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2 Sediment Transport — Flow Processes and Morphology

the same velocity as that of the flowing water. That part of the suspended load which is
composed of particle sizes smaller than thos found in appreciable quantities in the bed
material. It is in near-permanent suspension and therefore, is transported through the
stream without deposition. The discharge of the wash loadhrough a reach depends only
on the rate with which these particles become available in the catchment area and not on
the transport capacity of the flow. Fluid flow and sediment transport are obviously linked
to the formation of primary sedimentary structures. Here in this chapter, we tackle the
question of how sediment moves in response to flowing water that flows in one direction.

2. Fluid flow and sediment transport

The action of sediment transport which is main tained in the flowing water is typically due
to a combination of the force of gravity acting on the sediment and/or the movement of the
fluid. A schematic diagram of these forces in a flowing water is shown in Figure 1. The
bottom plate is fixed and the top plate is accelerated by applying some force that acts from
left to right. The upper plate will be accelerated to some terminal velocity and the fluid
between the plate will be set into motion. Terminal velocity is achieved when the applied
force is balanced by a resisting force (shown as an equal but opposite force applied by the
stationary bottom plate).

Fig. 1. Varying forces acting on flowing water along the flow depth

The shear stress transfers momentum (mass time velocity) through the fluid to maintain the
linear velocity profile. The magnitude of the shear stress is equal to the force that is applied
to the top plate. The relationship between the shear stress, the fluid viscosity and the
velocity gradient is given by:

Y p (1a)
dy
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Where u is the velocity, y is the fluid de pth at this point as given in figure, P is the fluid
viscosity, and Ug the shear stress.

From this relationship we can determine the velocity at any point within the column of
fluid. Rearranging the terms:

I w %P or §/Wdy RBdu oru, (WPpy c (1b)
y

where c (the constant of integration) is the velocity at y=0 (where u=0) such that:

uy —Fy
From this relationship we can see the following:
a. That the velocity varies in a linear fashion from 0 at the bottom plate (y=0) to some
maximum at the highest position (i.e., at the top plate).
b. That as the applied force (equal to Wincreases so does the velocity at every point above
the lower plate.
c. That as the viscosity increases the velocity at any point above the lower plate decreases.
Driving force is only the force applied to the u pper, moving plate, and the shear stress (force
per unit area) within the fluid is equal to the force that is applied to the upper plate. Fluid
momentum is transferred through the fluid due to viscosity.

3. Fluid gravity flows

Water flowing down a slope in response to grav ity e.g. in rivers, the driving force is the
down slope component of gravity acting on the mass of fluid; more complicated because the
deeper into the flow the greater the weight of overlying fluid. In reference to Figure 2 that
shows the variation in velocity along the flowing water, D is the flow depth and y is some
height above the boundary, FG is the force of gravity acting on a block of fluid with
dimensions, (D-y) x 1 x 1; here y is the height above the lower boundary, Tis the slope of the
water surface, it may be noted here that the depth is uniform so that this is also the slope of
the lower boundary, and W the shear stress that is actig across the bottom of the block
of fluid and it is the down slope component of the weight of fluid in the block at some
height y above the boundary.

Fig. 2. Variation in velocity for depth
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For this general situation, \V the shear stress acting on thebottom of such a block of fluid
that is some distancey above the bed can be expressed as follows:

W oD vy) 1u saf)u 2

The first term in the above equation i.e. (D y) 1u 1 isithe weight of water in the block

and Sin (7 is the proportion of that weight that is acting down the slope. Clearly, the
deeper within the water i.e. with decreasing y the greater the shear stress acting across any
plane within the flow . At the boundary y =0, the shear stress is greatest and is referred to as
the boundary shear stressky, this is the force per unit area acting on the bed which is
available to move sediment.

Setting y=0: W oD y)siny) and M%J P T (3a)

From the above equations, we get the following velocity distribution for such flows by
substituting

du/dy D ysin( )/ T P (3b)
Integrating with respect to y:
du Si Sit/
I 0 yd o Lo 13 o (@)

Where c is the constant of integration and equalto the velocity at the boundary (Uy=0) such
that:

I 5
y P 2@ 1 ©)

Fig. 3. Variation in velocity for depth

Velocity varies as an exponential function from 0 at the boundary to some maximum at the
water surface; this relationship applies to:
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a. Steady flows: not varying in velocity or depth over time.
b. Uniform flows: not varying in velocity or depth along the channel.
c. Laminar flows: see next section.

3.1 The classification of fluid gravity flows

3.1.1 Flow Reynolds’ Number (R)

Reynolds’s experiments involved injecting a dye streak into fluid moving at constant
velocity through a transparent tube. Fluid type , tube diameter and the velocity of the flow
through the tube were varied, and the three ty pes of flows that were classified are as
follows: (a) Laminar Flav: every fluid molecule followed a straight path that was parallel to
the boundaries of the tube, (b) Transitional Flow every fluid molecule followed wavy but
parallel path that was not parallel to the boundaries of the tube, and (c) Turbulent Flow:
every fluid molecule followed very complex path that led to a mixing of the dye. Reynolds’s
combined these variables into a dimensionless combination now known as the Flow
Reynolds’ Number (R) where:

WD
R —— 6a
5 (6a)
Where U is the velocity of the flow, Us the density of the fluid , D is the diameter of the
tube, and Pis the fluid’'s dynamic viscosity. Flow Reynolds’ number is often expressed in
terms of the fluid’s kinematic viscosity Q) equally expressed as P Uunits are m2/s) and

r 2O (6b)
Q
The value of R determine the type of flows in the following manner:
a. Laminar flows R <1000
b. Transitional flows 1000 < R <2000
c. Turbulent flows R >2000

Fig. 4. Reynolds’s experimentsfor different types of flows
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In laminar flows, the fluid momentum is transf erred only by viscous shear; a moving layer
of fluid drags the underlying fluid along due to viscosity (see the left diagram, below). The
velocity distribution in turbulent flows has a strong velocity gradient near the boundary and
more uniform velocity (an average) well above the boundary. The more uniform
distribution well above the boundary reflects the fact that fluid momentum is being
transferred not only by viscous shear. The chaotic mixing that takes place also transfers
momentum through the flow. The movement of fluid up and down in the flow, due to
turbulence, more evenly distributes the velocity, low speed fluid moves upward from the
boundary and high speed fluid in the outer layer moves upward and downward. This leads
to a redistribution of fluid momentum.

