an angle perpendicular to the axis of the weirs. With the weirs angled

slightly upstream, flow is directed away from the outer bank of the bend and to-

ward the point bar. As will be clear subsequently, the alignment of the Corps’s

bend-way weirs is at odds with the design guidelines presented in this book.

1.4 Sustainability

As suggested earlier, vanes are ideally suited for sustainable adjustments of the

flow in a river channel. This is because the adjustments are made without causing

significant changes in the variable that has probably the greatest effect on chan-

nel stability, namely, water-surface slope or energy expenditure per unit length.

By preserving slope and rate of energy expenditure of the river flow, vanes also
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Figure 1-20. U.S. Army Corps of Engineers’s bend-way weirs. 
Source: U.S. Army Corps of Engineers (2008).
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help preserve the ecosystem of the river and its environment. However, at the same

time, it is important to recognize that the vane-induced adjustments are static.

River channels are dynamic. Many river channels maintain their dynamic equilib-

rium by the natural process of meandering, that is, a certain amount of bankline

migration may be part of the natural process of maintaining dynamic equilibrium.

Therefore, in certain river environments, vane design must be preceded by a

channel stability analysis so the vanes can be laid out to anticipate migration and

provide long-term stability.

A channel stability analysis is also important when new channel alignments

are being designed, for example, in channel restoration projects and in re-mean-

dering of previously straightened channels. An example of a stability analysis is

given in Chapter 2. The example shows how a stable meander plan form is obtained

by perturbation stability analysis, and how vanes may be used to preserve the sta-

ble plan form. However, channel restoration is still an area of much research, and

a stability analysis based on a single-thread meander plan form may not always be

sufficient for a sustainable solution. Reference is made to Ward et al. (2001) and

Bledsoe and Watson (2001).
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2.1 Airfoil Analogy

This section summarizes the theoretical analysis that was used for developing the

design guidelines. Flow around a single vane is described first, using the theory of

flow around airfoils. This description is followed by an analysis of flow around a

vane pair. In this case, flow around one vane affects the flow around the other, and

an interaction coefficient is introduced. The section concludes with a brief de-

scription of flow in a field of vanes arranged in arrays along one side of a channel.

2.1.1 Single Vane

A submerged vane at a small angle of attack with the flow, �, induces a horizontal

circulation in the flow downstream (Fig. 2-1). The circulation arises because the

vertical pressure gradients on the two surfaces of the vane cause the fluid flowing

along the high-pressure (upstream) side to acquire an upward velocity compo-

nent, whereas on the low-pressure (downstream) side there is a downward veloc-

ity component. The resulting vortices (vortex sheet) at the trailing edge of the

vane roll up to form a large vortex springing from a position near the top of the

vane. This vortex is carried with the flow downstream, where it gives rise to a sec-

ondary or helical motion of the flow and associated changes in bed shear stress

and bed topography (Fig. 2-2). These changes can be calculated (see Odgaard and

Wang 1991; Wang and Odgaard 1993). The following is a brief summary of the

calculation, which is based on ideal flow around a vane.

The vane-induced vortex is described as a steady potential (Rankine) vortex

(Eibeck and Eaton 1987). Its strength decays because of viscous diffusion as the

vortex is transported downstream. In an unbounded flow field, the tangential ve-

locity perpendicular to the core axis of such a vortex is (Lamb 1932):

(2-1)�
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Figure 2-2. Schematic showing vane-induced change in bed profile.

Figure 2-1. Schematic showing vane-induced circulation.

in which r � radial distance from vortex axis; ε � eddy viscosity; s � downstream

distance along the vortex axis; u � velocity of fluid transporting the vortex or ve-

locity approaching vane; and 
 � horizontal circulation at s � 0. This description

is good only when the vortex is far from the flow boundaries. The presence of the

bed and free surface distorts the vortex and gives rise to larger tangential veloci-

ties near the boundaries than are predicted by Eq. 2-1. The effect of the bound-

aries on the tangential velocity is accounted for analytically by using the method

of images. The transverse velocity component, �, is obtained by summing the hor-

izontally projected velocities of the vortex and images:

(2-2)

where �i � ��i cos (��i, n); ��i � tangential velocity due to vortex (or image) i; and

(��i, n) � angle between velocity vector ��i and the axis (n) along the bottom per-

pendicular to the s-axis. The summation includes the ideal vortex and all the

� ��
�

�

i
i 1

∑
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images above the water surface and below the bed (see Wang 1991 for the distri-

bution). Assuming ideal flow around the vane, the horizontal circulation, 
, is cal-

culated by relating it to the horizontal lift force, FL, which the vane exerts on the

flow. This lift force has the same magnitude as the force that the flow exerts on

the vane, which, according to the Kutta-Joukowskii theorem (Sabersky and Acosta

1964), is proportional to the vertical circulation around the vane associated with

the shift of the rear stagnation point to the trailing edge of the vane. This vertical

circulation, in turn, is equal to the horizontal circulation, 
 (Helmholz’s second

theorem). Consequently,

(2-3)

where � � fluid density and H � vane height. FL may also be related to dynamic

pressure as

(2-4)

in which L � vane length and cL � lift coefficient. By assuming that the distribu-

tion of vertical circulation around the vane is elliptical (maximum at the bed and

zero at the top of the vane), the lift coefficient is (Odgaard and Spoljaric 1986;

Odgaard and Mosconi 1987):

(2-5)

Equations 2-3, 2-4, and 2-5 yield

(2-6)

As seen in Chapter 3, with this relation for 
, Eqs. 2-1 and 2-2 provide a reason-

ably good description of the distribution of vane-induced transverse velocity. The

calculated transverse velocity does not include the contribution from the bound

vortex (vertically around the vane) and, thus, is slightly less than the actual value.

The measurements reported in Chapter 3 show that the decay rate of the vortex

is simulated well by using the depth-averaged value of eddy viscosity correspon-

ding with the measured friction factor.

The vane-induced transverse bed shear stress, ��n, is calculated by assuming

that it has the same ratio to the streamwise bed shear stress, �bs, as the near-bed

value of � has to the near-bed value of streamwise velocity, u:

(2-7)
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By substituting Eq. 2-2 into Eq. 2-7, the transverse bed shear stress is

(2-8)

where f� � function of m and H (see Odgaard and Wang 1991). It follows that the

streamwise (s) component of the induced bed shear stress is

(2-9)

where FD � drag force associated with FL. Relating FD to dynamic pressure yields

(2-10)

where cD � drag coefficient. It follows that FD � (cD/cL)FL, and

(2-11)

As mentioned, this description is for ideal flow around a vane. In reality, for an-

gles of attack larger than about 5 degrees to 7 degrees, flow separates from the

suction side of the vane before reaching the trailing edge. In the separated zone,

the pressure is higher than elsewhere on the suction side; it is essentially the same

as on the pressure side. Consequently, FL is less than if no separation occurred

(i.e., less than calculated by Eq. 2-3). In addition, the separation, together with the

small vane–aspect ratio, may also make the vortex shedding more complex than

described by the simple Rankine equation (Eq. 2-1). Nevertheless, experimental

data (Odgaard and Spoljaric 1986) support the aforementioned relations.

2.1.2 Vane Pair

The area of stream bed affected by a single vane is limited. To generate a larger,

coherent vortex that affects the flow pattern over a wider area of the channel cross

section, several vanes must be employed. If the vanes are arranged in an array as

shown in Figs. 2-3 and 2-4, the width of the affected area is increased. The ques-

tion arises as to how the vanes should be spaced so that a coherent vortex is

formed without diminishing the effectiveness of individual vanes. Transverse

spacing is denoted 	n.

To define the problem, consider flow around an array of two vanes (i.e., two

vanes placed side-by-side with the same orientation). If the distance between

them, 	n, is very large, the effect of one of the vanes on the flow around the other

is very small. Each vane generates its own distinct vortex, and the associated cir-

culation is about the same as that due to one isolated vane. However, in this case,

the two vortices do not merge to form a combined vortex, so the objective is not

met. If the spacing 	n is small, the two vanes generate a combined vortex down-

stream. In this situation, interaction between the vanes becomes pronounced. The

vortex generated by one vane interferes with the vortex generated by the other.
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This interference causes a reduction in total circulation because of the shear layer

in the area between the vortices. Consequently, the total circulation induced by

two closely spaced vanes is less than twice that due to an isolated vane. The smaller

the spacing, the stronger is the interaction and the greater the reduction of total

circulation. This effect of interaction reaches a maximum when the two vanes co-

incide, in which case the two vanes function as a single, isolated vane (provided

that vane thickness is small).

The effect of vortex interference on circulation can be evaluated analytically.

Consider a finite wing with span and cord being 2H and L, respectively. The vor-

tex sheet induced by the wing produces along its span a so-called downwash ve-

locity component, which decreases the effective angle of incidence and conse-

quently circulation. With two finite wings placed in parallel, the vortex induced by

one of the wings also produces along the span of the other wing a downwash ve-

locity, thus causing an additional reduction in effective angle of incidence and,

subsequently, circulation of the other wing. The effect of this interaction can be
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Figure 2-3. Schematic showing circulation induced by an array of three
vanes.

Figure 2-4. Schematic showing change in bed profile induced by an array
of three vanes.
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described by a model similar to that of the biplane theory (Milne-Thomson 1966).

The interaction model for vane arrays, as developed by Wang (1989), assumes that

(a) the two vanes, of span 2H, are represented by two lifting lines that are per-

pendicular to the approach-flow velocity; (b) each lifting line trails behind it a

horseshoe vortex sheet with width equal to the span, 2H, of the wing; (c) the wings

are elliptic in shape; and (d) the distribution of circulation along the span is el-

liptic. The output of the interaction model is an interaction factor, �, that relates

the circulation associated with an array of vanes with the circulation generated by

an isolated vane. The factor � is a function of vane spacing and dimensions. Cal-

culated values are shown in Fig. 2-5. By introducing this factor, the circulation and

associated transverse velocity components generated by an array of vanes are ob-

tained by simple superposition. Similarly, by incorporating � in the function f�,
the resulting stress distribution downstream for a vane array is obtained by sum-

mation of the stress distributions associated with the individual vanes in the array.

The calculations and experiments described in Chapter 3 show that a vane

spacing of two to three times vane height is appropriate for the vortices induced

by a vane pair to merge into a distinct, common vortex with relatively large trans-

verse velocity in the region between the vane axes and not too large reduction of

circulation per vane due to vortex interference. As seen in Fig. 2-5, when the spac-

ing is two to three times vane height, � is on the order of 0.9.

2.1.3 Vane Arrays

To sustain a certain induced circulation and induced bed shear stress downstream,

the vane array must be repeated at intervals in the downstream direction. The dis-

Figure 2-5. Calculated values of vane-interaction factor, �.



tance between the arrays, 	s, depends on the design objective, which must stipu-

late lower limits on induced stresses. Within a vane field consisting of equal-sized,

equal-spaced vanes, the area-averaged induced bed shear stresses are

(2-12)

and

(2-13)

in which A� � 	n	s, and �n, �s � factors arising from the area-averaging process

(Wang 1990). It follows that if the vane field covers an area A, and the total num-

ber of vanes is N, then A� � A/N.

With ideal flow around the vanes, factors �n and �s are equal. However, be-

cause of flow separation around the vanes, the ideal-flow formulas for FL and FD

are inaccurate, and adjustments are generally necessary. These adjustments are

accounted for in �n and �s. As will be seen in the proof-of-concept tests described

in Chapter 3, the aforementioned description provides a reasonable design basis.

Other approaches for calculating the induced stress distribution have been pro-

posed (van Zwol 2004; Flokstra 2006).

The impact of a system of vane arrays on a channel’s energy slope is estimated

using Eq. 2-13. Assuming a system of N vanes is installed in the channel over a

length of � and channel width is b, the vane-induced increase in energy slope is

approximately

(2-14)

in which g � acceleration due to gravity, and R � hydraulic radius. In wide, open

channels, R � flow depth, d.

2.2 Flow Equations and Solutions

To calculate the effect of a submerged-vane system on flow and bed topography

in an alluvial channel, the vane-induced stress distribution is introduced into the

equations for conservation of mass (water and sediment) and momentum. The re-

sulting equations are reduced using order of magnitude analysis and applying a

stability criterion for sediment particles on the stream bed (Odgaard and Wang

1991). The coordinate system used is curvilinear: The s-axis is along the channel

centerline, positive in the streamwise direction; the n-axis is perpendicular to the

s-axis, positive toward the concave bank; and the z-axis is vertically upward from

the bed. The velocity components (time-averaged) in the s-, n-, and z-directions

are denoted u, �, and w, respectively.

The following assumptions are made: Flow depth, d, is small compared with

width, b, so that d/bV 1; radius of curvature, r, is larger than width; and flow is fully
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developed so that the �/�s terms are zero. By applying the kinematic boundary con-

ditions at the free surface and bed, the depth-averaged equations of motion read

(2-15)

(2-16)

in which �bs, �bn � bed shear stresses in the s- and n-directions, respectively; and S,

Sn � water-surface slope in the s- and n-directions, respectively. The effect of the

submerged vanes on the flow field is accounted for by the distributed stress field

(��s, ��n), as indicated. The unknowns in these equations are u, Sn, d, and �bn. An

additional equation is obtained from a force balance for bed-load particles on a

transverse slope. The force balance includes drag, gravity, lift, and friction force.

At fully developed conditions, the balance yields (Odgaard 1989a):

(2-17)

in which � � specific weight of submerged sediment � (�s � �)/�; �s � density of

sediment; D � median grain diameter; � � critical Shields stress; and B � func-

tion of Coulomb friction and the ratio of lift force to drag force for a bed particle.

Values of B between 3 and 6 were reported by Ikeda and Nishimura (1985) and

Odgaard (1989b). Herein a value of 4 is used. For quartz sand, the value of � is

1.65. A fourth equation is obtained by evaluating the transverse equation of mo-

tion at the water surface.

To further reduce the equations, it is assumed that the vertical profile of u is

represented by the power law and the profile of � is a linear distribution made up

of centrifugally induced and vane-induced contributions. With these assumptions,

the bed shear stresses read

(2-18)

(2-19)

where

(2-20)

and m � resistance coefficient, which is related to the Darcy-Weisbach friction fac-

tor f as (Zimmermann and Kennedy 1978); � � von Karman constant

(�0.4). Hence,
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The four equations are now reduced to the following two:

(2-22)

(2-23)

where , and FD � sediment Froude number defined as

(2-24)

The value of c is of the order of 1.0. Note that vane height, H, in the equations for

��s and ��n (Eqs. 2-8 and 2-9) is now a function of d. Without vanes (i.e., when ��s

� ��n � 0), Eq. 2-22 is the traditional Darcy-Weisbach relation, and Eq. 2-19 is the

equation for the transverse bed shear stress associated with the centrifugally in-

duced secondary current in fully developed bend flow.

Odgaard and Wang solve the governing equations using a finite difference

scheme. The boundary condition is obtained from the continuity equation. The

computation is carried out starting at the bank farthest away from the vanes. In a

river curve, this is normally the inner bank. Initially, the flow depth at the start-

ing point is set equal to the pre-vane flow depth, and the cross-sectional distribu-

tions are calculated. If these distributions do not satisfy the boundary condition, a

new starting depth is selected. The process is repeated until the boundary condi-

tion is fulfilled.

The basic vane parameters are vane height, H (height above pre-vane stream

bed), vane length, L, aspect ratio, H/L, and angle of attack, �, vane submergence

below design water level, T, lateral vane spacing, 	n, streamwise vane spacing, 	s,

and vane-to-bank distance, 	b. Vane submergence, T, will often be the distance

from the top of the bank to the tops of the vanes. See Fig. 2-6.

The basic flow and sediment parameters are channel width, b; depth, d;

depth-averaged velocity, u; pre-vane cross-sectional average flow depth, do; pre-

vane cross-sectional average velocity, uo; pre-vane longitudinal slope, S; radius of

curvature, r; pre-vane resistance parameter, m, determined as ; pre-vane

width–depth ratio, b/do; radius–width ratio, r/b; and the pre-vane sediment Froude

number, FD, determined as . The sediment Froude number is a measure of 

the mobility of the sediment.The general trend is that the vane-induced changes

in bed level increase with increasing value of FD. An increase of the induced

changes in bed level also occurs when vane height, angle of attack, and bed re-

sistance increase. Results of sample calculations are presented in Figs. 2-7 and 

2-8. The figures show depth and velocity distributions across curved and straight

channels with and without vanes along one of the banks. Velocities and depths are

normalized with their pre-vane values, uo and do.
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2.3 Design Objectives

Most design objectives can be formulated in terms of a desired change in bed eleva-

tion at some point in the channel cross section. In the following section, typical situ-

ations will be described. The section concludes with a formulation of design objec-

tives for installation of vanes to stabilize alignment of a meandering river channel.

2.3.1 Stabilization of River Bank

Most often, river banks are stabilized to prevent erosion. As indicated earlier,

bank erosion generally occurs in curves of river channels, where the interaction

Figure 2-6. Vane design parameters.



between the vertical gradient of the velocity and the curvature of the flow gener-

ates a so-called secondary or spiraling flow. The secondary flow moves the high-

velocity, near-surface current outward and the low-velocity, near-bed current in-

ward, thereby producing larger depths and velocities near the outer banks. The

deepening of the channel diminishes the toe support of the bank and the larger

velocities attack it, setting the stage for bank erosion.
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Figure 2-7. Calculations of depth and velocity distributions in river bend
without vanes (a), and with vanes (b), with T/do � 1.0, H/L � 0.3, � � 25
degrees (toward bank), 	n � 3H, 	s � 15H, 	b � 1.5do, and do /b � 0.05.
Source: Odgaard and Wang (1991), ASCE.

(a)

(b)



For design purposes, the variation of velocity and depth in fully developed

bend-flow may be estimated using the following approximate relations (Odgaard

1989a)

(2-25)

and

(2-26)

where u � velocity and d � depth at distance n outward from the centerline; Stc �

transverse bed slope at the centerline; and subscript c � the centerline values. Fig-

ure 2-9 shows the basic bend-flow variables. The transverse bed slope may be es-

timated from Eq. 2-23 taken at the centerline of the channel,

(2-27)

This relation has been validated with data from several studies. Reference is made

to Odgaard and Wang (1991). As discussed in Odgaard (1989a), the value of c may

depend on sediment gradation and mobility; however, field data suggest that the

variation is quite limited. For design, using a value of c � 1.0 provides a reason-
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Figure 2-8. Calculations of depth and velocity distributions in straight
channel with four-vane arrays, with T/do � 0.7, H/L � 0.3, � � 25 degrees
(toward bank), 	n � 3H, 	s � 15H, 	b � 1.5do, and do/b � 0.05. 
Source: Odgaard and Wang (1991), ASCE.



able measure of safety. If the width of the river channel is b, the maximum depth,

dm, and velocity, um, at the outer bank of the curve are given by

(2-28)

(2-29)

The aforementioned relations apply to fully developed bend-flow only; they may

be used for an estimate of maximum depth and velocity at the bank to be stabi-

lized. Typically, design conditions range from medium flow to bank-full flow. Fig-

ure 2-10 is a graphical depiction of Eq. 2-28 using c � 1. It is seen that when

FD(b/rc) is greater than about 3 and m less than 4, near-bank depth can be expected

to be more than twice the average flow depth.
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Figure 2-9. Bend-flow variables.
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Figure 2-11 shows how vanes would be used to stabilize a river bank in a

curved channel. As indicated in Fig. 2-11(a), the vanes would be installed at a rel-

atively low stage when the velocities in the channel are low and the bed profile is

only slightly warped. The low-flow bed profile would be either measured or cal-

culated. Figure 2-11(b) shows the bed profile at design stage. Shown also in Fig.

2-11(b) is the bed profile that would have been if vanes had not been installed.

The design objective is indicated by the linear distance between these two profiles

at the bank, dm � d�, where d� � vane-induced flow depth at the bank. Figure 2-11(c)

shows the subsequent low-flow bed profile. The vanes ensure that the near-bank

bed elevation obtained at design stage is maintained at all subsequent stages.

For developed bend flows, the design objective can also be formulated

through a torque balance (Odgaard and Kennedy 1983). The bed warping and

larger velocity near the concave bank are caused by the secondary current, which

in turn is the result of flow torque due to the centrifugal force being distributed

nonuniformly over the depth. The submerged vanes are installed to exert a torque

on the flow that counters the centrifugally induced torque. The design relation for

complete elimination of centrifugally induced torque in fully developed bend flow

over a channel segment of length r� (Odgaard and Mosconi 1986) is:

(2-30)

where N � number of independent vanes required, � � included angle of chan-

nel segment, cL � lift coefficient for the force exerted on the flow by each vane,

given by Eq. 2-5, and
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Figure 2-10. Scour depth at outer bank in river curve estimated using 
Eq. 2-28.
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Function F has its minimum with respect to H at H/d � 2(m � 1)/(m � 2)2:

(2-32)

It is seen that F is relatively insensitive to variations of H/d over a fairly large range

of H/d values. For example, for m � 4, F is within 20% of its minimum value when

H/d is within the range 0.12 � H/d � 0.48 (i.e., when the water depth is between

two and eight times the vane height). In other words, the vanes function nearly
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Figure 2-11. Stabilization of a riverbank in a curved channel. The schematic
shows primary design variables and flow sections at (a) installation, 
(b) subsequent design flow, and (c) subsequent low flow.
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Figure 2-12. Stabilization of a riverbed. The schematic shows primary
design variables and flow sections at (a) installation, (b) subsequent design
flow, and (c) subsequent low flow.

optimally over a wide range of river stages. It is also noted that discharge is not a

primary design parameter. Discharge is used only for the determination of m.

Stabilization of a given river bank may not require complete elimination of

the secondary current across the entire river cross section. By placing vanes only

along the concave bank, as shown in Fig. 2-11, the vanes will not (and may not

need to) eliminate the secondary current farther away from the bank.

2.3.2 Stabilization of River Bed

In Fig. 2-12 vanes are used to stabilize the bed topography in a straight river chan-

nel. The schematic shows how this could be accomplished by making the vanes de-

velop and maintain a compound channel (i.e., a channel with berms along each

bank). As indicated in Fig. 2-12(a), the vanes would be installed at a relatively low

stage when the velocities in the channel are low. Figure 2-12(b) shows the bed pro-

file at design stage. Shown also in Fig. 2-12(b) is the bed profile that would have

(a)

(b)

(c)



been if vanes had not been installed. The design objective is indicated by the lin-

ear distance between these two profiles at the bank, do � d�. Figure 2-12(c) shows

the subsequent low-flow bed profile. The vanes ensure that the bed topography

developed at the design stage is maintained at all subsequent stages.

2.3.3 Sediment Control at Water Intake or Diversion

When vanes are used at water intakes or diversions, their role is usually to prevent

sediment from being drawn into the water intake or diversion. The sediment

problem occurs because the withdrawal of water reduces the downstream flow ve-

locity and, hence, downstream sediment-transport capacity at the intake. The bed

level rises, typically along the downstream portion of the intake or diversion, and

sediment is being drawn in along with the water. Occasionally, the bed level may

rise to such a level that a portion of the intake is blocked. The design objective is

formulated in terms of a desired increase in depth over a certain region in front

of the intake. Figure 2-13 shows schematically the primary design variables. The

desired increase in depth along the intake is obtained by designing the vane sys-

tem such that it generates and maintains a transverse bed shear stress directed

THEORY 35

Figure 2-13. Schematic showing design variables for a vane system at a
water intake or diversion.

(a)

(b)

(c)



away from the intake, causing the bed to deform as indicated in Fig. 2-13. The

width of the vane field, 	�, must be sufficient that the induced aggradation within

the field, do � d�, results in a channel along the intake of sufficient width, depth,

and velocity to accommodate the flow into the intake as well as maintain a suffi-

ciently high flow velocity past it.

