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CONVERSION FACTORS, NON-SI TO SI (METRIC)
UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI (metric) units as follows:

Multiply By To Obtain

cubic feet 0.02831685 cubic metres

Fahrenheit degrees 5/9 Celsius degrees or kelvins”
feet 0.3048 metres

square feet 0.092290304 square metres

* To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, use the following
formula: C = (5/9) (F - 32). To obtain kelvin (K) readings, use: K = (5/9) (F - 32) + 273.15.
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AN INFORMAL MONOGRAPH ON
RIVERINE SAND DUNES

I. INTRODUCTION

The formation and behavior of sediment waves produced by moving fluids
(principally water and air) are, in equal measure, intellectually intriguing; of great
engineering importance; and aesthetically engaging. Because of the central role they play in
river hydraulics, fluvial ripples and dunes have received extensive analytical attention from
engineers for at least the past two centuries (e.g., Sainjon's 1871 publication, cited by
Leliavsky (1955); and Du Buat's 1786 work, cited by Graf (1971)); and even more
intensive descriptive study for even longer from geologists (formerly, before this age of
specialization, known as natural philosophers). A comprehensive review and assessment
of the resulting body of literature would be far beyond the scope of this investigation.
Indeed, such an effort would be a scholarly enterprise requiring many years--perhaps a
whole career--of effort by one versed in subjects ranging from descriptive geomophology
to mathematical theory of autocorrelation analysis. The review reported here was limited to
the analytical aspects of riverine bed forms, principally large dunes and bars--those of
sufficient size to interfere with navigation and other uses of rivers. Herein these are
referred to collectively by the geological term "megadunes.” Attention is focused on the
mechanics of megadune formation, and the geometrical and kinematical characteristics of

the resulting bed forms.

The modern, and far more successful, era of bed-form analysis was initiated,

without question, by the work of Exner (1925), which brought (unknowingly) small-
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perturbation stability theory to bear on the problem. A second rebirth of the subject was
brought about by Nordin and Algert's (1966) application of time-series analysis (also
referred to as autocorrelation analysis, or spectral analysis) to the description and analysis
of fully developed bed forms. Accordingly, this study was limited to Exner's (principally
because of its historical importance) and subsequent developments; i.e., to the period since

1925.

The principal objective of the study was to ascertain if it is now possible to make
reliable predictions of the conditions (combination of flow, fluid, and sediment properties)
under which megadunes will form; and of the lengths and heights of the resulting bed
forms. By way of preview, the answers turn out, unfortunately, to fall somewhere

between "no" and "very approximately.”

Chapter II of this report summarizes and critiques the principal publications on the
subject, divided into three categories: analytical (principally stability-theory) models;
empirical relations resulting from dimensional and other types of analysis of field and
laboratory data; and statistical (principally time-series or spectral) models. Chapter III is
given over to a discussion of the current status of the problem, and summarizes what is
known and reviews the major stumbling blocks to further progress. In Chapter IV a new
equation, based on a somewhat unconventional theory, for dune height is developed.
Verification of five of the leading empirical dune-height relations is presented in Chapter V.
Chapter VI recommends a new approach to dune management, and the summary and

conclusions are presented in Chapter VIL.

The following considerations, which are somewhat philosophical in nature, may be
helpful to the understanding of the analyses reviewed below, and to appreciation of the

difficulties encountered in analysis of sedimentary bed forms. First, it should be borne in
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mind that bed forms are the result of an instability that is inherent in the flow, or more pre-
cisely stated, in the interaction of the flow with the bed. There appear to be at least two
types of instability. The first, which occurs at relatively low Froude numbers, is an
instability that originates at the flow-bed interface, and is present also in the case of very
deep flows and flows without free surfaces (e.g., sediment-transporting flows in closed
conduits). It produces ripples, dunes, and bars.” The second principal type of instability
results from an interaction between standing waves on the water surface and the bed, and

produces antidunes. The latter type of instability will not be considered further herein.

The first instability--the one that produces ripples, dunes and bars--is, in certain
limited respects, similar to that which produces turbulence in fluid flows. Each occurs only
over a limited range of conditions. For other conditions--sufficiently low or high sediment-
transport rates for bed forms; sufficiently low Reynolds number for turbulence--the flows
are stable, resulting in a flat sediment bed and laminar flow, respectively. Both turbulence
and bed forms can be prevented for flows in the ranges of instability, provided almost
heroic measures are taken to prevent the flow and/or bed surface from becoming even
slightly disturbed. Any disturbance rapidly amplifies, and equilibrium turbulence or bed
forms soon emerge. Bed forms and turbulence both are comprised of a range of fre-
quencies, and there is flux of wave content among the components of different frequencies.
In the case of turbulence, the flux is from the lower frequencies (big eddies), at which the
turbulence is generated, to the higher frequencies, where the turbulence energy is
dissipated. Bed forms, on the other hand, are generated at the higher frequencies (shorter
wavelengths), which merge (due to the frequency dependence of celerity) to form waves of
lower frequency which are dissipated by the flow (Jain and Kennedy 1974). Both bed

forms and turbulence in their fully developed state are characterized by equilibrium

* The nomenclature utilized herein is that adopted by the ASCE Task Committee on Bed Forms in Alluvial
Channels (1966).



distributions of frequencies. For turbulence, the equilibrium spectral content varies as £-3/3
(f = frequency), over the equilibrium range of the well known Kolmogoroff spectrum.
Equilibrium-range bed-form spectra vary as f-3 (Jain and Kennedy 1974; see also papers

cited therein for further description of frequency content of bed forms).

Finally, and perhaps most important, is the fact that both turbulence and bed forms
are an inherent characteristic or property of most flows of engineering interest in their
respective fields. Either can be suppressed, but only over short distances or times, and
only by extraordinary measures (e.g., turbulence suppression by flow constrictions like
those found upstream of wind-tunnel throats). Both have decidedly good effects, and
without them Earth would be a far different place. Without turbulence, it could not, for
example, support life as we know it. Without bed forms, river stages would vary much
more widely with rising and falling discharge, thereby exacerbating flooding and

navigation problems.

Both turbulence and bed forms present engineering with formidable problems.
Because the underlying instabilities cannot be avoided, both turbulence and bed forms, and

the untoward effects they produce, must be allowed for and managed to the extent possible.



II. SUMMARIES OF RESULTS

. This review presents the significant results of the

principal studies in summary form. The studies are divided into three categories according
to the approach followed: analytical, empirical, or statistical. The studies are presented in
chronological order in each category. Each summary utilizes the mathematical symbols
and, as appropriate, some of the sketches appearing in the source reference. The source-

reference figure numbers and figure captions are retained.

B. Analytical Models. Eleven studies of this type were reviewed, starting with the
classical study of Exner (1925).



B.1. Exner (1925) (source reference: Leliavsky (1955)).

Basis of theory

1. "Erosion" equation (sediment-continuity and sediment-transport relations).

Q_n_ =g iv_ (1)
ot ox
2.  Fluid continuity.
b(z-n) v = Q = const. (2)
3.  Fluid momentum
_8_v+v8_v+kv_y+_1_§;3= 3)
gt ox p ox

Principal results and observations

1.  Combining (1) and (2) yields

mn___M om

- 4
ot (z-n)?ox “)

after neglecting gﬁ General solution of (4) is
X



Mt

z-n =5l )
For initial profile ng att =0
No=Ag+Ajcos ax (6)
bed profile at time t is
N =Ag+ Ajcos afx - Mt ] @)
(zM)?

These profiles are shown for different t in Fig. B.1.2. Their celerity is

c= M
(z-n)?

(8)

and their amplitude remains constant.

Including effects of fluid dynamics, by combining (3) with (1) and (2) yields,

after linearization,

?2n 9
oM 9 M g9, 9
2 Maxor o ok ®)

For 1o given by (6), bed profile at any t is

k .
N=A,+Aje -G cos afx - 1%(l%-j)t] (10)



If friction is neglected (k = 0) in (10)

N =Ag+Ajcos ofx- (VE + N2/4 t]. (11
"Velocity of the bank movement" given by (10) is
=5 G- (12)
c increases with k (i.e., with decreasing wavelength, A).
If friction is included, wave amplitude decreases as waves move downstream.
For zero friction, amplitude remains constant but waves distort as they move

(see, e.g., figure B.1.2).

Because formulation is quasi one-dimensional, analysis is limited to very long

bed forms (i.e., dunes and bars; not ripples).
No relations for wavelength or height of bed forms result from this analysis.

Analysis is noteworthy as first of stability type analyses, and for laying

groundwork for most future analyses of this genre.

Exner extended analysis to include effects of variation of channel width.



Figures

Frc. 12. Key-dingram for Professor Exner’s notation.

Figure B.1.1.

F1g. 13. Professor Exner's mathematically derived dune profile.

Figure B.1.2. Profiles at different times given by (9) and (10).



Notation

Some notation is defined in the figures.

Ag Al = defined in (6)
b = channel width
E = €g
f = any function
g = gravity acceleration
j = funcdon of ot and k; 0 < % - j <k/2, depending on A.
k = coefficient in linearized friction term

I

b

N = gQ/bvi1 -Vm
p = pressure
Q = discharge
t = time
v = local mean (depth-averaged) velocity
Vm = average velocity over whole flow
a = 2n/A
Y = component of fluid weight along channel
€ = "erosion coefficient"
A = wavelength
p = fluid density

10



B.2. Anderson (1953).

Basi h

1. Sediment continuity.

QL + n =0 (N
ox ot
2. Sediment-transport relation.
Q' = vku(x,0) (2)
3. Potential-flow description of stationary water-surface waves of sinusoidal

form on flow over a sinusoidal bed (see Fig. B.2.1)

4. Karman's logarithmic velocity distribution is used to estimate u near the

bed, which is required to obtain Q' from (2):

u= %-g U (3)
Principal results and observations
1. Bed profile is given by
__2a . 4
N =<5k mh St Bt cos (mx - ft) 4)

where

11



vk Um cosh mh 5
7 sinh mh )

L.

Wavelength relation is obtained by equating amplitude given by (4) with sin
Bt = 1 to that for equilibrium flow over a sinusoidal bed:

2 gh 1

mh(tanh mh - FrpSTE = U2~ F2 (6)

Verification of (4) is presented in Fig. B.2.2.

Bed-form celerity is obtained by substituting (3) into (2), and then the

resulting expression for yk into (5):

Cm coth mh G %)

C= E— =
m 2’YgB‘/§

Observations:

(a) Anderson did not allow for movement of bed forms in formulation of
the velocity potential. His formulation actually is for moving bed
waves passing under stationary water waves. This gives rise to sin ft

term in (4).
(b) Wavelength relation is obtained by equating maximum amplitude

reached by bed form migrating under stationary surface waves to bed

amplitude which produces stationary surface waves of fixed amplitude

12



a. Setting sin Bt = 1 in (4) is not warranted, and good agreement

shown in Fig. B.2.2. is considered almost fortuitous.

(c) Form of celerity relation is generally correct, with ¢ increasing with

decreasing A and increasing G.

13
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Notation

Some notation is defined in the figures.

B = 8.5 +5.75 log y/dg

c = bed-form celerity

C = Chezy coefficient

dg = sand size

Fr = Froude number

G = total volumetric sediment discharge per unit width
= 2n/A

= volumetric discharge, per unit width, of sediment participating in bed-form

migration
t = time
ux,y) = horizontal velocity at (x,y)
U = mean velocity
B = cm = temporal frequency of bed forms
Yg = bulk specific weight of bed sediment
Yk = constant, equivalent to Exner's "erosion coefficient"
A = wavelength

15



B.3. Kennedy (1963)

Basis of theory
1. Potential-flow formulation of free-surface flow over a sinusoidal bed

moving downstream with celerity Uy, (see Fig. B.3.1.).