Fig. 5. Variation in velocity for depth at three different types of flows

Turbulent flows are made up of two regions. An d there is an inner region near the boundary
that is dominated by viscous shear i.e.,

u
ym/;—y P @)

And, an outer region that is dominated by turbulent shear which focus on transfer of fluid
momentum by the movement of the fluid up and down in the flow.

u
N ®

Where Kis the eddy viscositywhich reflects the efficiency by which turbulence transfers
momentum through the flow.
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Fig. 6. Two regions of turbulent shear

As a result, the formula for determining the velo city distribution of a laminar flow cannot be
used to determine the distribution for a turbul ent flow as it neglects the transfer of
momentum by turbulence. Experimentally, determined formulae are used to determine the
velocity distribution in turbulent flows e.g. the Law of the Wall for rough boundaries under
turbulent flows:

u
Y 85 Elogl
U. N "y,

. Yo(=d/30), U. /W, and i gDSiny) 9T

Where N is Von Karman’s constant which is generally taken 0.41 for clear water flows
lacking sediment, y is the height above the boundary, y, (= d/30) and d is grain size, and U*
is the shear velocity of the flow. If the flow depth and shear velocity are known, as well as
the bed roughness, this formula can be usedto determine the velocity at any height y above
the boundary.

u, U. 85 &glogl"§ (iOa)
N "Yoo 1
23 § . .
u, U. 85 —Nlog©gDS|n(7j " (10b)

The above formula may be used to estimate the average velocity of a turbulent flow by
setting y to 0.4 times the depth of the flow i.e. y = 0.4D. Experiments have shown that the
average velocity is at 40% of the deoth of the flow above the boundary.
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3.1.2 Flow Froude Number (F)
Classification of flows according to their water surface behaviour, is an important part of the
basis for classification of flow regime

a. F<1 has a sub critical flow (tranquil flow)
b. F=1 has a critical flow
c. F>1 has a supercritical flow (shooting flow)

Flow Froude Number (F) is defined as follow:

) =
NEE

@ = the celerity (speed of propagation) of gravity waves on a water surface.
F<1,U <\/g_D : water surface waves will propagate up stream because they move faster
than the current. Bed forms arenot in phase with the water surface.
F>1,U>,/gD: water surface waves will be swept downstream because the current is
moving faster than they can propagate upstream. Bed forms are in phase with the water
surface.

In sedimentology the Froude number, is importan t to predict the type of bed form that will
develop on a bed of mobile sediment.

(11)

Fig. 7. Classification of flows according to degree of Froude Number
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3.2 Velocity distribution, in turbulent flows

Earlier we saw that for laminar flows the velocity distribution could be determined from Eg.

(4). Eq. (8). Fig. 7 shows the turbulent flowsand the corresponding two re gions. As per the
Law of the Wall for rough boundaries under turbulent flow depth, the shear velocity are
known along with the bed roughness, and in such cases Eq. (10) can be used to determine
the velocity at any height y above the boundary.

3.3 Subdivisions of turbulent flows

Turbulent flows can be divided into three layers: (i) Viscous Sub layeis the region near the
boundary that is dominated by viscous shear and quasi-laminar flow which is also referred
to, inaccurately, as the laminar layer, (ii) Transition Layerlies intermediate between quasi-
laminar and fully turbulent flow, and (iii)  Outer Layer which is fully turbulent and
momentum transfer is dominated by turbulent shear.

3.4 Viscous sub layer (VSL)
The thickness of the VSL (¢ is known from experiments to be related to the kinematic
viscosity and the shear velocity of the flow by:

12¢
G5 (12)

It ranges from a fraction of a millimetre to se veral millimetres thick, and the thickness of the
VSL particularly important in comparison to size of grains (d) on the bed. Next it shall be
discussed about the forces that at on the grains and the variation of these relationships. The
Boundary Reynolds’ Numbe(R*) is used to determine the relationship between Gand d:

u.D
Q

A key question is at what value of Rs the diameter of the grains on the bed equal to the
thickness of the VSL?

12¢

*

R. (13)

Giventhat G , the condition exists when G=d, and by substituting this relationship in R «

u.D

R. =12, thus

R*<12 G&d

R*=12 d=d

R*>12 &d

Turbulent boundaries are classified on the basis of the relationship between thickness of the
VSL and the size of the bed material. Given that there is normally a range in grain size on
the boundary, the following shows the classification (Fig. 8):

At the boundary of a turbulent flow the average boundary shear stress (§ can be
determined using the same relationship, as for a laminar flow. In the viscous sub layer
viscous shear predominates so that the same relatbnship exists, as given in Egs. (3a, 8 and 9)
that applies to steady, uniform turbulent flows.

Boundary shear stress governs the power of the current to move sediment; specifically,
erosion and deposition depend on the change in boundary shear stress in the downstream
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direction. In general, sediment transport rate (q s) is the amount of sediment that is moved by
a current that increases with increasing boundary shear stress. When W increases
downstream, so does the sediment transport rate; this leads to erosion of the bed providing
that a Wthat is sufficient to move the sediment. When W decreases along downstream, so
does the sediment transport rate; this leads to deposition of sediment on the bed. Variation
in Walong the flow due to turbulence leads to a pattern of erosion and deposition on the bed
of a mobile sediment. This phenomena is given in Fig. 9.

(a) For R* < 5 is smooth

(b) For 5<R* < 70 is transitional

(c) For R* > 70 is Rough

Fig. 8. Classification of flows according to degree of Boundary Reynolds’ Number



A Sediment Graph Model Based on SCS-CN Method 11

Fig. 9. Pattern of bed erosion and deposition according to variation of shear stress.

3.4.1 Large scale structures of the outer layer
Secondary flowinvolves a rotating component of the motion of fluid about an axis that is

parallel to the mean flow direction. Commonly there are two or more such rotating
structures extending parallel to each other.

Fig. 10. Eddies about the axes perpendicular to the flow direction.



12 Sediment Transport — Flow Processes and Morphology

In meandering channels, characterized by a shusoidal channel form, counter-rotating spiral
cells alternate from side to side along the channel. Eddiesare components of turbulence that
rotate about axes that are perpendicular to the mean flow direction. Smaller scale than
secondary flows moves downstream with the current at a speed of approximately 80% of
the water surface velocity (U;). Eddies move up and down within the flow as the travel
downstream, and this lead to variation in bo undary shear stress over time and along the
flow direction. Some eddies are created by the topography of the bed. In the lee of a
negative step on the bed (see figure below) the flow separates from the boundary (“s” in the
figure) and reattaches downstream (“a” in the figure). A roller eddydevelops between the
point of separation and the point of attachme nt. Asymmetric bed forms (see next chapter)
develop similar eddies.

Fig. 11. Asymmetric bed forms

3.4.2 Small scale structures of the viscous sub layer

Alternating lanes of high and low speed fluid within the VSL are termed as streaks
associated with counter-rotating, flow parallel vortices within the VSL. Streak spacing ( Q

varies with the shear velocity (U +) and the kinematic viscosity ( Qof the fluid; Oranges from

millimetres to centimetres. The relationship is as follows:

o 100¢ (14)

*

Gincreases when sediment is pesent. Due to fluid speed, a bursting cycle is referred as:
Burst: ejection of low speed fluid from the VSL into the outer layer.

Sweep: injection of high speed fluid from the outer layer into the VSL.

Often referred to as the bursting cyclebut not every sweep causes a burst and vise versa,
however, the frequency of bursting and sweeps are approximately equal.

3.5 Sediment transport under unidirectional flows

The sediment that is transported by a current comes under two main classes:

Wash loadsilt and clay size material that remains in suspension even during low flow events
in a river.
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Bed material loadsediment (sand and gravel size) that resides in the bed but goes into
transport during high flow events e.g., floods.