For the vanes to effectively lower the bed elevation in front of the intake or di-

version, 	b should not be much larger than 	� (see Fig. 2-13). For a two-vane array

system, 	� � 	n; for a three-vane array system, 	� � 2	n. Figure 2-14 shows alter-

nate placements of vanes relative to the bank at the intake or diversion. The fig-
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Figure 2-14. Schematic showing alternative placements of vanes relative to
the bank at an intake or diversion.

(a)

(b)

(c)
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ure also indicates the corresponding change in bed level as it would appear in a

section immediately upstream from the intake or diversion. Ideally, 	b should be

large enough that the stream surface separating flow entering the intake from flow

continuing downstream be located between the bankline and the innermost row

of vanes, that is, within a distance of 	b from the bankline (see Fig. 2-15). The av-

erage width bs of the stream tube formed by the separating stream surface and the

bankline is estimated by proportioning:

(2-33)
b
b

Q
Q

s i�

Figure 2-15. Sediment exclusion at an intake or diversion. The schematic
shows the stream tube for flow entering the intake. The stream tube is
bounded by the bankline and the separating stream surface, and is located
between the vane field and the bankline.



where b � width of main channel, Q � discharge in main channel, and Q i � dis-

charge in diversion or intake. Ideally, this width (bs) should be considerably less

than the vane-to-bank distance 	b. In this case, the flow in the channel between the

vanes and the bank would be sufficiently large that it not only provides the neces-

sary flow into the intake but also enough flow for transport of sediment past

the intake. As the discharge in the near-shore channel decreases as the flow ap-

proaches the downstream end of the intake, the bed level in the channel will grad-

ually increase. The increase will occur in step with the decrease in discharge in the

near-shore channel. Assuming that all the sediment transport in the near-shore

channel bypasses the intake (which is the desired situation and the reason for low-

ering the bed along the intake in the first place), conservation of water and sedi-

ment transport in the channel yield a bed-level increase at the downstream end of

the intake of roughly

(2-34)

where Q b and db are discharge and depth, respectively, in the vane-generated,

near-shore channel at the upstream end of intake. If �h is large enough to in-

crease the bed level to the sill of the intake, sediment ingestion may be expected

at the downstream end of the intake.

Local considerations may limit the outward extent of the vane system. If this

is the case, 	b may have to be less than 	� and perhaps even less than bs. In this

case, as indicated in Fig. 2-14(c), the design will still create a near-shore channel;

however, because the inner row of vanes is now located within the stream tube, the

flow in it will be more turbulent and may carry suspended bed material into the

intake or diversion. Flow features associated with this configuration (	b � bs) were

observed in the laboratory tests described in Chapter 3.

If intake velocity is relatively high, sediment ingestion may be unavoidable

with any reasonable (or acceptable) vane design. In this case, consideration should

be made to construct a sediment barrier or skimming wall parallel with and at a

distance from the intake, and locating the vane field outside the wall (see Fig. 2-16).

For it to be most effective, the skimming wall should be located such that the

stream tube defined by the withdrawal rate lies completely within the channel

formed by the skimming wall and the bankline. Thereby, overflow over the wall is

minimized and inflow to the near-shore channel will occur primarily at the up-

stream flared section of the wall. However, local considerations may limit the out-

ward extent of the skimming wall/vane system. If this is the case, the skimming

wall may fall within the stream tube. In the extreme case, the skimming wall could

be a mere increase in intake sill elevation.

2.3.4 Stabilization of River Channel Alignment (and Re-Meandering)

As indicated earlier, vanes can be used to stabilize a meandering river reach (Figs.

1-12 and 1-13). In this case, proper formulation of the design objective requires

information about the channel’s natural alignment characteristics. The vane sys-

�h
Q
Q

di

b
b�
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tem must be designed to be consistent with the natural tendency of the river to at-

tain and maintain a certain meander plan form.

The natural alignment of a river channel may not always be in the form of a

meander plan form. For certain combinations of channel slope and bank-full or

channel-forming discharge, the natural tendency will be to form a braided channel—

a channel consisting of multiple branches separated by sand bars and small islands.

Certain thresholds were identified by Lane (1957) and by Leopold and Wolman

(1957). The discharge–slope relation obtained by Leopold and Wolman (see Fig.

2-17) for the threshold separating meandering and steeper braided stream is

(2-35)S Q� �0 0125 0 44. .
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Figure 2-16. Sediment exclusion at an intake or diversion. The schematic
shows the location of a skimming wall between the separating stream
surface and the inner row of vanes.



where Q is the channel-forming discharge in m3/s. This equation was obtained us-

ing data from sand-bed and gravel-bed streams. Henderson (1963) refined this

equation by including the effect of bed-particle size and suggested the following

equation for gravel-bed streams:

(2-36)

where D is median particle size in millimeters. Consequently, if channel slope is close

to this critical value, channel adjustments involving a small change in slope could lead

to large changes in channel pattern. On the other hand, if the slope of a braided

channel reach is close to the critical value, it may not take a major construction effort

to transform the channel reach into a single-thread meandering channel.

Measurements of the dimensions of meander patterns suggest there are rela-

tions between certain plan-form characteristics that are relatively consistent for a

large range of stream sizes. The plan-form characteristics, defined in Fig. 2-18, are

meander length, �; wavelength, �; amplitude, a; channel width, b; and minimum

centerline-radius of curvature, rc. Many relationships have been suggested over the

years, along with theories for explaining them. Reference is made to Chang (1988).

Most recently, considering that meandering is considered the result of chan-

nel instability, many researchers have used perturbation stability analysis to eval-

uate the stability of a given channel alignment. That is, if a given channel align-

ment has characteristics similar to those calculated by the stability analysis, the

alignment is considered “relatively stable” or “minimally destructive” in terms of

S D Q� �0 0002 1 15 0 46. . .
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Figure 2-17. Discharge–slope relation for the threshold separating
meandering and braided streams. Source: Adapted from Leopold and
Wolman (1957).



bank erosion. An example of a stability analysis is given by Odgaard (1989a,b).

The example is based on the equations for conservation of mass (water and sedi-

ment) and momentum, and a stability criterion for sediment particles on the

stream bed. By order of magnitude considerations and linearization, these equa-

tions are reduced to those of a damped oscillating system. The stability of the sys-

tem is examined by forcing upon it a traveling, small-amplitude alignment wave.

The growth rate of the amplitude is determined by relating the alignment wave

and the change in channel alignment through a bank-erosion model. The bank-

erosion model is a relationship between rate of bank retreat and increase in near-

bank scour depth. (Odgaard 1989a also tested a bank-erosion model that relates

rate of bank retreat and increase in near-bank velocity.) The dominant wave

length, �, is calculated as the wave length at which the amplitude growth rate is

optimum (�2a/�t�k � 0, k � wave number, and t � time).

The principal quantities and concepts are shown schematically in Fig. 2-19.

The figure shows the path of maximum flow depth through two consecutive me-

ander bends. As indicated, the depth distribution responds to the change in chan-
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Figure 2-18. Meander-plan form characteristics.

Figure 2-19. Schematic showing principal quantities and concepts
associated with flow through a meander curve, including phase lag for
maximum flow depth. Source: Odgaard and Wang (1991), ASCE.
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Figure 2-20. Dominant meander wavelength and phase lag for typical
bank-full ranges of sediment Froude number, width–depth ratio, and
friction factor.

nel curvature with a phase lag given by 
�/2�, where 
 � the corresponding phase

angle defined in Odgaard (1989a).

Figure 2-20 shows the result of a calculation of dominant wavelength, �, and

phase shift, 
, as a function of width–depth ratio, b/do, sediment Froude number,

FD, and friction factor, m. The typical bank-full ranges of FD and m are 5 	 FD 	

20 and 3 	 m 	 5. For width–depth ratios between 10 and 60 (the typical range),

the dominant wavelength is between 9 and 24 times the width, which is in agree-

ment with data presented by Zeller (1967) and Leopold and Wolman (1957;

1960). The results presented in Fig. 2-20 may be used for design.

The vane system should be designed and installed to preserve the dominant

wavelength calculated by the stability analysis. The phase lag calculated would give

the distance from the crossover point to the point where the first vane array

should be installed (the point of “first outer-bank erosion occurrence”).



2.4 Design Graphs

To facilitate design of submerged vane systems, graphs have been prepared (Figs.

2-21, 2-22, and 2-23), showing calculated changes in maximum flow depth as a

function of flow, sediment, and vane parameters. The calculations are made using

Eqs. 2-22 and 2-23, and are for a section midway between two vane arrays. Results

are shown for arrays with two and three vanes, relative vane submergences of

T/do � 0.5, 0.7, and 1.0, Froude numbers of FD � 5, 15, and 25, aspect ratio of

H/L � 0.3, angle of incidence of � � 20 degrees, and resistance parameter of m �

3 and 4. Calculations are shown for vane spacings of 	n � 3H and 	s � 15H and

30H, and for channels with a depth–width ratio of 0.03. The values of (dm � d�)/dm

increase or decrease by about 3% for every degree that � increases above or de-

creases below 20 degrees.

Equation 2-28 and Fig. 2-10 suggest that when FDb/rc is greater than about 3

and m less than 4, near-bank depth can be expected to be at least twice the depth

at the centerline of the channel, dc. With an assumed linear variation of depth

across the channel, centerline depth dc will be equal to cross-sectional average

depth do. If FD � 15, b/rc � 0.2, and m � 4, Eq. 2-28 (with c � 1) and Fig. 2-10

yield a scour depth of dm � 1.9dc � 1.9do. The graphs in Fig. 2-21 show that, to
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Figure 2-21. Computed vane-induced maximum increase in bed level
along a bank with three vanes per array. Depth–width ratio do/b � 0.03,
vane–aspect ratio H/L � 0.3, vane angle � � 20 degrees, and vane spacings
	n � 3H and 	b � 1.5do. Source: Odgaard and Wang (1991), ASCE.



prevent such a scour hole from forming and to maintain a near-bank bed level at

or near the cross-sectional average level, there must be at least three vanes in each

array. If T/do � 0.7, H/L � 0.3, � � 20 degrees, 	n � 3H, 	s � 15H, and do/b �

0.03, a vane system with three vanes in each array yields (dm � d�)/dm � 0.48. With

dm � 1.9do, the vane-induced depth at the bank is 0.99do, or just about the cross-

sectional average depth do. Figure 2-11(b) is a schematic illustration of what the

new bed profile will look like (with d� � do). If T/do is increased to 1.0 (i.e., the top

of the vanes are set at average bed level), then a vane system with three vanes in

each array yields (dm � d�)/dm � 0.39. With dm � 1.9do, the vane-induced depth at

the bank is now d� � 1.16do, or 16% larger than average depth. Increasing the

near-bank bed level to the average bed level using three-vane arrays with the top

of vanes set at average bed level (i.e. T/do � 1.0) could be accomplished by in-

creasing vane angle. To achieve a 16% increase in bed level, the vane angle will

have to be increased to a little more than 25 degrees. By increasing vane angle

from 20 degrees to 25 degrees, the value of (dm � d�)/dm increases to 0.45, yield-

ing d� � 1.04do (i.e., a decrease in near-bank depth to within 4% of average depth).

Figure 2-21 shows that in a straight channel (b/rc � 0), three vanes per array

will, in most cases, bring the near-bank bed level to the top of the vanes, provided
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Figure 2-22. Computed vane-induced maximum increase in bed level
along a bank with two vanes per array. Depth–width ratio do/b � 0.03,
vane–aspect ratio H/L � 0.3, vane angle � � 20 degrees, and vane spacings
	n � 3H and 	b � 1.5do. Source: Odgaard and Wang (1991), ASCE.



that FD is greater than about 15 and 	s 	 30H. Figure 2-21 also shows that the in-

duced changes in the bed level decay relatively slowly in the downstream direc-

tion. By increasing the spacing 	s from 15H to 30H in a system with three vanes

per array, the induced change in bed level is reduced by only about 10% to 20%,

depending on the value of b/rc.

Finally, it should be noted that, for these vane arrays, the vane-induced in-

creases in bed level are essentially independent of the channel’s depth–width ra-

tio, do /b, when this ratio is less than about 0.05. The depth–width ratio enters the
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Figure 2-23. Computed vane-induced maximum increase in bed level with
one, two, three, and four vanes per array (N � 1, 2, 3, and 4), longitudinal
spacing 	s � 15H and 30H, and resistance parameter m � 3 and 4. Depth–
width ratio do/b � 0.03, vane–aspect ratio H/L � 0.3, vane angle � � 20
degrees, and vane spacings 	n � 3H and 	b � 1.5do.



calculations through the boundary condition (continuity equation), and when the

width of the channel is large compared with the width of the vane field, the dis-

tance from the vane field to the far bank has essentially no effect on the bed level

changes within the vane field.

The graphs in Fig. 2-23 apply to straight channels (i.e., channels with b/rc � 0).

The graphs are based on the same calculations that produced the graphs in Figs.

2-21 and 2-22. However, in Figs. 2-21 and 2-22 the values of (dm � d�)/dm are dif-

ficult to read at b/rc � 0. In Fig. 2-23, the values of (dm � d�)/dm, which in a straight

channel are equal to (do � d�)/do, are plotted as a function of FD and m. Further-

more, in Fig. 2-23, vane submergence, T, is incorporated into the ordinate, and

results for four-vane array systems are included. For example, if FD � 10 and m � 4,

a three-vane array system with array spacing 	s � 15H will produce a maximum

increase in bed level given by

A four-vane array system with same array spacing will produce a maximum in-

crease in bed level given by

If initial vane submergence is T/do � 0.7, these vane arrays will cause the flow

depth in the vane field to decrease from do to 0.75do and 0.71do, respectively (i.e.,

the bed will rise to just about the top of the vanes). The vane-induced bed change

is approximately as shown in Fig. 2-8.
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CHAPTER 3

Laboratory Validation Tests

47

A series of laboratory tests was conducted to validate the theory described in the

previous chapter (Wang 1989; Odgaard and Wang 1991; Wang and Odgaard

1993; Barkdoll et al. 1999). Three of the test series are described below. One se-

ries is proof-of-concept tests conducted in a rigid-bed channel to demonstrate and

quantify the flow features that are unique to the theory (without having the bed

deformed by sediment movement). The rest of the tests are conducted in movable-

bed channels. The chapter includes a summary of tests conducted by Voisin and

Townsend (2002) with vanes in a sharply curved channel (Section 3.3).

3.1 Rigid-Bed Channel (Proof-of-Concept)

The proof-of-concept tests were conducted in a long, 0.91-m-wide channel with a

bed consisting of 4-mm sand (large enough to be immobile at the test flow rates).

Water was recirculated through the channel and return circuits by centrifugal

pumps and the flow rate was measured with calibrated orifice meters. Velocities

were measured with a two-dimensional miniature electromagnetic current meter

that was calibrated and periodically checked with a laser Doppler anemometer to

maintain accuracy better than 2%. Water surface elevations were measured with

static tubes that could be read with an error of less than 0.3 mm. The water-surface

elevations were used to determine water surface slope S and Darcy-Weisbach fric-

tion factor f � 8gRS/uo
2, where uo � undisturbed (pre-vane) cross-sectional-

averaged velocity. In all tests, uo � 0.24 m/s. The vanes were made of 0.75-mm-

thick sheet metal. They were rectangular in shape, with height H � 0.5d, and

length L � 2H. In all tests, the vanes were placed at an angle of attack of 20 degrees

with the channel centerline.

In the tests with a single vane, vane height and length were 0.076 m and 0.152 m,

respectively. Water depth was 0.152 m. Pre-vane water-surface slope and friction

factor were 1.74 
 10�4 and 0.026, respectively.

Figure 3-1 shows transverse and streamwise velocity components as measured

at three sections downstream from the vane. The opposite directions of transverse



velocity in the upper and lower part of the flow section indicate the presence of

the tip vortex. The distributions show that the vortex persisted a considerable dis-

tance downstream from the vane. At a distance of s � 20H, the maximum value of

� was still about 35% of that immediately downstream from the vane at s � 2H.

This low rate of decay was due to the transverse bed shear stresses being very

small. The formation and development of the vane-induced tip vortex is also seen

on the contour plots of streamwise velocity. The location of the vortex is indicated

by the depressed core in the plots. As the vortex is carried downstream, its

strength decays and the depression of u becomes less pronounced. The figure

shows that the flow is “lifted up” on the pressure side of the vane (left side) and

“pressed down” on the suction side. The 1.0-velocity contour, which without a

vane in the channel would have been at an elevation of about 0.4d, is closer to the

water surface on the pressure side and farther away on the suction side. This fea-

ture occurs as a result of the vortex motion. On the pressure side, the vertical ve-

locity component of the vortex is upward and it brings the low velocity fluid up.

On the suction side, the higher velocities are brought down toward the bed be-

cause the vertical velocities are there directed down toward the bed. Due to these

modifications of the velocity distribution, the streamwise bed shear stresses are

higher on the suction side than on the pressure side. Such a trend was confirmed,

by direct measurements of skin friction, by Eibeck and Eaton (1987), and Pauley

and Eaton (1987) in their wind-tunnel experiments with vortex generators. On a

movable bed, the larger shear stresses on the suction side will augment the motion
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Figure 3-1. Velocity distribution downstream from single vane.
(a) Transverse (�/uo), and (b) streamwise (u/uo) component. Source: Wang
and Odgaard (1993), with permission of IAHR.

(a) (b)
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Figure 3-2. Calculated (solid line) and measured near-bed (z/d � 0.05)
transverse velocities downstream from single vane. Source: Wang and
Odgaard (1993), with permission of IAHR.

of sediments in that region, whereas reduction in sediment movement will occur

on the pressure side where bed shear stresses are reduced.

The velocity-contour plots (Fig. 3-1) also indicate that there is a significant net

transport of volume flux from the pressure side to the suction side. Due to the

nonuniform distribution of streamwise velocity in the vertical direction, a net trans-

port of momentum occurs in the transverse direction. This transport is described

by the term �(u�)/�n in the streamwise component of the momentum equation.

Tests with smaller H/d ratios were also conducted. These are described by

Wang (1989). A notable observation in these tests is that the vortex, as it travels

downstream, tends to center itself with its axis at mid-depth and with the trans-

verse velocity near the water surface, becoming nearly equal in magnitude to the

velocity near the bed. This feature is associated with the relatively large viscous

dissipation occurring near the bed, which causes the transverse velocity near the

bed to decay at a somewhat higher rate than elsewhere over the depth.

Figure 3-2 shows that Eq. 2-2 provides a reasonably good description of the dis-

tribution of vane-induced transverse velocity. The calculation in Fig. 3-2 is made us-

ing six images.

As mentioned earlier, to generate a larger, coherent vortex that affects the flow

pattern over a wider area of the channel cross section, several vanes must be em-

ployed. Figures 3-3 and 3-4 show results with two vanes placed side-by-side at the

channel centerline.
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Figure 3-4. Calculated (solid line) and measured near-bed (z/d � 0.05)
transverse velocity downstream from vane pair. Vane spacing � 2.67H.
Source: Wang and Odgaard (1993), with permission of IAHR.

Figure 3-3. Velocity distribution downstream from vane pair. (a) Transverse
(�/uo), and (b) streamwise (u/uo) component. Vane spacing � 2H. 
Source: Wang and Odgaard (1993), with permission of IAHR.

(a) (b)



The results in Fig. 3-3 are with a vane spacing of 2H. In Fig. 3-4, the vane

spacing is 2.67H. [Results of other vane spacings are presented in Wang (1989)].

In these tests, vane height and length, flow depth, water-surface slope, and fric-

tion factor are the same as in the single-vane tests. As seen, the area of channel

cross section over which the flow is affected by the two vanes is larger than that af-

fected by a single vane. In both cases, the vane pair generates a single, coherent

vortex. However, the transverse velocity in the region between the vanes decreases

as vane spacing increases. The u-contour plots define the location of the vortex

cores and show the merging of the vortices downstream. The distance downstream

for complete merging increases with increasing vane spacing. The contour plots

also show how the contour lines are “lifted up” on the pressure side and “pressed

down” on the suction side, indicating that the vortices together produce a net

transport of momentum from one side of the channel to the other. It is noted that

the maximum transverse velocity is nearly the same in all cases, despite the dif-

ference in vane spacing. Obviously, the resulting distribution of � and, hence, in-

duced transverse bed shear stress are not obtained by simple superposition of

those associated with individual, isolated vanes. As mentioned earlier, the lower

measured values are due to interference of vortices, which reduces the circulation

per vane. Figure 3-4 shows that the transverse velocity calculated using an inter-

action coefficient based on biplane theory (as discussed in Chapter 2) is in good

agreement with the experimental data at s � 2H and s � 8H. At s � 20H the cal-

culated values are somewhat larger than the measured, which could be because

the calculation does not account for vane-generated eddy viscosity.

The experiments confirm what the calculations indicate, that a vane spacing

of two to three times the vane height is appropriate for the vortices induced by a

vane pair to merge into a distinct, common vortex with relatively large transverse

velocity in the region between the vane axes, and not too large a reduction of cir-

culation per vane due to vortex interference.

Figure 3-5 shows the layout that was used to test the performance of a larger

vane field. In this test, the flume was tilted to a slope of 2.5 
 10�4, which yielded

uniform flow (constant depth) in the channel without vanes. Water depth and fric-

tion factor were 0.102 m and 0.028, respectively (without vanes). The total num-

ber of vanes was 60. Each vane was 0.051 m tall and 0.102 m long. With vanes in-

stalled, the water surface slope increased to 3.6 
 10�4 and caused the water depth

to increase by about 1% at the upstream end of the vane system. (In a natural river

channel such a large change in water-surface slope would normally not be accept-

able, nor would such a large number of vanes in a relatively narrow channel). Fig-

ure 3-6 shows the induced distributions of transverse and streamwise velocity com-

ponents at three sections. The data were taken midway between two vane arrays,

as indicated in Fig. 3-5. As seen, the vane system generated a coherent vortex in

the vane-covered area throughout the channel. Outside the vane-covered area, no

noticeable vortex was observed. The vane-induced adjustments of the streamwise

velocity were considerable both within and outside the vane field. The depth-

averaged velocity was reduced by about 18% within the vane field and was increased
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by about 18% outside. Obviously, the vane system generated a considerable net

transport of momentum across the channel.

Figure 3-7 shows depth-averaged velocities measured in two sections of the

channel flow. The data are normalized with the velocity in the vane-free part of

the cross section and far from the vane field,

(3-1)u
m

gSd� � �

Figure 3-6. Velocity distribution within and outside a vane field.
(a) Transverse (�/uo), and (b) streamwise (u/uo) component. Source: Wang
and Odgaard (1993), with permission of IAHR.

(a) (b)

Figure 3-5. Layout of vane arrays in a rigid-bed channel. Source: Wang and
Odgaard (1993), with permission of IAHR.



The figure also shows calculated velocities both for H/d � 0.5 and for vane

heights other than H/d � 0.5. Obviously, vane height is a critical parameter. At

H/d � 0.5, the velocity in the vane-covered area is reduced to nearly 60% of the

maximum velocity outside the vane-covered area, which, as seen, is in good agree-

ment with the calculation.

A simple calculation will illustrate the use of the theoretical relations in Chap-

ter 2: By normalizing the depth-averaged velocity u with u�, Eq. 2-22 reads

(3-2)

The term ��s /(�gSd) is calculated based on Eq. 2-13, which relates ��s and vane-

induced drag force FD, and Eq. 2-10 relating drag force and dynamic pressure.

The following values are used: � � 0.88 (from Fig. 2-5), �s � 0.9, cD � 0.17 (from

Eq. 2-11), u � 0.20 m/s (18% less than uo), H � 0.052 m, L � 0.102 m, 	n � 0.102 m,

	s � 0.61 m, d � 0.102 m, S � 0.00036, and g � 9.81 m/s2. Hence,

Substituting this value into Eq. 3-2 yields u/u� � 0.60, in good agreement with meas-

urements. Estimating vane-induced increase in water-surface slope by Eq. 2-14

yields

which gives a water surface slope of 0.00024 � 0.00015 � 0.00039, in reasonable

agreement with the slope measured directly (0.00036). It is useful to note that in
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Figure 3-7. Depth-averaged velocity distributions calculated for different
vane heights. Source: Wang and Odgaard (1993), with permission of IAHR.



all tests, the maximum value of �/uo is within a relatively narrow range of 0.2 to

0.3, probably because the vane angle of attack in all tests was fixed at 20 degrees.