2. Sediment continuity

a—G +B Qn =0 (1)
ox ot
3. Power-law sediment transport relation, with phase shift &
n
G(x,t) =m [_&_@_ (x-9, - d,t)} (2)
ox
4. Assumption that observed bed forms are those with wavelength that

produces fastest amplitude growth; i.e., those for which

d2a
e 2z () 3
dtok )

Principal result and observations

I. Wavelength relation is (see Fig. B.3.2)

U2 1 + kd tanh kd + k& cot k&
F2=—7= 4)
gd  (kd)2 + (2 + k& cot kd) kd tanh kd

16



Bed-form celerity for wavelength given by (4) is

U __’nék[ sinh 2kd + 2kd
Y= 2B | sinh2kd - jkd cotjkd - 1

] cos jkd (5)
Analysis yields mathematical basis for classification of bed forms (see Fig.

B.3.3).

Observations:

(a) Phase shift § between local sediment discharge and local near-bed
velocity is of central importance to the theory. Such a phase shift
unquestionably exists, but it has not been well formulated. In actuality,
this phase shift includes: phase shift between local bed elevation and
local near-bed velocity; phase shift between local bed elevation and
local bed shear stress; "adjustment distance” of local sediment-transport
rate to local flow conditions; and gravitational effect of local bed slope

on local sediment discharge.

(b) This is a linearized (small wave amplitude) theory, and therefore is

likely of limited value in analyzing fully developed bed forms.

17
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Notation

Some notation is defined in the figures.

a = bed-form amplitude

B = bulk specific weight of bed sediment

d = mean flow depth

F = Froude number

G = sediment discharge per unit width, on a weight basis

G = average (along channel) value of G

j = d/d

k = 2n/L

L = wavelength

nm = constants in sediment-discharge relation
t = time

Up = bed-form celerity

X,y = space coordinates

) = phase shift between local sediment discharge and local near-bed velocity
nx,t) = bed elevation

0] = velocity potential

20



B.4. Kennedy (1969)

This review article presented further development and interpretation of Kennedy's
(1963) theoretical model. The principal elements of Kennedy's theory are depicted in Fig.
B.4.1. Corrections to the theory made by Reynolds (1965) were included, and the resulting
revisions to the predicted conditions for occurrence of different bed forms were made. The

principal new development, outlined below, was a predictor for heights of bed forms.

Basis of theory

1. Modification of Kennedy's 1963 theory gives bed-form celerity as

U 1 -F2kd tanh kd
U - Uc tanh kd - F2kd

Up = (Tw/B)nk (1)

2. Average sediment discharge in bed-form migration is
3 L
Ty =(Up/L)ay [ (1 + sin kx)dx = Upag (2)
0

1. Revised diagram for occurrence of different bed forms, given in Fig. B.4.2.

2. Limiting wavelength relations were modified in accordance with Reynolds'

(1965) findings, with results shown in Fig. B.4.3. Kennedy's basic

wavelength relation ((4) of Section B.3) remained unchanged.
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3. (1) and (2) yield the following relation for ripple steepness

2a9 _ B U - U¢ tanh kd - F2kd
L "nr U 1-F2kd tanh kd

3)

Good agreement was obtained between the bed-wave-steepness relation and

flume data for flows over coarse beds (see Table B.4.1).
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Notation
Most of the notation in this paper is the same as in Kennedy's 1963 paper (see

B.3). New notation is as follows:

ao = equilibrium amplitude of bed forms

Ty = average sediment discharge in migration of the bed forms
Ue = critical velocity for initiation of sediment motion

B = ratio of bed-load discharge to suspended-load discharge
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B.5. Hayashi (1970)

Basis of

1. Hayashi modified Kennedy's (1963) theory by adopting a slightly different

transport relation, which takes account of the effects of bed slope on sediment discharge:

0 -9, 4
T(x,t) = m[l + o _ﬂ_(_)_‘é__éﬁ] [q)x(x -9, -d,t)] (1)
X s
1. Modified criteria for the conditions of occurrence of different bed forms
were obtained (Fig. B.5.1).
2. Agreement of theoretical and observed conditions for occurrence of different

bed forms is quite satisfactory (Fig. B.5.2).

3. No new relations for heights or wavelengths of bed forms were developed.

4. Hayashi recommended 1.5 < C < 3. C = 2 appears to yield quite good

results.

5. This paper points up the importance of local bed slope along the bed forms

on their formation and behavior.
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Notation

Most of the notation in this paper is the same as in Kennedy's 1963 paper (see

B.3). New notation is as follows:

C = o/[2g8/U2

F = Froude number

Fy = maximum. F for formation of dunes

Fy = maximum. F for formation of antidunes

Fa = minimum. F for function of antidunes; Fi = tanlil dkd
Fm =  FpforC=0;Fz, =20k

T(x,t) = local sediment discharge

Note: (F3, F}) = g o icg LC + 24V (C+2)2- 8 C tanh? kd ]

o = dimensionless coefficient
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B.6. Engelund (1970)

1. Vorticity transport equation. A stream function is used to specify the

motion. (Hence, a 2-D analysis).

2. Continuity equations for suspended load and total load.

3. Transport formulas for bed load and suspended load discharges.

4. Assumption that eddy viscosity is uniform over depth and there is a "slip

velocity" at the bed between the flow and the bed.

5. Perturbation stability analysis. A sinusoidal perturbation is introduced in

bed level and water surface.

6. Boundary conditions: (a) vanishing vertical fluxes at bed and water surface;
(b) no shear stress at water surface; (c) appropriate description of bed shear
stress in terms of slip velocity; and (d) relation between bed shear stress and

sediment concentration at the bed.

Principal results an rvation

1. When bed load discharge is neglected, bed instability is predicted for a
range of Froude numbers around and above unity (antidunes). Upper limit

is given by
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F2 = coth (kD)kD (H

(same as predicted by Reynolds 1965), and lower limit is given by

F2 = tanh (kD)/kD (2)

(see Fig. B.6.1).

When bed load discharge is included, bed instability is predicted in the

lower range of Froude numbers as well (dunes) (see Fig. B.6.2).

Complete solution is seen in Figure B.6.3.

No prediction of dune height is given.
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Fieore 10. Stability diagram for the complete solution. The parameters are
ViU, = 21 and U,/(wF) = 1.

B.6.3.
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grain size

flow depth
Froude number
wave number
friction velocity
mean velocity

fall velocity
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B.7. Gill (1971)

Basis of theory

1. Sediment continuity

dz 045V _
ot Jv dx
2. Flow continuity
q=v(h-2)
3. Sediment-transport relation
qs = Cqso (‘T‘ - IT
Tc
4. Friction relation
T =‘f %;
5. Momentum equation

2
vQX+ga—h+~—25V———=0
dx  ox C; (h-z)

37
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1. For the case of zero friction (f = 0; Cg — o0), the bed-form celerity is

- 2nqg 1 6
Vb d(1°F2)(1_T_g_) (6)

T

and the bed-form height (see Fig. B.7.1) is given by

20mn T

A=d(l—°Fz—)4(1-T#°—) (7)

2. The corresponding results if friction is included are

of
Vb=_-2£§_1;—-|il + %v?g;jl (8)
d(1-F2)(1--5)
T

and
d(1 - F2) (1 - 2)
T
A= )
2 1+ Ly of
no 2T 5,
3. General expression, without specification of a sediment-transport relation,
for vy is
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\ dqs

= o 8 10
d(1 - F2) ov 10

Vb

The relation was earlier obtained by Reynolds (1965) and Gradowcyzk
(1968).

If dynamic effects are neglected (F = 0), (7) yields, forn = 3,

1 Te
=—|1- = 11
6oc( ‘C) (1)

which is identical (except for a) to Yalin's (1964; see Section C.2) Eq. 13.

2. b

Gill presented no verification of his results.
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Notation

m o™ o 0 0

Vb

Some notation is defined in the figure.

= coefficient in (3)

= Chezy coefficient

= particle diameter

= Darcy-Weisbach friction factor

= Froude number

= gravity acceleration

= exponent in (3)

= water discharge per unit width

= sediment discharge per unit width

= Ve(Ss - 1) D3

= specific gravity
= time
= mean velocity

= celerity of bed forms

= dune-shape factor (o = % for triangular; o = 2 for sinusoidal)
T

= specific weight of fluid
= bed shear stress

= critical bed shear stress for initiation of motion
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B.8. Fredsoe (1974).

Basis of theory

1. Same as that of Engelund (1970)

2. Influence of gravity on bedload transport is accounted for in transport
relation:
Dy, = 8(0 + pul - 0.47) (1)
Principal results an ion
1. Stability criteria are somewhat different from those obtained by Engelund.

(see Fig. B.8.1).
2. By investigating growth of dunes using second-order-approximation,
theory explains asymmetry of dune shape (steepening of the downstream

faces).

3. No relation for dune height is derived.
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Notation

m g &
i

[om -]
i i

db =

<D
i

particle diameter

depth

Froude number

gravity constant

local bed slope

wave number

bed-load discharge

specific gravity of sediment

coefficient (= 0.1)

_r
g(s-1)d

— 9
[(s-1)gd3]'72

bed shear stress



B.9. Richards (1980)

1. Equations of motion

dU JU odp 0 d .
U—+ ——-—=-—+——1:xz+a—1:xz+gsmoc
z

ox 0z ox ox

2. Fluid continuity
oU oW
—— e ——
Jx oz
3. Transformed coordinate system
x¥ = x, 2* = 7 - hoexp(ikx)F(z*)
where

F(z*) = sinh kD

energy and its dissipation rate (equations not included here).

5. Sediment-transport relation

45
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(5)

Closure relations expressing turbulent stresses in terms of turbulent kinetic



Qb = C(70)™ (6)

6. Sediment-continuity relation
oqyp oh
——=-(l-n) — 7
ox (-n) ot @

7. Perturbed bed-load discharge taken to be

s 2 dh
~Uy (T-P=—=) (8)
Qp ~ Ux p 3%
8. Linearization of equations to first order in bed forms steepness hok.
9. Examination of maxima of bed-shear-stress variation along x, and thus also

of gy (through (6)), to find wavelength that has fastest growth rate.

Principal results an ion

1. Finds two maxima in bed shear stress. Argues that one corresponds to

ripples, the other to dunes.

2. For ripples

21z,

0.07 < <0.16 )
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for 1.4 < § < 2.9. L is independent of depth. Bed is always stable for B >

2.9.

Stability limits and dominant wavelength for dunes given in Fig. B.9.2.

From examination of roughness length z, for flow over moving beds,

concludes

203d < A, < 4,050d (10)

for ripples.

Theoretical prediction of dune wavelength (see, e.g., Fig. B.9.2) are

consistent with results of flume experiments cited by Allen (1970)

Ag = 21D (11)

and Allen's (1970) empirical relation

Ad=1.16 D155 (A4, D in m) (12)

(see Fig. B.9.3).
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Notation

Some notation is defined in the figures.

C =  coefficient

d =  bed-particle diameter

g =  gravity acceleration

k = 2n/L

L = A = wavelength

m =  exponent

n =  porosity of bed material

db =  bed-load discharge

qls) =  perturbed (by bed waves) bed-load discharge

U, =  bed shear velocity

U,w = mean velocity in x,z direction

x*,2*¥ = curvilinear coordinate system such that z* = const are (approximately)
streamlines

Zo = roughness length

B = coefficient defined by (8)

Aed =  wavelength of ripples, dunes

Txy, €tC. =  stress (usual subscript notation)

1o =  bed shear stress
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B.10. Fredsoe (1982)

This analysis will be described in greater detail because of its particular relevance to

the present project.

Basis of theory
1. Sediment continuity

oq oh
Ao (l-n)— 1
ox (-n) ot W

Integration of (1) yields for bed forms migrating without change of form
q=qo +a(l-n)h 2)

2. If all material is transported as bed load (qo = 0), bed-form celerity is

a =l 3)
3. From (2) and (3),
e )
4. Sediment-transport relation
Gp = Dyp(6%) &)
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where

oG e (6)

= 9% =
V(s-1)gd3 p(s-1)d

To account for local effects of bed slope, Fredsoe adopts

* dh
GG=9*-u3;;p,~O.1 )
Then (4) becomes
*
q= ®)

%
Dy (9(}, top)

Distribution of shear stress along upstream face of dune (inferred from

experimental results)
o* ) 2D) x
= f(s )]
0 H hy (H)
op (1+25 - p)

where f (%) is obtained from experimental data on the distribution of

boundary shear downstream from a rearward facing step on a rigid bed.