Bed material load makes up many arsenates and ratites in the geological record. Three main
components of bed material load are: Contact load particles that move in contact with the

bed by sliding or rolling over it. Saltation load movement as a series ofhopsalong the bed,
each hop following a ballistic trajectory.

Fig. 12. The ballistic trajectory in the flow

When the ballistic trajectory is disturbed by turbulence, the motion is referred to as
Suspensive saltation.

Intermittent suspension loadcarried in suspension by turbulence in the flow. Intermittent
because it is in suspension only during high flow events, and otherwise, resides in the
deposits of the bed. Bursting is an important process in initiating suspension transport.

3.6 Hydraulic interpretation of grain size distributions

In the section on grain size distributions we saw that some sands are made up of several
normally distributed sub-populations. These su b-populations can be interpreted in terms of
the modes of transport that they underwent pr ior to deposition. The finest sub-population
represents the wash load. Only a very small amount of wash load is ever stored within the
bed material so that it makes up a very small proportion of these depo sits. The coarsest sub-
population represents, the contact and saltation loads. In some cases they make up two sub-
populations (only one is shown in the Fig.13).

The remainder of the distribution, normally making up the largest proportion, is the
intermittent suspension load. This interpretation of the subpopulations gives us two bases
for quantitatively determining the strength of the currents that transported the deposits. The
grain size X is the coarsest sediment that the currens could move on the bed. In this case X
= -1.5 | or approximately 2.8 mm. If the currents were weaker, that grain size would not be
present. And, if the currents were stronger, coarser material would be present. This assumes
that there are no limitations to the size of grains available in the system. The grain sizeY is
the coarsest sediment that the currents coud take into suspension. In this case,Y = 1.3 f or
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approximately 0.41 mm, therefore the currents must have been just powerful enough to take

the 0.41 mm particles into suspension. If the curents were stronger the coarsest grain size
would be larger. This follows the above assumption of limitations to the size of grains size in

a system.

Fig. 13. The grain size frequency distribution

To quantitatively interpret X, we need to know the hydraulic conditions needed to just
begin to move of that size. This condition is the threshold for sediment movemerko
quantitatively interpret Y we need to know the hydraulic conditions needed to just begin
carry that grain size in suspension. This condition is the threshold for suspension

3.7 The threshold for grain movement on the bed
Grain size X can be interpreted, if we know what flow strength is required to just move a
particle of that size. That flow strength w ill have transported sedim ent with that maximum
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grain size. Several approaches have been taken to determine the critical flow strength to
initiate motion on the bed.
Hjulstrom’s Diagramshows the diagram of the critical veloci ty that is required to just begin
to move sediment of a given size i.e. the top of the mud region. It also shows the critical
velocity for deposition of sediment of a given size at the bottom of the field. The
experiment is based ona series of experiments using unidirectional currents with a flow
depth of 1 m. It can be noted here that for grain sizes coarser than 0.5 mm the velocity
that is required for transport increases with grain size; the larger the particles the higher
velocity the is required for transport. For fi ner grain sizes (with cohesive clay minerals),
the greater the critical velocity for transport. This is because the more mud is present
means that the cohesion is greater, and the resistance to erosion increases, despite the
finer grain size. In our example, the coarsest grain size was 2.8 mm. According to
Hjulstron’s diagram that grain size would require a flow with a velocity of approximately
0.65m/s. Therefore, the sediment shown in the cumulative frequency curve, was
transported by currents at 0.65 m/s.
The problem is that the forces that are required to move sediment, are not only related to
flow velocity, but also the boundary shear stress thatis a significant force. Boundary shear
stress varies with flow depth, as shown the relationship earlier given in Eqg. (9) as
W gDSin{) . Therefore, Rjulstrom’s diagram is re asonably accurate only for sediment
that has been deposited under flow depths of 1 m.

3.8 Shield’s criterion for the initiation of motion
Based on a large number of experiments Shield’s criterion considers the problem in terms of
the forces that act to move a particle. The crierion applies to beds of spherical particles of
uniform grain size. Forces that are important to initial motion are as follows:
1. The submerged weight of the particle can be takenas S s U W d3 which resists
motion.
2. To which causes a drag force that actsto move the particle down current
3. Lift force (L) that reduces the effective submerged weight.
The flow velocity that is felt by the particle varies from approximately zero at its base to
some higher velocity at its highest point.
Pressure specifically dynamic pressurén contrast to static pressure is also imposed on the
particle and the magnitude of the dynamic pressure varies inversely with the velocity.
For, higher velocity, lower dynamic pressure , and maximum dynamic pressure is exerted
at the base of the particle and minimum pressure at its highest point. The dynamic
pressure on the particle varies symmetrically from a minimum at the top to a maximum at
the base of the particle. As shown in Fig. 14,this distribution of dynamic pressure results
in a net pressure force that acts upwards. Thus, the net pressure force known as the Lift
Force acts opposite to the weight of the particle reducing its effective weight. This makes
it easier for the flow to roll the particle along the bed. The lift force reduces the drag force
that is required to move the particle. If the particle remains immobile to the flow and the
velocity gradient is large enough so that the Lift force exceeds the particle’s weight, it will
jump straight upwards away from the bed. Once off the bed, the pressure difference from
top to bottom of the particle is lost and it is carried down current as it falls back to the bed
following the ballistic trajectory of saltation.
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Fig. 14. Simplified ray diagram showing th e forces required for initial motion

Shield’s experiments involved determining the critical boundary shear stress required to
move spherical particles of various size and density over a bed of grains with the same
properties (uniform spheres). He produced a diagram that allows the determination of the
critical shear stress required for the initiation of motion. A bivariate plot of “Shield’s Beta”
versus Boundary Reynolds’ Number

W . . N
———— = (Force acting to move the particle excluding lift) /
(s U)ud {;

(Force resisting movement) (15)

Wis the critical shear stress for motion, and the denominator gives the submerged weight of
grains per unit area on the bed. As the lift the force increases Ewill decrease that shall lower

*

required for movement. Reflects R. )(: something of the lift force (related to the velocity

gradient across the particle).

For low boundary Reynold’s numbers Shield’s A decreases with increasing R* (Fig. 15). For
high boundary Reynold’s numbers Shield’s Aincreases with increasing R*. The change takes
place at R* | 12.
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Fig. 15. Shield’'s Diagram

Fig. 16. Two dimensional flow simulation with flow depth
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The upstream boundary condition needed to route sediment through a network of stream
channels, there is no established method exists for a specific watershed. An example is
illustrated in Fig. 17.

Fig. 17. Regression equations relating sediment grain size distribution of the bed and bank
sediment throughout a % of the basin over decadal timescales

4. Sediment transport

This is the movement of solid particles and sediment is naturally-occurring material that is
broken down by processes of weathering and erosion, and is subsequently transported by
the action of fluids such as wind, water, or ice and/or by the force of gravity acting on the
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particle itself , typically due to a combination of the force of gravity acting on the sediment
and/or the movement of the fluid. A fluid is a substance that continually deforms under an
applied shear stress, no matter how small it is. In general, fluids are a subset of the phases of
matter and include liquids, gases, plasmas and, to some extent, plastic solids in which the
sediment is entrained. An understanding of sediment transport is typically used in natural
systems, where the partides are elastic rocks.