In summary, the rigid-bed proof-of-concept-tests show that, despite obvious

shortcomings, the simple airfoil analogy described in Chapter 2 is a reasonable

basis for design of vane systems.

3.2 Movable-Bed Curved and Straight Channels

The curved channel was a 1.94-m-wide (at top), 0.6-m-deep, 12.9-m-radius bend

with a 20-m straight approach section [Fig. 3-8(a)]. The outer bank of the curve

was vertical. The inner bank was on a 2:3 slope (2 vertical, 3 horizontal). The

straight channel was 2.44 m wide (at top), 0.6 m deep, and 16.2 m long [Fig. 3-8(b)].

In both channels, the bottom consisted of an approximately 14-cm-thick layer of

sand with a median diameter of 0.41 mm and a geometric standard deviation of

1.45. Both the water and the sediment it transported were recirculated through-

out the channels and their return circuits by a centrifugal pump. The discharge

was controlled by means of a butterfly valve and measured with an orifice meter.

A drop gate and a weir at the downstream end of the channels were adjusted to
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Figure 3-8. Layout of vane system in (a) curved, and (b) straight,
recirculating laboratory channels. Source: Odgaard and Wang (1991), ASCE.

(a) (b)



produce uniform flow in the channels. Velocities were measured with a two-

component electromagnetic meter, depths with a sonic sounder, and water-surface

elevations with a static tube. The current meter, sounder, and tube were mounted

on a movable instrument carriage, which rode on rails atop the channel walls, on

a traversing mechanism which enabled them to be positioned at any desired loca-

tion in the channels. Positioning and data sampling were controlled from a com-

puter on the carriage.

In the curved flume, the vanes were double-curved foils with a slight twist [Fig.

3-8(a)]. These vanes were 7.4 cm tall (initially) and 15.2 cm long. They were in-

stalled in arrays with two or three vanes in each array, angled 15 to 20 degrees to-

ward the bank. The tests were conducted at discharges ranging from 0.11 m3/s to

0.15 m3/s. In the straight channel, the vanes were 0.8-mm-thick sheet metal plates,

7.4 cm tall (initially) and 15.2 cm long. These were installed in arrays with four

vanes in each array, angled 20 degrees toward the bank [Fig. 3-8(b)]. In this case,

tests were conducted at discharges ranging from 0.088 m3/s to 0.15 m3/s. The tests

are described in detail by Wang (1989).

Figure 3-9(a) shows measured velocity and depth distributions in the curved

flume, with and without vanes, in tests with discharge � 0.136 m3/s. The data

points are average values in four sections at approximately 45 degrees, 60 de-

grees, 75 degrees, and 90 degrees into the bend. It is seen that both a two-vane

array system and a three-vane array system are effective in eliminating the bed

scour along the outer bank. The photos in Fig. 3-10 were taken after one of the

tests after draining most of the water from the flume. Figure 3-10(a) shows the bed

topography prior to vane installation, and Fig. 3-10(b) shows the bed topography

after vane installation. It is evident that the vane system caused a considerable re-

distribution of sediment. By creating a wide berm along the bank, the vanes ef-

fectively moved the thalweg to the center of the channel. As seen in Odgaard and

Wang (1991), the measured distributions of depth and velocity are in good agree-

ment with those calculated using Eqs. 2-22 and 2-23.

A simple calculation will illustrate the use of the design graphs in Figs. 2-21

and 2-22. In the curved-flume test without vanes, the steady-state average depth,

velocity, resistance factor, and water-surface slope were do � 0.174 m, uo � 0.43 m/s,

m � 4.7, and S � 0.00078, respectively. These values yield effective width b � 1.82 m,

centerline-radius of curvature rc � 12.9 m, and sediment Froude number FD � 6.8.

Maximum depth and velocity as calculated by Eqs. 2-28 and 2-29,

are in agreement with measurements. These values are obtained using a value of

c � 1.0.

In the curved-flume tests with vanes, the steady-state average depth, velocity, re-

sistance factor, and water-surface slope were do � 0.180 m, uo � 0.424 m/s, m � 4.4,

u
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Figure 3-9. Velocity and depth distributions without and with vanes (a) in
curved channel, and (b) in straight channel. Source: Odgaard and Wang
(1991), ASCE.

(a)

(b)
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Figure 3-10. Upstream view of nearly drained channel bend without vanes
(top) and with vanes (bottom). Source: Odgaard and Wang (1991), ASCE.

(a)

(b)



and S � 0.00083, respectively. These values yield effective width b � 1.78 m, cen-

terline-radius of curvature rc � 12.9 m, and sediment Froude number FD � 6.7. En-

tering Figs. 2-21 and 2-22 with these values yield for the three-vane array system

and for the two-vane array system

both of which are in agreement with measurements. The tests show that unlike the

three-vane array system [Fig. 3-9(a)], the two-vane array system is not quite able

to eliminate the bed scour at the bank.

Figure 3-9(b) shows measured velocity and depth distributions in the straight

flume in a test with discharge � 0.154 m3/s. Average flow depth was do � 18.2 cm,

and the slope of the water surface was S � 0.00064. The data points are average val-

ues in four sections in the downstream half of the flume. The vanes reduced the

depth near the right bank by about 50%. This caused the depth near the left bank

to increase by 20% to 30%. Figure 3-11 is a view of the bed topography after drain-

ing most of the water from the flume. It shows the sediment accumulation in the

vane field and the associated degradation of the channel outside the field. As shown

in Odgaard and Wang (1991), these distributions of vane-induced depth and veloc-

ity are also in good agreement with those calculated with Eqs. 2-22 and 2-23.

The utility of the design graphs in Fig. 2-23 is illustrated using the data from

the aforementioned straight-channel test: The vane system consisted of 14 arrays

of vanes with four vanes in each array. Vane spacings were 	n � 0.152 m laterally

and 	s � 0.914 m longitudinally. With average flow depth do � 0.183 m, average

flow velocity uo � 0.396 m/s, and vane submergence T � 0.101 m, average vane

height was H � 0.183 � 0.101 � 0.082 m, effective channel width b � Q/(uodo) �

2.13 m, relative vane submergence T/do � 0.55, and streamwise spacing 	s �

11.2H. The channel’s resistance parameter was

and the sediment Froude number was

With these values, Fig. 2-23 yields for a four-array vane system (N � 4)
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from which

The calculated depth, d�/do � 0.68, is seen to be about the average flow depth

over the vane-covered part of the cross section from the first vane in the array to

the bank (i.e., over width 	� � 0.884 m). As seen in Fig. 3-9(b), this is approxi-

mately the flow depth measured near the fourth vane in the vane array. The flow

depth in the flume is seen to decrease even further closer to the bank, which un-

doubtedly is due to the proximity of the bank and bank resistance.
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Figure 3-11. Upstream view of nearly drained, straight channel with vanes.
Source: Odgaard and Wang (1991), ASCE.
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The average depth over the part of the cross section outside the vane field (of

width 	b � 1.25 m) is readily estimated by assuming conservation of conveyance

(and constant slope and resistance). Referring to the schematic in Fig. 3-12, and

applying Manning’s equation, conservation of conveyance yields

(3-3)

where A � area, R � hydraulic radius, and subscript o refers to the total cross sec-

tion prior to vane installation, and subscripts b and � refer to the left and right

parts of the cross section after vane installation, respectively. Using the notation

indicated in Fig. 3-12, Eq. 3-3 yields

(3-4)

Substituting 	b � 1.25 m, 	� � 0.884 m, do � 0.183 m, and d� � 0.124 m yields

�d � 0.041 m, or d/do � 1.22 for the outer part of the cross section. As seen in Fig.

3-9, this estimate is in perfect agreement with measurements.

The average velocities in the two parts of the cross section are estimated to be

As seen in Fig. 3-9, these estimates are also in good agreement with measurements.

The above simplified calculations demonstrate the utility and expediency of

the design graphs. Although it is an approximation only, Eq. 3-4 is a convenient

tool for estimating the bed level in the channel outside the vane field. Obviously,
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Figure 3-12. Straight-channel cross section (simplified) maintained by
vanes over width 	� along right bank.
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the calculations are only applicable when the velocity differences between the two

parts of the channel are relatively small.

One of the most important observations made in the tests in both the curved

and straight flume is that the vane-induced changes occurred without causing sig-

nificant changes in the area of the cross sections and of the longitudinal slope of

the water surface. The changes in slope were less than 8%. This observation is im-

portant because it implies that the vanes will not cause any changes of the stream’s

sediment-transport capacity upstream and downstream from the vane field and,

therefore, should not alter the overall characteristics of the stream.

Another notable observation is that the vane-induced redistribution of sediment

within a cross section is an irreversible process in the sense that a reduction of dis-

charge does not lead to recovery of original distributions. A reduction in discharge

does not result in a reduction in the volume of sediment accumulated in the vane

field because, at the lower discharge, the sediment-transport capacity in the vane

field is too low to remove the sediment that accumulated at the higher discharge.

Finally, it must be recognized that the relatively good agreement between the-

ory and data might be somewhat deceptive. The theory of vanes is developed for

nonseparated flow around the vanes. The magnitude of the induced circulation is

calculated by assuming that the rear stagnation point on the low-pressure side is

shifted to the trailing edge of the vane. In reality, some flow separation occurs,

and induced circulation and bed shear stresses are probably somewhat different

from those calculated. The probable reason for the relatively good agreement be-

tween theory and experiments is that, whereas it reduces the transverse compo-

nent of the induced bed shear stress, flow separation increases the streamwise

component by a comparable amount. In this case, the difference between theory

and data is not in the total amount of aggradation but in the transverse slope of

the aggraded bed, which obviously is difficult to measure.

3.3 Movable-Bed Sharply Curved Channel

In the aforementioned tests, the radius–width ratio was about 7. Many natural river

bends have a minimum radius width ratio considerably lower. Leopold and Wolman

(1960) found that many bends have a minimum radius–width ratio of the order 3. In

view of that, Voisin and Townsend (2002) performed a series of tests exploring vane

performance in a laboratory bend with this radius–width ratio. The width–depth ra-

tio of their tests was also about 3; the width–depth ratio of the tests described in Sec-

tion 3.2 was greater than 10. Voisin’s and Townsend’s experimental channel is rep-

resentative of small, migrating rivers, which generally have width–depth ratio less

than 10 and typically have a minimum radius–width ratio of about 3.

The test channel was rectangular in cross section, 0.305 m wide and 0.150 m

deep. It consisted of three sections: a straight entrance section, a bend section, and

a straight exit section. Two bend test sections were used, a 90-degree and a 135-de-

gree section. Both bend test sections had inner and outer radii of 0.748 m and

1.053 m, respectively. The bed sediment was quartz sand with a median diameter
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of 0.7 mm and a geometric standard deviation of 1.3. Channel-bed slope and

starting-flow depth throughout the test section were S � 0.00065 and do � 0.10 m,

respectively. Critical velocity for initiation of sand movement was 0.28 m/s. At this

depth and mean flow velocity, channel discharge was 0.0085 m3/s.

The vanes were constructed of 0.5-mm-thick galvanized sheet metal. A total

of 13 different sizes were tested. Vane height, H, ranged from 15 mm to 65 mm

and vane length, L, from 50 mm to 150 mm with aspect ratio H/L ranging from

0.15 to 1.30. Vane angle with the bankline varied within the range �4 degrees 	

� 	 16 degrees. Because of the small width–depth ratio, the tests were with only

a single array of vanes (a system with one vane per array). Transverse distance

from the channel’s outer bank to the vane centerline was 	b � 80 mm. Streamwise

spacing between the vanes varied in the range 10 mm 	 	s 	 40 mm.

Five criteria were used to evaluate the effectiveness of the various vane con-

figurations tests:

1. Reduction in average scour depth at the outer bank

2. Generation of a positive transverse bed slope at the outer bank

3. Reduction in general erosion throughout the bend

4. Avoidance of excessive local scouring in the vicinity of the vanes

5. Practicality of vane size and spacing (relative to channel width and depth).

The tests resulted in the optimum design configurations listed in Table 3-1.

The reason for the relatively small vane angle is that the secondary current in

this strongly curved channel causes the near-bed velocity vector to have a rela-

tively large skew angle toward the inside of the bend, so the effective angle of at-

tack on the vane is considerably larger than 2 degrees. Obviously, the optimum

value of � will increase with increasing value of radius–width ratio. The tests de-

scribed in Section 3.2 suggest that as radius tends toward infinity (straight chan-

nel), the optimum value of � is greater than 10 degrees.

3.4 Movable-Bed Straight Channel with Diversion

As mentioned earlier, field installations have shown that, strategically placed, sub-

merged vanes can be effective in preventing bed-load transport from entering

Table 3-1. Optimum design configuration for vanes in sharply curved channel.

Design variable Value

Vane length, L/b 0.33

Vane height, H/do 0.35

Angle to main flow direction, � 2 degrees

Streamwise spacing, 	s /b 0.70

Transverse spacing from outer bank to vane centerline, 	b /b 0.24



diversions and water intakes (Wang et al. 1996). Figures 1-15 and 2-13 are schemat-

ics of the layout for this application. The tests described below were aimed at defin-

ing the relationship between vane design parameters and effectiveness in terms of

reduction in sediment ingestion for select vane layouts (Barkdoll et al. 1999).

The laboratory channel was 24 m long and 1.5 m wide. It was filled with a

15.2-cm-deep layer of uniform, 0.9-mm-diameter sand. The diversion channel,

which was located 15.5 m downstream from the flume inlet, was 2.44 m long and

0.61 m wide. The floor of the diversion was level with the bed in the flume. Flow

in the flume was kept constant at Q � 0.104 m3/s and had a uniform depth of

do � 0.152 m upstream of the diversion. Thus, average velocity, unit discharge,

and sediment Froude number were uo � 0.456 m/s, q � 0.069 m2/s, and FD �

4.9, respectively.

The sand bed in the flume was in a dune regime, with sand moving as bed

load. The mean velocity of flow in the main channel was 1.6 times that required

for incipient movement of the sand bed, as estimated using the Shields diagram

(ASCE 1975). It was assumed that this main-channel flow and bed condition was

sufficiently representative for determining proportionate rates of bed-sediment

movement (gr) into a lateral diversion adjoining an alluvial channel. Variable gr

represents the ratio of bed-load transport into the diversion per unit width, gi, to

the bed-load transport in the main channel per unit width. The corresponding ra-

tio of unit discharge of water in the diversion, qi, to unit discharge of water in the

main channel, q, is denoted qr (i.e., qr � qi /q). The assumption made in these tests

was that the ratio gr depends predominantly on qr. Higher or lower intensities of

bed-sediment movement in the main channel were not expected to alter the rela-

tionship between gr and qr. The floor of the diversion/intake channel was smooth

and fixed (to replicate a concrete intake floor) and turbulence from the flow con-

traction in the entrance area actively kept sediment moving, except within the en-

trance eddy, where sediment became entrapped.

Flow velocities were measured using an acoustic Doppler velocimeter. Bed el-

evations were measured using a Delft Bed Profiler, which senses bed elevation by

means of electromagnetic signals. Dye was used to identify the main flow features

at the diversion. For example, it was used together with velocity measurements to

determine the near-bed location of the stream surface between the flume flow and

flow into the diversion.

To measure the rate of sediment transport into the diversion, a sediment-

collection trap was positioned below the diversion outlet pipe. The trap was com-

posed of a strainer mesh with holes smaller than the sediment grain size to enable

water to pass through to the tail box of the flume. Sediment was collected for a

two-hour period, then removed from the strainer and weighed; a two-hour period

corresponded to about the time required for a dune to pass the face of the diver-

sion. To measure the rate of sediment transport in the flume upstream of the di-

version, the height and wavelength of a representative dune were measured using

the Delft Bed Profiler. The average volume of bed sediment per unit length of

channel width was estimated as half the average dune-crest height multiplied by

the average wavelength. Average dune celerity was measured using a stopwatch
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and a distance scale. Values of the ratio of diversion to flume sediment transport

rate, gr, and the volume fraction of diversion occupied by settled sediment, V, were

determined for a range of discharge ratios, qr.

Each set of experiments began with a level sand bed in the flume. Water flow

and sediment movement were left to develop a condition of equilibrium bathym-

etry, which was judged to have occurred when the following quantities were time-

invariant: dune height, length, and migration velocity in the flume, and plan form

and height of a sediment bar in the entrance to the diversion channel. After equi-

librium was achieved, gr and V were measured. Flow patterns were observed using

neutrally buoyant dye injected at various locations by means of a dye wand.

The vane experiments were performed under the same conditions of flume

flow and sediment movement used for the experiments without vanes. The per-

formance of various schemes of vane arrays was investigated. The two most prom-

ising schemes were:

1. Submerged vanes placed at the diversion entrance to scour bed-load sediment

away from the diversion (Fig. 3-13)
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Figure 3-13. Vanes at a diversion entrance. Source: Barkdoll et al. (1999), ASCE.
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2. Submerged vanes placed as a guide upstream of the diversion to deflect bed-

load sediment away from the diversion site (Fig. 3-14).

Observations of flow and sediment movement at the laboratory-scale diversion led

to the following set of assessment criteria for effective sediment control:

1. Minimum sediment transport rate into the diversion. This is the most important

guideline because it gives a direct measure of sediment ingestion into the di-

version and is of prime concern at plant intakes, for example, to minimize in-

take dredging and plant (power station or water supply) shutdowns.

2. Minimum volume of sediment accumulation in the diversion. This guideline has im-

plications for the asymmetry of the flow in the diversion channel. Flow asym-

metry has implications for pump vibrations in intakes, for example.

3. Acceptable localized scour of the bed near the diversion. Sufficient scour below the di-

version sill elevation reduces sediment ingestion.

Both layouts of vane systems (Figs. 3-13 and 3-14) reduced the rate of sediment

movement into the diversion. Figure 3-15 shows the extents to which the rates were

Figure 3-14. Upstream interception layout of vanes. Source: Barkdoll et al.
(1999), ASCE.



reduced. For both vane layouts, two rows of vanes were found to be nearly as ef-

fective for sediment control as three rows.

The vane systems prevented sediment movement into the diversion for values

of qr up to about 0.2. Beyond this value, the vane system reduced the rate of sed-

iment entering but did not eliminate it. This observation is consistent with the

previously discussed design objective for this application. In order for the near-

shore stream tube for the intake flow (see Fig. 2-15) to be limited to the channel

between bank and innermost row of vanes, the intake flow rate must be limited to

Q i � uo	b(do � �d) (3-5)

where �d � increase in depth in the near-shore channel. The value of �d is esti-

mated by first determining minimum depth generated by the vanes, d�. With

FD � 4.9 and resistance parameter of the order of m � 4, Fig. 2-23 yields for a

three-vane array system

d d
d

T
d

o

o o

�
� �� 0 48 1.

⎛

⎝⎜
⎞

⎠⎟

66 RIVER TRAINING AND SEDIMENT MANAGEMENT WITH SUBMERGED VANES

Figure 3-15. Rate of bed-sediment entry into a diversion. Source: Adapted
from Barkdoll et al. (1999), ASCE.



With T � 0.128 m and do � 0.152 m, this relationship yields d� � 0.140 m. Sub-

stituting this value and 	� � 0.18 m into Eq. 3-4 yields �d � 0.05 m. Hence,

and

For an intake flow rate larger than this limiting value (Qi � 0.0083 m3/s, and qr �

0.2), the innermost row of vanes will be inside the stream tube. As indicated be-

fore, in this case the flow in the stream tube will be more turbulent and more likely

to stir up bed material and carry it into the intake. Indeed, in the tests, intermit-

tent wake vortices were seen to be shed from several vanes near the center of the

diversion axis and from the sill of the diversion entrance. These vortices were seen

to lift sediment into the diversion.

Another unsteady vortex formed by flow reversing upstream after striking the

flume wall downstream of the entrance to the diversion. The flow deflected up-

stream merged with the flow moving downstream a short distance away from the

diversion to form the vortex. This second vortex also lifted sediment up and into

the diversion.

Upstream interception of approaching bed sediment and guidance of it away

from the diversion proved to be effective when the vane array extended at about

10 degrees (� � 10 degrees) from the upstream bank, as indicated in Fig. 3-14. This

configuration worked well, moving bed sediment from one vane downstream to the

next and leading it away from the flow region between the dividing stream-plane and

the diversion entrance. A reduction in the number of vanes used, coupled with an in-

crease in angle � � 20 degrees and 40 degrees, proved less effective, due to the de-

creased efficiency with which the vanes could pass sediment at the greater angle.

Upstream interception of bed-load sediment is potentially expensive because

of the number of vanes involved and because the vanes may overly intrude into a

river channel. Therefore, it may not be suitable for many channels, especially

those used for navigation. The vane array at the diversion entrance requires much

fewer vanes and therefore is likely to be more appealing economically.

Two enhancements to vane performance were also tested:

1. Sill level of diversion entrance effectively raised by means of a skimming wall

to block sediment (Fig. 3-16).

2. Diversion entrance widened so that qr at the entrance is within the limit for

vane effectiveness (Fig. 3-17).

As mentioned in Section 2.3.3, when intake velocity is relatively high, sediment in-

gestion may be unavoidable with any reasonable (or acceptable) vane design. In
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Figure 3-17. Diversion entrance flared wider. Source: Barkdoll et al. (1999),
ASCE.

Figure 3-16. Layout of a skimming wall. Source: Barkdoll et al. (1999), ASCE.



this case, consideration should be made to construct a sediment-skimming wall.

Tests were conducted with a wall located as shown in Fig. 3-16. The wall was lo-

cated 0.15 m away from the face of the intake. At this distance, the stream tube

would remain inside the wall for qr values up to about 0.25. The height of the wall

was 0.2 m. At this height, the top elevation of the wall was about one-third of the

flow depth (or 0.048 m) above the floor of the intake. Decreasing the height would

enable sediment to flow over the wall at lower diversion discharges and thereby

reduce the effectiveness of the wall. Increasing the wall height would cause unde-

sirable hydraulics in the diversion, possibly leading to a hydraulic jump.

The main concern with use of a skimming wall alone is that a large bed form

at the diversion entrance could still overwhelm the wall. It was found that with

only a skimming wall skirting the diversion, sediment entered the diversion in two

places. Some sediment came over the wall at a location just downstream of the di-

version. Sediment then was carried in suspension into the diversion. In addition,

sediment went around the downstream end of the wall and was moved upstream,

where it collected between the wall and the diversion. From this location, an un-

steady vortex carried the sediment by bursts up and into the diversion.

Vanes used in concert with the wall kept the bed level scoured well below the

top of the wall. With the wall 0.15 m from the face of the intake, wall plus vanes

worked well for values of qr up to about 0.3, as seen in Fig. 3-15. For higher val-

ues of qr, sediment started to overtop the wall. This observation is consistent with

the previously discussed design objective for this application. For qr values larger

than 0.3, the wall and some of the vanes were located within the stream tube, caus-

ing the flow in it to be more turbulent and carrying more suspended bed material

into the intake. The main flow feature feeding sediment into the diversion was a

vertical, unsteady vortex located just outside the wall. The sudden increase of

transport rate at a flow slightly above that for wall overtopping occurred because

the vortex became strong enough to move sediment over the wall.

For further details about these laboratory tests, readers are referred to Bark-

doll et al. (1999).
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CHAPTER 4

Design Calculations

71

4.1 Design Steps

The following steps are typical in design calculations:

1. Determine design-flow conditions. The design-flow conditions depend on the

application, and each requires unique considerations.