Adopt Meyer-Peter formula to get form of (5):

= 8(92 : ec)m (10)
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Then (5), (6), (7) and (8) yield a differential equation for h

oh Ot0p - 8¢ h\2/3 6% -8,
| (—) = (11)
dx n H m

Shape of bed forms is obtained by integrating (11) numerically, with
*
upstream boundary condition 6 = 0¢ at h = 0. At bed-form crest, 6* = etop

on right side of (11). Downstream face of bed form is taken to be at angle

of repose of bed material. Bed stress is obtained from

XT=6+2,5 £n% (12)

Us

Typical shapes of bed forms are shown in Fig. B.10.2; bed-form steepness

is shown in Fig. B.10.3.

Bed-form height is calculated by introducing a disturbance at the crest and

examining conditions under which it is stable. Result is

H
D

- (13)

H ddp, dod
1 ew) 2g[0 s
( 2D (de d
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Theoretical dune-height variation with 6" and d is shown in Fig. B.10.4.

Wavelength relation is given by

_ [16Hgp + (16H + 8)qs]
B (qb + qs)

L (14)

Friction relation is obtained by applying Carnot's relation, as used by

Engelund, and the theoretical relation for h/H, (4). Result is

HH sV
DL [_‘r Jz} (15)
Uf

Combining friction and wavelength relations, (14) and (15), gives bed-form

391 R

e=e'+e"=e'[1 +

steepness as shown in Fig. B.10.5.
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Figures
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Notation

The author’s full notation list is reproduced here.

a = migration velocity of dunes;
a, = Fourier-coefficient for perturbation of bed;
¢ = drag coefficient;
¢o = maximum drag coefficient;
d = mean grain diameter;
D = water depth;
D' = mean boundary layer thickness along dune;
F = Froude number;
g = acceleration of gravity;
}3 = local dune height;
h = perturbation of dune;
H = maximum dune height;
H, = height of upstream step;
k = bed roughness;
k, = wavenumber of bed perturbation;
L = dune length;
n = porosity;
g, = bed load sediment transport;
q, = suspended sediment transport;
go = constant;
q, = total sediment transport;
g, = sediment transport at dune top;
g = change in sediment transport, due to perturbation of dune;
s relative density of sand grains;
t = time;
U, = near bed flow velocity;
U; = effective shear velocity;
w = fall velocity of suspended sediment;
x = coordinate in flow direction;
¥y = constant, defined in Eq. 21;
8 = phase lag;
6* = displacement thickness;
3, = upstream boundary layer thickness;
e = eddy viscosity;
7 = water surface undulations;
8’ = effective dimensionless shear stress;
0" = dimensioniess shear stress due to form drag;
6. = crtical dimensionless shear stress;
8* = local dimensionless shear stress;
8%, = dimensionless shear stress at top;
8*,. = maximum dimensionless shear stress;

0% = local dimensionless shear stress including effect of gravity;
v = imaginary uni
i constant, defined in Eq. 7,
p = density of water;
& = dimensionless sediment transport;
&y, = dimensionless bed load transport;
®; = dimensionless suspended sediment transport; and

t* = bed shear stress.
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B.11. Haque and Mahmood (1985).

This paper is the culmination of a series of publications (cited in the paper) by these
authors on the subject of ripple and dune geometry. The first of these publications was

Haque's (1970) M.S. thesis, under Mahmood, submitted to Colorado State University.

Basis of theory
1. The flow is treated in two parts (see Fig. B.11.1): an attached-flow zone

along the upstream slopes of the bed forms; and a downstream wake-flow
zone in which the free streamline is calculated in the basis of potential-flow

theory.

2. Admissible bed-form shapes obtained by analyzing the potential flow over
an infinite train of bed forms (Fig. B.11.2), to find profile meeting two
requirements:

(a) There is a standing eddy downstream from each bed form.
(b) The velocity gradient along the bed-form profile is continuous at the

separation point.
3. Sediment continuity
9q _ dy

=. 1
ox ot )

4. Sediment-transport relation
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u m
(ac)=() @
5. Equations and boundary conditions of potential flow.

6. Case of finite depth and rotational inviscid flow is handled using finite-

element techniques.
Principal r
1. Mathematical relation obtained for upstream faces of bed forms is shown in
Fig. B.11.3, along with bed-profile data from ACOP Canals (in Pakistan).

Results imply homologous shape of all ripple and dune profiles.

2. Upstream face of bed forms is about two-thirds of their total length.

3. For case of infinite depth, bed-form steepness is given by

a _0.2463

L= m (3)
4. Finite-element analysis yields results shown in Figs. B.11.3, B.11.4, and

B.11.5 for steepness and relative depth of bed forms. Optimization is
obtained by minimizing differences between values of left-hand and right-

hand sizes of (2).

59



Figures

FREE
STREAMLINE

SEPARATION

@»

o .A .
ANGLE OF STAGNATION
REPOSE POINT

FIG. 1.~Schematic Sketch for Ripple or Dune

Figure B.11.1.

EDOY
WEDGE—-\ 7 FREE STREAMLINE.

(L)

EiG. 3.—(a) infinite Seguence of Alternating Wedges and Eddies; and (b) Deflnl-
tion Sketch for Bedform Shape Functions

Figure B.11.2.



T T 1 T T T T Ll ¥ T L T T ¥ ¥ T
NPYTIN 0-08
g 0-061l. 0- 08
S d
& =0~ 3
.08l 0- 041
5 0'0¢ .
Q& a
) - 48
I 3
Q o 0024
o ooz} 2
% N
he ™
Q
0-00 ) ! 4 1 1 L 4 L <
) 2 3 e 8 6 7 & 9 0-0 2] 6
wVALUE OF EXPONENT m WRELATIVE DEPTH O/L
FiIG. 9.—Effect of Flow Depth on Optimal Bedform Steepness
Figure B.11.3.
T T LB AN YI 1 Ll ¥ LR SRR l ¥ T 1 LU S I B §
. D e (e e e e
{1 0100 - }_ Ea R
o C L ¥ 3
w | S — ;
Q,
3 o
Y ol I S P ey am i s i im0 3 0 2
» o)
L p .
= //
S ,
W ool s R -
Q o // 4‘// ]
ly C o, 4 p
3+ 7 rd o == Curves Anelytigelly Obitalaed
“ 4 LT e <1178 -2-50/L
< Vs 3 == g/l 3 0-4(m)} {l1=g J
= c s // ]
= e e .
a s
Q 0002 1 [N | L n odetaaa ] I 1 Lok ALt
0-02 0-10 100 10-0

RELATIVE DEPTH D/L

FIG. 10.—Retationship between Optimal Bedform Steepness and Relative Depth
for Different Values of m

Figure B.11.4.

61



FLOW DEPTH ¢

BEDFORM STEEPNESS /L

3L

=

2L
L =
segal
o L
0457
0100
-
2
b 7 0.-080
’_‘
o 0:049
o €
L -
E£0L0A0 b { VELOCITY )
-l
0-010 | _
-9
-
4 WISOURI MVER 0ATA
e @ swiw €7 ai; 878
-3 @ ADAMGTITLA (T AL)IRFR
o ACRP_CARAL DAl
O RN - BANDOGE, 08S
- D WIBOEO AT 24, 1901 (€4 LswS)
L1090 gerd
- O rasse- 528 arainy 1977
& VT~ WDIRS | DT
sy 87 1980
S ¢ 367 9 o0 an 9 98400 Q #efoa
0.00r @ 1 8 3%743@eman o 9 tren 8 astaa
100

FLOW DEPTH RELATIVE TO BEODFORM LENGTH d/L

FIG. 11.—~Comparison to Observed Data

Figure B.11.5.

62

ASYMPTONIC VALVES



Notation

The author's full notation list is reproduced here.

height of the separation point from the stagnation point,
celerity of bedforms,

depth of flow at the crest,

average depth of flows,

error between functions V and N,

bedform height,

dimensionless length of the upstream face,

bedform length,

eddy length,

a dimensionless index,

the bedform shape function,

volumetric sediment-transport rate per unit width,
sediment-transport rate at the crest,

time in the fixed and the moving frame of reference,
magnitude of local velocity,

velocity tangential to bed at the crest,

undisturbed velocity at infinity,

(u/u)™, normalized velocity function,

coordinates of a generic point in the fixed or moving frame
of reference,

x',y'" = coordinates of a generic point in the moving frame of refer-
ence, and;

a constant roughly equal to 0.8.

....
= TR R Z3I N M Ta

L T | ({1 1 { I O 1 A

w
[
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The complexity of river-flow phenomena, and the

difficulties encountered in treating them via the formalism of mathematical fluid mechanics,
have prompted resort to purely empirical methods of correlating the variables of interest
and importance to river engineers. This line of attack was begun in the 19th century, by
proponents of "regime theory” who sought reliable design guidelines for the irrigation
canals of India, which transported flows with significant sediment concentrations, and
often presented major maintenance problems arising from bed scour or deposition, or
unstable channel alignment (bank erosion). It was only natural that dimensional analysis
and related approaches be utilized also to predict and quantitatively describe riverine bed-

forms.

Eight of the principal bed-form papers of this type are summarized in this section.



C.1. Garde and Albertson (1959)

1. Dimensional analysis showing that dune steepness is a function of two

dimensionless quantities:

h_f {—-——3‘-’“——‘- , Fr] o)
A Ls-Dd
Principal results an rvation
1. Functional relationship for (1) is obtained by curve fitting using laboratory

and field data (Fig. C.1.1 for ripples; Fig. C.1.2 for dunes).

2. Criteria for different flow regimes are established (Fig. C.1.3).

3. No separate relations for dune height and dune length result from this

analysis.
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Notation

size of bed material

depth of flow

Froude number (= V/A/gD )
average height of ripples or dunes

mean velocity of flow

specific weights of sediment , water
average length of dunes

average shear stress on the bed
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C.2. Yalin (1964)

1. Dune geometry as shown in Fig. C.2.1.

2. Assumption that
B = rofl(%) . @)
and
: A 2)
3 Dimensional analysis yields
% =0 (}‘( , %j (3)

1. Combining (1) and (2) yields
A 10
L2 4)
P (fa)

If the variation in To/T¢r is a result of the variation of flow depth, d, only

(i.e., S = const), then

69



2.

3.

4.

d
=& &)

g |

Functional relationship for (4) is obtained by curve fitting using laboratory

and field data (see Fig. C.2.2):

el b
i

O\

(1 i ‘1511) 6)

For rough turbulent flow, X is unimportant, and (3) is reduced to

%=¢A(%) @

For hydraulically smooth flow, d/D is unimportant, and (3) is reduced to

ol >

= const (8)

Functional relationships for (7) and (8) are obtained by curve fitting using

laboratory and field data(see Fig. C.2.3):

d d

oA (5): 59 (X>~20) 9)
const ~ 1000 X <~20) (10)

Hence, A~ 5d X>~20) (1D
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A = 1000 D. (X <~20) (12)

5. (11) applies to dunes, and (12) to ripples
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Figures

F1G. 1

Figure C.2.1.
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Notation

D = grain-size

d = depth of flow

F = Froude number

£fO) = function of

S = slope of uniform flow

v = average velocity of flow

Vi = m = shear velocity

X = v,Dp/uL = grain-size Reynolds number
Y = specific weight of fluid

A = sand/waveheight

0 = angle of repose

A = sand-wavelength

V) = viscosity

p = density of fluid

10 = shear stress on the surface of the bed = ySd
B = shear stress at point B(see Fig. C.2.1)

function of

6()

Subscript (cr) = critical value signifying beginning of particle movement.

The bar over the symbols signifying values corresponding to flow over a flat bed at t = 0.
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C.3. Ranga Raju and Soni (1976).

1. Assumption that all bed forms are two-dimensional and of identical,

triangular form.

2. Dimensions (or scale) of bed forms are assumed to be directly related to rate

of bed-load transport.