The estimation of sediment vyield is needed for studies of reservoir sedimentation, river
morphology, and soil and water conservation planning. However, sediment yield estimate
of a watershed is difficult as it results due to a complex interaction between topographical,
geological, and soil characteristics. Sediment graph provides useful information to estimate
sediment yield to study transport of pollutants attached to the sedimen t. To determine these
sediment graphs, simple conceptual models are used, which are based on spatially lumped
form of continuity and linear storage-discharge equations. Here a watershed is represented
by storage systems that include the catchment processes, wthout including the specific
details of process interactions. Examples of few conceptual models are given by (Rendon-
Herrero, 1978; Williams, 1978; Singh et al., 1982; Cheiand Kuo, 1984; Kumar and Rastogi,
1987; and Lee and Singh, 2005). Rendon-Herrero, (1978) defined the unit sediment graph
(USG) resulting due to one unit of mobilized sediment for a given duration uniformly
distributed over a watershed. Similarly, Wililams (1978} model is based on the
instantaneous unit sediment graph (IUSG) concept, where IUSG was defined as the product
of the IUH and the sediment concentration distri bution (SCD), which was assumed to be an
exponential function for each event and was correlated with the effective rainfall
characteristics. In Chen and Kuo (1984) model the mobilized sediment was related
regressionally with effective-rainfall, and ra infall records and watershed characteristics are
to be known necessarily. A similar regression approach was followed by Kumar and Rastogi
(1987), Raghuwanshi et al. (1994, 1996), and Shawa and Murthy (1996) to derive sediment
graph and peak sediment flow rates from a watershed to reflect the respective changes due
to land management practices. However, this routine procedure of regression between
mobilized sediment and effective-rainfall always does not produce satisfactory results
(Raghuwanshi et al., 1994, 1996). Moreover, te IUSG models utilizing the regression
relationship for sediment graph derivation does not explicitly consider the major runoff and
sediment producing characteristics of watershed i.e. soil, land use, vegetation and
hydrologic condition in their formulation.

In addition to the above approaches discussed so far, the Soil Conservation Service Curve
number (SCS-CN) method has also been used for sediment yield modeling (Mishra et al.
2006). Since the method is simple and well etablished in hydrologic, agriculture and
environmental engineering, and is discussed here as it considers the effects of soil type, land
use/treatment, surface condition, and antecedent condition. In a recent book by Singh and
Frevert (2002), at least six of the twenty-two chapters present mathematical models of
watershed hydrology that use the SCS-CN approach, and it shows a lot about the robustness
of the SCS-CN methodology and its lasting popularity. Recently Mishra et al. (2006)
developed sediment yield models using SCS-CN method, delivery ratio (D g) concept, and
USLE. The models take care of various elemets of rainfall-runoff process such as initial
abstraction; initial soil moisture; and initial flush. However, the developed models are not
applicable for estimation of sediment grap hs (sediment flow rate versus time).

With the above back ground, the following sections discuss a simple sediment yield model
based on SCS-CN method, Power law (Nowtony and Olem, 1994), and utilizes linear
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reservoir concept similar to Nash (1960) to egimate sediment flow rates and total sediment
yield as well. Briefly the model comprises of (i) the mobilized sediment estimation by SCS-
CN method and Power law (Novotony and Olem, 1994), instead of relating mobilized
sediment and effective-rainfall regressionally; and (ii) the mobilized sediment is then routed
through cascade of linear reservoirs similar to Nash (1960). The shape and scale parameters
of the IUSG are determined from available storm sediment graphs and then direct sediment
graphs are computed by convolution of the IUSG with mobilized sediment. It is noteworthy
here that the model does not explicitly account for the geometric configuration of a given
watershed.

4.1 Mathematical formulation of proposed model

The suspended sediment dynamics for a linear reservoir can be represented by a spatially
lumped form of continuity equation and a line ar-storage discharge relationship, as follows:
First linear reservoir :

la(t) Qsit) dSs(t)/ dt (16)
Sa(t)  KsQu(t) 17)

where Isi(t) is the sediment inflow rate to the first reservoir [MT -1], and specified in units of
(Tons/hr), Qsi(t) is the sediment outflow rate [MT -1] in units of (Tons/hr), Ssi(t)is the
sediment storage within the reservoir specified in Tons, and Ks is sediment storage
coefficient in hours..

For an instantaneous inflow i.e. Isi(t) =0, Eq. (16) converts to

0 Qsit) dSs(t)/ dt (18)

Substituting the value of Se(t) from Eq. (17) in Eq. (18), a simplified form of Eq. (18) is
deduced as follows:

0 Qsit) d(KLaft)) (19)
On rearranging Eq. (19) and performing integration operation one gets

Qs1(t)/ QL) (1/ Ks 3t (20)

or t/Ks C1In Q4} (21)

where C; is the constant of integration. C; can be estimated by putting t = 0 in Eqg. (21) to
getCi1  InQs10) , which on substituting in Eq. (21) and on rearranging gives

Qu(t) Qu(0 '/ Ke (22)
Fort=0, Eq. (17) reduces to

Ss1(0)  KsQg(0) (23)
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Defining A ¢ as the watershed area in Kn? and Y as mobilized sediment per storm in
Tons/km 2, the total amount of mobilized sediment Yt = A¢ Y Tons If this much amount
occurs instantaneously for one unit, i.e., S1(0) AY 1, Eg. (23) simplified to the
following form

1 KsQs 0 (24)
Coupling of Egs. (22) & (23) results,

t/ Ks

Qsiy)y (1/Kye (25)

Eqg. (25) gives nothing but the rate of sediment output from the first reservoir. This output
forms the input to second reservoir and if it goes on up to nth reservoir, then the resultant
output from the n th reservoir can be derived as:

Qu(®) [t/ K" Te YKy keon (26)

where ¥) is the Gamma function. Eqg. (26) represents the IUSG ordinates at time t (hr?). For
the condition, att =t, or dQ,(t)/ dt 0 , yields

Ke to/ n 1 @7)

Coupling of Egs. (26) & (27) yields

Qnt (M DM/t (DY goe M 1 (28)

Eq. (28) gives the output of the rth linear reservoir.
The SCS-CN method is based on the wate balance equation and two fundamental
hypotheses, which can be expressedmathematically, respectively, as:

P I, FQ (29)
Q/P I, A S (30)
I, 8 (31)

where, P is total precipitation, | 5 initial abstraction, F cumulative infiltration, Q direct runoff,
S potential maximum retention, and 1 initial abstraction coefficient. Combination of Egs.
(29) and (30) leads to the popular fam of SCS-CN method, expressible as:

Q (P I’/P la S forP >}, (32)

=0 otherwise
Alternatively, for | 5 =0, Eqg. (32) reduces to

Q P)/P S forP>0 (33)