A. Bank protection. If the objective is to prevent bank erosion, the vane system

must create near-bank velocities that are low enough that bank material

stays in place and is not moved by the current at any stage. This means

that the composition of the bank material needs to be analyzed and a lim-

iting velocity determined. The vane system should be designed so that

near-bank velocity is reduced from a maximum that typically occurs at

bank-full flow to the limiting velocity. Vane height must be selected such

that the system can accomplish this also at less than bank-full flow. For

vanes to function optimally, their height should be less than half the wa-

ter depth. They typically perform within 20% of optimum when H/d is

within the range 0.12 � H/d � 0.48 (i.e., when the water depth is between

two and eight times the vane height). Their height should be selected

such that when the water depth is less than twice the vane height, near-

bank velocity is well below the limiting velocity.

B. Maintenance of compound, navigation, and/or flood-flow conveyance channel. In
this case, vane height and layout must be selected based on the desired in-

crease in flow depth over a given width of the channel. This increase in

flow depth is accomplished by the vane system creating and maintaining

sediment deposition elsewhere in the channel cross section, usually within

the vane field. Vane height is selected based on the amount of sediment

that needs to be permanently relocated. Typically, vanes can maintain a

sediment deposit to a level close to the top of the vanes. In this objective

it is important to perform a channel stability analysis prior to design. The

compound channel segment created by the vanes must maintain and pos-

sibly enhance the natural stability of the channel.



C. Sediment control at water intake or diversion. If the objective is to prevent bed

load from entering a diversion or intake, vanes are typically located such

that they create large enough flow depth and velocity along the intake or di-

version that bed load cannot enter. Vane height is selected such that the

channel is maintained at all flow rates with velocity large enough to move

bed-load material.

D. Stabilization of channel alignment. Whether stabilization is in the context of

a river restoration project or it is a re-meandering of a previously

straightened river reach, the design flow rate should be the channel-

forming discharge. If the design is a single-thread meandering channel,

the plan form should be selected such that it is consistent with that of a

stable meander plan form—a plan form obtained either from analysis of

upstream or downstream stable reaches of the same river or from a for-

mal stability analysis, or from both. The wavelength of the plan form

should be the so-called dominant meander wavelength, and the ampli-

tude should be determined such that the water surface slope is, as much

as possible, constant through the reach and equal to the slope in the

reaches immediately upstream and downstream of the reach. The chan-

nel-forming discharge will often be the same as bank-full discharge; how-

ever, there are cases where a more comprehensive analysis is required.

Reference is made to Doyle et al. (2007).

2. Determine design-flow variables for range of conditions determined in Step 1.

For each condition, determine:

A. Average width, b
B. Average depth, do

C. Average velocity, uo

D. Longitudinal slope, S
E. Centerline radius of curvature, rc

F. Median grain diameter of bed material, D
G. Depth variation across channel

H. Velocity variation across channel

I. Maximum depth without vanes, dm

a. In straight channel, dm � do

b. In curved channel, dm � near-bank (scour) depth

J. Desired (corresponding) depth with vanes, d�

K. Maximum velocity without vanes, um

L. Desired (corresponding) velocity with vanes

3. For design-flow variables in Step 2, calculate:

A. Friction parameter, m � �u gSdo o/ ( )
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B. Sediment Froude number, 

C. Depth–width ratio, do /b
D. Width–radius ratio, b/rc

E. Desired maximum change of depth to be achieved, dm � d�

F. Desired maximum change of velocity to be achieved

FD ou gD� / ( )
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4. Select vane dimensions:

A. Height, H (0.12 � H/do � 0.48)

B. Length, L(�3H)

C. Angle of attack, �(10° � � � 20°)

D. Submergence, T
5. Calculate:

A. Relative vane submergence, T/do

B. Vane height–length ratio, H/L
6. Enter appropriate graph and determine (read) the number of vanes per array

and longitudinal spacing, 	s, required to obtain the desired value of (dm � d�).

Note that the objective can often be met with different combinations of array

spacing, 	s, and the number of vanes per array. If necessary, solve Eqs. 2-22

and 2-23 using given boundary conditions.

7. Select other vane dimensions (for example, a different angle of attack, �) and

enter the appropriate graphs or perform the appropriate numerical calcula-

tion to determine whether the objective can be met with more favorable de-

signs and layouts.

8. Conduct a final channel stability analysis and/or estimate the vane system’s im-

pact on the longitudinal slope of the water surface. This step is important be-

cause, as a sustainable design, the vane system must not have undesirable im-

pact on the river channel upstream or downstream of the site. Preferably, the

vane system will improve channel stability and enhance the river environment.

The following numerical examples illustrate the procedure. The calculations in

these examples are performed for just one set of design-flow variables. As men-

tioned above, in reality, a range of design-flow rates must often be calculated.

4.2 Stabilization of River Bank

A system of submerged vanes is to be designed to stabilize an eroding river bank.

The bank is located on the outside of a river curve. At design flow, average width,

depth, and slope are b � 100 m, do � 4 m, and S � 0.0009, respectively. Design

discharge is Q � 760 m3/s. Radius of curvature is rc � 800 m. The bed material is

sand with a median grain diameter of D � 0.6 mm. (In reality, a range of design-

flow rates would be calculated). Figure 1-12 shows a schematic of the flow situa-

tion. Design objective and variables are described in Section 2.3.1.

The preliminary design consists of determining appropriate values of vane

height, H; vane length, L; angle of incidence, �; distance from design water level

(often top of bank) to top of vanes, T; longitudinal and lateral spacings, 	s and 	n;

and vane-to-bank distance, 	b.

Average velocity at design flow is:

u
Q
bdo

o

� � �
( )

( )( )
.

760

100 4
1 9 m/s



The channel’s resistance parameter is:

This m-value corresponds to a Darcy-Weisbach friction factor of f � 8�2/m2 � 0.08

and a Manning’s number of n � 0.040.

The sediment Froude number is

and the channel’s width–radius ratio is:

The scour depth along the outer bank at design flow is estimated using Eq. 2-28

with c � 1.0:

or

dm � 1.9do � 7.6 m

Erosion of the bank can be prevented by designing a vane system that, at all

stages, maintains a flow depth along the bank equal to or less than the average

flow depth, do, in the channel (i.e., d� 	 do). This implies that the system at design

flow must generate a reduction of near-bank flow depth of at least

dm � d� � dm � do � 7.6 � 4.0 � 3.6 m

or

The channel’s depth–width ratio is do/b � (4)/(100) � 0.04, which is small enough

that this parameter does not play a role in the solution.

The graphs in Figs. 2-21 and 2-22 show that the objective is met with the com-

binations of variables listed in Table 4-1. The most feasible alternatives (Alterna-

tives 1–5) are indicated and are further detailed in Table 4-2. Vane systems with

submergence lower than 0.7do (see Table 4-1) are less attractive because they may

become ineffective at lower stages.
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In Alternatives 1, 3, and 5, vane submergence is T � do. In these alternatives,

the top of the vanes are at the level of the average channel bed. In Alternatives 2

and 4, the top of the vanes are 0.4 m above the level of the average channel bed.

Results from field tests show that to create and maintain a reasonably uniform

bed level within the vane field, vane angle of attack should not exceed about 20 to

25 degrees. The finer the bed material, the lower should be the ideal angle of at-

tack. Uniformity may also be compromised if longitudinal spacing becomes too

large. The calculations shown in Figs. 2-21 and 2-22 are for the midpoint between

vane arrays; with a large spacing between arrays, because of the decay of vane cir-

culation, there may be a considerable stretch between the arrays where near-bank

bed level is below average bed level. Finally, tests indicate that a three-vane array

system often produces a more uniform bed level within the vane field than does a

two-vane array system. In view of these considerations, Alternative 1 is the most

attractive solution. This design is shown Fig. 4-1.

The aforementioned design alternatives are for fully developed bend flow

(i.e., the stretch of bend where near-bank depth is a maximum). Upstream of this

stretch, near-bank depth is less and fewer vanes may be needed. However, in lo-

cating the vane arrays, it should be considered that it takes two to three vane ar-

rays to fully develop the vane circulation and bed topography within the vane

field. As a rule of thumb, there should be at least three vane arrays upstream of

the eroding section of the bend.
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Table 4-2. Specifications for design alternatives 1, 2, 3, 4, and 5.

Item Alt 1 Alt 2 Alt 3 Alt 4 Alt 5

Number of vanes per array 3 3 3 2 2

Vane angle of attack, � (degrees) 20 20 25 20 25

Vane submergence, T (m) 4.0 3.6 4.0 3.6 4.0

Vane height, H (m) 3.6 4.0 3.6 4.0 3.6

Lateral vane spacing, 	n (m) 7.2 8.0 7.2 8.0 7.2

Longitudinal vane spacing, 	s (m) 54 120 108 60 54

Vane-to-bank distance, 	b (m) 6.0 6.0 6.0 6.0 6.0

Table 4-1. Design limitations.

Number of vanes Vane angle of Vane submergence T/do Vane submergence T/do

in each array attack (degrees) for 	s /H � 15 for 	s /H � 30

3 20 	1.0 (Alternative 1) 	0.9 (Alternative 2)

3 25 	1.0 	1.0 (Alternative 3)

2 20 	0.9 (Alternative 4) 	0.6

2 25 	1.0 (Alternative 5) 	0.7

Note: 	b/do 	 1.5; 	n/H 	 3.
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In locating the vane arrays it is also important to ensure that overall channel sta-

bility is maintained. The example in Section 4.6 illustrates how a stability analysis may

be used to determine the most appropriate vane layout in a stable river meander.

As part of the stability analysis, energy slope must be evaluated. The change

in energy slope, �S, as a result of a vane system consisting of N vanes would be es-

timated using Eq. 2-14.

4.3 Stabilization of River Bed

A system of submerged vanes is to be designed to stabilize bed topography in a

straight river channel. The problem could be undesirable shoaling in a bridge

waterway (e.g., sand bars that block a portion of the bridge opening and cause the

main channel to move toward and undermine the abutments). The objective

would then be to design a vane system that can modify the flow field and create

and maintain a depth distribution that permits the flow to pass the bridge without

endangering the abutments. Figure 1-14 shows a schematic of the flow situation.

Design objective and variables are described in Section 2.3.2.

Assume that at design flow the average width, depth, and slope are b � 50 m,

do � 2 m, and S � 0.00075, respectively. Design discharge is Q � 120 m3/s. The

bed material is sand with a median grain diameter of D � 0.6 mm. These values

are typical of many moderate-sized rivers in the midwest of the United States.

Average velocity at design flow is:

The channel’s resistance parameter is:

This m-value corresponds to a Darcy-Weisbach friction factor of f � 8�2/m2 � 0.08

and a Manning’s number of n � 0.036.
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Figure 4-1. Alternative 1 design showing vane-induced change in the
channel cross section.



The sediment Froude number is:

and the channel’s width–radius ratio b/r � 0.0.

The channel’s depth–width ratio is do/b � (2)/(50) � 0.04, which is small

enough that this parameter does not play a role.

One way to stabilize the cross section is to design a system of vanes such that

they promote deposition of sediment on berms along the sides of the channel.

The berms must be tall enough so the bed level in the central portion of the chan-

nel at all stages remains below the average bed level. To ensure that this is ac-

complished, the flow depth on the berms, d�, must, at all stages, be less than the

average flow depth in the channel, do.

The relationship between width and height of the berms and the increase in

depth in the central portion of the channel is obtained by assuming conservation

of conveyance (and constant slope and resistance). Assuming that the two berms

will have the same width, 	�, and same top elevation, do � d�, above average bed

level, and applying Manning’s equation, conservation of conveyance yields

2A�R�
2/3 � AcRc

2/3 � AoRo
2/3

in which subscript c refers to the central portion of the channel. From this rela-

tionship, the average depth in the central portion is obtained as

in which 	c is the width of the central portion of the channel (	c � b � 2	�).

A reasonable height of the berm will be 0.2 to �0.3 times flow depth and the

width of the berm 10% to 20% of channel width at design stage. By creating an

0.6-m-tall, 8-m-wide berm along each side of the channel, the depth of the cen-

tral portion will be

This should be sufficient to ensure that the river maintains a central approach to

the bridge.

Vane height must be at least the height of the berm (i.e., 0.2 to 0.3 times flow

depth). Two designs are discussed subsequently.

Design 1:

If the vane height is selected to be H � 0.3do � 0.6 m, the lateral spacing between

the vanes should be of the order of 	n � 3H � 1.8 m or less. With 	n � 1.8 m, each

array must contain four vanes. The vane-to-bank distance will then be 	b � (8) �

(3)(1.8) � 2.6 m, which is acceptable. This distance should not exceed about 4H.
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Vane length and angle of attack are selected to be L � 2 m (so that H/L � 0.3)

and 20 degrees, to enable use of graphs. With a 0.6-m-tall vane, the distance from

design water level to top of vane will be

T � 2 � 0.6 � 1.4 m

yielding a relative submergence of

Entering Fig. 2-23 with FD � 15.6, m � 4, T/do � 0.7, and b/r � 0 yields for a four-

vane array a maximum increase in bed level given by

do � d� � (0.3)(2) � 0.6 m

Hence, at the bank the berms will be as high as the vanes. As seen in Fig. 2-23,

this result is obtained for a streamwise spacing of the vane arrays of 	s � 30H �

18 m. The design is shown in Fig. 4-2.

Design 2:

If vane size is increased to H � 1 m and L � 3 m so that T/do � 0.5 and H/L �

0.3, and � � 20 degrees as before, then it is sufficient to use only two vanes per

array. The lateral spacing would be 	n � 3H � 3 m, and the vane-to-bank distance

	b � (8) � (2)(3) � 2 m.

Entering Fig. 2-23 with FD � 15.6, m � 4, T/do � 0.5, and b/r � 0 yields a max-

imum increase in bed level given by

do � d� � (0.32)(2) � 0.64 m
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Figure 4-2. Design 1 for stabilizing the river bed.



As seen in Fig. 2-23, this result is obtained with a longitudinal spacing of the vane

arrays of 	s � 30H � 30 m.

Hence, in Design 2, at the bank the berms will now be about two-thirds the

height of the vanes. The larger vanes will create slightly higher berms and fewer

vanes will be needed. The two design alternatives are summarized in Table 4-3.

To obtain a fully developed berm at the bridge crossing, there must be at least

three vane arrays on each side of the channel upstream from the bridge. The dis-

tance upstream from the bridge to the most downstream array should not exceed

about 30H.

Final step is the estimate of the impact on overall channel stability. Best indi-

cator is the vane-induced increase in water-surface slope, estimated with Eq. 2-14.

4.4 Stabilization of Compound Channel

A vane system is to be designed to maintain a compound channel to enable navi-

gation and/or flood-flow conveyance. Assume that the channel is 200 m wide. At

low flow, the average depth is 3 m; however, large dunes cause the depth to be re-

duced locally to 2 m, which is insufficient for navigation and for efficient flood-

flow conveyance. The vane system is to be designed to create and maintain a low-

flow depth of 4 m over a 100-m-wide central portion of the channel.

At design flow, the average depth and slope are do � 4 m and S � 0.00038.

Design discharge is Q � 960 m3/s. The bed material is sand with a median grain

diameter of D � 0.6 mm.

Average velocity at design flow is:

The channel’s resistance parameter is:
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Table 4-3. Specifications for design alternatives 1 and 2.

Item Alternative 1 Alternative 2

Vane height, H (m) 0.6 1.0

Vane length, L (m) 2.0 3.0

Vane angle of attack, � (degrees) 20 20

Number of vanes per array, N 4 2

Vane submergence, T (m) 1.4 1.0

Lateral vane spacing, 	n (m) 1.8 3.0

Longitudinal vane spacing, 	s (m) 18 30

Vane-to-bank distance, 	b (m) 2.6 2.0

Height of berms, do � d� (m) 0.6 0.64



This m-value corresponds to a Darcy-Weisbach friction factor of f � 8�2/m2 � 0.08

and a Manning’s number of n � 0.040.

The sediment Froude number is:

and the channel’s width–radius ratio b/r � 0.0.

The channel’s depth–width ratio is do /b � (4)/(200) � 0.02, which is small

enough that this parameter does not play a role.

The height of berm required to achieve a 4-m-deep, 100-m-wide low-flow

channel is estimated using the equation for conservation of convergence (same

equation as in previous example):

2A�R�
2/3 � AcRc

2/3 � AoRo
2/3

which yields

Substituting b � 200 m, 	� � (200 � 100)/2 � 50 m, dc � 5 m, and do � 4 m yields

That is, a 1.2-m-tall, 50-m-wide berm along each side of the channel will achieve

the goal.

By selecting a vane height of H � 1.2 m, the distance from design water level

to top of vane will be T � 4 � 1.2 � 2.8 m, and relative submergence T/do � 2.8/4 �

0.7. Figure 2-23 shows that when FD � 15.6, m � 4, and N � 4, maximum increase

in bed level will be given by

d� � 2.8 m

That is, the berms will be as high as the vanes, as desired.

This result is obtained with a lateral and longitudinal spacing of the vanes of

	n � 3H � 3.6 m and 	s � 30H � 36 m, and with � � 20 degrees, and arrays of

four or more vanes. Hence, the goal is achieved with a vane system consisting of

50-m-long arrays on each side of the channel with 1.2-m-tall, 3.6-m-long vanes in

each array, and a longitudinal distance between the arrays of no more than 36 m.

The design is shown in Fig. 4-3.

d d
d

T
d

o

o o

�
� �� 1 0 1.

⎛

⎝⎜
⎞

⎠⎟

d� ≈
⎡

⎣
⎢

⎤

⎦
⎥

( )

( )
( )

( )

( )
( )/ /200

100
4

100

100
55 3 5 3

3

�

//

.

5

2 8� m

d
b

d do
c

c�

� �	

	

	
≈

⎛

⎝⎜
⎞

⎠⎟2 2
5 3 5 3

3 5

/ /

/

�

FD
ou

gD
� �



�

�

( . )

( . )( . )
.

1 2

9 81 0 6 10
15 6

3

80 RIVER TRAINING AND SEDIMENT MANAGEMENT WITH SUBMERGED VANES



In the design and maintenance of a compound channel of this magnitude, it

is important that channel stability be maintained. This requires (a) an estimate of

the vane systems’ impact on the water-surface slope (Eq. 2-14); (b) an analysis of

upstream and downstream channel characteristics, including plan form; and

(c) construction of stable transition sections upstream and downstream of the sta-

bilized reach.

4.5 Sediment Control at Diversion/Water Intake

A system of submerged vanes is to be designed to prevent or reduce sediment en-

trainment into a water intake located on the bank of a straight 200-m-wide allu-

vial channel. Due to aggradation over a period of time, the channel bed in front

of the intake is now, on average, at the sill elevation of the intake, and bed sedi-

ment is being entrained on a regular basis.

Figure 1-15 shows a schematic of the flow situation. The design objective and

variables are described in Section 2.3.3.

The intake opening is 20 m wide and the face of the intake is aligned with the

bank of the river. The intake sill is at elevation 95 m. Intake discharge is 10 m3/s.

At the intake, the river discharge varies between 720 m3/s at low flow and 1,600

m3/s at high flow. The corresponding variation in water level is from elevation

98 m to 100 m. The slope of the river is 0.00050. The bed material is sand with a

median grain diameter of D � 0.5 mm.

The solution strategy consists of (a) defining the flow and channel character-

istics; (b) determining the effectiveness of alternative submerged vane designs;

and (c) evaluating whether a skimming wall is necessary and/or feasible.

Average velocity in the river at low flow and high flow, respectively, is:
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Figure 4-3. Design for stabilizing a compound channel.
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The channel’s resistance parameter at low flow and high flow, respectively, is:

These values correspond to a Manning number of about 0.038.

The sediment Froude numbers are:

and the channel’s width-radius ratio is:

The channel’s depth–width ratio ranges from do /b � (3)/(200) � 0.015 to do/b �

(5)/(200) � 0.025, both of which are small enough that this parameter does not

play a role.

The location of the stream surface that separates the flow into the intake from

the flow continuing downstream is determined by Eq. 2-33, at low flow:

and at high flow:

The vanes should be located well beyond this stream surface to ensure that the

flow in the near-shore channel can not only provide the necessary flow into the in-

take but can also transport the sediment in the channel past the intake.

The vane height should be selected such that the vanes are effective over the

entire range of water depths (i.e., for water depths ranging from 3 m to 5 m). The

range of feasible vane heights is (see the idealization in Fig. 4-4):
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For H � 1.5 m, the T/do range is:

Figure 2-23 shows that with these T/do values, and with m � 4 and FD � 17, a three-

vane array system with 	n � 3 m, 	s � 15 m, and 	b � 6 m can create a local in-

crease in bed level by as much as the vane height:

Hence, if a 1.5-m tall-vane is selected, the bed level in the vane field will increase by

up to 1.5 m; if a 1-m-tall vane is selected, the bed level in the vane field will increase

by up to 1 m. The bed change will take the form shown schematically in Fig. 4-4.

Table 4-4 shows the estimated maximum bed-level changes that the two al-

ternative vane systems can create at the sill along the face of the intake. The esti-

mates are made using Eq. 3-4 and the idealization shown in Fig. 4-4.

The corresponding flow rates in the near-shore channel are estimated using

Manning’s equation and the idealized section in Fig. 4-4. At low flow, with a three-

vane array system of 1-m-tall vanes, the estimate is:
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Figure 4-4. Schematic showing vane-induced bed-level changes just
upstream of the intake.

Table 4-4. Estimated maximum depth increase in near-shore channel just upstream 
of intake, �d.

H � 1.0 m H � 1.5 m

Low flow (do � 3 m) 1.3 m 1.8 m

High flow (do � 5 m) 1.5 m 2.3 m
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Values for all flow and vane combinations are shown in Table 4-5.

The flow in the near-shore channel decreases along the face of the intake be-

cause of the withdrawal into the intake. At the downstream end of the intake, the

flow rate in the near-shore channel is reduced by Q i � 10 m3/s. At low flow, with

a three-vane array system of 1-m-tall vanes, the bed level at this point in the chan-

nel is increased by an estimated

Values for all flow and vane combinations are listed in Table 4-6.

By comparing Tables 4-4 and 4-6, it is seen that a three-vane array system with

1-m-tall vanes is not expected to prevent sediment from being drawn into the in-

take. At low flow, the vanes can lower the bed elevation by about 1.3 m upstream

before the intake. However, due to the withdrawal, the bed elevation at the down-

stream end of the intake opening will likely rise above the sill elevation (�h � 1.8 m,

which is greater than �d � 1.3 m).

At high flow, the 1-m-tall vanes may lower the bed elevation about 1.5 m just

upstream of the intake, but the bed level is expected to rise 1.5 m by the down-

stream end of the intake.

The three-vane array system with 1.5-m-tall vanes is expected to prevent sed-

iment withdrawal at all river stages, although barely at low flow.

Thus, if vane height is limited to 1 m (for example, due to navigation consid-

erations), the vane system should be supplemented with a skimming wall. Other-

wise, the vanes in the vane system would have to be 1.5 m tall. With 1.5-m-tall

vanes, a skimming wall would not be necessary.

If the skimming wall solution is selected, the height of the skimming wall

should be the same as the vane height (i.e., 1 m as measured from the average bed
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Table 4-6. Estimated rise in bed elevation in near-shore channel at downstream 
end of intake, �h

H � 1.0 m H � 1.5 m

Low flow (do � 3 m) 1.8 m 1.8 m

High flow (do � 5 m) 1.5 m 1.5 m

Table 4-5. Estimated discharge in near-shore channel just upstream of intake, Qb.

H � 1.0 m H � 1.5 m

Low flow (do � 3 m) 24.5 m3/s 27.3 m3/s

High flow (do � 5 m) 43.5 m3/s 48.3 m3/s



level). In this case, the main function of the vanes, located outside the skimming

wall, is to prevent sediment from overflowing the wall. In this case, a two-vane ar-

ray system will suffice.

Note that the skimming wall should not be so tall that it causes undesirable

hydraulics in the intake, such as excessive vorticity and/or hydraulic jumps.