3. Equation for bed-load transport per unit width

ag = (%) Uwe (1-4)77 (1)

4. Empirical equation for migration speed of bedform

Uw
VgRp

=0.021 ( \/g_UR_b )4 ()

5. Empirical relation between bed-load transport and grain shear stress

2,1 1/2 '
9| Y (—dg) = f1(t0) 3)
Ys \Ys - Vg &

, R:.S
o= b

in which o =
(v - Ypd

4
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1.

Combinting (1), (2) and (3) yields

h. .3 1
3 F{F2 = f2(10) &)
3. R ' :
SFIF2 b = (1) (6)
in which
U
Fi = 7
1= TsRs @
S — @®)
Ys - 'Yf d
Pt

Functional relationships for (5) and (6) are obtained by curve fitting using
laboratory and field data (see Figs. C.3.1 and C.3.2, and Table C.3.1).

Relation obtained from Fig. C.3.1 is

BF) - F2 =65 x 103(10)873 ©

Rf) is obtained from

, 1/6
U= 51; Ry, 2/3§ 12 gnd ng = %4_6 in m.k.s. units

The authors find that more than 75% of all the data fall within a + 50% band

around proposed curve. They also find that less than 50% of the data fall
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within a + 50% band around the curve proposed by Yalin (1964) (see
Section C.2). Comparison is shown in Figs. C.3.3 and C.3.4.
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Notation

The author’s full notation list is reproduced here.

Notations
-D Depth of flow U,
d ds, = median sediment size, for which U,
509 of the material, by weight, is A
ﬁner_____ ®p
Fy U/‘/gRb
f Ul (=g
or Uy
g Acceleration due to gravity
h Average height of undulations Vs
L Average length of undulations Vs
n, Manning’s roughness coefficient for T
plane bed
R, Hydraulic radius of the bed
R, Hydraulic radius of the bed corres-
ponding to the grains Te
S Water surface slope To
U  Mean velocity of flow v

81

Shear velocity = \/gR,,S

Velocity of bed wave

Porosity of sand mass
Dimensionless transport parameter =

2 ()
s \¥s—7¥s d’

Bed load transport in weight per unit
time

Specific weight of the fluid
Specific weight of the sediment
Dimensionless shear stress
corresponding to grains
corresponding to grains =
YJRLS/()’.: - Yf)d

Critical shear stress

Average shear stress on the bed
Kinematic viscosity of the fluid



C.4. Yalin and Karahan (1979).

Basis of theory
1. Dimensional analysis showing that dune steepness 8 (= A/A) is a function
ofn, Z, and X:
& =f(n,Z2,X) (1
where
To
n= (2)
(Toder
h
Z= D (3)
D
X== 4)
\Y

Principal results and observations

1.  Analysis of data showing that when X > 25 (dunes), d is independent of X:

8=¢(n,2) (5)

2. Analysis of data showing that when Z > ~ 100, d is independent of Z:

8= o(Mm) (6)
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3. Laboratory experiments are carried out to determine 8's dependence on Z for

Z < ~ 100. Results are plotted in Figure 2.

4. Empirical relation is established:

2 § exp(1-5) (7)
Smax
Bmax = (0.0127e" )X (8)

in which & = x/x and x =1-1. Fit is shown in Figure 3.
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Notation

d=A/A

Smax

N = To/(To)er

A
v
§=x/x
P

To

subscript that signifies the beginning of sediment transport (“critical

stage");

representative size of the bed material (usually selected as D5);

base of the natural logarithm;

flow depth;

shear velocity;

grain size Reynolds number;
dimensionless excess of the tractive force;
value of x corresponding to dmax;
dimensionless flow depth;

dune height;

dune steepness;

maximum value of § corresponding to given (range of) Z;
relative tractive force;

dune length;

kinematic viscosity;

normalized value of x;

fluid density; and

shear stress acting on bed
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C.5 Jaeggi (1984).

Basis of theory

1. Analysis of laboratory and field data.

Principal results and observations

1. Upper limit of alternate bar-formation

n=293Inmg =3.13Zp (1)

(see Fig. C.5.1).

2. Minimum slope of channel necessary for alternate-bar formation is

BO.15
exp [1.07 (W) + M}

B
12.93‘;

(2)

I>

where M varies from 0.34 for uniform bed material to 0.7 for widely graded

material (see Fig. C.5.2).

3. Scour depth due to alternate bar formation is
B
S =0.76AaB = ~— 013 (3)
6Zg

87



Fi

10'

|I,l/|||11r“.| B RS S
mw/n./
g+ =
i N -
SHET
g
spriie
| i

T)s 313Z0%

8

1

14
12

FIG. 3.—Criterlon of Alternate Bar Formation (7), Compared with Test Results

Figure C.5.1.

88



~ eq {12k

% log - normai l ‘ , I Hl
- distribution
. ‘ l aiternate bar |
eq 112). formation possible |
0 - eq (12): . Fuller |
s | oounorm e 4 drstetbution ’c
e - materal - l { 1 l !,
¢ E TTn ik | H
[ S PN Y : !
: ! R - Alping L
T giiernaie bar |~ T T” (1] e :
2 p——- |} - .formation rot _+ » el e '
. polss'bh i Y : |
' . Do Jon SN
LI o RN IR A after!s ber 19
. N T ¢ | | [ Diepotdsau | .
SR N RN I I u.l e ln
0! 102 10? 104

g =8/

FIG. 5.—Dlagram Glving Minlmum Slope for Bar Formatlon for Channel Geometry
and Bed Material (11). [Also Indicated are Areas which Characterize Some Swiss
Rivers which All Fall In the Corresponding Region (with or without Bar Formation))

Figure C.5.2.

89



channel width;

grain size within the bed material mixture;

fdidp; mean grain size;

parameter which is function of sediment grading;
proportion of grain size;

relative density of bed material;

scour depth;

0/6,, ratio of Shields factor to critical Shields factor;
0B/6r, ratio of Shields factor characterizing bar forming "horizontal

movement" to critical Shields factor;

hJ/(s - 1)dp, Shields factor;

critical Shields factor;

BJ/(s - 1)dg, Shields factor related to channel width

mean flow velocity;
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C.6. Ikeda (1984).

Basis of theory
1. Regime relation for meander wavelength
A =oBB =al, (1)
2. Linear stability analysis yields bar wave length of maximum instability

7L=a2\/-7:'\/}—3c—? 2)

3. Dimensional analysis yields

&_F( U pgDS  pUD B _1_)) 3)
B {VeD’' (ps-prgd” p ~ D7 d
EB:G( U pgDS  pUD B 2) @
D= "\VeD’ (ps-prgd” p ~ D7 d
Principal results an rvation
1. Functional relationships are obtained by curve fitting using laboratory data:
?»=5'\/%?— forF<0.8 (5
A B\-045B
5=53 (E) 5 forF20.38 6)
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or

A B\ 0.55 /Dy - 0.45
5526 ()
and
H B\ -0.45 B\ 1.9
T =00442 (5) (—D«) (8)

Figs. C.6.1, C.6.2, and C.6.3 present verification of (1), (6), and (8),

respectively.
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Pssp =

numerical constant;

channel width;

resistance coefficient - gDS/UZ;
mean depth of flow;

sediment particle size;
functional relationship in Eq. 5;
Froude number - U/NgD;
functional relationship in Eq. 6;
gravitational acceleration;

bar height;

water surface slope;

mean fluid velocity

numerical constant

numerical constant

mass density of sediment and fluid, respectively
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C.7. van Rijn (1984).

Basis of theory
1. Assumption that dimensions and migration speed of bed forms are

determined by rate of bedload transport.

2. Assumption that bed-load transport is described by: (a) a dimensionless

particle parameter Dy; and (b) a transport-stage parameter T

- 1

D*=D50[§—Qﬁ} P (n)

V2

1 2 2
(U*) - (U*,cr)

T= 5 )

(Wsscr)

3. Two equations for rate of bedload transport per unit width:

b = dbubCh (3)
Qb = (1 - p)adug 4)

Principal results an rvation
1. Combining (3) and (4) yields

—— S U By Dy (5)
(1 - p)o ud Dso d

ol
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It is assumed that

cb ]—% D =FDT) ©6)
so that

%:F(Qgﬂ,n*,T) 7
and

%:F(%SQ,D*, T) ®)

Functional relationships of (7) and (8) are obtained by curve fitting using

laboratory and field data (see Figs. C.7.1 and C.7.2).

A 0.3

E:o,u(%ﬂ) (1-¢-05T)(25-T) ©)
and

A Dy 03

2 20015 (=2 1-e-05TYy25-T 10

- (&) ae-0smas-m (10)

Transport stage parameter T is calculated with sk given by

96



!

i”‘?s
L
=

=
E.
i
0

where

The author notes that (9) and (10) yield

A=73d

which is in agreement with Yalin's result: A = 2xtd.
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c = Chézy-coefficient related to grains;
Ch = bed-load concentration;

D = particle diameter;

D = particle parameter;

d = depth;

g = acceleration of gravity (LT-2);

p = porosity;

qp = bed-load transport per unit width (L2T-1);
Ry = hydraulic radius related to bed (L);
S = specific density = py/p;

T = transport stage parameter

u = mean flow velocity;

Up = velocity of bed-load particles

ud = migration velocity of bed forms;

U = bed-shear velocity;

u,’.c = bed-shear velocity related to grains;
Usk,or = critical bed-shear velocity for initiation of motion;
o = shape factor of bedform;

A = bed-form height;

Sp = thickness of bed-load layer;

A = bed-form length;

v = kinematic viscosity;

p = density of fluid,

Ps = density of sediment;
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C.8. Menduni and Paris (1986).

Basis of theory
1. Flow over each dune is assumed to be unaffected by upstream dunes.
2. Momentum equation applied to control volume around dune (Fig. C.8.1),
which yields
(t-mp) L' =(p1-pmH (1
3. Dimensional analysis
Principal results an ion

1. By replacing the right-hand-side of (1) with drag force relation obtained

from dimensional analysis, (1) reads

2
u

(t-B) L' = CxHp— @)

By rearranging (2),

o jev
i

2 1B
&

101



(Note that there are several typing errors in the authors' equations. These

errors have been corrected herein.)

Total shear stress is calculated as

©=pgSh )

Effective shear stress is calculated as

B=p (Hg@)z ®
C =25 log (%) ©)

Laboratory and field data (see Table C.8.1) are used to determine Cx as a

function of Rex:

Cu =k + Kz 10 ¢ KyRew)

K = 10 (5.04-0.088B/h)
Ky =135

K3 = 1000
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FLUME DATA FIELD DATA
discharge [m3/s] 0.017 - 0.357 0.121 - 1.751
slope 0.000075 - 0.0017 0.00037 - 0.0079
flow depth [m] 0.05 - 047 02 - 25
grain size [mrm] 0.3 - 1.46 0.31 - 1.44
dune height [m] 0.003 - 0.125 0.015 - 0.82
dune length [m] 0.49 - 3.25 0.64 - 19.22
channel width [m] 0.08 - 2.44 35.69 - 200.0

Table C.8.1. Experimental data ranges

Maximum dune steepness is calculated by setting tp/t = 0 (Fig. C.8.2). One

curve is for "wide channel” (B = o) and one for "narrow channel” (B = 0).

A comparison of measured and computed dune steepness is presented (Fig.

C.8.3).

The authors note that absolute maximum dune steepness is 0.07 (Fig.