=0 otherwise
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Following Mishra and Singh (2003) for the condition, f.= 0, the Horton’s method (Horton,
1938) can be expressed mathematically as:

f feek (34)

where f is the infiltration rate (L T -1) at time t, f, is the initial infiltration rate (LT -1) at time
t=0, k is the decay constant (T1), and f; is the final infiltration rate (LT -1). The cumulative
infiltration F can be derived on integrating Eq. (34) as:

Fofo(l e")/ k (35)

It can be observed from Eq. (35) that as F ofy/k, as t of ,. Similarly, for Eq. (30) as Q o (P-
la), FOS, and time t D f, therefore the similarity between the two yields

S /K (36)

On the basis of infiltration tests, Mein and Larson, (1971) got §= io, where i, is the uniform
rainfall intensity when t = 0. Substi tuting this into Eq. (36) yields

fo ip kS (37)

Eq. (37) describes the relationslip among the three parameters f,, k, and S. Thus Eq. (37)
shows that k depends on the magnitude of the rainfall intensity and soil type, land use,
hydrologic condition, and antecedent moisture th at affect S and the results are consistent as
reported by Mein and Larson (1971). An assumption that rainfall P lin early increases with
time t leads to

P gt (38)

which is a valid and reasonable assumption for infiltration rate computation in experimental
tests (Mishra and Singh, 2004). Coupling of Egs. (37) & (38) gives,

P=kSt (39)
The Power law proposed by Novotony and Olem (1994) can be expressed as
Dr &.° (40)

where C; = runoff coefficient; D r = sediment delivery ratio; 0O and £ = the coefficient and
exponent of power relationship. The ratio, D g, is dimensionless and is expressed in terms of
Sediment yield Y and Potential maximum erosion A as follows:

Dy Y/A (41)
The coefficient, C is alsodimensionless, and expressed in terms of Q and P, as:

C, Q/P (42)
Substituting the expressions of Dz and C; in Eq. (40) one gets

Y AQ/PE£ (43)
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In general, the potential maximum erosion (A) for storm based applications is computed by
MUSLE (Williams, 1975a) as:

A 11.8VQp PPK LSP (44)

where Vq is the volume of runoff in m 3, Qp is the peak flow rate in m3/s, K is the soil
erodibility factor, LS is the topographic factor, C is the cover and management factor and P
is the support practice factor.

For the condition |, = 0, equating Egs. (30) & (32) reduces to

Q/P A(P)Y F S (45)
Substituting the equality @/ P H( P )S (Eq. 45) in Eq. (43) results

Y [AP/I(P § ¢ (46)
Similarly, the coupling of Egs. (24) & (31) yields

Y Akt/(1 k) £ (47)

Thus, Eq. (47) gives the expression for mobilized sediment due to an isolated storm event
occurring uniformly over the watershed. Hence, total amount of mobilized sediment is
expressed as:

YT AAJK/(1 k)] £ (48)

Finally, coupling of Eq. (48) results as follows:

Qust  PAKUL K] En DY LNCE Yoe /% n 1; (49)
4
The expression given by Eq. (49) is the proposed model for computations of sediment
graphs. The proposed model has four parameters O, E, k, and n.

4.2 Application

The workability of the proposed model is tested using the published data of Chaukhutia
watershed of Ramganga Reservoir catchment (Kumar and Rastogi, 1987, Raghuwanshi et al.,
1994, 1996), a schematic map of the watershed igiven in Fig. 18. The basic characteristics of
sediment graph data are given in Table 1.

4.3 Parameter estimation
The shape parameter () was estimated by the relationship given by Bhunya et al. (2003) as:

n, 5537 1.04 for 0.01<<0.35

ng 6.29£-9% 1157 for E10.35 (50)
where Eis a non dimensional parameter defined as the product of peak sediment flow rate
(9ps) [Tons/hr/Tons] and time to peak sediment flow rate (t ps) [hr]l. The rest of the
parameters were estimated by using the nondinear Marquardt algorithm (Marquardt, 1963)
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of the least squares procedure. In the presentapplication, potential maximum erosion A is
also taken as a parameter due to lack of tleir observations. The estimated parameters along
with storm event values ar e given in Table 1 and 2.

s tps A Qs(o) Qps(o)
Date of Event (Tons/hr/Tons ) | (hr) (Tons) (Tons/hr)
July 17, 1983 0.38 2 0.76 2739 1025
August 21/22, 1983 0.418 2 0.836 2070 875
July 15, 1984 0.397 2 0.794 3145 1043
August 18/19, 1984 0.404 2 0.81 2105 743
September 1/2, 1984 0.39 2 0.78 1205 475
September 17/18, 1984 0.41 2 0.82 963 392

Table 1. Characteristcs of storm events

Fig. 18. Location of Chaukhutia watershed in Ramganga reservoir catchment (Source:
Raghuwanshi et al. 1994)
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Date of Event Model parameters
Ns A A k A (Tons/Km 2)

July 17, 1983 4.79 0.530 0.351 0.029 26.66
August 21/22, 1983 5.55 0727 0.701 0.030 40.78
July 15, 1984 5.12 0.735 0.721 0.030 62.69
August 18/19, 1984 5.27 0714 0.663 0.030 38.14
September 1/2, 1984 499 0.388 0.425 0.030 19.64
September 17/18, 1984 5.39| 0.587 0.781 0.030 29.34

Table 2. Optimized parameter values for Chaukhutia watershed

4.4 Performance of the proposed model

The performance of the proposed sediment graph model was evaluated on the basis of
their (i) closeness of the observed and computed sediment graphs visually; and (ii)
goodness of fit (GOF) in terms of model efficiency (ME) and relative error (RE) of the
results defined as:

1 2
VE 1 (s %Jz;RE(QS) Mmoo; REQps) Q9 oty 109 (51)
| Qo Qu Qs Qe

where Qs and Qs are observed and computed total sediment outflow, respectively RE qs)
and REqps) are relative errors in total sediment outflow and peak sediment flow rates,
respectively.

For visual appraisal, the sediment graph computed using the proposed model is compared
with the observed values using the data of August 18-19, 1984 eveh (Fig. 19). From the
figure, it is observed that the computed sediment graph exhibits fair agreement with the
observed graph. Similar results were also obtained for rest of the storm events that are not
reported here. However, Fig. 20 & 21 shows the comparison between computed and
observed total sediment outflow and peak sediment outflow rates for all the storm events.
The closeness of data points in terms of a best fit line and a value of # §1.000 indicate a
satisfactory model performance for the assigned Job.