4.6 Stabilization of River Channel Alignment

Figure 4-5 shows a river reach that has braiding tendencies. The objective is to

stabilize the reach as a single-thread channel. It is assumed that this objective is

also environmentally acceptable and that it will not have negative ecological

consequences.

The strategy consists of (a) determining the most stable channel alignment;

(b) estimating scour depths where appropriate; and (c) selecting the most appro-

priate combination of channel-stabilization measures (vanes, dikes, etc.).

A relatively stable reach immediately upstream has the following bank-full

(channel-forming) channel characteristics: average width, b � 75 m; average depth,

do � 3 m; slope S � 0.0009; friction factor f � 0.06; and grain size D � 0.6 mm.

The channel classification is checked by comparing with Leopold’s and Wol-

man’s (1957) data presented in Fig. 2-17. Bank-full velocity is:

which yields a bank-full (channel forming) discharge of:

Q � uobdo � (1.88)(75)(3) � 423 m3/s

According to Fig. 2-17, these values of Q and S place this channel reach at the

transition between a braided channel and a meandering channel.
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Figure 4-5. Channel reach to be stabilized.



Figure 2-20 is used for estimating the dominant meander-wavelength, �. Val-

ues of FD, m, and b/do are:

Entering Fig. 2-20 with these values yields:
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Figure 4-6. Most stable channel alignment through the reach.
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Based on this wavelength and considering the surrounding topography, it is rea-

sonable to select a channel alignment as delineated in Fig. 4-6. The new channel

consists of three circular arcs of radii, 850 m, 1,300 m, and 850 m, respectively,

connected with straight-channel segments.

Maximum scour depth, dm, and velocity, um, are estimated using Eqs. 2-20,

2-28, and 2-29:

dm � 4.34 m

um � 2.26 m/s

Figure 2-21 shows that a system of 1.34-m-tall vanes (H � 1.34 m) placed in ar-

rays of three and spaced longitudinally a distance of 15H will increase the bed el-

evation along the outer bank to approximately the elevation of the average bed.

The first vane array of each system would be installed at the point of estimated

“first outer-bank erosion occurrence,” which is determined by calculating the

phase shift, 
. Entering Fig. 2-20 yields:
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Thus, the first vane array should be installed at the halfway point between the be-

ginning of the bend and the bend apex (at the apex, 
/2� � 0.25).

The steps of the vane design procedure are similar to those described in Sec-

tion 4.2.

As mentioned above, the selection of channel alignment must be, to some ex-

tent, based on existing high-bank alignment. When the calculated wavelength dif-

fers from that fitting in naturally with the existing high-bank alignment, the selected

wavelength should obviously be adapted to fit the existing high-bank alignment as

much as possible. The alignment shown is the most appropriate for the given high-

bank alignment and the calculated wavelength. Had the calculated wavelength been

twice that calculated above (if, say, channel width and grain size had had different

values), a more appropriate channel alignment fitting with the given high-bank

alignment could have been the one shown in Fig. 4-7. In either case, systems of sub-

merged vanes can be used to effectively stabilize and confine the river channel to a

single-thread channel.
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CHAPTER 5

Field Installations

89

As mentioned earlier, vanes have been and are being installed in several rivers

throughout the world. In the following, select installations are reviewed. Tables 5-1

and 5-2 summarize design objectives and flow conditions at these installations.

The basic design parameters are summarized in Table 5-3.

5.1 Stabilization of River Bank

This section describes three installations in sand-bed rivers and one in a gravel-

bed river. Four different vane designs are represented.

The first installation described is the East Nishnabotna River (Iowa) installa-

tion, which was the first field test conducted with vanes in the United States. This

test was conducted prior to or parallel with similar laboratory tests. Although it did

not fully benefit from the results of the laboratory tests, the East Nishnabotna field

test provided valuable data for the development of the design guidelines. Next,

the section describes subsequent field installations in Wapsipinicon River (Iowa)

and North Fish Creek (Wisconsin). All three installations are in sand-bed rivers.

The section concludes with a description of an installation in a gravel-bed river in

Taiwan, China.

5.1.1 Sand-Bed Rivers

East Nishnabotna River, United States

The first vane installation in the United States for stabilizing a river bank was in a

bend of the East Nishnabotna River, Iowa. Design, construction, and performance

evaluation were described earlier by Odgaard and Mosconi (1987), and parallel lab-

oratory tests by Odgaard and Lee (1984). Figure 5-1 shows three aerial photos of

this bend taken in 1972, 1977, and 1982. The bend was approaching U.S. Highway

34 at a rate of 6 to 9 m/year. Figure 1-1 shows bank erosion occurring at 70% of

bank-full discharge. The objectives were to (a) design the vane system to stop or re-

duce the migration of the bend; and (b) obtain field experience for future projects.



East Nishnabotna runs through a flood plain consisting of a 1.5- to 4.5-m-

thick layer of loess-derived alluvium with about 14% clay, 63% silt, and 23% sand,

underlain by Pennsylvanian shale. The drainage area above the bend is 2,314

km2, and the average discharge and suspended load through the bend 10.6 m3/s

and 862,000 metric tons/yr, respectively.

Cross sections of the river bend were surveyed October 6–7, 1983, and April 30–

May 2, 1984 to define the channel geometry at two different times for two differ-

ent flow rates. Also, detailed velocity measurements and bed material samples

were taken. In the first survey (October), the flow rate was about 3.3 m3/s; in the

second, about 100 to 120 m3/s (60%–70% of bank-full discharge). A report of the
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Table 5-1. Design objectives for installations reviewed in this chapter.

Objective River Sediment size (mm)

Stabilization of river bank East Nishnabotna 0.4

Wapsipinicon 0.5

North Fish Creek Broadly mixed

Feng-Shan Creek 21.2

Stabilization of river bed West Fork Cedar 0.5

Sediment control at water intake Cedar, Rock 0.3–0.5

Waikato 0.5–0.7

Muskingum 1.5

Missouri 0.5*

Kosi 30.0

Channel alignment stabilization Des Moines 0.7

*Average for the Missouri River reach investigated (four installations).

Table 5-2. Design flow conditions for installations reviewed.

Discharge Width Depth Velocity Channel
River (m3/s) (m) (m) (m/s) slope

East Nishnabotna 180 60 2.4 1.3 0.00065–0.00070

Wapsipinicon 400 80–100 3.5 1.1–1.4 0.00053

North Fish Creek 26 15 1.4 1.2 0.0070

Feng-Shan Creek 1,500 180 3.7 2.3 0.0015

West Fork Cedar 100 30–40 1.9–2.1 1.2–1.8 0.00049

Cedar 190 100–110 2.2 0.8 0.00050

Rock 230 210 2.7 0.4 0.00011

Waikato 400–970 220 3.4–5.4 0.5–0.8 0.00012

Muskingum 273* 73 6.0 0.6 0.00038

Missouri 600–1,500 200–300 4.6 0.8–1.1 0.0002

Kosi 2,000–8,000 370 2.7–5.0 2.0–4.3 0.0013–0.0025

Des Moines 900 176 4.8 1.1 0.00041

*Average discharge November through May.
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Table 5-3. Design parameters for installations reviewed.

Resistance Sediment Number Submergence Height Length
parameter, Froude of vanes of vanes, of vanes, of vanes,

River m number, FD (N) T/do H(m) L(m)

East Nishnabotna 4 20 77 1.0 0.9 3.7

Wapsipinicon 3–4 16–20 28 0.7 0.9 2.7

North Fish Creek 1.5 — 45**** 0.6 0.4 0.9

Feng-Shan Creek 4.5 5.0 16 0.4–0.6 1.6–2.6 3.2–5.2

West Fork Cedar 4 13 12 0.7 0.6 3.7

Cedar 3 15 9 0.6 0.9 3.1

Rock 3 7.4 40 0.7 0.9*** 2.7

Waikato 3.2–4.0 6.5–11 26 0.7–0.8 1.0–1.5** 7.0

Muskingum 2 5.1 13 0.5 5.0–5.3 3.0

Missouri 3.4–4.6 11–16 58***** 0.7–0.8 1.0–2.1 0.9–3.0

Kosi 4.3–5.0 3.7–7.9 35 0.5–0.8 1.2–1.5 6.0

Des Moines 3.1 10.1 8*

*Recommended.

**Physical height of vane � 2.0 m.

***Physical height of vane � 1.8 m.

****At each of two sites.

*****Total at four sites.

Figure 5-1. Aerial photos of East Nishabotna River, Iowa. (a) 1972; (b) 1977;
(c) 1982. Source: Odgaard and Mosconi (1987), ASCE.

(a) (b) (c)



data was given by Odgaard and Lee (1984). Longitudinal slope of the water sur-

face through the bend was measured to be S � 0.00065–0.00070. Median grain

diameter and geometric standard deviation of the bed material were 0.45 mm and

2.0, respectively.

Design calculations were based on a torque balance (i.e., Eqs. 2-30 and 2-31).

For details, readers are referred to Odgaard and Mosconi (1987). A critical design

parameter, vane height, H, was selected based on the following considerations:

For vanes to function optimally, H must be less than about half the water depth at

the flow rates at which bank erosion occurs. In the East Nishnabotna bend, bank

erosion occurs when the flow rate is greater than about 60 m3/s. [Also, at 60 m3/s,

the maximum (near-bank) velocity exceeds 1.1 m/s, which is the limiting velocity

recommended by the U.S. Bureau of Reclamation for the design of a stable, firm

loam channel carrying water with colloidal silts.] Because the 60-m3/s average

water depth is 1.3 to 1.5 m, the vane height should not exceed 0.7 to �0.8 m. On

the other hand, the vanes must perform nearly optimally at bank-full stage, at

which the average depth is up to 3 m at some sections, thus requiring a vane

height of about 1 m. As a compromise, a vane height of 0.91 m was selected. The

low-flow (3.3 m3/s) survey showed the bed level along the outer bank to be, on the

average, 0.65 m below the low-flow water level; therefore, being 0.91 m high and

resting on the bed 0.65 m below the surface, the top edge of the vane should be

0.25 m above the low-flow water level.

According to the guidelines that were being established in the laboratory stud-

ies at the time, the vane should be about four times as long as it is high. A 0.91-m-

high vane should then be 3.66 m long. The laboratory studies indicated that vanes

longer than four times their height tend to generate two (or more) secondary flow

cells downstream rather than one, and thus are less effective. The laboratory tests

also indicated that the optimum angle of attack, �, is generally about 20 degrees.

In view of these considerations, the design was for a 0.91-m-high, 3.66-m-long

vane at � � 20 degrees.

Figure 5-2 shows the layout of the vane system and details of the vane design.

Each vane consists of three creosoted planks, 7.6 cm 
 30.5 cm 
 3.66 m, held

together in a vertical position by two HP 8 
 36 steel bearing piles driven into

the streambed (about 1.5 m into a shale layer underlying a 2- to 4-m layer of

sand). The planks were fastened to the piles by straps (135 cm 
 15 cm 
 1 cm

bent plates) and were prevented from floating by anchor plates on the flanges of

the H-piles.

The vane system was installed at low flow between July 26 and September 4,

1985. Except for three to four days, the water depth throughout was less than 0.5 m

during this period. The piles were driven starting at the upstream end of the

bend. In each array, the upstream piles were driven at the given distances from

the bankline. The downstream piles in each array were driven 4.22 m from the up-

stream piles and 0.9 m closer to the bank, yielding an angle with the mean flow

direction of 12.2 degrees. Accounting for the skew of the velocity profile due to

the centrifugal acceleration, this angle would make the near-bed flow approach

the vane at about 20 degrees. The direction of the mean flow was determined by
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Figure 5-2. Layout of vane system in the East Nishnabotna River bend.
Source: Odgaard and Mosconi (1987), ASCE.



surface floats. In each array, the pile nearest the bank was driven 6.1 m, or twice

the bank-full flow depth, from the low-flow edge of the water. This vane-to-bank

distance was chosen because it scales the vane-to-bank distance used in most of the

laboratory tests. (In retrospect, the vane-to-bank distance should probably have

been somewhat less than 6.1 m along part of the bank, as discussed later.) After

completion of the pile-driving on August 22, the planks were provided with straps

and lowered in place between the piles (Fig. 5-3). The system was provided with

five can buoys (float collar cans with internal ballast) and marked with the “re-

stricted area” symbol.

The cost of the installation per meter of bank was about half the cost of a rock

riprap structure along a comparable reach of the nearby Raccoon River, by High-

way 90 [Iowa Department of Transportation Project number FN-90-1(6)-21-25).

The Raccoon River riprap embankment was completed just prior to the vane in-

stallation in East Nishnabotna.

The vane system was subjected to its first test in the spring of 1986, which was

among the wettest on record. From February to June, there were about 22 days in

which the daily average discharge exceeded 60 m3/s (a record exceeded only twice

since 1973). The river was ice-covered from mid-December to mid-February, dur-

ing which period the top of the vanes were exposed. All buoys disappeared dur-

ing snow melt in February and March, and had to be replaced.

Cross sections were surveyed March 20–21 and May 12–13, 1986, when the

discharge was 18% and 58% to 100% of bank-full discharge, respectively. Mea-

surements were taken of stage, flow depth and velocity, surface flow paths, bank

retreat, and water surface slope. A detailed report was given by Odgaard and

Mosconi (1987). Figure 5-4 shows the velocity and depth distributions at Section 4
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Figure 5-3. Plank with straps being lowered in place between piles.



(at midbend) measured during the high-flow event (May 13) when the discharge

was about 135 m3/s. The pre-vane cross sections are superimposed for compari-

son, one cross section at 124 m3/s (about 70% of bank-full discharge), the other at

about 3.3 m3/s. The pre-vane high flow bed profiles in this bend were, essentially,

a tilting of the low-flow profile about the high-flow channel centerline. The vane

system was installed at low flow in the outer part of the low-flow channel to main-

tain the low-flow bed elevation there at all stages. In other words, the vanes were

to move the high-flow scour holes away from the bank, toward the center of the

channel (without changing the cross-sectional area and channel slope). As seen,

the vanes were able to accomplish this. Along the outer bank, the vanes were able

to maintain the bed at its low-flow elevation and prevent the near-bank scour typ-

ical of the pre-vane cross section. Instead of scouring along the outer bank, the

flow widened its channel by removing sand from the inside point bar. As seen in

Fig. 5-4, there was also a notable improvement in the velocity distributions, which,

of course, corresponds with the reduction of the transverse bed slope. The reduc-

tion in near-bank velocity was significant. The maximum velocity, which in the

pre-vane cross sections generally occurred within a distance of 6 m from the bank,

was moved at least 18 m away from the bank at most sections.

In order to directly test the vanes’ efficiency in eliminating the secondary flow

component, float studies were performed. By releasing 500 plastic balls at Section 3

at distances of 3.3, 6.1, 9.1, 12.1, and 15.2 m from the outer bank, and recording

their lateral position at Section 2, 76 m downstream from Section 3, the overall

average deflection angle was measured to be less than zero. The floats generally
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Figure 5-4. Section 4 measured before, at Q � 3.3 m3/s and Q � 125.1 m3/s,
and after installation of vanes, at Q � 135.1 m3/s. Source: Odgaard and
Mosconi (1987), ASCE.



moved away from the bank. Without vanes, the deflection angle would have been

greater than 10 degrees toward the bank. Figure 1-6 (in the Introduction) is a

downstream view of the installation at extreme low flow.

As reported in Odgaard and Mosconi (1987), there was no indication that the

vane system changed the energy slope, either through the bend or in the channel

downstream from the bridge. However, as mentioned in Odgaard and Mosconi,

the bend immediately upstream continued to migrate downstream at a rate of 6

to 9 m/year, causing (a) a change in the approach angle to the uppermost vanes

in the system, and (b) a reduction of the radius of curvature of the bend and thus

a change in the design basis. (This problem was foreseen, and a stabilization of the

upstream bend was, in fact, recommended as part of the original design.)

Because of the sensitivity of the design to the approach-flow conditions, the

channel segment upstream from the first vanes should have been stabilized to en-

sure that the approach-flow angle remains constant. This would have been possi-

ble in the East Nishnabotna bend because the upstream bend is preceded by a long,

straight reach. To ensure that an adverse flanking does not occur, the uppermost

vanes in the system should have been installed closer to the bank, and their den-

sity should have been greater than the theoretical. The near-bank vanes in the up-

permost array could possibly connect with the bank. Today (2008) the uppermost

arrays are no longer providing bank protection. The downstream vanes continue

to provide protection of the bank along the highway and at the bridge.

Wapsipinicon River, United States

The Wapsipinicon River meanders across northeastern Iowa to the Mississippi

River. One particular bend in Jones County was moving at an average rate of 3 m

per year toward a county road, and ultimately endangering a bridge structure.

The bend is in the upper left corner of the aerial photo in Fig. 5-5. Figure 5-6 is

a downstream view of the eroding bank. The bank height is 3.5 m and bank-full

flow is about 400 m3/s. The county decided to protect only the upstream third of

the bend, which was the critical section relative to the road. The county’s intent

was to continue the stabilization, if required, in the future, thereby minimizing the

initial cost.

A system of 28 vanes was installed along approximately 100 m of the bend in

May, 1988 (Odgaard and DeWitt 1989; DeWitt and Odgaard 1991). The vanes

were fabricated of reinforced concrete (Fig. 5-7) and each mounted on a single

H-pile, which was driven approximately 4.6 m into the streambed (Fig. 5-8). The

vanes were oriented at approximately 20 degrees with the direction of flow at

bank-full flow. They were installed at low flow (1 m or less water depth) by county

crews (Figs. 5-8, 5-9, and 5-10).

The connection arrangement between piling and vanes on this project in-

volved bolting the vane to plates welded to the H-pile. Although this is an effec-

tive connection, it is time-consuming in that the pile has to be carefully oriented

with the stream flow and some or all of the bolts are placed by feel under water

(Fig. 5-10). In other than shallow water, this type of connection must be made by

divers. Experience with this and subsequent projects resulted in development of a
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Figure 5-5. 1988 aerial view of Wapsipinicon River, Iowa. Courtesy of
Robert DeWitt, River Engineering International.

Figure 5-6. View downstream in the Wapsipinicon River, showing bank
erosion along left bank. Courtesy of Robert DeWitt, River Engineering
International.
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Figure 5-8. Driving of H-piles, summer, 1988. Courtesy of Robert DeWitt,
River Engineering International.

Figure 5-7. Delivery of vanes to the Wapsipinicon site, summer, 1988.
Courtesy of Robert DeWitt, River Engineering International.



FIELD INSTALLATIONS 99

Figure 5-9. Vane is lowered in place on top of pile, summer, 1988. 
Source: Odgaard and Abad (2007), ASCE.

Figure 5-10. Vane is connected to pile, summer, 1988. Courtesy of Robert
DeWitt, River Engineering International.



connection detail consisting of a pipe section at the top of the pile and a sleeved

vane. The piling is driven to the design elevation, and the vane is slipped over the

pipe connection and locked into the proper orientation. Utilizing guides that ex-

tend from the top of the pile to above water surface, this arrangement has been

used for installation in up to 3 m of water.

The years 1988 and 1989 were dry years with no threats of further erosion.

1990 was a very wet year with significant flooding on the Wapsipinicon. The por-

tion of the bend protected with vanes showed no movement and, in fact, exhib-

ited evidence of aggradation at the toe of the outer bank (Fig. 5-11).

The portion of bank that was unprotected receded as much as 13 m during

the 1990 heavy flows, as indicated in Fig. 5-12. Top of bank movement actually

started in the last 12 m of the protected portion. It appeared that movement in

this section resulted from the substantial movement of the bank farther down-

stream and the associated weakening of the adjacent bank. Subsequently, the

county installed additional vanes downstream to protect the entire bankline

through the apex of the curve. During the 1993 flood, the flood plain was under

water for about two months. Figure 5-13, taken shortly after the 1993 flood, shows

that the vane system kept the bank in place. The county has since installed vanes

to protect banks of the Maquoketa River. Both installations are still (2007) per-

forming satisfactorily.

North Fish Creek, United States

A unique field test was conducted in North Fish Creek, Wisconsin from 2000 to

2003 in a joint venture between the Wisconsin Department of Natural Resources,
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Figure 5-11. Wapsipinicon River bend at low flow, May 10, 1990, about two
years after installation of vanes. Source: Odgaard and Abad (2007), ASCE.



the U.S. Geological Survey, and the University of Wisconsin (Fitzpatrick et al.

2005). Submerged vanes were installed to curb the erosion of bluffs along two

bends of the creek, Sites 16.4 and 12.2. North Fish Creek is a Wisconsin tributary

to Lake Superior that transports a relatively large amount of sediment, about

17,000 tons per year, originating from seventeen 20- to 50-m-tall bluffs like the
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Figure 5-12. Plan of the Wapsipinicon River bend, showing vane system
and sequential bank lines. Source: DeWitt and Odgaard (1991), ASCE.

Figure 5-13. Wapsipinicon River bend after the 1993 flood. So far (2007),
the bank has shown no movement. Courtesy of Robert DeWitt, River
Engineering International.



one shown in Fig. 5-14. The bed material in the main channel is a mixture of cob-

ble, gravel, and sand. A photo taken at low flow, Fig. 5-14 also shows one of the

vanes at the base of one of the bluffs. At each site a total of 45 vanes were installed

in 15 arrays. At Site 16.4, vane height was 0.43 m, about 0.3 times the average

bank-full depth as determined from a number of field indicators. Vane length

was 0.91 m. Spacings were 0.91 m laterally and 4 to 5 m longitudinally. The in-

nermost vane was placed as close to the bank as possible to ensure that the flow

would not cut around the vanes and erode more of the bluff toe. The vane mate-

rial was 10-mm-thick, white, high-density polyethylene. The vanes were held in

place by driving two 19-mm-diameter steel reinforcing bars about 1 m into the

streambed and fastening the vanes to the bars with U-bolts. As illustrated in Fig.

5-15, the vanes were installed to capture bank material slumping into the creek

and move the thalweg out into the creek, away from the bank.

Channel-cross-section and bluff-erosion surveys were done and stream-flow

and stage were measured before, during, and after vane installation to monitor

changes in channel morphology and bluff erosion. In April, 2001, about nine

months after completion of the vane installation at Site 16.4, a major flood oc-

curred in the creek (recurrence interval of approximately 100 years), peaking at

about 100 m3/s. Large floods also occurred in April and May, 2002 (recurrence in-
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Figure 5-14. Downstream view of North Fish Creek at low flow. Submerged
vanes protect the toe of the bluff. Source: Fitzpatrick et al. (2005), courtesy of
U.S. Geological Survey.



tervals of approximately 50 years). The vanes at both sites required some mainte-

nance and replacement after the floods. After the April and May, 2002, floods, five

near-bank-full or at-bank-full floods occurred (one in October, 2002, and four in

April and May, 2003).

The study showed that from 2000 to 2003, the vanes effectively moved the

channel away from the base of the bluffs and toward the point bar, allowing sedi-

ment to deposit at the base of the bluff. Much of the change in channel morphol-

ogy resulted from the April, 2001, flood. Over the monitoring period (2000–

2003), the 110-m reach at Site 16.4 had a net gain of 200 m3 of sediment. Depo-

sition along the base of the bluff was about 300 m3, mainly through the down-

stream half of the reach. In contrast, the left-bank or point bar side of the chan-

nel, channel streambed, and a mid-channel bar eroded.

5.1.2 Gravel-Bed River

Feng-Shan Creek, Taiwan, China

Feng-Shan Creek is 45 km long and drains an area of 250 km2. Channel slope is

0.0015 and median diameter of the bed sediment is 21 mm.

Vanes have been installed in three consecutive bends in the downstream

reach, in Geokang, Maoerding, and Baidi bends. In Maoerding bend, shown in

Fig. 5-16, there are eight vane arrays with two vanes in each array. In the other

two bends, there is only one row of vanes, 24 vanes in Geokang bend and 18 in

Baidi bend. All three installations are performing as intended.
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Figure 5-15. Schematic showing changes in channel and thalweg caused
by submerged vanes. Source: Adapted from Fitzpatrick et al. (2005), courtesy
of U.S. Geological Survey.