C.8.2).
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Figures

Ficure 1. Sketch of control volume

Figure C.8.1.
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Figure C.8.2.
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dune Reynolds number - u«H/v
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shear velocity
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total bed shear stress
effective bed shear stress
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lels, Following World War II, and especially during the 1950's

and 1960's, wind waves (water waves generated by wind) received extensive research and
engineering attention. Several problems, including planning for the wartime amphibious
landings the construction of many off-shore structures, and the quest for better harbor
design, prompted this wave research; review of these is beyond the scope of this report.
Suffice it here to note that the differences between real wind waves, which include fairly
wide spectra of wavelengths and periods, and monochromatic waves, which had been the
subject of most of the classical wave studies, turned out to be quite important. At about the
same time, the problems of describing, managing, and separating electromagnetic waves
comprising many frequencies came to the fore, especially in radio communication and
related fields. The techniques, notably time-series and spectral analysis, used in describing
random and other multi-frequency electromagnetic waves found direct application in the
study of wind waves. (A fascinating and comprehensive description of these developments
is presented by Kinsman (1965) in his classical book Wind Waves.) In the 1960's the
decidedly non-monochromatic character of riverine ripples and dunes gained increasing
recognition, so it was only natural to apply the techniques of electromagnetic-wave wind-

wave analysis to the description, and to some extent the analysis, of these bed forms.

Four of the numerous papers of this type are reviewed here, and others are cited.
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D.1. Nordin and Algert (1966).

This paper is the first to apply autocovariance and spectral-density analysis to bed
forms, and as such was a major contribution to the subject. The study reported in this
paper was the Masters thesis research of Algert (1965) carried out under the supervision of
Nordin. The work was continued by Nordin as the subject of his Ph.D. thesis, which was
also reported in a U.S.G.S. Professional Paper (Nordin 1971).

Basis of theory
1. The established mathematical techniques used in autocovariance and

spectral-density analysis. These are outlined in the paper.

2. The estimate of the autocovariance function for discrete data given by

N-2A
> X(2) . X(2 + 1) (1)

C
XN’wz

3. The estimate of the spectral density function for discrete data given by

M-1

G(f) = Co +2 Z (1-

2n A j
)cz cos 7 2

s

where the variance Cg is given by
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X(4)? 3)

i Mz

Note: It might be useful to review briefly some of the characteristics of
autocovariance and spectral density functions. First, it should be noted that
one can speak indifferently of the autocorrelation and autocovariance
functions because both exhibit precisely the same properties; the former is
simply the autocovariance divided by the variance, C,, so that the initial
ordinate is unity. Second, the spectral-density function represents, in
general terms, a method of assigning to any frequency or wave number a
measure of its contribution to the "content" of the process or, more

specifically, G(f) df represents the contribution to the variance from the

frequency range f + 5

Bed profiles (bed elevations measured at discrete, regularly spaced points
along the channels) from seven flows: 3 in a 4-foot-wide lab channel; 2 in
an 8-foot-wide channel; and 2 in the Rio Grande conveyance channel. The
data for these flows are summarized in Table D.1.1. Typical bed profiles
are shown in Fig. D.1.1, and the autocovariance and spectral density

functions for Run 2 (see Table D.1.1) are shown in Fig. D.1.2.
From inspection of covariance functions, the authors concluded that the
dune process can be represented by a second-order autoregressive scheme,

or a Markov second-order linear model:

X)) =aX(L-1)-PX(L-2)+ey (4)
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Physical reasoning justifying this selection is presented by the authors.

Typical observed and computed spectral density functions are shown in Fig.

D.1.3.

The significant wave height (average amplitude of highest one-third of the

waves) were found 1o be related to the variance by
1/2
H 3 =3Cy) 5)
(For ocean wind waves, the coefficient is 4.)

H i3 was found to be a linear function of unit discharge, g, for all three

channels.
The first three values of the covariance functions relate well to q, suggesting

that the signficant statistics to generate the models which approximate the

process are functions of simple flow parameters.

The temporal autocorrelations (at a point) were similar to the spatial ones.

Longer components were found to move more slowly.

Nordin's (1971) continuation of this work showed that the spatial-

frequency spectra can be normalized as
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G = %ﬁ = 0.0001 (%2)’32 (6)

(see Fig. D.1.4). The equilibrium range of the spectrum is seen in this

figure to end at about

vz

- 0. 7
7= 0.03 )

which corresponds to a wave number, k = 2xnf, given by

0.19
2 =
Fe = kd ¢))

This wave number likely represents the longest, highest bed waves.
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TABLE 1.—-SUMMARY OF HYDRAULIC DATA

Average
Run diSCUh[:li: o Depth, in s?xz}ftfcre Number of dune
number i o feet dunes used length,
n cfs per ft slope )
in feet
(1) {2) (3 () (5) (6)
1 0.697 0.400 0.0037 213 1.94
2 0.864 0.485 0.0038 235 2.26
3 1.05 0.580 0.0044 131 2.72
4 1.28 0.670 0.00136 20 4.73
5 2.22 1.05 0.00134 16 8.63
6 9.40 2.60 0.00058 13 21.6
7 10.3 4.15 0.00058 12 25.4
Table D.1.1
TABLE 2.--SUMMARY OF STATISTICS
. Dune length
Run C « 8 UZ R dSl:Em;lc'mtltt of maximum
number 0 ¢ ¢ noight, varianco,
in feet ;
in feot
(1) (2) 3) (4) (5) (6) (1) (8)
1 0.000726 | 1.072 | 0.478 | 0.000264 | 0.797 0.081 2.56
2 0.00119 1.205 | 0.617 { 0.000326 | 0.852 0.104 2.70
3 0.00228 1.309 | 0.593 | 0.000483 | 0.893 0.144 3.34
4 0.01333 1.480 [ 0.614 | 0.003062 j 0.85 0.346 8.4
5 0.33052 1.170 { 0.464 | 0.003782 | 0.936 0.525 13.4
6 0.419 1.270 | 0,518 | 0.0918 0.887 1.94 50
7 0.555 1.095 {0.397 | 0.184 0.822 2.24 40

Table D.1.2.
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Notation

N

A

- e
fas

Q )
<M > O g R O

] wouounou

[ I B I

[ L I

i

on

oo ofou

i

The author's full notation list is reproduced here.

dune amplitude, in feet;

variance or 0)2(, in square feet;

autocovariance functiong in square feet;

expected value of f;

wave number of frequency, in cycles per unit lag, cycles per {foot, or
cycles per second;

observed spectral density function from data, in cubic feet;
spectral density function model, in cubic feet;

average of one-third highest dunes, in feet;

total distance interval considered, in feet;

distance along the bed profile, in feet;

maximum lag used;

number of data points in a profile;

multiple correlation between X(£), X(2 - 1), X{(£ - 2};
correlation coefficient, C/Cq;

time period for a dune to pass a given point in minutes;

the process of bed elevation X as a function of distance downstream,
£, in feet;

the process of bed elevation X as a function of time, t, in feet;
a random process with orthogonal increments;

autoregressive coefficient;

autoregressive coefficient;

dune length, in feet;

random part of the process, X({), in feet;

angle of repose of bed material, in degrees;

lag interval, in feet; and

variance of €, in square feet,

= mean velocity
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D.2. Hino (1968).

1. Observed from data of Nordin and Algert (1969) and Ashida and Tanaka
(1967) that log-log plots of sand-wave spectra display an "equilibrium"

range wherein

S(k) ~k -3 (1)
2. Corresponding power law (Kolmogorov) for turbulence is
E(k) ~ k 573 2)
3. Fourier transformations of autocorrelation functions for 1} and 1’ yield
Syl =1L @
4. Sqm' has dimensions k-1. Slope n' of sand waves cannot exceed angle of

repose of bed material. Therefore

Snmk = (2m)2 o)k -1 (5)

5. (4) and (5) yield

Sn(k) = au(d)k -3 (6)
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1. Fig. D.2.1. shows typical results.

2. The lower limit of the range of the "-3 power law" is given by (see Fig.
D.2.2)
ko= 0.15/h (7
or
L=7h (8)
3. Ripples (as opposed to dunes) tend to conform to a "-2 power law".
4, Quantification of c(¢) from experimental data led to
Syn(k) =2.8 x 10-4k-3 ®

as relation for spectral density function in the equilibrium range.
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Notation

Ek) = turbulence spectral density function

h = flow depth

k =  wave number = /L. (not 27/L)

L = wavelength

Smn(k) =  bed-wave profile spectral density function
Syp(k) =  bed-wave slope spectral density function
() = same function of ¢

¢ =  angle of repose of bed sediment

y(k) =  wind-wave spectral density function
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D.3. Annambhotla, Sayre and Livesey (1972).

Basis of study

This study was, in many respects, a continuation and extension of the work of
Algert and Nordin (see Section D.1) on the application of time-series or spectral analysis of

bed forms. Its principal new contributions were:

1. Application of zero-crossing analysis to bed forms. This involves
determination of a best-fit (according to whatever measure of fit is adopted)
straight or monotonically curved line to the smoothed bed profile, and
analysis of the distances between successive crossings of the best-fit line by

the actual bed profile; see Fig. D.3.1.

2. Statistical analysis of detailed bed-form data from a moderatley large river
(the Missouri River).
3. Filtering of the raw bed-profile data to eliminate the very low-frequency

(long wavelength) components due to meanders, spur dikes, etc. (see Fig.
D.3.2). The autocorrelation and spectral analyses were based on the filtered
data. Figure D.3.3 shows typical autocorrelation and spectral-density

functions for the unfiltered and filtered data.

4, Frequency-distribution analysis of the: bed-elevation deviations from the

mean (best-fit) line; wavelength; and amplitudes of the bed waves.
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The hydraulic data for the flows that produced the bed profiles analyzed are

given in Table D.3.1.

The results obtained from the spectral analysis are summarized in Table

D.3.2.

The results obtained from the zero-crossing analysis are summarized in

Table D.3.3.

Weighted-average bed-wave characteristics are summarized in Table D.3.4.
These were obtained by weighting the wave heights and lengths by: "the
ratio of the product of the partial discharge assignable to a sailing line and
the subreach length to the product of the total river discharge and the

combined lengths of all sailing lines" (pp. 506-7).

An overview of the results of the study is presented in Fig. D.3.4.

The bed-form friction factor was found to correlate well with a modified

relative roughness (see Fig. D.3.5).

The author's conclusions concisely state their principal findings, and are

reproduced here (p. 508);

1. The zero-crossing distances and amplitudes analysis method is better

suited than the spectral analysis method for obtaining characteristic wave
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heights and lengths from river data. This is mainly because the former
method requires only stationarity of the mean, whereas the latter requires
both mean and covariance stationarity. Bed profile data from rivers, even
after filtering, are apt to be nonstationary in the covariance.

2. Bed elevations were found to be distributed approximately according
to the normal probability law. The approximation was found to be better for
the filtered than for the unfiltered data.

3. Wave lengths, amplitudes and heights, determined from the filtered
data, were all found to be distributed in approximate accordance with the
exponential probability law.

4, The bed form friction factor, f', was found to decrease
approximately exponentially with increasing values of the modified relative
roughness, R/(eH), asymptotically approaching zero as the contribution of
the grain roughness to the total resistance becomes predominant. The
parameter 1/Nf" was found to vary with R/(eH) in a manner that is roughly
consistent with the von Karman-Prandtl logarithmic law for rough
boundaries. Variations in the size distribution, shape and geometrical
arrangement of bed forms, which are not adequately accounted for in the
parameter, R/(eH), are likely contributors to the scatter.