Further the results of GOF criteria given by Eq. (51) for all the events are shown in Table 3.
The results indicate that the RE for total sediment outflow and peak sediment flow rate
estimates vary from 2.49 to 10.04% and 12.59 t46.56%, respectively. Thowh error in case of
peak sediment flow rate estimation is on high er side, this may be taken safely because even
the more elaborate process-based soil erosion models are found to produce results with still
larger errors (Vanoni 1975; Foster 1982; Hadby et al. 1985; Wu et al. 1993; Wicks and
Bathurst 1996; Jain et al. 2005). Table 3 alsshows the GOF in terms of ME for the storm
events considered in the application. It is observed that ME varies from 90.52 to 95.41%,
indicating a satisfactory performance of the model for sediment graph computations.
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Fig. 19. Comparison of observed and computed sediment graphs for the storm of August,

18-19, 1984.
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Fig. 21. Comparison between observed andcomputed peak sediment flow rates using
proposed model for all storm events

Date of Event RE (0s) REqps) Efficiency
July 17, 1983 8.04 12.88 92.91
August 21/22, 1983 3.77 1451 93.48
July 15, 1984 5.56 16.56 90.52
August 18/19, 1984 3.04 12.59 95.34
September 1/2, 1984 10.04 16.42 93.65
September 17/18, 1984 2.49 13.52 95.41

Table 3. Goodness of fit Statistics

4.5 Sensitivity analysis

From the results so far, it is imperative to analyze the sensitivity of different parameters of
the proposed model for their effect on overall output. Here, the conventional analysis for
sensitivity similar to the work of McCuen and Snyder (1986) and Mishraand Singh (2003) is
followed as discussed in the following section.

It is evident form Eq. (49) that is a function of D, E, k,nand Ai.e. Qst)=f( L, E k,n, A).
Therefore, the total derivative of C can be given as

sy 2y MU Ay w2 g,

D k WAN w (52)

where

are the partial derivatives of Q «(t) with respect to

Q1) W) @) @)
wOwE W i
L, E, k, n respectively. The total derivative, dQ (t), corresponding to the increments d A
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d A dk and dn can be physically interpreted as the total variation of Q «t) due to the
variation of 0, E, k and n at any point in the ( O, E, k, n) domain. The variation of Q (t)
with respect to the variable under consideration can be derived from Eq. (49).

A more useful form of Eq. (52) can be given as

Q) Q) SO wQEP  d - O k KENQM n dn
X0) QR w QM@ i k &N k avn @& n O

W) D§ WM ES W) k§ . RO n 8

W Qe WE Qe W :Q(Ne M Qo
the ratio of the error in the sediment flow rate (dQ (t)/Q (t)) to the errorin A(d A A, to
the error in A(d A& A, to the error in k (dk/k), and to the error in n (dn/n). Now,
individual ratio terms corresponding to each parameter can be derived from Eq. (49) as
follows:

where

are referred to as
’1

t) D
en_D _ 1. (54)
WD Q(t)
- : o (M) A S : '
A similar error ratio term for parameter ‘A’ —————~" can be obtained as well.,
v Q.Me 1
Similarly, for rest of the parameters, the error ratio terms are derived as
t)y E :
(1) = gn K8 (55)
WE Qq(t) 1 ko ’1
M k __E (56)

W Q) t(1 kt)

Ws(t) n _ (n 1)2 n)inc (6 3.5nn
W Qt) (n 12°

Eqg. (57) is based on the expansion of exponential term up to first order only.

,wherec = (t/ tjexp( t/ t), ,n>1 (57)

Sensitivity to A
In order to analyze the model sensitivity to parameter Athe terms pertaining to A k and n
are eliminated from Eq. (53) and the resulting expression reduces to

dQy(t) W4t) D 8dD ' (58)
Q(t) W Qt)e D E

Coupling of Egs. (58) and (54) results

dQ() dD  dosy/ QX (59)

Q) D dp D

B
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From Eq. (59) it can be inferred that the ratio of the error in Q(t) to the error in Ais 1. This
indicate that the any variation (increase or decrease) in A estimates will cause a same
amount of variation (inc rease or decrease) in Qt), as depicted in Fig. 22. Similar pattern can
be observed for parameter A also.

1.0

0.8

0.6

dQ/Q(

0.4

0.2 1

0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

dD D
Fig. 22. Sensitivity of sediment outflow rate to A
Sensitivity to A

Similar to the above, the variation of Aonly is considered after ignoring the impact of Ak,
and n, Eq. (38) in such caseeduces to the following form

dQ(t) W(t) ES8dE

QO vE Qe £ w @0
or
dQy(t)/Qs(t) W) E£8 61
d /1E E w Q)& *1 (61)
Equating Egs. (61) and (55) one gets
dQs(t)/QS(t) ABn L§ (62)

d /E E 1 kt© *1

Analogous to the previous analysis, the left hand side of Eq. (62) represents the ratio of error
in Q«(t) to the error in A and the same is shown in Fig. 23 . It is apparent from Fig. 23 that
any variation (increase) in Afor a given t and k causes Q(t) to decrease.
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Fig. 23. Sensitivity of sediment outflow rate to A

Sensitivity to k
As above, considering the variation of k only reduces Eq. (53) reduces to the following form.

dQ(t) W) k Sdk

(63)
Qs(t) W Q(tok
Alternatively, Eq. (48) can be expressed as
dQy(t)/Qs(t) W (t) k § (64)
dk/ k w QYo *1
Equating Egs. (64) and (56) one gets
dQQsy) £ (65)

dk/ k t(1 kt)
As expressed in Eqg. (65) and shown in Fig. 24for any increase in k the ratio of errors tends
to decrease, implying the Qs (t) to increase and vice versa.
Sensitivity to n

Similar to the preceding analysis, if the variatio n of only n is considered ignoring the impact
of A Ak, Eq. (53) reduces to

dQ() W) n Sdn
Q) W Qen

(66)
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Fig. 24. Sensitivity of sediment outflow rate to k

Equating Egs. (66) & (57) results

dQy(t)/Qs(t) (n 1)(2 n)inc (6 3.51n
dn/ n (n 1)*°

,wherec= ¢ /tjexp( t/ t) ,n>1 (67)

Analogous to the previous analysis, the left hand side of Eq. (67) represents the ratio of error
in Qs(t) to the error in n. It is apparent from Fi g. 25 that any variation (increase) in n for a
given t/t , causes the ratio to increase, implying Q(t) to increase.
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Fig. 25. Sensitivity of sediment outflow rate to n

A comparison of the sediment graphs computed by the proposed model and IUSG model
(Raghuwanshi et al., 1994) with the observed se&liment graph is shown in Fig. 26. It is
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observed that the proposed model compares more closely than IUSG with the observed
sediment graph.

1200+

—— OBSERVED
—— PROPOSED MODEL
—-6—IUSG MODEL

1000

Sediment outflow rate (Tons/hr)

Time (hr)

Fig. 26. Comparison of observed and computed sediment graphs for the storm of July 17,
1983.
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1. Introduction

This section will focus on the general features of flow in open channels with a brief analysis
of rough open channel flow, shallow open channel flow and the latest developments. This
section will serve as the background material to enable the reader to develop an
appreciation of the important features that lead to the formation of dunes.