Figure 5-17 shows the layout plan of the vanes in Maoerding bend, the first

bend to be protected. Here, the channel is 180 m wide and minimum radius of

curvature is rc � 356 m. The resistance parameter m � 4.5, corresponding to a

Manning number of n � 0.035. The vane system is designed for a 10-year flood,

during which the discharge is 1,500 m3/s, average depth is 3.68 m, and average

velocity is 2.26 m/s. Figure 5-18 is a section view showing the vertical dimensions

of the vanes and spacings. Because of extreme erodibility, prior to installation of

the vanes the bank was stabilized using gabion baskets. As seen in Fig. 5-18, the

inner row of vanes is located 5.5 m from the toe of the gabion structure. The outer

row is located 3.7 m farther out in the channel. The vanes are made from 6-m-

long sheet piles driven to a depth such that the initial vane height in the outer row

is 1.6 m and in the inner row 2.6 m.

Figures 5-19 and 5-20 show the vane system in 2007, one year after installa-

tion at extreme low flow. During the year, the vanes were subjected to at least one

bank-full flow condition. The vanes have been very effective in building up and

maintaining a protective berm along the bank. As seen, the berm is now heavily

vegetated. The vegetation developed on the berm provides additional protection

of the bank. Figure 5-21 is a close-up of a vane showing the configuration of the

sheet piles used in this application.
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Figure 5-16. Location of submerged vanes in the Maoerding bend of
Feng-Shan Creek, Taiwan. Flow is from right to left. Courtesy of Keh-Chia
Yeh, National Chiao Tung University.
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Figure 5-17. Layout of vanes in the Maoerding bend of Feng-Shan Creek.
Courtesy of Keh-Chia Yeh, National Chiao Tung University.

Figure 5-18. Section through vane array in the Maoerding bend, looking
upstream. Courtesy of Keh-Chia Yeh, National Chiao Tung University.
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Figure 5-19. Upstream view of vane installation in the Maoerding bend,
one year after installation, at extreme low flow.

Figure 5-20. Downstream view of vane installation in the Maoerding bend,
one year after installation, at extreme low flow.



5.2 Stabilization of River Bed/Compound Channel

West Fork Cedar River, United States

The effectiveness of submerged vanes in ameliorating shoaling problems was

demonstrated at a highway crossing of the West Fork Cedar River in Butler County,

Iowa. The problem at this site developed after a straightening and widening of the

river at the time of construction of the bridge (1970). Figure 5-22 shows the excava-

tion plan for the project. The bridge is a 150-m-long, 9-m-wide, six-span, I-beam

bridge with the road surface about 5 m above the low-flow streambed. The top width

and bank-full depth of the river upstream of the excavation are 30 to 40 m and 1.9

to 2.1 m, respectively. The bed material is sand with a median particle diameter of

about 0.5 mm. Annual mean flow in the river is about 14 m3/s and bank-full flow

about 100 m3/s. A 10-m-wide channel running parallel with the roadway connects the

old channel with the new. Aerial photos indicate that the new channel was con-

structed as shown on the excavation plan. However, the channel parallel with the

road was constructed somewhat closer to the roadway than shown on the plan.

By 1984, a considerable portion of the excavation upstream from the bridge

had filled in and become vegetated. Figure 5-23(a) shows the 1984 bankline and
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Figure 5-21. Close-up of vane array in the Maoerding bend, one year after
installation, at extreme low flow.



a sandbar that subsequently developed along the left bank. The sandbar occupied

four of the six spans, causing the flow to be thrown toward the right bridge abut-

ment, where it undermined and eroded the bank. Annual dredging was necessary

because the sand bar grew in size after each storm. It was clear from aerial photos

that the bar formed as part of the river’s adjustment to the 1970 channel straight-

ening, which essentially eliminated two meanders and shortened the channel seg-

ment by 482 m (from 1,189 m to 707 m). The straightening resulted in a 69% in-

crease in the local channel slope, from 0.00049 to 0.00083.

A system of 12 vanes was installed in the summer of 1984. The layout is shown

in Fig. 5-23(b). Each vane consists of vertical sheet piles driven into the streambed

and aligned at a 30-degree angle with the main channel. With this angle, the vanes

are at about 20 degrees with the 1984 mean flow direction, which is indicated by
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Figure 5-22. Excavation plan for the West Fork Cedar River (Iowa) channel
straightening. Source: Odgaard and Wang (1991), ASCE.



the arrows in Fig. 5-23(a). Each sheet piling was 3.7 m long, and its top elevation

was 0.6 m above the streambed. The vane system was designed to cause flow depth

and velocity to decrease along the right bank and increase along the centerline.

As seen in Fig. 5-24, the system has accomplished this. A permanent, protective

berm now is seen along the bank that was previously eroding (about 450 m). In fact,

the vanes are now maintaining a cross-sectional bed profile similar to that de-

signed when the bridge was constructed. Installation cost was $5,000 (in 1984)

and, so far, maintenance has not been necessary. Six of the 12 vanes are now

permanently covered with sand and vegetation (Fig. 5-25). Figure 5-26 is a photo

of the most upstream vane array, which is fully exposed to the flow.
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Figure 5-23. Plan of the West Fork Cedar River bridge crossing, (a) prior to
vane installation in 1984, and (b) in 1989, five years after vane installation.
[Plan (b) shows location of vanes and survey sections.] Source: Odgaard and
Wang (1991), ASCE.

(a) (b)



A field survey was conducted on August 22, 1989, to quantify the induced

changes in bed topography. The flow in the river was about 0.3 m3/s on that day.

Bed profiles were taken in 10 sections upstream from the bridge and one down-

stream. The locations of the sections are indicated in Fig. 5-23(b), and the profiles

are shown in Fig. 5-27. The vanes caused the bed to aggrade by 0.6 to 1.0 m within

the vane-controlled area, which is essentially the old, pre-vane low-flow channel.

The aggradation, or berm, starts about 10 m downstream from the first vane ar-

ray and continues downstream past Section 1. The width of the berm is 20 to 30 m.

Between Sections 7 and 1, the vane-induced aggradation amounts to about 3,300 m3,

or 276 m3 per vane. The aggradation along the bank downstream from Section 1

appears to be of the same order of magnitude.

It is noted that the aggradation straight downstream from the last vane array

is decreased and at Section 3 is less than 0.5 m. At this section, and at down-

stream sections, the major aggradation occurred toward the right bank. The de-

crease in aggradation straight downstream from the last vane array resulted from

the decay of vane-induced circulation. The reason for the enhanced aggradation

along the bank downstream from the vanes is that the vanes shifted the main cur-

rent toward the central portion of the channel, so the velocities along the bank

are now considerably less than before.
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Figure 5-24. Aerial photos of the West Fork Cedar River bridge crossing
(left) prior to vane installation in 1984, and (right) in 1989, five years after
vane installation. Source: Odgaard and Wang (1991), ASCE.
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Figure 5-25. View downstream toward the Butler County (Iowa) bridge,
August, 1989. Bank eroding prior to vane installation is by tree line to right
in photo. Source: Odgaard and Wang (1991), ASCE.

Figure 5-26. Most-upstream vane array of the West Fork Cedar River
installation.



The vane-induced aggradation is somewhat better than predicted. At bank-

full flow, the velocity at Sections 4 and 5 is about 0.9 m/s, yielding a sediment

Froude number of FD � 13. With a friction parameter of m � 3–4, a relative vane

submergence of T/do � 0.7, vane height-to-water depth ratio of H/do � 0.3, and as-

pect ratio of H/L � 0.2, Fig. 2-23 yields do � d� � 0.6 m. The reason for the en-

hanced aggradation is probably the vegetation, which increases flow resistance on

the berm and causes the sediment-transport capacity to decrease below that pre-

dicted by the theory. The vegetation has continued to increase in the protected

area (Fig. 5-28), and today (2008) the system is still fully functional.
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Figure 5-27. Cross sections in the West Fork Cedar River measured on
August 22, 1989. Source: Odgaard and Wang (1991), ASCE.
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Figure 5-28. Views upstream from the bridge at low flow. Above: Old
channel along right bank, now a heavily vegetated berm. Below: New
channel running straight through center span of bridge.



5.3 Sediment Control at Water Intake/Diversion

There are numerous field installations in place to prevent sediment from being

entrained into water intakes. Reference is made to Nakato et al. (1990), Nakato

and Ogden (1998), Muste and Ettema (2000), Wang et al. (1996), Barkdoll et al.

(1999), Odgaard and Wang (1991), Electric Power Research Institute (1995; 1997;

1998), and Michell et al. (2006). The installations described below are selected to

cover a representative range of river-flow rates and sediment sizes. Design-flow

rates range from about 100 m3/s to about 8,000 m3/s, and median sediment sizes

from about 0.3 mm to about 30 mm. The section starts by describing installations

in sand-bed rivers and concludes with a description of one in a gravel-bed river.

5.3.1 Sand-Bed Rivers

Cedar River, United States

The water intake for the Duane Arnold Energy Center (DAEC) is located on the

Cedar River in Palo, Iowa (Fig. 5-29). The intake draws about 0.7 m3/s from the

river for make-up water for the plant’s cooling system. The intake velocity is about

0.04 m/s. At the intake, the river-flow velocity is typically about 0.5 m/s. When the

plant started operation in 1972, virtually all of the river flow approached the in-

take from the meander curve. By 1980, most of the flow had shifted and came

through the cutoff. As a result, the intake was no longer situated at the outside of

a bend (thus benefiting from ensuing large flow depth), and sedimentation be-

came an increasing problem. By 1989 considerable amounts of sediment were be-

ing drawn into the cooling system, leading to maintenance problems. Sediment

was accumulating within the intake structure, and the gates at the entrance to the

intake were repeatedly buried and made inoperable. At low flow, a sandbar typically
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Figure 5-29. The Duane Arnold Energy Center (DAEC) water intake on
Cedar River, Iowa.



was visible in front of the downstream portion of the intake (Fig. 5-30). The sand-

bar connected with the intake structure and blocked the flow into part of the in-

take. A survey conducted in 1989 (Ettema 1990) showed sediment deposition at

the intake being as much as 1 m above the sill elevation.

Figure 5-31 shows the solution that was developed (Odgaard et al. 1990). It

consists of a guide wall and a system of nine vanes of the type shown in Fig. 1-19.

The guide wall is attached to the upstream corner of the intake and extends up-

stream as it tapers into the bank-line, thus smoothing the approach flow past the

intake structure. The vanes intercept the approaching bed-load and divert it away

from the face of the intake. Each vane is supported by a pile driven into the bed

to a depth of about 6 m. Details are given in Fig. 5-32.

The performance of the vane system compares well with the theory in Chap-

ter 2. At design flow, average depth, slope, and velocity are do � 2.2 m, S � 0.0005,

and uo � 0.8 m/s, respectively. Radius of curvature is r � �. The bed material is

sand with a median grain diameter of D � 0.3 mm. The channel’s resistance pa-

rameter is:

which corresponds to a Darcy-Weisbach friction parameter of f � 8�2/m2 � 0.133.
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Figure 5-30. View upstream toward the DAEC intake structure, showing a
sandbar in front of part of the intake.



The sediment Froude number is:

The channel’s depth–width ratio is do/b � 0.02, which is small enough that this pa-

rameter does not play a role.

With relative vane submergence T/do � 0.59, vane length L � 3H, lateral and

longitudinal vane spacings 	n � 3H and 	s � 10H, � � 20 degrees or more, and

the number of vanes in each array N � 3, Fig. 2-23 yields

that is,

d� � 0.59 do � 1.3 m

By assuming that 	� � 	b, the continuity and Manning equations yield (Eq. 3-4)
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Figure 5-31. Bed-level contours in Cedar River at the DAEC intake structure,
(a) in 1989, and (b) in 1992. Source: Wang et al. (1996), ASCE.

(a) (b)



or,

�d � 1.1 m

Figure 5-33 shows a comparison between the average bed profile as measured

on September 13, 1991, just before the vanes were installed, and the average

bed profile as measured on October 12, 1992, one year after installation. The Oc-

tober 12, 1992, profile is in good agreement with the calculated profile. The bed

FIELD INSTALLATIONS 117

Figure 5-32. Details of vane installation at the DAEC intake on Cedar River.
Courtesy of River Engineering International.



along the sill is scoured clear down to the riprap placed at the bottom of the vanes

between the innermost row of vanes and the sill (Fig. 5-32).

Construction cost (manufacturing/purchase and installation of vanes and

guide wall) was recovered within about two years in terms of reduction in opera-

tion and maintenance cost. The cost reduction was estimated based on (a) main-

tenance at the intake structure and dredging in the river in front of the intake;

(b) cleaning maintenance at the cooling tower; (c) pump maintenance; and (d) clean-

ing of condensers and heat exchangers. The installation was maintenance-free un-

til about 2004.

One of the challenges with the DAEC project was the gradual change in flow

split between meander curve and cutoff (Fig. 5-29). By 2005, the flow through the

meander curve had decreased to less than 10%. As a result, the channel upstream

from the intake had incurred changes that affected the flow approaching the vane

field and intake. Between 1990 and 2005, a considerable amount of bank erosion

occurred along the right bank about 200 m upstream from the intake in the up-

stream segment of the cutoff, and an even larger amount along the left bank just

upstream of the intake. By 2005, the width of the channel just upstream of the in-

take had become nearly twice the width in 1980, and shoaling occurred in the

channel. A decision was subsequently made to build four spur dikes upstream and

opposite the intake (Fig. 5-34) to make the river channel return to its 1980 plan

form. The spur dikes caused the flow past the intake to increase and the bed level

to return to the level just after the vane installation in 1991.

Rock River, United States

The Byron Station water intake is located on the Rock River in Byron, Illinois (Fig.

5-35). The intake draws 1.8 m3/s of water from the river for make-up for the cool-
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Figure 5-33. Bed profiles outside the DAEC intake structure before and
after installation of vanes. Source: Wang et al. (1996), ASCE.



ing system of the power plant. The intake velocity is about 0.08 m/s, about 20% of

the river-flow velocity (0.4 m/s). The sediment problem was partly due to the intake

being on the inner bank of a river curve. In 1980, a channel was built into the river

bottom to connect the intake opening with the deep portion of the river near the

outer bank of the river across from the intake. This channel had to be dredged at

frequent intervals. During a survey conducted on August 29, 1990, the bed eleva-

tion at the intake was measured to be about 1.3 m above the sill elevation of the in-

take. Sediment deposits blocked a considerable portion of the intake opening.

A solution was sought that could develop and maintain, in front of the intake

structure, a channel with the bed below the intake-sill elevation that could connect

to the main channel. Hydraulic model studies were conducted (Melville et al. 1992).

The solution that was developed consisted of (a) removal of a shallow spur on

the left bank upstream from the intake structure; (b) reshaping of the river bank

downstream from the intake structure; (c) installation of eight arrays of five vanes

each in front of the intake structure; and (d) construction of two submerged wing

dams (submerged groins) upstream from the intake structure on the opposite

bank. The purpose of the wing dams was to ensure that the vane-generated chan-

nel along the left bank was connected with the main channel near the right bank.

The removal of the spur and the reshaping of the bank caused a smoothening of

the flow past the intake. The vanes were located to intercept the approaching bed
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Figure 5-34. Upstream view of Cedar River at the DAEC intake structure. In
2006, four spur dikes were installed on left bank upstream from the intake.
The wings of the spur dikes delineate the 1980 left bank of the river.
Courtesy of Paul Collingsworth, FPL Energy Duane Arnold.



load and divert it away from the face of the intake. The solution was installed in

the fall of 1993.

The performance of the vane system compares well with the theory in Chap-

ter 2: At design stage (204.9 m), average depth and velocity are do � 2.7 m and uo

� 0.4 m/s, respectively. Median grain diameter is 0.3 mm and the sediment

Froude number is 7.4. The channel’s resistance parameter is estimated to be m �

3.0. The vanes are installed so that T � 1.9 m, yielding T/do � 0.7. Figure 2-23

and the continuity and Manning equations yield �d � 1.0 m.

Figure 5-36 shows a comparison of two river cross sections measured in 1990,

with the same cross sections measured during a survey conducted on August 2–3,

1994 (Jain et al. 1994). The intake-sill elevation is also shown in Fig. 5-36 for ref-

erence. It is seen that the vane system, together with the other channel modifica-

tions, very effectively developed a deep channel in front of the intake. The depth

is somewhat bigger than calculated. This could be due to the influence of the
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Figure 5-35. Bed-level contours in Rock River at the Byron Station (Illinois) intake
structures, (a) in 1990, and (b) in 1994. Source: Wang et al. (1996), ASCE.

(a) (b)



other components of the solution (removal of spur, reshaping of bankline). Fig-

ure 5-35 shows bed-level contours developed based on the data taken in 1990 and

in 1994, respectively. The thick line in these figures represents the contour at the

intake-sill elevation. There are two channels with the beds lower than the intake-

sill elevation—one near the right bank and the other near the left bank. The so-

lution clearly caused an increase in the width of the deep channel near the left

bank; the solution created a channel that connects the intake to the main channel

and thus achieved the stated objectives. Figure 5-37 shows results of a survey con-

ducted in 2007. It is seen that the vane system continues (14 years after installa-

tion) to perform as intended.

Construction cost (manufacturing/purchase and installation of vanes, con-

struction of upstream submerged wing dams, and bankline modification) was re-

covered within about three years in terms of reduction in operation and mainte-

nance cost. The cost reduction was estimated based on (a) maintenance at the

intake structure and dredging in the river in front of the intake; (b) cleaning

maintenance at the cooling tower; (c) pump maintenance; and (d) cleaning of

condensers and heat exchangers. The installation has so far (since 1994) been

maintenance-free.

Missouri River, United States

Submerged vanes have been installed at several intakes on the Missouri River be-

tween Sioux City, Iowa and St. Louis, Missouri. Prior to vane installation, the in-

takes suffered from severe sedimentation problems that required periodic dredg-

ing and plant outages. All installations are now performing as intended. The

installations were preceded by hydraulic model studies.
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Figure 5-36. Bed profiles in Rock River at the Byron Station intake structure
before and after installation of vanes. Source: Wang et al. (1996), ASCE.



Four of the model studies and installations are described in detail by Nakato

and Ogden (1998). Three of the installations include a sediment-barrier wall

(skimming wall). Based on the model studies, Nakato and Ogden formulate the

following general recommendations for an intake located on a sand-bed river sim-

ilar to the Missouri River reach (refer to Fig. 5-38):

1. A sediment-barrier wall (skimming wall) should be installed parallel with and

within 2.1 m to 3.0 m of the face of the intake. The wall should protrude 0.9 m

to 1.5 m above the existing mean bed elevation, and it should flare into the

upstream bankline at an angle of 10 degrees to 30 degrees.

2. Two rows of submerged vanes should be constructed outside the wall, as shown

in Fig. 5-38. The vanes should be 0.9 m to 3.0 m in length and protrude at

least 1.2 m above the existing mean bed elevation. Vane angle of attack should

be 20 to 25 degrees relative to the centerline of the channel.
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Figure 5-37. Bed-level contours in Rock River at the Byron Station intake
structures measured in 2007. Based on survey data used with permission of
Exelon Corporation. All rights reserved.



Nakato and Ogden suggest that omission of the barrier wall may be warranted

under certain conditions. One of the featured installations is at MidAmerican En-

ergy Company’s Council Bluffs Unit 3. Installed in 1985, this installation does not

include a barrier wall, and it has maintained the intake free of sediment ever

since. This observation is consistent with the guidelines herein. The inner row of

vanes is located within the stream tube formed by the intake flow and the bank-

line. However, the specific discharge ratio, qr, is only about 0.12, which, according

to the laboratory studies by Barkdoll et al. (1999) described in Section 3.4, is suf-

ficiently low that vanes alone can keep the intake free of sediment.

Nakato and Ogden also determine that the reduction in bed level in front of

the intakes reduces the suspended-sediment load of the intake flow. This is be-

cause the lowered bed level results in lower suspended-sediment concentration

at the top of the barrier wall. If it is assumed that the median bed-material size is

0.5 mm, the flow depth is 4.6 m, and the energy slope is 0.0002 (which are typical

for the Missouri River reach investigated), Nakato and Ogden calculate that lower-

ing the bed elevation adjacent to the sediment-barrier wall by 0.9 m yields a reduc-

tion of suspended-sediment concentration by as much as 90% at the top of the wall,

according to the Rouse suspended-sediment concentration curves (ASCE 1975).

In all of the installations, both barrier wall and vanes are constructed of in-

terlocking sheet piling.

Waikato River, New Zealand

The Huntly Power Station is a 1,000-MW coal- and gas-fired power station that

draws about 40 m3/s of cooling water from the nearby Waikato River (Fig. 5-39).

Since the station was commissioned in 1982, regular dredging was required to

FIELD INSTALLATIONS 123

Figure 5-38. Schematic showing general layout of vanes and skimmer wall
recommended by Nakato and Ogden (1998) for intakes on the Missouri
River. Source: Nakato and Ogden (1998), ASCE.



remove sand from the forebay of the cooling water intake. The sediment entrain-

ment was correlated with the passage of large, migrating dunes that periodically

filled the channel adjacent to the intake (Dahm and Hume 1989).

In the vicinity of the intake, the width of Waikato River is about 200 m. The

low-flow channel occupies 25% to 30% of the river width and meanders with a

wavelength of about 3 km (Dahm and Hume 1989). The bed elevation adjacent to

the intake ranges from 103.5 m to 105.5 m, with an average of about 104.5 m.
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Figure 5-39. Location of Huntly Power Station on Waikato River, New
Zealand.



The elevation of the intake sill is 104.5 m. The water level at the intake ranges

from 107 m at low flow to 110 m at high flow.

Water-surface slope varies slightly with discharge, from about 0.00018 at a dis-

charge of 220 m3/s to about 0.000123 at a discharge of 477 m3/s. The slope de-

creases with increasing discharge because the bed gets smoother, with bed forma-

tions tending to be washed out.

The sediments on the riverbed are moderately sorted, medium-coarse sands

that are typically transported as bed load. Median diameter is 0.5 to 0.7 mm. Sam-

ples taken from the intake and forebay have textural characteristics similar to the

river-bed sediments, suggesting that the bulk of sediment being deposited in the

intake is brought in by bed load rather than suspended load.

In their study, Dahm and Hume suggested that sediment withdrawal could be

significantly reduced if a deep channel with bottom elevation of 103 m or less

could be maintained adjacent to the intake. This finding was confirmed by Odgaard

and Keller using a hydraulic scale model at the plant (Keller 1993). A vane system

consisting of 26 vanes was subsequently designed to develop and maintain such a

channel adjacent to the intake. The design was tested and fine-tuned in the scale

model. In addition to the vane system, two upstream weirs were designed and in-

stalled on the opposite bank. The purpose of the weirs was to stabilize a natural

crossover in the river that occurred just upstream from the intake. Because of the

near-braided regime of the river at this location, the crossover was unstable and

sandbars tended to form at the intake. These weirs, together with the vanes, now

maintain a stable, relatively deep channel along the face of the intake. Figure

5-40 is a plan showing the layout of vanes and weirs. Figure 5-41 shows vane de-

sign details. The vanes were installed from a barge using a barge-mounted pile

driver and divers to guide the underwater vane assembly (Figs. 5-42 and 5-43).

Muskingum River, United States

The Conesville Station is a 1,900-MW power station located on the Muskingum

River, Ohio (Fig. 5-44). When the station is operating at full load, the intake with-

draws approximately 13.2 m3/s of water from the river for cooling and other plant

processes. Water enters the intake structure through trash grills and traveling

screens. The width of the intake is 26.9 m. At a withdrawal rate of 13.2 m3/s, the

specific discharge (discharge per unit width) is about 0.5 m3/s per meter of intake

width. The station experienced chronic problems with sediment buildup at the in-

take structure, which adversely affected the station’s fuel consumption efficiency.