5. The roughness of the bed was observed to vary inversely with water
temperature. However, changes in Ly, H, e, RE/eH, and f" all tended to
lead, sometimes by as much as 2 months to 3 months, rather than to lag the
change in temperature. The reason for this is not understood, although it is
suspected that unidentified factors such as seasonal variations in sediment

size and supply may play a role.
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TABLE 3.~WAVE LENGTHS AND AMPLITUDES FOR REPRESENTATIVE RUNS
OBTAINED BY ZERO-CROSSING AND AMPLITUDES ANALYSIS

Positive Negative
Wave Length Amplitude Amplitude
I - - __Wavg Height, Roughness
Run in foe T -a., H o=a, +1a_l, | ncentration
number in feet C, in feet Cy in feet Cy in feet e = /T,
(meters) (meters) (meters) {meters) °
(1) (2) (3) (4) (5) (6) (1) (8) (9)
R17 36,65 1.690 0.287 1.280 0.251 1.574 0.538 0.0147
(11.20) (0.088) (0.076) (0.164)
R18 43,99 0.929 0.473 0.765 0.582 1.325 1.015 0.0231
(13.40) (0.144) (0.177) (0.310)
R19 43,66 0.739 0.662 0.741 0.525 0.873 1.130 0.0258
(13.32) (0.202) (0.160) (0.345)
R20 21.60 1.335 0.300 1.031 0.305 1,578 0.605 0.0280
(6.60) (0.092) (0.093) (0.185)
R2L 44,67 0.794 0.396 1.131 0.344 1.373 0.740 0.0165
(13.62) (0.121) (0.105) (0.226)
R22 32.57 0.800 0.557 0.870 0.418 0.953 0.976 0.0300
(9.93) (0.170) (0.128) (0.298)
R23 60.42 0.712 | 0.722 0.692 0.589 2,150 1.186 0.0196
(18.40) (0.220) (0.180) (0.362)
Table D.3.3.
TABLE 4.—~AVERAGED PROPERTIES OF BED FORMS
Weldghted Average Wave Characteristics
uns Date Description of river bed Lo' "
in feet in feet e = H/L R/elt
(meters) {meters) °
(1) 2 ) (5) (6) (N
-5 3/25/68 Dunes, bars, plane 15.0 0.253 0,0169 2,940
{1.58) (0.077)
R6-1R7 1/8/68 Bars 20.8 0.262 0,0126 3,130
(6.35) (0.080)
Ry-110 4/30/68 Dunes J3.6 0.845 0,0252 612
{10.26) (0.258)
RI1-R16 5/13/68 Dunes, bary 1.2 0.827 0.0187 894
(13.50) {0.252)
R17-R1Y 6/3/68 Dunes, bars 41.3 0.872 0.0:11 772
(12.61) (0.266)
RI0-R25 6/20/68 Duncs, bars 30.3 0,924 0.0245 645
. (12,00) 10.282)
R26- R30 7/15/68 Dunes, bars 12.5 0.636 0.0150 1,210
(12,98) (0.19:4)
W1 -137 8/8/68 Transition, dunes, 36.0 0.415 0.0115 2,330
hars (11.00) {0,127)
1i8-1110 8/28/68 Transition, pianc 3.2 0.175 0.00512 12,800
(10,44) (0.053)
R10-R10 9/21/68 Transition, plane, 25.1 0,163 0.00650 10,600
dunes (7.65) (0.050)
R1G-111Y9 10/10/68 Plane, transition 10.1 0.1 0.0143 4,950
{3,08) (0.041)
RG0-1352 10/24/68 Plane, transition, 21,3 0,092 0.00432 26,000
fong baryg {6,50) {0,028)
R53-RG5 11/21/68 Plane 8.3 0,089 0.0108 8,830
{2.53) (0.027)
Table D.3.4.
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Notation

8
I

H' =

H(f)
VH(F)
h

kg

L
[‘0

M o=
Mom, =
N =
, = number of zero-crossings in given length, X, of sample;
R,() =
S =

n

St
sn
i

The author's full notation list is reproduced here.

positive amplitude;
negative amplitude;

= coefficient of variation;

roughness concentration, defined as H/L,;

= Darcy-Weisbach friction factor; also frequency or wave number;

componentof frictionfactor associated with sand grain roughness;

= component of friction factor associated with form roughness;

physically realizable one-sided spectral density function;
gravitational acceleration;

= dune height defined as vertical distance between maximum and

minimum elevation between successive zero-crossings;
index of dune height (equal to 20);

= frequency response function;

gain of filter;

arbitrary wave height;

equivalent sand roughness;

wave length;

wave length obtained from zero-crossings analysis;
maximum number of lags in spectral estimation;
3th moment of spectral density function;

number of data in sample of bed profile;

autocovariance function for y(x);
energy slope;

= component of energy slope associated with sand grain roughness;
= component of energy slope associated with form roughness;

mean flow velocity:
length of sample record; also a random variable;
distance along length of channel or sample record;

= Fourier transform of y(v);
= Fourier transform of y'(x);
= bed elevation at distance x;

bed elevation at distance x for raw data before filtering;
stochastic process defining bed elevation;

standardized form of random variable y(x);

parameter of filter;

spectral width;

sampling interval;

von Karman'’s constant;

lag distance;

kinematic viscosity;

standard deviation of v; and

= circular frequency,
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D.4. Jain and Kennedy (1974).

Basis of theory

1. Bed profile is expressed in terms of its Fourier components.

n(x,0) = [ Blk,t) elkx dx (1)

2. Velocity potential for flow shown in Fig. D.4.1 over wavy bed given by (1)

is

b(x,y,0) = iU | IB(k,t)eikx dx (2)

where
) -
3. Sediment continuity
M+Tx=0 4
Note: subscripts denote partial differntiation.
4. Transport relation of Hayashi (1970)
T(x,t) = m[1 + anx(x,HI[(U - Ue) + dx(x - B, - d,0)]" (5)
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(4) and (5) yield ny(x,b), which is Fourier transformed to yield
Bt(k,t) - Tk2[ot - inJjexp(- ikB)IB(k,t) = 0 (6)
after substitution of (5) and (6).
Solution of (6) is
B(k,t) = B(k,0)exp[Tk2{a - inyJ1exp(- ikB)}] @)

Spectrum of bed profile is obtained by ensemble averaging the product of

(7) and its complex conjugate
Dd(k,1) = Dk,0)exp[2Tk2(axr - nyJqsinkp)t] (8)

Speed ¢ of contribution to @ with wave number k is found from Eqgs. 1 and

7 to be

¢ = TnjkJicoskp 9

Normalized growth rate of spectrum is

Dy(k,0) d2_

=k2d2 (1 - L JisinkB\=T (10)
d(k,0) 2Tt o

which has a singularity at the Airy celerity
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F2 = tanh kd/kd an

Component with wave number given by (6) develops linearly with time

even on a flat bed:

[— U Ak?
’n:

nT (U - Ug) sinhkd cos k(x - B)]t (12)

10.  Normalized growth rate given by (10) is shown in Fig. D.4.2.

I1. A "conservation of variance"” principle is formulated as (see Fig. D.4.3)

o0 (= -]

2 kdk = Aok + = | [ @l vkelendk - | [ dlenkelk,dk
ot 2 k k

o0

2| [omoketnde |dk (13)
oK | |

12.  For sufficiently large kd, J; approaches infinity and Eq. (9) becomes

c=Tnik (14)

13. For steady-state conditions (equilibrium range), (13) becomes

o0

d
S|k kjcbcdk =0 (15)
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Princi

which, with (14), yields

D~Kk3 (16)

Spectra of bed forms developing on an initially flat bed exhibit two peaks,
as predicted by (10) (see Fig. D.4.3). One peak is at the Airy celerity given
by (11).

Author's explanation of evaluation of spectra is as follows:

At small times the spectra of bed forms developing on an initially flat bed
are characterized by two peaks. One peak, generally that at the lower spatial
frequency, traces its origin to the velocity-field perturbation and
accompanying pattern of differential deposition and scour on the bed
produced by a small amplitude, stationary surface wave; i.e. a wave train
moving relative to the fluid with velocity just equal in magnitude but
opposite in direction to the mean flow velocity. It is this equality that
determines the frequency of one spectral peak. The second peak
corresponds to bed waves resulting from the inherent instability of an
interface between an erodible bed and a turbulent flow. Over wide ranges
of flow conditions any small initial disturbance on an otherwise flat bed will
produce a perturbation of the velocity field and hence also of the sediment-
transport distribution, giving rise to a spatial pattern of scour and deposition

that produces bed waves. This instability mechanism is not dependent on
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the proximity of a free surface; it also produces, for example, ripples in very
deep tidal flows and aeolian ripples on wind-swept sand deposits. The
spatial frequency at which it is centered is a function of the flow and
transport characteristics, reflected in nj/a, J; and B/d, and can be expected
to occur at the value of kd where I', given by (10) and illustrated in figure 2,
has a continuous maximum. Equation (9) indicates that the two different
families of waves will move with different speeds, and this frequency
dispersion probably accounts for the shift of the normalized spectra---
towards the lower frequencies as the bed configurations develop and

mature.

This "variance-cascade" process, involving interaction between the water-
surface (Airy) wave generated bed forms and the bed forms produced just
by the bed-flow interaction was verified by the experiments of Nakagawa

and Tsujimoto (1984).

Normalized (by d62F5/3) spectra conform to (16) (see Fig. D.4.4).

Normalization by F3/3 suggests

Lo = Mo/Mp)1/2 ~ F3/3 (17)

which is supported by Jain's data (see Fig. D.4.5). The data given in Fig.
D.4.5 yield

o d = Tad (18)
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Nordin's data conform better to

L/d ~ F2 (19)

The field data of Annambbhotla et al. (1972) do not conform to the relation

suggested by Fig. D.4.5.

Examination of bed-wave spectra of several authors suggest F/3 to be

preferred in the spectrum normalization factor.
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Figure D.4.2.
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Figure D.4.5.
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Notation

Some of the notation is defined in Fig. D.4.1.

B = function defined by (1)

ck) = celerity of bed-wave component with wave number k
F = Froude number = U/Ngd

g = gravity constant

i = +-1

J = function defined by (3)

J1 = function defined in (6)

I = -J(K',-d)

k = wave number = 2n/L

L = wavelength

m,n = coefficient, exponent in sediment transport relation, (5)
Mo,M»y = zeroth, second moment of spectral density function
nj = nU/(U-Ug)

t = time

T = local volumetric sediment discharge per unit width

T = average volumetric sediment discharge per unit width
Ug = critical velocity for initiation of motion

o = coefficient of bed-slope term in (5)

B = sediment-transport lag distance

r = normalized spectral growth rate; (10)

o = velocity potential

() = spectral density function
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III. CURRENT STATUS AND PROSPECTS

A. Introduction. Section B of this chapter will précis what presently is known
about the formation, behavior and characteristics of alluvial bed forms, and the principal
deficiencies in our knowledge about them. Section C is given over to a (somewhat philo-
sophical) discussion of the stumbling blocks that arise in formulating theories of bed-form

behavior. The focus of this chapter is very long riverine dunes (so-called megadunes).

B, What Is Known, The following features of riverine bed forms and their

behavior may be considered as fairly well to firmly established:

1. Bed forms are the result of an instability that is inherent, under most flow
and sediment conditions, in the interaction between the primary shear flow
and the bed, or between velocities induced by standing (stationary) surface
waves and the bed (Exner 1925; Anderson 1953; Kennedy 1963, 1964,
1969; Reynolds 1965, Hayashi 1970; Engelund 1970; Fredsoe 1974,
Richards 1980, and others). The underlying mechanisms of the instability
are illustrated in Fig. B.4.1. Note that a free surface is not required for the
formation of bed forms (except antidunes). The principal processes

involved in this instability are as follow:

a. Something gives rise to a disturbance (small bump) on an otherwise
initially flat sediment bed; or, in the case of free-surface flows,

produces a standing water-surface wave.

b. The bed disturbance perturbs the flow field near the bed, and

thereby perturbs the local sediment transport rate.
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If the distribtuion of local sediment-transport rate is perturbed so as
to produce a pattern of scour and depositon that increases the
amplitude of the bed disturbance, ripples, dunes, or antidunes

result, depending on the flow and sediment characteristics.

If the distribution of local sediment-transport rate is perturbed so as
to produce a pattern of scour and deposition that diminishes the

amplitude of the initial bed disturbance, a flat bed results.

The bed forms migrate downstream (ripples and dunes) if scour
occurs on their upstream (stoss) slopes and deposition on their
downstream (lea) slopes. Upstream migration (antidunes) results in

the opposite case.

Over a fairly wide range of flow and sediment conditions, intermediate to

those that produce ripples/dunes and antidunes, the flow-bed interface is

stable, and remains flat. Any induced bed disturbance diminishes in

amplitude and disappears.

The bed configuration has a dramatic effect on riverine friction factors. The

Darcy-Weisbach friction factor often changes by a factor of ten or greater

between flat-bed and ripple/dune conditions (Vanoni 1975, pp. 114-118).