1.1 General description of flow in open channels

Open channel flow (OCF) occurs in canals, rivers and various types of waterways. Open
channel flow is mainly driven by gravity unlik e flows in closed conduits where the flow is
mainly driven by a pressure gradient. An important feature of an open channel flow is the
presence of the free surface (zero-shear state). T friction at the bed and the side walls acts
as resistance to the flow which is mostly turbulent. The type of bottom and side walls are
dependent on the material in which the flow is taking place. Lined canals and canals in
rocky strata can be classified as fixed bedchannels, and canals in erodible medium are
termed as movable bed channels. The shear stress distribution and roughness characteristics
of the boundary do not vary with time for a given flow rate in a fixed bed open channel. A
movable bed generally accompanies the flow in an alluvium soil. The side slopes and
bottom slope of erodible channels vary with time. The flow in open channels can be
classified depending on the velocity changes in space and time. The flow is steady if dU/dt
= 0 at any point in the flow field and it is unsteady if dU/dt  « 0. Though the turbulent flow
accompanied by the formation of ripples and dune s on the bed is strictly unsteady, in most
practical situations, the time-averaged velocity acquired over long time intervals result in a
quasi-steady flow. Flood flows in rivers an d surges in power canals are examples of
unsteady flows in open channels. Unsteady flows are more difficult to solve because the
governing equations are hyperbolic (continuit y and momentum). The flow is uniform if
dU/dx = 0 and non-uniform if dU/dx < 0. Uniform flow can only occur in long prismatic
channels or generated in laboratory flumes. Non-uniform flow can be classified into
gradually varied flow (dy/dx is very small) and rapidly varied flow (dy/dx >> 0)
depending on the amount of change in the velocity over space. Furthermore, most practical
open channel flows are turbulent (Re ¢ 2000) and accompanied by rapid changes in
velocities and pressures, in space and time. Eddes and swirls are present in turbulent flow
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leading to lateral mixing. Figure 1 illustrates th e presence of dunes in the Rhine River in The
Netherlands.

1.2 Rough open channel flows

Turbulent wall-bounded flows on rough surfaces , including that in open channels, have
been studied extensively. One should note that smooth open channel flows occur only in
laboratory flumes. In rough open channel flows the non-dimensional equivalent sand
roughness, kst = ku/ 1 is greater than 70, and the roughness elements completely penetrate
the fully turbulent logarithmic layer. In fully developed open channel flow, the height of the
turbulent boundary layer occupi es the entire flow depth (d) and thus A§d. Recent particle
image velocimetry (PIV) and planar light indu ced fluorescence measurements by Djenidi et
al. (2008), Manes et al., (2007) and numerical results of Krogstad et al., (2005) document an
increase in the Reynolds stresses in the outedayer which was different from that obtained
on the smooth wall. Nikora et al. (2001) developed a comprehensive classification of rough
open channel flows based on the value of the relative submergence (dk). Krogstad et al.
(2005) and Volino et al. (2009) speculated that in 3-D rough wall flow, the effect of the
surface roughness on the outer layer may be dgendent not only on the surface conditions
but also on the type of flow: internal or ex ternal flow. Balachandar and Patel (2002) have
shown that some types of 3-D roughness might produce very thin roughness sub-layers at
low submergence, which will al low for development of the logarithmic layer. Roussinova
and Balachandar (2011) investigated the effect ofdepth on turbulence characteristics in the
fully rough regime of train of ribs and found that turbulence structures are affected by both
roughness and depth.

1.3 Shallow open channel flow

Open channel flows can be classified as shallov when the vertical length scale of the flow
(usually the depth, d) is significantly smaller than the width of the flow (Jirka and
Uijttewaal, 2004). Fully turbulent shallow channel flow is highly chaotic with the presence of
coherent motions. The key feature to understand shallow open channel flow may lie in
analyzing the nature of the interactions of events occurring near the bed and near the free
surface in greater detail. Ejection and sweep everts, hairpin vortices of a length scale of the
order of two to three wall units (Blackweld er and Kovasznay, 1972, Theodorsen 1955) and
bursting phenomenon (Kline and Robinson 1989) have been observed in the shallow flows.
Wu and Christensen (2006), Lin et al. (2003), andRoussinova et al. (2010) used PIV data to
expose the signature of the horseshoe vorties, sweep and ejectionsfor a typical shallow
channel flow. Experimental evidence put forward by Balachandar and Patel (2005) shows
that for a low turbulent intensity flow, a chan ge in both the Cole’s boundary layer wake
parameter as well as in the rate of production of turbulent kinetic energy due to the
presence of free surface disturbance is observed.

2. Bed forms

In alluvial streams, bed load and contact load movement results in the formation of bed
forms, which vary geometrically in size and sh ape. Generally, all of them are grouped into
“sand waves” because of the similarity of appearance to sea waves. The size and shape of
bed forms depend on the flow velocity, flow depth, Froude number, stream power (defined
as the product of mean bed shear stress and mearvelocity of flow), sediment properties and
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fluid properties. In practice, a few principal types of bed forms are usually distinguished:
ripples, dunes, plane bed, antidunes, standing waves and chutes and pools (Figure 2).

Fig. 1. Dunes around a bifurcation of the Rhine in The Netherlands at peak flood stage in
1998, mapped using data of a multibeam echosounder (from ASCE task committee 2002,
copyright permission of ASCE)

Ripples are transverse bed forms, which normally have heights of less than 0.04 m and
lengths below 0.6 m. Ripples are formed under hydraulically smooth flow conditions. If the
flow velocity is great enough to move the in dividual sand grains but less than another
limiting value, the bed is spontaneously deformed into irregular features called dunes.
Dunes are formed under hydraulically roug h conditions. Dunes have much larger
dimensions and may have heights up to several meters and wavelength up to hundreds of
meters. Observations and measurements suggest that lengths of dunes are about 3 to 8 times
the water depth (Yalin 1977). When the velocity of flow is increased in beds composed of
fine sediments (< 0.4 mm), a situation will be reached when dunes can no longer be
sustained, and flat bed is formed in which the bed and free surface become flat. With
increase in velocity and the Froude number, the water surface becomes unstable, and even
small disturbances give rise to stationary surface waves thereby forming trains of long,
sinusoidal-shaped waves of sand that are in phase with the surface waves and usually move
slowly upstream. These features are called antidunes, and surface waves accompanying
them are referred to as stationary waves. At higher velocities and stream powers, the bed
reorients itself to create a series of hydaulic jumps for energy dissipation and these bed
forms are called as chutes and pools. These high Froude number flows may occur when
flash floods sweep down steep gullies of rocky areas. Large quantities of suspended
sediment are carried by resulting breaking waves.
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2.1 Dune geometry

The upstream side of a dune is commonly referred to as the stoss side (for example, see
Figures 3 and 4). The downstream side is usuallyreferred to as the lee face or slipface. Dune
height h (Figure 4) is most often defined as the difference in elevation between the dune
crest and corresponding downstream trou gh (Gabel 1993, Julien and Klaassen 1995):
although sometimes dune height is measured from upstream trough to downstream crest
(e.g., Nordin 1971). Dune length, 1is the longitudinal distance between subsequent crests or
troughs. Dune steepness, A= h/1, is the ratio of dune height to length and its value varies
between 0.1 to 0.03 (Yalin, 1964). If the aspect ratio of the channel is small, dunes tend to be
approximately triangular with straight crests and extend nearly across the width of the
channel (Klaassen et al. 1986). On the other handwhen the aspect ratio is large, dunes will
be three-dimensional with sinusoidal crests or several crests stretching across the flume.