Periodic dredging of the river was necessary.

During the period November through May, the average discharge in the river

is about 273 m3/s. From May to November, the average discharge is about 82 m3/s.

During this period, discharge can be as low as 40 m3/s. The median diameter of

the bed sediment is about 1.5 mm and its geometric standard deviation is 5.2 mm.

The following factors contributed to the sediment problem: (a) At low flow,

the unit discharge or velocity in the river past the intake is very low compared with

the velocity into the intake; this caused bed sediment to be drawn into the intake
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Figure 5-40. Layout of vane system in Waikato River at Huntly Power
Station. Source: Keller (1993) with permission from Genesis Energy.
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Figure 5-41. Vane design details, Huntly Power Station. Courtesy of
Douglas J. Bottorff, Shive-Hattery Group, Inc.



from a significant width of the river (see illustration in Fig. 5-45). At low flow, the

relatively large withdrawal rate caused the formation of a stationary dune to form

outside the intake. The dune extending out in the river acted much like a cam-

bered ramp, guiding sediment up to the intake-sill elevation. (b) Erosion of the

riverbank immediately upstream of the intake further exacerbated the problem

(Fig. 5-46). It caused the upstream river’s thalweg (deepest section) to swing out

away from the intake and then loop back to the intake entrance. This flow con-

figuration, together with flow separation from the upstream abutment of the in-

take structure, created a fairly large eddy zone immediately upstream of the in-

take entrance. At low river flows, the eddy, illustrated in Fig. 5-47, entrapped
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Figure 5-41. Continued.
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Figure 5-42. Huntly vane nose-pipe and main-pipe sleeve detail. Source:
Electricity Corporation of New Zealand (1993), with permission from Genesis
Energy.

Figure 5-43. Huntly vane, and pipe and pipe follower on barge outside the
intake. Source: Electricity Corporation of New Zealand (1993), with
permission from Genesis Energy.
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Figure 5-44. Conesville Station intake on Muskingum River, Ohio. Also
shown is the area encompassed by a hydraulic model of the intake site.
Source: Michell et al. (2006), ASCE.

Figure 5-45. View of the intake showing flow lines toward the intake at low
flow. Source: Michell et al. (2006), ASCE.
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Figure 5-46. View upstream from the intake, showing flow impinging on
upstream abutment and being deflected outward away from the intake.
Source: Michell et al. (2006), ASCE.

Figure 5-47. Sediment accumulation and ingestion caused by eddies shed
from an abutment upstream of the intake. Source: Michell et al. (2006), ASCE.



sediment and piled it up in the vicinity of the intake. During subsequent high

flows, sediment accumulated in the eddy region was stirred up, entrained in the

river flow, and ingested into the intake.

The specific discharge ratio (unit discharge of flow into the intake over unit

discharge of river flow past the intake) ranges from 0.1 for a river flow of 273 m3/s

to about 0.4 for a river low flow of 40 m3/s.

The solution, developed in part by studies in a 1:35 scaled hydraulic model

(Muste and Ettema 2000), included the following elements (shown in Figs. 5-48,

5-49, and 5-50): (a) Straightening of the river bank 68 m upstream of the shoul-

der wall of the intake structure; this eliminated the recirculation region and en-

sured that the flow passed directly along the face of the intake. (b) Installation of

a skimming wall at the face of the intake structure; construction details are shown

in Fig. 5-50. The wall helped dislocate the abutment eddies from the bed as indi-

cated in Fig. 5-51. (c) Installation of 13 submerged vanes arrayed in two rows

along the intake; construction details are shown in Fig. 5-49. The top elevation of

the downstream vanes was increased by 0.3 m above the top elevation of the up-

stream vanes. This was done to enhance the action of the downstream vanes to

compensate for the decrease in flow along the face of the intake. Finally, riprap

was placed at the base of the vanes to limit depth of local scour. This was done as

a precaution against excessive scour near the foundation of the intake structure.

A final test of this solution was conducted in the hydraulic model in which simu-
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Figure 5-48. Solution consisting of a set of 13 vanes, a skimming wall, and
realignment of bankline upstream of the intake. Source: Michell et al. (2006),
ASCE.
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Figure 5-49. Construction details regarding vanes: (a) plan, and (b) section.
Source: Michell et al. (2006), ASCE.

(a)

(b)

Figure 5-50. Construction details of a skimming wall, composed of sheet-
piles and steel H-columns. Source: Michell et al. (2006), ASCE.



lated debris (logs, branches, etc.) was introduced. The test showed that the vanes

were sufficiently submerged that debris entanglement would not be a problem.

The sediment control structures were installed during September, 2000

through February, 2001. All the work was accomplished with the station’s gener-

ating units in service and without the use of divers (i.e., all work was done above

the water surface). The work was performed in three phases.

The first phase consisted of straightening the riverbank upstream of the in-

take (Fig. 5-52). A 50-m-long section of the riverbank was regraded and provided

with gabion mats to allow the river to flow smoothly toward the face of the intake.

The second phase consisted of installing the submerged skimming wall in

front of the intake structure (Fig. 5-53). Wall alignment was maintained by con-

structing a temporary frame that extended above the water surface to guide the

wall elements into position. A barge-mounted vibratory pile hammer was used to

drive the sheet-pile wall sections to the design elevation. The sequence of work in

front of the intake structure was closely coordinated with plant operations per-

sonnel. When conditions permitted, local flow velocities near the vibratory ham-

mer were reduced by taking the adjacent intake pump out of service.

An unexpectedly high rock formation encountered in the bottom of the river

prevented driving several of the skimming wall sheet-pile elements to required

embedment. As a result, the design of the skimming wall was modified to incor-

porate rock socket soldier H-columns spaced approximately 2 m apart. The sol-

dier columns were to provide the necessary support to the sheet-pile wall so no

embedment was necessary for the sheet piles below the rock surface (Fig. 5-50).
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Figure 5-51. Action of a skimming wall to dislocate eddies from the bed.
Source: Michell et al. (2006), ASCE.
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Figure 5-52. View downstream toward the intake. The river bank upstream
of the intake was realigned to guide flow directly past the intake. Source:
Michell et al. (2006), ASCE.

The soldier columns were installed using the barge-mounted drilling rig to core

an opening with a diameter slightly less than the nominal diameter of the H-column.

The soldier columns were then driven into the holes to provide an embedment

ranging from 2 to 4 m. Following the installation of the skimming wall, the area

in front of the intake structure was dredged to remove excessive accumulations of

sediment to facilitate installation of the submerged vanes.

The third phase of the work included installation of the 13 vanes. The 3-m-

long vanes were made up of 0.15-m-thick precast concrete panels secured in place

between two 0.20-m H-columns (Fig. 5-54). Steel frames protruding above the wa-

ter surface were used as guides to ensure that the vanes were located and installed

correctly. The tolerance on the vane angle was �/�2 degrees.

As with portions of the skimming wall, at some vane locations rock formations

had to be core-drilled to enable installation of the support beam for the precast

concrete panel/vane. As mentioned earlier, rock mats were placed at the base of

each vane to protect the bed against excessive scour (Fig. 5-55). The mats were

placed before the vane panels were slid down the channels of the support

columns. The mats and vane panels were placed using a barge-mounted crane.

Once the vane was in place, the vane support beams were tied together on top for

stability, using a steel channel.



After only one year of operation, the solution produced immediate improve-

ment in terms of reduced maintenance costs and improved condenser perform-

ance. One year after installation, a survey was conducted of the river bottom. It

confirmed that the vanes are self-scouring and effective in keeping the sediment

moving downstream past the intake. After more than three years, there have been

no problems with sediment ingestion. The station no longer budgets funds to

dredge the river in front of the intake structure.

5.3.2 Gravel-Bed River

Kosi River, Nepal

Figure 5-56 shows a schematic plan of the area. The location is near Chatra, where

the Kosi River turns south toward the Ganges River in India. The performance of

the existing intake (for irrigation), shown at the center of the figure, was reduced
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Figure 5-53. Sheet-pile being driven into the bed to form a skimming wall.
Source: Michell et al. (2006), ASCE.
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Figure 5-54. Precast concrete vane panels being placed between H-pile
supports. Placement guides extend temporarily above the H-columns.
Source: Michell et al. (2006), ASCE.

Figure 5-55. Mat protection being placed at the base of the vanes.
Source: Michell et al. (2006), ASCE.



due to sediment depositions within and near the intake. Every year at the end of

the wet season, the existing intake became blocked with sediment and extensive

dredging was necessary (Fig. 5-57). Channel instability (braiding) was the cause of

the problem. The solution consisted of constructing a new intake 1.3 km upstream

closer to a stable (narrower) section of the river. Figure 5-58 is an upstream, pre-

construction view of the new intake site. Submerged vanes were installed in front

of the intake to maintain a deep channel between the intake and the deeper parts

of Kosi River and prevent bed material from entering the intake.

At the new intake, the water level varies from about 109 m at an extreme low

flow of 400 to 500 m3/s to about 113 m at an extreme high flow of 9,000 m3/s. At

the design low-flood flow of 2,000 m3/s, the water level is at 110.5 m, and at the
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Figure 5-56. Schematic showing old and new intake on Kosi River, Nepal.
Courtesy of J. Oosterman, DHV Consulting Engineers.
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Figure 5-57. Dredging at the old intake on Kosi River. Courtesy of
J. Oosterman, DHV Consulting Engineers.

Figure 5-58. Upstream preconstruction view of site of the new intake.
Courtesy of J. Oosterman, DHV Consulting Engineers.



design high-flood flow of 8,000 m3/s, the water level is at 112.7 m. At the average-

flood flow, the discharge is 4,300 m3/s and the water level is at 111.7 m. At this

condition the average-flow velocity on the left side of the river near the intake is

2 to 2.5 m/s. The slope of the water surface at the intake varies from about 0.0013

at the low-flood condition to about 0.0025 at the high-flood condition. The bed ma-

terial is broadly mixed (a mixture of pebbles, cobbles, and boulders; see Fig. 5-57).

The median diameter is about 30 mm.

The design calculation for the vane installation was based on the following

considerations: To ensure that the vanes are effective in generating a secondary

circulation of sufficient strength over the range of design-flow conditions (water

levels ranging from 110.5 m to 112.7 m), the top elevation of the vanes had to be

at 109.0 to 109.5 m. Since the average bed elevation in the vane area is about

107.8 m, vane height had to be H � 1.2 to 1.7 m. The length of the vanes must be

at least three times H (i.e., L � 3.6 to 5.1 m). The orientation of the vanes depends

on the direction of movement of the bed material and on the local bank configu-

ration. The available data suggest that the vanes’ angle with the average bankline

should be � � 20 to 25 degrees. A schematic section view is seen in Fig. 5-59.

The final design calculations are summarized in Table 5-4. The calculations

are for a vane system in which the vanes extend from elevation 107.8 m to 109.0 m,
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Figure 5-59. Schematic showing design parameters for the Kosi River vane
installation.



their spacing is 	n � 3.5 to 5.0 m and 	s � 30 to 40 m, and the vane-to-bank dis-

tance is 	b � 8 to 12 m. The calculations indicate that a vane system can be de-

signed for this site that will generate and maintain a near-bank channel with a

bed elevation 0.5 to 1.0 m lower than the average bed level (i.e., the bed in the

near-bank channel can be lowered to an elevation of 106.8 to 107.3 m). By in-

creasing the vane height so that the top elevation of the vanes is at 109.5 m in-

stead of 109.0 m, the bed level in the near-bank channel could be lowered to

about 106.3 to 106.8 m.

Figures 5-60 and 5-61 show the final vane layout and design. The design con-

sists of 35 vanes in arrays that are located about 30 m from the bank. The distance
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Table 5-4. Final design calculations for layout defined in Figs. 5-60 and 5-61.

Average Average Sediment Maximum
River Water water velocity, Water Froude Channel Vane bed level
flow level depth, uo surface number, resistance, submergence, change, �d
(m3/s) (m) do (m) (m/s) slope FD m T/do �d/do (m)

2,000 110.5 2.7 2.0 0.0013 3.7 4.3 0.5 0.2 0.5

3,000 111.0 3.2 2.5 0.0015 4.6 4.6 0.6 0.2 0.6

4,000 111.4 3.6 3.0 0.0017 5.5 4.9 0.7 0.2 0.7

5,000 111.8 4.0 3.4 0.0019 6.3 5.0 0.7 0.2 0.8

6,000 112.2 4.4 3.7 0.0021 6.8 4.9 0.7 0.2 0.9

7,000 112.5 4.7 4.0 0.0023 7.4 4.9 0.7 0.2 0.9

8,000 112.8 5.0 4.3 0.0025 7.9 4.9 0.8 0.2 1.0

Figure 5-60. Bed topography at the intake, with general layout of the vane
system.



from the reference line to the vane nearest the bank is 	b � 30 m. The longitudi-

nal spacing 	s is 40 m for the upstream vanes and 30 m for the downstream vanes.

The lateral spacing is 	n � 5 m. The vanes are set with a top elevation of 108.5 m

upstream and 109.5 m downstream. The length of the vanes is L � 6 m and the

vanes’ angle with the flow is � � 25 degrees. The foundation depth of the two

river-side vanes is at elevation 100 m. The foundation depth of the vane at the ap-

proach channel is at elevation 98 m.

The design vane-to-bank distance is larger than desirable. As a result, the bed

level in the approach channel may not be as low as calculated.

Another design concern was the stability of the bed topography. Although

the intake was moved to a section that historically had been relatively stable, dur-

ing design bank erosion was observed on the right bank of the section. Because

the section was located so close to the braided part of the river, there was a con-

cern that the pattern of scour and deposition at the section could change with

time, causing uncertainty about the long-term performance of the vane system.

Consequently, a recommendation was made to construct one or two submerged

weirs extending out from the right bank upstream of the intake structure. The

weirs would be 40 to 50 m long, angled upstream at about 45 degrees with the

flow lines, and would have a top elevation of about 108 m. The weirs would sta-

bilize the bank and bed topography on the right side of the channel and would

ensure that sufficient flow be directed toward the left channel. The recommen-

dation was not implemented.

A recommendation was also made to reshape the bankline immediately up-

stream of the new intake. The field data suggested that the protrusion of the bank

into the river at that point might be detrimental at certain stages by promoting

deposition in the area between the protrusion and the intake. At other stages, the
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Figure 5-61. Final design layout of the vane system in Kosi River. Courtesy
of J. Oosterman, DHV Consulting Engineers.



protrusion might act as a sediment deflector. A shaving of the bank back to the

reference line would create ideal approach-flow conditions for the intake. This

recommendation was implemented to some degree. A burial site at the protrusion

prevented full implementation.

Figures 5-62, 5-63, and 5-64 show the installation of vanes. A cofferdam was

built around the construction site and water inside it was pumped out. As indi-

cated in Fig. 5-62, a reinforced slab was poured to support each array of three

vanes. The slab, in turn, was supported by reinforced concrete diaphragm walls

extending to an elevation of 100 m. The upstream face of each vane was provided

with a steel plate to fender the impact of boulders. Figure 5-63 shows a completed

vane array. Figure 5-64 shows the same array as the water level starts to rise. Fig-

ure 5-65 is a downstream view of the vane system just as the water level reaches

the top of the vanes.

The installation took place in 1994–1995. The installation has performed well

ever since. Figure 5-66 shows a 2004 DigitalGlobe image of the site. The image

shows the river at extreme low flow, and the tops of the vanes are visible. The fig-

ure shows how the vanes are maintaining a near-shore channel toward the new in-

take. The vanes are “maintaining” a sandbar on the river side of the vanes—a

sandbar that without vanes would have been up against the shoreline and intake.

The vane system is seen to have reconfigured the bed topography over at least

15% of the channel width.
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Figure 5-62. Vane details, in plan and elevation view. Courtesy of 
J. Oosterman, DHV Consulting Engineers.
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Figure 5-63. Installation of vane system. View downstream, showing intake
on the left, the cofferdam on the right, and the slab with a set of three vanes
in the middle. Courtesy of J. Oosterman, DHV Consulting Engineers.

Figure 5-64. View downstream of completed vane installation in Kosi River.
The intake is on the left and the cofferdam on the right. Courtesy of
J. Oosterman, DHV Consulting Engineers.
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Figure 5-65. Vane installation in Kosi River. View downstream shortly after
completion, at extreme low flow. Most of the cofferdam has been removed.
At elevation 109.5 m, the tops of the downstream vanes are above the water
surface. Courtesy of J. Oosterman, DHV Consulting Engineers.

Figure 5-66. 2004 DigitalGlobe image showing low flow in Kosi River near
the intake. The image shows the vane system and intake. Flow is from top of
image. The vane system is seen to maintain a near-bank channel toward the
intake. The vane-induced sand deposit on the far side of the vane system is
also clearly visible. Courtesy of DigitalGlobe.



5.4 Stabilization of River Channel Alignment

Des Moines River, United States

Figure 5-67 shows bank erosion in the Des Moines River, Iowa, at River Mile (RM)

105.9. Two legs of a structure carrying power transmission lines are located about

10 m from the eroding bank. The concern is continuing erosion of the bank and

eventual undermining of the structure. Figure 5-68 is an aerial photo showing the

plan form of the river and the location of the structure relative to the plan form.

To properly design a bank stabilization structure at this site, a channel stabil-

ity analysis was conducted. The analysis was performed using data on Des Moines

River between Tracy at RM 130.4 and Ottumwa at RM 94.1. The data were ob-

tained from studies by the U.S. Army Corps of Engineers (1979), the U.S. De-

partment of the Interior (1995–2000), and Odgaard (1987; 1989b). The reach-

averaged, bank-full conditions are (Odgaard 1987): discharge, Q � 900 m3/s;

slope, S � 0.00041; top width, b � 176 m; flow depth, do � 4.8 m; average veloc-

ity, uo � 1.07 m/s; friction parameter, m � 3.1; and Froude number, FD � 10.1.

The approach is as described in Section 4.6. A review of the aerial photos of

the river upstream and downstream from the site indicates that the channel is clas-

sified as meandering. This is also confirmed by comparing Q and S with Leopold’s

and Wolman’s (1957) data plotted in Fig. 2-17. With b/do � 176/4.8 � 36.7, and

m � 3.1, and FD � 10.1, Fig. 2-20(a) yields a meander wavelength of � � 1,900 m.
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Figure 5-67. Bank erosion in Des Moines River, Iowa.



A meander pattern with this wavelength provides maximum overall channel

stability. This is the wavelength the channel would naturally adopt with time if the

flood-plain conditions were uniform throughout the reach (i.e., had uniform geo-

logical and surface-cover conditions).

The reach under consideration has relatively uniform flood-plain conditions

and thus should attain greatest stability at this wavelength (about 1,800 m). Indeed,

the three well-defined meander bends just upstream from the reach and the two

immediately downstream from the reach fit into a wave pattern with a wavelength

of about 1,800 m. Figure 5-69 shows a comparison of the ideal (most stable) me-

ander pattern [Fig. 5-69(a)] and the meander pattern of the reach under consider-

ation [Fig. 5-69(b)]. It is seen that in order for the reach under consideration to fit

into the stable wave pattern, the channel should have an eastward meander curve

at the site rather than a westward [Fig. 5-69(c)]. An eastward meander curve is also

apparent from the topography and vegetation, which suggests that it was the chan-

nel-plan form in the past. Figure 5-70 shows the eastward meander curve overlaid

on the 2000 channel. The stability analysis suggests that a westward meander curve

at the site, which appears to be emerging and causing the erosion problem, is not

naturally sustainable unless it is forced by some nonuniformity in the flood-plain

characteristics. The nonuniformity could be a rock outcrop, a heavy stand of trees,

a manmade structure, or some other obstructive feature.

A channel behavior like the one observed at this site (a meander curve devel-

oping in the “wrong” direction) was also observed at a site about one mile upstream

some time prior to 1964 [see Fig. 5-69(b)]. Sequential aerial photos show that the

upstream site is now returning to a more stable alignment, with a meander wave-

length of about 1,800 m. It is not known whether the return to a more stable align-

ment at that site was triggered by artificial means or whether it happened naturally.

A channel behavior like the one observed at our site (and the upstream site)

typically occurs when local, upstream flood-plain features (natural or manmade)

restrict the natural meandering process. In this case, the channel restriction at the

upstream meander curve could be the cause of the instability at the site. As the

flow moves around this curve, the channel narrows from about 180 m just up-
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Figure 5-68. Aerial view (2000) of Des Moines River at problem site.
Courtesy of U.S. Geological Survey.



stream from the curve to about 120 m just downstream from apex of the curve

(Fig. 5-71). This is a 30% reduction in channel cross section. The reduction in

width is manmade (a riprap embankment on the left bank). The reduction in

width causes a reduction in water-surface slope upstream of the curve and an in-

crease in slope downstream. The increase in water-surface slope downstream from

the curve, combined with the expansion of the channel cross section, sets the stage

for channel instability. The instability is clearly visible in the bed features seen on

the 2000 aerial photo. Some of the bed features are indicated in Fig. 5-71. Im-

mediately downstream from the constriction, the flow is decelerating, and a de-

148 RIVER TRAINING AND SEDIMENT MANAGEMENT WITH SUBMERGED VANES

Figure 5-69. (a) Ideal, most stable meander pattern; (b) current meander
pattern of reach; and (c) natural evolution of current meander pattern
toward greater stability.

Figure 5-70. Stable meander curve overlaid on the 2000 channel.



celerating flow is inherently unstable—meaning the flow can meander either way

or braid, as seen on the aerial photo. In such a reach it would take very little to

“swing” the flow one way or the other.

Thus, the stability analysis indicates that the bank erosion at the site should de-

crease with time. However, two factors work against this indication and suggest that

it could continue. First, the bank has been depleted of vegetation and is now more

erodible than the bank immediately upstream and downstream. Eddies and sec-

ondary currents will likely develop along this section of bank. As a result, a local cav-

ity may develop. This cavity would grow until eddies within it are slow enough to not

cause any more erosion. In fact, the aerial photos show evidence of the beginning of

such a cavity. Second, the island in the middle of the river upsets the flow pattern.

The island may cause local currents to be deflected straight toward the site. Both fac-

tors could be significant and could cause the bank at the site to erode at least an-

other 2 to 3 m before reaching equilibrium. Although the stability analysis suggests

that it is not likely that the bank will ever erode clear to the structure, the island may

induce an unpredictable (and unstable) meander development.

The solution derived from the stability analysis entails installing a flow de-

flector at the right descending bank at the point where the flow would naturally

move away from the right bank toward the left bank (Fig. 5-72). This solution
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Figure 5-71. 2000 channel. Taken from aerial photo taken October 9, 2000.

Figure 5-72. Proposed solution. Submerged vanes deflect bed load into
the western channel.



would reestablish stability and minimize overall bank erosion along the entire

reach. Submerged vanes would be ideally suited to act as a flow deflector. The

vane layout would be designed to reestablish the secondary current that would

naturally sustain the meander pattern. The vane system would ensure that at

medium and high flow a greater portion of the flow is diverted into the eastward

channel, the channel east of the big island. The result would be a gradual lower-

ing of flow velocities in the western channel by the eroding bank. The lower ve-

locity would promote deposition of sand in the western channel and reduce the

potential for continued bank erosion. The anchoring of the flow deflector would

require in situ studies.

It should be emphasized that it would not take a significant structure to trig-

ger the return of the channel to a stable alignment.

A phased construction would be appropriate. Phase I would include the in-

stallation of the vane system. The system would need to be laid out so that it pro-

vides the correct curvature to the current. The approach would be as described in

Section 4.2. Phase II would be implemented only if there is evidence of further

erosion damage at the site. Phase II would include the construction of small dikes,

hard points, or vanes along the eroding bank to help promote deposition in the

western channel. The stability analysis suggests that the Phase II measures would

be temporary measures that become redundant once the channel has returned to

its natural alignment. Implementation has not begun yet.
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CHAPTER 6

Summary of Design Guidelines
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The following is a brief summary of (a) typical dimensions, (b) primary design con-

siderations for different applications, (c) vane materials used so far, and (d) limita-

tions to vane use.