There are no generally accepted definitions or criteria for distinguishing

between ripples and dunes. Their behaviors are quite similar. Dunes are

longer and higher than ripples, typically by a factor of five and greater.

146



Ripples often occur in the stoss slopes of dunes. There does not appear to
be a continuous spectrum of wavelengths between ripples and dunes; on
plots involving bed-form wavelength, dunes appear as an isolated group of

points (e.g., the points in the lower-left of Fig. B.4.3).

There is no readily discernable difference between the spectral density
functions of ripples and dunes, except perhaps for their equilibrium - range

slopes (see item 13, below).

A phase shift between the local bed-wave displacement and the local
sediment discharge is essential to the initiation and growth of bed forms (see
references cited in item 1. above). The factors that have been identified as
contributing to this shift, and their relative importances, are (Kennedy 1978)

(note: 1 = very important — 4 = not important):

a. Phase shift between bed shear stress and bed waves (i.e., bed
displacement and/or slope), due to effects of nonuniform streamwise
pressure gradient on the velocity distribution. (1 for ripples, 2 for

dunes, 3 for antidunes).

b. Phase shift between bed waves and suspended-load transport rate,
caused by time required for sediment to be entrained into an
accelerating flow and to settle out of a decelerating flow. (1 for

antidunes, 2 for dunes, 3 for ripples).
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Gravitational force, which impedes particle motion up stoss slopes
and aids it down lee slopes. (1 for ripples, 2 for dunes, 3 for

antidunes).

Flow separation from downstream slopes. (1 for fully developed

ripples and dunes, 4 for antidunes).
Particle inertia. (3 for antidunes; 4 for others).

Phase shift between local flow shear and local turbulence
characteristics; i.e., the "history" effect on turbulence. (2 for

antidunes, 3 for dunes, 4 for ripples).

Phase shift between bed and water-surface waves, and hence also
between bed waves and local mean depth and velocity. (2 for

antidunes, 3 for dunes, unimporant for ripples).

Practically all of the successful analytical models developed to date for bed

forms are based on small-perturbation theory. This involves:

a.

b.

Deformation (mathematically) of the sediment bed into a small-

amplitude, slowly moving wave (usually a sinusoid).

Calculation of the flow field over the deformed bed.

148



c. Calculation of the local sediment discharge, along the deformed bed,
produced by the perturbed flow field.

d. Application of the sediment-continuity equation (Exner relation) to

calculate the subsequent deformation of the bed.

e. Interpretation of the calculated bed profile to explain the occurrence

and behavior of different types of bed forms.

The analyses outlined in item 3, above, are limited to small-amplitude bed
forms, and cannot explain several important features of fully developed bed
forms. In particular, they cannot predict the behavior and properties of
mature, fully developed bed forms which are dominated by nonlinear

effects.

Three principal items are forthcoming from most of these small-perturbation

analyses:

a. The dominant wavelength, calculated as the wavelength with the

fastest amplitude growth rate.

b. Bed-wave celerity as a function of wavelength, the flow
characteristics, and the sediment and sediment-transport properties

of the flow.

c. Conditions for occurrence of the different types of bed forms (see,

e.g., Fig. B.4.2). These predictions invariably involve parameters
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10.

11.

12.

involved with the bed-elevation--transport-rate phase shift, and are
difficult to apply to predict occurrence of different types of bed

forms.

Most small-perturbation theories predict ranges of flow and transport
relations under which the bed-wave amplitude diminishes with time. This is

interpreted as a flat bed.

Riverine bed waves produced over a fairly wide range of wavelengths, and
the resulting bed forms are the superposition of waves of many lengths
(Jain 1971, Jain and Kennedy 1974, Nakagawa and Tsujimoto 1984).
Free-surface flows are observed to produce two spectral peaks in the bed
waves that first develop on the initially flattened bed; one of these is at the
wavelength c;f the Airy wave, and corresponds to the bed forms produced
by standing water-surface waves. Its wavelength is given by the Airy

relation,
U2 = g/k tanh kd (I11.1)

The second spectral-peak is produced by the interaction between the primary
shear flow and the bed. The two sets of bed-waves interact, by the shorter,
faster-moving ones overtaking and merging with the slower, longer ones.
This "variance-cascade” process was described by Jain and Kennedy (1974)

(see Section I1.D.4 for quotation of their explanation).

The spectral peak corresponding to the Airy celerity is not present in bed

forms produced by closed-conduit flows, and evolving bed forms in closed-
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13.

14.

1s.

conduit flows do not exhibit the progressive lengthening described by
Raichlen and Kennedy (1965) and analyzed by Jain and Kennedy (1974).
This has been demonstrated by the experiments of Nakagawa and Tsujimoto

(1984).

Fully developed dune spectra exhibit an "equilibrium range" in which the

spectral density function, @, varies as

d ~ k3 (111.2)

where k = 2n/L; and L = wavelength (Hino 1968, Jain and Kennedy 1974).

For ripple spectra, Hino (1968) suggests

D ~ k2 (I11.3)

The first of these relations has been well corroborated experimentally.

Some data compilations indicate that very long bed forms--megadunes--are
a distinctive class of bed waves. This is suggested by, for example, the
grouping of the cluster of points for megadunes in the lower-left corner of
Fig. B.4.3. However, spectral density functions for these bed forms do not

indicate that they are statistically different from other bed forms.

Megadunes have maximum wavelengths of about six- to eight-times the
flow depth (Jackson, 1976). This is consistent with the wavelength of the

lower end of the equilibrium-spectrum (® ~ k-3) range (see Section IL.D.2,
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16.

17.

Egs. 7 and 8), as has been shown by Hino (1968). This corresponds to a
vertical line in Fig. B.4.3, which is seen to be a crude estimate of dune

wavelength.

A better approximation to the wavelengths of dunes can be obtained from
the spectral analyses of Nordin (1971; cited in Sec. II.D.1) and Jain and
Kennedy (1974; see Sec. I1.D.4) indicating that better estimates of the

wavelength are

F2 = 91-2%1_9. (I11.4)
((18) in Sec. ILD.1); and
B5/3 = _02'2 1 % (I1L5)

((19) in Sec. I1.D.4), respectively.

Raudkivi's (1963) detailed subcritical-flow measurements of flow over a
mobile-sand and a rigid, two-dimensional model of a ripple (actually, likely
a dune), 15-inches long and 1.1-inches high, revealed several interesting

aspects of this flow, as follow (refer to Fig. III.B.1):

a. Entrainment and bed-load transport take place on the stoss slopes of
ripples and dunes at values of the temporal mean bed stress well
below Shields' critical stress, which is reached more than half-way

up the stoss slope of the bed form.
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18.

The temporal mean shear stress is a maximum on the crest of the bed
form, and there is very nearly equal to the mean shear stress for the
same flow over same sand bed in its initial flat condition. This flat-
bed value of shear stress appears to govern the amount of sediment

transport.

The streamlines of the main flow are approximately sinusoidal,

rising over the wakes and falling over the crests of ripples.

The flow over the wake in the lee of a ripple reattaches to the bed
about five to eight (average of about six) ripple-heights downstream
of the ripple crest. At the reattachment point, the bed shear stress is
practically zero. These observations are consistent with those made
in boundary layers downstream from impervious "fences"
perpendicular to walls; and downstream from negative steps on

conduit boundaries.

In the region where boundary shear stress is less than the critical
value, the sediment entrainment and transport are due primarily to

the agitation (intense turbulence) in the wakes of the bed forms.

There is presently no completely reliable predictor for the conditions of
occurrence of the different bed configurations (ripples, dunes/megadunes,
flat bed, antidunes). The principal stumbling block is an inadequate

understanding and formulation of the transport-rate phase shift (see Fig.
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B.4.2). Vanoni's (1974) bed-form charts (Fig. [II.B.2 and Table III.1)

remain the best practical tool for bed-configuration prediction.

19.  The Nobel Prize for a riverine-bed-form theory is still waiting to be won.
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Tabl

TABLE 1.—-Ranges of R, and d,, for Data Plotted on each of Bed-Form Charts Figs.

2-7
Figure Ranges of R, Ranges of median sediment
number = (dya Vgdg /v size, d,, in millimeters
(1) (2) (3
i 0.11 and 2.7-4.2 0.011 and 0.088-0.15
2 4.5-10 0.12-0.20
3 10-16 0.15-0.32
4 16-26 0.23-0.45
S 24-50 0.4-0.6
6 82-92 and 126-197 0.93, 1.20, 1.35
Table III.1.
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able? The foregoing outline of "what is

known", and the selected-literature survey of the preceeding chapter, suggest, accurately,
that the mechanisms responsible for the initiation and small-amplitude behavior (the
linearized problem) of riverine bed forms are quite well understood and fairly well
formulated. The principal remaining stumbling blocks involve the usual problems attendant
to the analysis of strongly nonuniform turbulent shear flows, and further elucidation and
formulation of the phase shift between local bed displacement and local sediment-transport
rate. The perceptive reader will have noted, however, that relatively little has been reported
herein concerning analytical description of the properties and behavior of fully developed
bed forms. That is because there is not much to report, either analytical or experimental, on

this problem. The notable exceptions are:

1. Fredsoe's (1982) analysis of the shape of fully developed ripples and
dunes) (see Section I1.B.10).

2. Haque and Mahmood's (1985) series of publications reporting analytical
treatment and finite-element simulation of flow past mature ripples and

dunes (see Section IL.B.11).

3. Several dimensional-analysis treatments of the geometry of mature bed

forms and Vanoni's (1974) bed-form charts.

4. Some success in determining "universal” nondimensional spectral density

functions of ripples and dunes (see Chapter II, Section D).

5. Kennedy's (1963) finding that antidune height is limited by the stability of

the accompanying surface waves (see Section 11.B.3).

160



6. The relationship between the geometry and kinematics of ripples and dunes,
and sediment discharge, as analyzed by Simons, Richardson and Nordin

(1965), Kennedy (1969), and Willis and Kennedy (1978).

In an attempt to answer the question posed in the heading of this section, let us
consider what a complete analysis of finite-amplitude ripples and dunes must include, and
the stumbling blocks encountered in its development. We will consider periodic, fully
developed ripples or dunes moving with celerity ¢ without changing their form, as shown

in Fig. IlI.C.1. These waves are described by
nx,t) =hf(x-ct) (IIL.C.1)

where, in addition to the nomenclature defined in Fig. III.C.1, f = function of (x-ct)
defined by the bed profile and Eq. III.C.1, and t = time. The equation of sediment

continuity is

an aQS
— e 22 = () 1I1.C.2
Jt ot ( )

where qg = volumetric sediment discharge (which includes the porosity). Substitution of

Eq. III.C.1 into Eq. III.C.2, and integrating the resulting equation over x yields
qS(xst) = Cn(x’t) + C(t) (III.C.3)

where C = constant or function of time, and represents sediment discharge that does not

participate in the bed-form-migration process.
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In Eq. III.C.3, m is seen to vary linearly with qs. Thus for equilibrium bed forms,
1 must evolve such that it produces a flow field, and associated turbulence and shear field,
that at every point along the bed produces a qs that satisfies Eq. III.C.3. This relation must
be satisfied in the strongly separated flow in the wakes of the bed forms; in the
reattachment zone, where the separation streamline from a bed-form crest approaches the
stoss slope of the adjacent downstream bed form; and in the nonuniform internal boundary
layer along the stoss slope downstream of the reattachment point. In short, qs must be
proportional to 1 throughout the complex flow above ripples and dunes. The transport
relation must also take into account the effects of bed-form slope on transport rate,
including the gravity flow of sediment down the lee slopes. It must also consider the
strong interchange between bed-load and suspended-load discharges that occurs along the
bed profile, including the wake zone. The spectral properties of the bed profile would have
to be included, especially the "production of bed profile" at the larger wave numbers, and
the "decay of bed profile" at smaller wave numbers. Calculation of M(x,t) and the
corresponding flow and stress fields and resulting qg(x) that satisfy these relations, as
calculation of equilibrium bed forms would require, is indeed a tall order. To appreciate the
difficulty of the problem, it should be recalled that the problem of calculating the total
sediment discharge of streams, even over flat beds, cannot be considered as satisfactorily

solved.
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IV. A NEW THEORY FOR DUNE HEIGHTS.