6.1 Typical Dimensions

Table 6-1 lists typical dimensions for vane design and layout. These dimensions

are based on experience obtained to date.

As indicated in Section 4.1, selection of the design depth of flow, do, is proba-

bly the most important step in the design process. The effectiveness of a vane sys-

tem is measured by the system’s ability to move bed load, and to reconfigure flow

and depth distribution and solve a river training or sediment problem, and at the

same time maintain or enhance channel and bank stability. This requires a care-

ful analysis of the relationship between stage, discharge, velocity, bed-load trans-

port, and bank material. Typically, calculations of vane design and layout are re-

quired for a range of stages or depths, and final design and layout are selected

among several alternatives.

The vane dimensions listed in Table 6-1 are only typical; site-specific condi-

tions may require adjustments to those dimensions. For example, if the bed ma-

terial is relatively fine, the angle of attack may have to be less than 10 to 20

degrees to avoid unacceptable local bed scour at the leading and trailing edges of

the vanes. If the angle of attack is decreased because the bed material is relatively

fine, the lateral and/or longitudinal spacing may have to be reduced to compen-

sate for the decrease in induced circulation. A reduction of lateral and longitudi-

nal spacing may also be necessary if vane height is limited due to navigation or

other activities on the river. Vane angle of attack would also be less than 10 de-

grees if the bend is sharply curved. Due to the significant skew of the vertical ve-

locity profile, with near-bed velocity vector strongly skewed toward the inside of

the curve, vanes in a sharply curved channel may have an angle of attack of less

than 5 to 10 degrees. The distance to bank or intake is also very dependent on lo-

cal conditions. This distance can only be finalized after a careful study of upstream



approach-flow patterns, in particular those along the bank immediately upstream

from the vane field. A stream stability analysis may be necessary to assess the sta-

bility of the upstream portions of the river. The result of such an analysis should

be considered in determining the location and configuration of the upstream

vanes relative to the bank. If necessary, measures must be taken to stabilize the up-

stream channel (revetments, submerged weirs). Natural (or manmade) slope of

bank is also an important consideration in determining vane-to-bank distance. As

a rule of thumb, there should be at least three vane arrays upstream of the section

to be stabilized.

Installation technique and tolerances are other variables that must be consid-

ered during design. Field experience shows that vane performance is maintained

at the desired level when the vanes’ angle of attack is within �3 degrees of the de-

sign angle and linear dimensions are within about 10% of the design dimensions.

6.2 Primary Design Considerations

The most common cause of local bank and bed instability is excessive scour and/or

deposition. The first step in determining whether vanes can solve the problem is

to estimate the vane design and layout required to change the bed configuration

to one that will ensure a stable channel reach.

In a river curve, a vane system consisting of arrays of two or three vanes lo-

cated close to the outer bank, designed to reduce depth and velocity along the

bank to cross-sectional average, would typically suffice. The aforementioned typi-

cal dimensions would serve as benchmarks or starters in the design process. De-

tailed design would proceed as described in Section 4.2.

In straight channels, stability is often achieved by making the vanes develop

and maintain a compound channel (i.e., a channel with berms along each bank).

In this case, vane height and the number of vanes per array are determined by the

cross section that provides the most stable low-flow and high-flow channels. Stable-

channel design considerations may be required. Detailed design of the vane in-

stallation would proceed as described in Sections 4.3 and 4.4.
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Table 6-1. Typical dimensions for vane design and layout.

Variable Dimension

Design depth of flow, do Application-specific (see Section 4.1)

Vane height, H 0.2–0.4do (typically 1–3 m)

Vane thickness 0.05–0.20 m

Vane length, L 3H
Lateral spacing, 	n 3H
Longitudinal spacing, 	s 10–30H
Distance to bank or intake, 	b 3H
Angle of attack, � 10–20 degrees



At water intakes and diversions, first step should be to locate the stream tube

formed by the separating stream surface and the bank line (Eq. 2-33). Ideally, the

innermost row of vanes would be located far enough away from the stream tube

that any bed load brought in suspension by the vanes will not enter the intake but

continue past it. If estimates (Eq. 2-34) show that the vanes are not able to prevent

bed load from entering the intake, a skimming wall should be considered. The

wall would be parallel with and at a distance from the intake, and the vane field

would be located outside the wall. For it to be most effective, the skimming wall

should be located such that the stream tube defined by the withdrawal rate lies

completely within the channel formed by the skimming wall and the bank line.

The wall would be attached (flared) to the river bank upstream of the intake. The

angle of the slanting section of the wall should not exceed 10 degrees. The vanes

should be placed on the riverside of the wall according to the aforementioned

guidelines for vanes alone.

If local considerations limit the outward extent of the skimming wall/vane sys-

tem, the skimming wall/vane system may fall within the stream tube. In this case,

specific discharge ratio determines whether a skimming wall is necessary. If spe-

cific discharge ratio is greater than 0.2, a skimming wall should be installed be-

tween the vanes and the intake. Optimum distance from the face of the intake

would be about 0.12 times the width of the intake opening, and the top of the wall

should extend above the intake sill by a distance of about 0.25 to 0.33 times the

diversion design flow depth. If the specific discharge ratio is greater than 0.3, con-

siderations should be made to widen the intake to bring the ratio down. Detailed

vane design would proceed as described in Section 4.5

When vanes are used for stabilizing a river channel alignment or for re-

meandering of a reach, it is important that the design be preceded by a channel

stability analysis. Such an analysis would consist of either a review of historical, se-

quential aerial photos of stable upstream and downstream channel reaches, or a

formal perturbation stability analysis, or both. The vane system would be designed

and installed to preserve the dominant wavelength measured on the aerial photos

or calculated by the stability analysis. The phase lag calculated would give the dis-

tance from the crossover point to the point where the first vane array should be

installed (the point of “first outer-bank erosion occurrence”). In the case of re-

meandering of a reach, the amplitude of the meanders should be determined

such that the water surface slope is, as much as possible, constant through the

reach and equal to the slope in the reaches immediately upstream and down-

stream of the reach. The channel-forming discharge will often be the same as

bank-full discharge; however, there are cases where a more comprehensive analy-

sis is required. Dominant wavelength, phase lag, and potential scour depth would

be estimated as described in Section 4.6.

Finally, it must be recognized that not all river training and sediment man-

agement problems can be solved by a submerged vane system alone. Many proj-

ects will require a combination of technologies. The Byron and Huntly projects

described in Chapter 5 required upstream flow training by submerged wing dams

to create appropriate approach-flow conditions for the vane system. A recently
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completed flow and sediment management project at El Kuraimat on the Nile

River, Egypt (Odgaard et al. 2006; Odgaard 2008) required, in addition to a vane

system, both groins and a riprap embankment in the upstream reach of the river.

This project was as much a problem of river channel stability as it was a problem

of sediment management. The groins and riprap embankment were constructed

to ameliorate a large-scale channel instability problem created some time in the

past, whereas the vane system (and skimmer wall) solved the near-field problem

of sediment control at a power plant water intake. In this case, the vane system

would not have provided a long-term solution to the sediment problem if the

channel stability problem had not been solved at the same time. The Nile project

is also an example of a project where boundary conditions were too complex for

a design by simple analytical calculations. The design required both numerical

and hydraulic model studies.

6.3 Typical Vane Materials

So far, the prototype vane material has been either wood, sheet piling, or con-

crete. In the West Fork Cedar River and Feng-Shan installations, the vanes were

constructed from sheet piling (Figs. 5-21 and 5-26). Sheet pile vanes were also

used at Missouri River installations, the most recent of which is the Cooper Nu-

clear Station installation completed in 2006 (Figs. 6-1, 6-2, and 6-3), and at

Kureimat Power Station on the Nile River, Egypt completed in 2007 (Fig. 6-4).

The vanes in the East Nishnabotna River consist of planks supported by H-piles

(Fig. 6-5). In the Kuro River (Fukuoka 1989; Fukuoka and Watanabe 1989), the

vanes were constructed from round wood poles (Fig. 6-6). In these cases, the vanes

were essentially flat-plate designs. Such a design is effective as long as vane thick-

ness is small compared with vane length and height. Because of the angle of at-

tack, the flow separates at the leading edge of the plates, and local scour occurs.

The Kuro River vanes are provided with a relatively large-diameter circular column

at the leading edge of the vanes. According to Fukuoka and Watanabe (1989), this

column reduces local scour and results in somewhat higher efficiency, as measured

by the amount of sand accumulated per vane. This is probably because the rounded

nose reduces the size of the separated zone. The leading edge on the East Nish-

nabotna vanes is a 20-cm-wide flange on the H-piles supporting the vanes. This

flange produces considerable separation and local scour and, obviously, inhibits

the generation of circulation.

In many installations the vane material is reinforced concrete. Examples in-

clude vanes installed in the Kosi River in Nepal described earlier (Fig. 5-63). As

mentioned earlier, the vanes in Kosi River are built (in threes) onto a slab, which

in turn is supported by reinforced concrete diaphragms that extend into the river

bed. The vanes in the Muskingum River are vertical slabs supported by H-piles

(Fig. 5-54). In a number of installations, the vane is shaped as a double-curved foil

with a twisted rear edge and a rounded nose (Fig. 1-19). Examples include the

vanes installed in the Wapsipinicon (Fig. 5-9), Maquoketa, Cedar, and Rock Rivers
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Figure 6-1. Vane installation at Cooper Station, Missouri River. The photo
shows a barge-mounted guide for vane alignment near the face of the
intake (left). Flow is from top left. Courtesy of Rhoël M. Tierra, Nebraska
Public Power District.

Figure 6-2. Vane installation at Cooper Station, Missouri River. Sheet-pile
vanes are being installed along the guide for vane alignment. Flow is from
left to right. Face of intake is at bottom of photo. Courtesy of Rhoël M. Tierra,
Nebraska Public Power District.
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Figure 6-3. Vane installation at Cooper Station, Missouri River. Following
alignment along the guide and minimum penetration into the bed (Fig. 6-2),
all sheet-piles are driven to final elevation using a vibratory driver. View
toward face of the intake. Courtesy of Rhoël M. Tierra, Nebraska Public
Power District.

Figure 6-4. Vane installation at Kuraimat Power Station, the Nile River,
Egypt, 2007. Photo shows sheet-piles being driven in a template that
controls vane orientation. Intake is in the background of the photo. Courtesy
of Adnan M. Alsaffar.
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Figure 6-5. Vanes in East Nishnabotna River, Iowa consist of vertical planks
supported by H-piles. They are prevented from floating by anchor plates on
the flanges of the H-piles.

Figure 6-6. Vanes in Kuro River, Japan, constructed from round wood
poles. Source: Fukuoko (1989), ASCE.



in the United States and in the Waikato River in New Zealand (Fig. 5-41). Figures

6-7 and 6-8 show the installation of such vanes in Clear Creek, Iowa. The shape

of these vanes was developed in laboratory tests (Figs. 1-16, 1-17, 1-18, and 1-19).

The rounded nose is designed to reduce separation and minimize the impact

forces of ice and debris at low flow. The twisted shape occurs as a result of a down-

ward increase in the camber of the vane. This increase in camber is designed so

that a certain (elliptical) circulation distribution is maintained along the height of

the vane. As the camber increases toward the bed, the effective angle of attack in-

creases. This increase compensates for the decrease in flow velocity near the bed

from bed friction, and the resulting circulation distribution is nearly the same as

that associated with a thin, flat plate in a uniform velocity field (Odgaard and

Spoljaric 1989). Thus, the shape of the vane produces a nearly ideal circulation

distribution, despite the fact that the vane is located in a boundary layer. This fea-

ture of the vane, and its sturdiness, are the main advantages of the twisted design.

The vanes are supported by piles driven into the riverbed (Figs. 6-7 and 6-8).

Typically, the piles are H-piles that fit inside a circular or square cut-out of the

vanes. In some designs, the H-pile has a pipe section at the top and the vanes are

sleeved, as shown in Fig. 6-9. Once the H-pile is driven to design elevation, the

vane is slipped over the pipe connection and locked into the proper orientation.
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Figure 6-7. Vane installation in Clear Creek, Iowa. The vane is slipped over
an H-pile that fits inside a circular cut-out of the vane. Courtesy of Robert
DeWitt, River Engineering International.
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Figure 6-9. Top view of sleeved vane. Courtesy of Robert DeWitt, River
Engineering International.

Figure 6-8. Vane installation in Clear Creek, Iowa. Once aligned correctly,
grout is poured into the cut-out. Courtesy of Robert DeWitt, River
Engineering International.

In some installations, a nose pile is also provided (Fig. 5-41). The nose pile is

driven to sufficient depth that it can prevent the vane from being misaligned by

side load. The nose pile is also designed so that it can be pulled out and reinserted

in case the vane alignment needs to be adjusted. Nose pipe and main pile with

pipe connection are shown on the vane sculpture in Fig. 6-10.



It is likely that other materials and designs can also be used. As was mentioned

in the Introduction, Odgaard and Kennedy (1983) have suggested that rows of

dumped rock with steep side slopes may achieve much the same result, although

more and longer vanes of this type would be required because of the smaller trans-

verse force per unit area that would be exerted on them. This solution could be

attractive, either in itself or in combination with shaped or plane vanes, in deep

water where pile driving is difficult. The design guidelines developed herein do

not apply to rock vanes.

6.4 Limitations to Vane Use

As mentioned several times throughout, vane systems can and should be designed

to provide flow adjustments that are sustainable. This objective implies certain

limitations on design and use. A sustainable adjustment is one that does not cause

any significant change in energy grade line. A change would compromise the

channel stability and ecosystem. Sustainability limits the total number of vanes rel-

ative to the size of the river, and thus puts a limit on what a vane system can ac-

complish in terms of river training and sediment management. However, both

calculations and measurements in laboratory and field show that even if the num-

ber of vanes required to accomplish a certain river training job is relatively large,

the effect on grade line is often insignificant.

There are practical limitations on the size of vanes and the depth of flow

where they can be installed. The limitations are defined by the requirement that
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Figure 6-10. Vane display at Huntly Power Station, New Zealand, showing
details of nose pipe and main H-pile with pipe connection. Source: Electricity
Corporation of New Zealand (1993), with permission from Genesis Energy.



vane height must be between 0.12 and 0.48 times the design flow depth for op-

timum or near-optimum performance. In installations so far, effective vane height

has varied from less than 1 m in rivers in the midwest of the United States to

5.3 m in the Muskingum River, Ohio. The Kosi River vanes are 3 m tall, sitting

on a horizontal slab (Figs. 5-62 and 5-63); however, the lowest 1.5–1.8 m of the

vanes was designed to be below average bed level. Theoretically, there is no rea-

son why vane height could not be larger than 5 m. For larger vanes, constructabil-

ity and installation are the limiting factors. If taller vanes are required, consider-

ations may be given to use of rock vanes instead, or a combination of rock vanes

and foil-type vanes.

Vane use for bank protection is limited to banks with flow-induced bank fail-

ures (i.e., failures due to excessive bank shear stress). Vanes are not effective in

preventing failures due to other mechanisms such as piping and over-bank flow.

If the failures are flow-induced, vanes provide protection by reducing near-bank

depth and velocity to cross-sectional average values. Vanes cannot prevent bank

failures associated with natural channel degradation. When a channel degrades,

bank height increases and the bank may become structurally unstable. However,

in this case, vanes may help retain the slumped bank material at the toe of the

bank and help the bank establish and maintain a new equilibrium slope.

For development and maintenance of a navigation and/or flood-flow con-

veyance channel, vane height and the number of vanes control what depth can

be achieved. Maximum achievable depth is determined from continuity and mo-

mentum equations given the vane height and the required width of the naviga-

tion or flood-conveyance channel. Since vane height and the number of vanes

are subject to the aforementioned sustainability criterion, there is an associated

limit on the width and depth that can be achieved of the navigation or flood-

conveyance channel.

For sediment control at water intakes, the main limitation is also associated

with the requirement of sustainability. The objective is to create a near-shore

channel with sufficient flow and depth that bed-load bypasses the intake with no

chance to enter to intake. A localized cluster of vanes designed to achieve this ob-

jective has the potential for upsetting the overall channel stability. Although in

most cases the number of vanes is so small that the impact on the channel dy-

namics is insignificant, a channel stability analysis is always recommended.

In all applications, there are limitations due to other factors besides channel

stability. Navigation requirements, ecosystem vulnerability, and aesthetics may

limit vane height and/or extent of the vane system. The same would be the case

when the river is used for recreational activities such as boating and water skiing.

The ultimate indicators of a successful design are that it enhances the river and its

environment and facilitates sustainable developments around the river.
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maximum bed-level changes, 83
resistance parameter at low flow and high

flow, 82
solution strategy, 81
vane combinations, values for, 84
vane system design, 79–81

design steps, 71–73
design-flow conditions, determining,

71–72
design-flow variables, determining, 72
final channel stability analysis, 

conducting, 73
vane dimensions, selection, 73

river bank, stabilization of, 73–76
average velocity at design flow, 73
design alternatives, specifications for, 75
design limitations, 75
resistance parameter, 73

river bed, stabilization of, 76–79
design alternatives, specifications for, 79
resistance parameter, 76
vane length and angle of attack, 77–78

river channel alignment, stabilization of,
85–88

bank-full channel characteristics, 85
dominant meander-wave length, 86
river reach with braiding tendencies, 85
scour depth, maximum, 87
vane array, installation, 87–88

sediment control at diversion/water intake,
81–85

bed elevation in near-shore channel at
downstream end of intake, 84–85

depth increase in near-shore channel, 83
discharge in near-shore channel, 84

flow situation schematic, 81
vane combinations, values for, 84
vane height, selection of, 82–83

Design graphs, 43–46
Design guidelines, summary of, 151–161

design considerations, primary, 152–154
channel stability analysis, 153
straight channels, 152
stream tube, location of, 153
vane design, estimation, 152

dimensions, typical, 151–152
design depth of flow, selection of, 151
installation technique, 152
vane dimensions, 151–152

vane materials, typical, 154–160
concrete, reinforced, 154–158
H-piles, 158
nose pile, 158
sheet pilings, 154

vane use, limitations to, 160–161
bank protection, 161
sustainability requirement, 161
sustainable adjustment, 160

Design objectives, 28–43
river bank, stabilization of, 28–34

design variables, primary, 33
secondary flow, 29
vanes installation, 32
velocity and dept, estimation, 30–31

river bed, stabilization of, 34–35
compound channel, 34

river channel alignment, stabilization of,
38–43

braided channel, 39
gravel-bed beams, equation for, 40
meander wavelength and phase lag, 42
skimming wall, 39
stability analysis, 41

sediment control at water intake or
diversion, 35–38

design variables, primary, 35



Design objectives (continued)
sediment barrier, construction of, 38
sediment exclusion, 37
vanes, alternative placement of, 36

Field installations, 89–150
gravel-bed river, 103–107

Feng-Shan Creek, Taiwan, 103–106
sand-bed rivers, 89–103

East Nishnbotna River, United States,
89–96

North Fish Creek, United States, 100–103
Wapsipnicon River, United States, 96–100

river bed/compound channel, stabilization
of, 107–114

West Fork Cedar River, United States,
107–113

river channel alignment, stabilization of,
146–150

Des Moines River, United States, 146–150
sediment control at water intake/diversion,

114–150
Cedar River, United States, 114–118
Kosi River, Nepal, 136–145
Missouri River, United States, 121–123
Muskingum River, United States, 125–136
Rock River, United States, 118–121
Waikato River, New Zealand, 123–125

Flow equations and solutions, 25–28
flow and sediment parameters, basic, 27
vane parameters, basic, 27
vane-induced stress distribution, 25

Laboratory validation tests, 47–69
movable-bed curved and straight channels,

54–61
curved-flume tests with vanes, 55–58
vane system in curved, strate and

recirculating laboratory channels, 54
velocity and depth distributions, 56–58

movable-bed sharply curved channel, 61–62
vane configuration tests, criteria for

evaluation of, 62
movable-bed straight channel with diversion,

62–69
flow velocities, 63
optimum design configuration for vanes

in sharply curved channel, 62

sediment transport rate, 63–64
skimming wall, layout of a, 66
vane performance, enhancements to, 67
vanes at diversion entrance, 64
vanes, upstream interception layout of, 65

rigid-bed channel (proof of concept), 47–54
depth-averaged velocity distributions, 53
proof of concept tests, 47
vane arrays in a rigid channel, 

layout of, 52
velocity distribution downstream from

single vane, 50
velocity distribution from downstream

from single vane, 48
velocity distribution within and outside a

vane field, 52
velocity-contour plots, 49

River channel flow, sustainable adjustments to,
16–17

channel stability analysis, 17
US Army Corps of Engineer’s bend-way

weirs, 16

Sediment management, 1–9
design developments, 7–16

bank, erosion, mitigating, 10
vane-induced secondary current, 9–10
shoaling problems, 10–12

rock vanes and bend-way weirs, 14–16
submerged vanes, 5–2
submerged-vane technique, 1, 5–22

flow redistribution and sediment
transport, 5

installation, 6
vane installation, cost of, 1–5

vane profile, 13–14
Single vane, 19–22

vane-induced vortex, 19–20

Vane arrays, 24–25
impact on a channel’s energy slope,

calculation, of 25
Vane pair, 22–24

bed profile, change in, 23
circulation induced, 23
vortex interference, effect on circulation

23–24

170 RIVER TRAINING AND SEDIMENT MANAGEMENT WITH SUBMERGED VANES



About the Author

171

A. Jacob Odgaard is Professor of Civil and Environmental Engineering at the

University of Iowa and Research Engineer at IIHR-Hydroscience and Engineer-

ing. He is also a former Associate Dean for Research and Graduate Studies in the

College of Engineering, University of Iowa. Prior to coming to the United States,

he was Senior Research Engineer at the Danish Hydraulic Institute. His expertise

includes environmental fluid mechanics, river mechanics, hydraulic structures,

and hydraulic modeling. In 2001, he received the Hydraulic Structures Medal

from the American Society of Civil Engineers (ASCE) in recognition of his inno-

vations in experimental and engineering design. Previous honors include ASCE’s

Karl Emil Hilgard Hydraulic Prize, and being named Editor and Associate Editor

of ASCE’s Journal of Hydraulic Engineering. He is a Fellow of ASCE and a registered

Professional Engineer in Iowa. His consulting activities span the globe. He is also

an FAA-certified flight instructor and captain in the Civil Air Patrol.


	Contents
	Preface
	Acknowledgments
	Notation
	Chapter 1. Introduction
	1.1 Objective
	1.2 Concept
	1.3 Developments
	1.4 Sustainability

	Chapter 2. Theory
	2.1 Airfoil Analogy
	2.2 Flow Equations and Solutions
	2.3 Design Objectives
	2.4 Design Graphs

	Chapter 3. Laboratory Validation Tests
	3.1 Rigid-Bed Channel (Proof-of-Concept)
	3.2 Movable-Bed Curved and Straight Channels
	3.3 Movable-Bed Sharply Curved Channel
	3.4 Movable-Bed Straight Channel with Diversion

	Chapter 4. Design Calculations
	4.1 Design Steps
	4.2 Stabilization of River Bank
	4.3 Stabilization of River Bed
	4.4 Stabilization of Compound Channel
	4.5 Sediment Control at Diversion/Water Intake
	4.6 Stabilization of River Channel Alignment

	Chapter 5. Field Installations
	5.1 Stabilization of River Bank
	5.2 Stabilization of River Bed/Compound Channel
	5.3 Sediment Control at Water Intake/Diversion
	5.4 Stabilization of River Channel Alignment

	Chapter 6. Summary of Design Guidelines
	6.1 Typical Dimensions
	6.2 Primary Design Considerations
	6.3 Typical Vane Materials
	6.4 Limitations to Vane Use

	References
	Index
	D
	F
	L
	R
	S
	V

	About the Author