This model is concerned primarily with megadunes, of the type described by Carry
and Keller (1957), among others. It is these bed forms that pose the greatest problem to
navigation, water-diversion structures, etc.

The model is based on the following concepts and assumptions:

1. The grain-roughness shear stress, 7', varies linearly along the stoss face of
each dune (see Fig. III.C.1), from zero a distance ah downstream from the
dune crest to the flat-bed value (based on the mean depth d) 1},, at the dune
crest. This assumption is well supported by the detailed measurements of
Raudkivi (1963) of velocity and stress distributions in flows over dunes.
Based on his experiments, and the work of others cited by him, a = 5. The
negative T’ upstream from this point to the dune crest will be neglected.
Thus, the average energy slope due to the grain roughness, S', is expressed
by

, 1. L-ch
pgdS = 2%10_—‘14

or

' 1 h
S'=1.2 El fo F2 (1-aE) (Iv.1)

where, in addition to the terms defined in Fig. III.C.1, A = coefficient (= 1);
fo = rigid-flat-bed Darcy-Weisbach friction factor; and F = Froude number.

The factor 1.2 is introduced to take into account Karim and Kennedy's
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(1989) finding that the friction factors of flows over mobile flat beds are
about 20 percent greater than those of flows over rigid beds with equal

roughness size.

The energy slope produced by form drag on the dunes will be estimated
from Carnot's formula for the head loss across an abrupt expansion in a
conduit, as was done by Engelund (1966). The average energy slope, S",

produced by this expansion loss is (refer to Fig. IV.1)

2 2
S"=CD%%§ lh C— 1
(d3) (d+3) - Sq Bh
=92F293 1-S4B 2
2 W 1 h2 (1 SqB S4p h
T@Z\éd" 27 ) RdP g
=>"F15 Iv.2)

where Cp = loss coefficient (= 1); Sq = average slope of stoss face of dune
(: }—11:) and Bh = distance from dune-profile nadir to point of free-
streamline bed reattachment, as shown in Fig. IV.1. Note that S4ff << 1, as

are products involving Sqf3.

The total energy slope is then

fF2
S=7g

Al " 1 h 1 h2
=§8'+8"= 1.2ﬁkfoF2(1-aE)+f2-CDF2m (IV.3)
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where f = Darcy-Weisbach friction factor and F = Froude number. (IV.3)

f£_L2 hy, 4Cp (h\2d
£ x(1 - o L)+ . (d) T (IV.4)

The ratio% will be estimated from the results of the spectral analyses of

Nordin (1971) and Jain and Kennedy (1974) (see item 16 of Sec. II1.B).

Specifically,

P2=—xl-=l% (IV.5)

will be adopted. It is expected that C =~ 0.25 for megadunes. (VL35) is a
reasonable approximation to the "megadune” points in the lower left of Fig.

B.3.2.

Karim and Kennedy's (1989; their Eq. 17) regression relation will be

utilized for the friction-factor ratio f/f,:

U

— = 4\ 626 (g .503 (L) -.465
VeG-DDso 6.683 (DSO) (S) (fo) (IV.6)

where s = specific gravity of bed material; and D5 = median bed-particle

size.

The rigid-flat-bed friction factor, f,, is taken from Karim and Kennedy

(1989) to be
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8
6.25 + 2.54n —% 1
{.5+ . n2.5D50}

£, = av.7)

7. (IV.4) and (IV.5) yield

h1[1.20af, [l.zxafo 2nF2f, (f L%)]W}
E=§:{ 8Cp T ( 8Cp )2+ CoCi (fo" 2 (IV.8)

where f, is given by (IV.7); C1 ~0.25; A~ 1; Cp =~ 1; and 'f% is given by

(Iv.6).

. 1.2 Aaf .
8. (I1V.8) can be simplified (by neglecting the terms in 18—% —gsg and % A,

which are small for all but flows over nearly flat beds) to

h _F 4 / 2xf

Several comments concerning the prospective usefulness of (IV.9) and (IV.10) are

in order:

1. They valid only for flows that produce ripples and/or dunes. Karim and

Kennedy (1989) suggest that this flow regime occurs over the range

To

0.06 < —
pg(s-1) Dso

<1.3 (Iv.10)

where 0.06 corresponds to the Shields dimensionless shear stress for

incipient motion. The limits given in (IV.10) are tentative and approximate.
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Additionally, dunes can be expected only if the Froude number is less than
about 0.6 to 0.7. Vanoni's (1974) bed-form charts (see item 18 of Sec.
[I1.B, and Fig. II1.B.2) also should be consulted to determine if dunes can

be expected.

Because ripples and dunes are composed of spectra of wavelengths and
amplitudes, any prediction for these quantitities, or their ratio, should be

regarded as yielding representative values.

(IV.9) can be expected to be valid only for fairly large values of g .
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Figure

h -

Figure IV.1.
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V. VERIFICATION

The relative dune-height, all predictions of six of the empirically based relations

were compared with data reported by Guy et al. (1966). Only their runs conducted in the
eight-foot-wide flume which had dunes as the reported bed configuration were used in this

comparison. Regretably, no field data collection suitable for verification were found.
The ranges of variables covered by these experiments utilized in the comparison are:

d  =flow depth (ft): 0.30 - 1.33
Dsp = grain size (mm): 0.19 - 0.93

F  =Froude number: 0.25 - 0.65

S  =Slope: 0.37 x 10-3 - 4.37 x 10-3
V  =velocity (ft/s): 1:30 - 3.32

The following relations were used in the verifications:

(1) Yalin (1964)

Te _ Bc(ps - p)gD - AD8
T pgSd Sd

(ec = 0.06)
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(2) Gill (1971)

ol

- F2
= 1-F (1 - EC-) (assume f is independent of U)
2no T

o = (.5 (triangular dunes)
n = 3/2 (corresponds to Meyer-Peter and Mueller equation).

(3) Ranga Raju and Soni (1976)

D/d

b 65x103 24 (78
d 3
U U
Fi = Fy =
VERp g A
ap gD
Y
D 1/6
ns =57~ (m 1/6)
Ry,S
cop U b2
Ry 2 =55 Uinmss; 1=
(4) Fredsoe (1982)
h
d Dy
=
1 -55 29 (4P, dPs
do do
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Fig. B.104 portrays this relation after 6, @y, ®g are expressed as functions

of 6:
(5) Van Rijn (1984)
h D 0.3 -0.5T
a=0.11(‘&) (l-e ~)@5-T)
Uk 2 - Uk
T= ¢ Uk 2= gu?
2 cn2
U
. 12R 2
C' =18 Lo (3D—9(l))) Uk = OcAgD
0; = 0.06

The results of this verification are presented in Figs. V.1 to V.5. These figures
suggest that none of the relations evaluated is fully satisfactory. The model developed
herein appears to give the best results, and could be improved by calibration to adjust the

constants it contains.

(6) Present paper (Chapter IV).

1 {I.ZXocfo . [(I.ZKafo 2nF2f, (f 1.27&)}1/2}

2178Cp 8Cp ) * TpC \&

h_ .24
a= fy" 2

where
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8

fo= Y
{6.,25 +2.548n m}

o=5

A=1

C1=0.25

Cp=1
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Figure V.1. Verification of the dune-height predictor of Yalin (1964).
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Figure V.2. Verification of the dune-height predictor of Gill (1971).
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Figure V.3. Verification of the dune-height prediction of Ranga-Raju and Soni (1971).
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VI. DUNE-CONTROL METHODS

In the extensive literature search carried out in the course of this study, no
innovative means of dune control were found. Dredging to obtain short-term relief of local

problems seems presently to be the common practice.

A technique whose potentials as a control measure have not been fully explored is
the submerged vanes technique. Both laboratory and field tests (Odgaard and Kennedy
1983, Odgaard and Spoljaric 1986, Odgaard and Mosconi 1987, Wang 1989, Fukuoka
1989, Fukuoka and Watanabe 1989) suggest that this technique has a broad range of
applications including dune control. The 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 15-25°
with the flow, and their initial height is 0.2-0.4 times local water depth at design stage.
The vanes function by generating secondary circulation in the flow. The circulation alters
magnitude and direction of the bed shear stress and causes a reduction in velocity and
sediment transport in the vane controlled area. As a result, the bed configurations change.

The river bed aggrades in the vane controlled area and degrades outside.

The technique was originally developed to stop or reduce bank erosion in river
curves. In this application the vanes are laid out so that the vane generated secondary
current eliminates the centrifugally induced secondary current, which is the root cause of
bank undermining. The first field test with this application was in a bend of East
Nishnabotna River, Iowa (Odgaard and Mosconi 1987). The results from this test are very
satisfactory. Other successful field tests are reported by Fukuoka and Watanabe (1989)

and Kunzig (1989).
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Recent laboratory and field tests suggest that the vane technique is also effective in
ameliorating shoaling problems in rivers (Odgaard and Wang 1990). Figures VL1 and
V1.2 show results of a laboratory experiment in which vanes were installed along the right
side of a straight laboratory channel. The objective was to generate an increase in flow
depth in the left portion of the channel. The vanes were 0.8 mm thick sheet metal plates,
7.4 cm high and 15.2 cm long, installed in arrays with four vanes in each array and angled
20° toward the bank. Average flow depth was about 17 cm and velocities were of the
order of 0.4 m/s. It is evident that this vane system caused a considerable redistribution of
sediment. The vanes reduced the depth near the right bank by about 50%. This caused the
depth near the left bank to increase by 20-30%.

One of the most important observations made in these tests was that the vane
induced changes in cross-sectional profile occurred without causing measurable changes of
the area of the cross sections and of the longitudinal slope of the water surface. This
observation is important because it implies that the vanes will not cause any changes of the
stream's sediment transport capacity upstream or downstream from the vane field and

therefore should not alter the overall characteristics of the stream.

Another important observation was that the bedforms in the deepened part of the
channel did not appear to be larger than before vanes were installed. It appeared that the
vanes lowered the bed level outside the vane field without causing the height of the
bedforms there to be increased. This observation suggests that vanes may be an effective
means of controlling not only the depth but also the size of the bedforms. However, more

experimentation is needed to quantify the performance of the vanes in this regard.

It is recommended that the use of submerged vanes for control of bedforms be

investigated further. A logical approach would be to use the theoretical basis obtained
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herein (the relationships between bedform geometry and flow and sediment characteristics)
for designing and conducting a series of experiments in a straight, movable-bed hydraulic
model. The main objective would be to develop relationships between vane-system
characteristics (design and layout), flow and sediment conditions, and dune dimensions
within and outside the vane controlled region of the model. The experiments should be
designed so that the feasibility of the technique in typical prototype situations can be
determined. The model could, for example, be a representation of a prototype problem

reach. Other techniques may also emerge from such experiments.

181



Figure VI.1. Submerged vanes for sediment management: test in
straight, alluvial channel. Upstream view of nearly
drained channel.
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VII. SUMMARY AND CONCLUSIONS

The principal findings forthcoming from the literature survey are presented in
Section IT1.B, which should be considered a part of the summary and conclusions of this

study.

Five of the published, empirically based predictors for relative dune height, h/d,
were evaluated (Chapter V). None of them was found to be satisfactory. A new dune-
height predictor was derived (Chapter IV), using in "inverse approach”, in which the dune
height was estimated from a verified predictor for alluvial-river friction factors. This
relation was found to give more accurate predictions of h/d than the previously published
ones. Its accuracy no doubt could be improved by calibration against other data to refine
the constants it contains; and by omitting some of the assumptions made in its formulation,

although this would be done at the expense of greater computational complexity.

The most promising, innovative means of dune control is judged to be use of
submerged vanes, as described by Odgaard and Wang (1990). As a matter of fact, no
other innovative means was discovered. There is a growing body of field experience
which demonstrates that submerged vanes, suitably deployed, are very effective sediment
management and control devices. It is recommended that their use for control of

objectionable shoaling resulting from dunes be further explored.
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