Subcritical flow Supercritical flow
Fig. 2. Bed forms in alluvial channel (from Vanoni, 1975, c@yright permission of ASCE)
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2.2 Fully developed (equilibrium) bed forms

The simplification with equilibrium bed forms is that uniformly sized periodic dunes vary

only in the streamwise direction and do not change with time. As a first step towards
developing a comprehensive understanding of flow in natural channels, researchers have
studied the flow field over a tr ain of fixed, well developed dunes. Best et al. (2001) opined
that a fixed dune approach doesn't capture the effect of sediment transport on velocity
profiles and despite this limitation the simp lification of dune morphology to a fixed two-
dimensional profile does allow investigation of the major features of flow, as has been
successfully demonstrated in previous studies of flow over two-dimensional bed forms (e.g.
Bennett and Best, 1995; Lyn, 1993; Nelson et gl 1993; Raudkivi, 1966). Such studies also
provide a basis for a better understanding of the effects of dune three-dimensionality. The
laser-Doppler (LDV) technique has been used in several laboratory fixed sediment bed form
investigations (e.g., Balachardar et al., 2007; Balachandar and Patel 2008; Bennett and Best
1995; Coleman et al. 2006; Kadota and Nezu 1999; Lyn 1993; McLean et al. 1994 and 1996;
Nelson et al. 1993; Nelson et al. 1995; Van Mirlo and de Ruiter 1988; Venditti and Bennett
2000). These studies have suggested that near-betlirbulence over much of the stoss side of

a dune deviates markedly from either classical boundary-layer or wake turbulence. Cellino
and Graf (2000) carried out detailed study of sediment-transport flows over mobile bed
forms using acoustic Doppler technique. Mend oza and Shen (1990), Johns et al. (1993), Yoon
and Patel (1996), Yue et al. (2006), Stoesser &t (2008) and Noguchi et al., (2009) performed
numerical simulations of flow over fixed bed forms by applying sophisticated turbulence
models. Detailed flow characteristics will be discussed in the upcoming sections.

2.3 Transient bed forms

The shape and size of bed forms and flow conditions are inter-related. Significant progress
has been made to understand the role played by topography on flow characteristics,
separated flow dynamics, internal boundary la yer development, and turbulence structures
(Smith 1996). Raudkivi (1997) studied the formation and development of ripples. Bennett
and Best (1996) and Lopez et al. (2000) studied the ripple to dune transition. Recent
experimental and theoretical studies carried out by Coleman and Melville (1996) and
Coleman and Fenton (2000) have focused on tle bed form initiation process. Coleman and
Eling (2000) observed that turbulence may not bean essential feature of the initial instability
of a sediment bed.

Robert and Uhlman (2001) carried out experiments on different bed stages across the ripple-
dune transition and found that turbulence intensity and Reynolds stresses gradually
increase throughout the transition. Coleman et al. (2006) studied developing dunes using an
innovative experimental approach and double averaging methodology to advance our
understanding of the structure of the rough flow near the bed region. They found that flow
structure doesn’t change as dunes develop in time for a steady flow, even though overall
flow structure must change as dunes develop and traditional boundary layer type features
can be potentially destroyed. Interesting findings of this work include: (a) friction factor was
noted to increase with bed form growth; (b) the location of the separated shear layer
reattachment point was determined as approxim ately 4h downstream of the crest for time
averaged flow fields over the developing dunes as compared to 4.2h of previous flows over
fixed dunes (Bennett and Best 1995; Kadota andNezu 1999; Lyn 1993; McLean et al. 1999;);
(c) negligible variation of the vertical velocity distribution, spatial fields of Reynolds
stresses , form induced stress, skin friction, form drag, bed stress and overall momentum
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flux as dunes grow and the overall form of the velocity profiles display an approximately
linear distribution below roughness tops and a potentially logarithmic distribution above
roughness tops; (d) peak Reynolds stresses occur in the shear layer associated with the
separation zone consistent with shear layer instabilities and vortex shedding off this layer.

3. Temporal and spatial flow over dunes

This section presents a discussion of results related to temporal and spatial velocity
characteristics and flow resistance of open channels with bed forms

3.1 Temporal and spatial flow over dunes

Compared to flow over a hydrodynamically smooth channel boundary, the interactions of
flow with the bed formation are considerably harder to predict. Dune s disrupt the boundary
layer type flow and generate turbulence. Extensive research regarding fluid flow over dunes
has been undertaken in the past forty years (Engelund and Fredsge 1982; Lyn 1993; McLean
et al. 1994; Nelson et al. 1993; Raudkivi 1966). Teummarize, five zones (Figure 3) have been
recognized within the dune-flow interaction re gion (Balachandar et al., 2007; Balachandar et
al. 2008; Bennett and Best, 1995; Best 2003).

Fig. 3. Schematic diagram of the principal regions of flow over asymmetrical angle-of-repose
dunes (from Best 2005, Reprodued by permission of AGU)

A typical dune and the flow over the dune ar e indicated in Figure 4 (Balachandar et al.,
2007). The flow ahead of the crest (indicated byC in Figure 4) resembles a typical near-wall,
boundary-layer like flow. Following separation at C, a typical recirculation pattern is
formed. Above this separation zone lies a decelerating flow with wake-like characteristics
that extends downstream beyond the reattachment point (denoted as R in Figure 4).
Experimental and field investigations have documented the formation of kolks or boils,
which are tilting vortices emanating from the reattachment region and rising to the free
surface. Near the bottom, following reattachme nt, an internal boundary layer develops and
interacts with the overlying wake zone. Cl ose to the free surface and over the dune
wavelength, there is an outer zone that is generally modeled as a quasi-inviscid region.
Along the separating shear layer, regions of high Reynolds stresses have been observed.
Many previous studies have suggested that the macroturbulence associated with dunes is
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important in controlling the stability of the bed forms and the entrainment and transport of
the sediments. It has been suggested that tis macroturbulence has its origin in Kelvin-
Helmoltz instabilities in the separating shear layer (Best 2003; Kostaschuk and Church 1993;
Muller and Gyr 1987). In particular, Best (2003) and Hyun et al. (2003) provide whole field
quantification using particle image velocimetr y. As an important step towards better
understanding the flow-dune interaction, resear chers have analyzed the flow field for the
case of a fixed dune.

Fig. 4. Schematic of the flow field. Not to scale, all dimensions in millimeters (from
Balachandar et al., 2007, copyright permission of NRC Research Press).

3.2 Time averaged flow along the dune

Using laser-Doppler measurements, Balachandar etal., (2007) analyzed the velocity data at
various axial stations between two dune crests and is shown in Figure 5. In the figure, di1 =
flow depth ahead of the crest at X/ h = -2 or 18; X = horizontal distance from the dune crest;
h = dune height. It was observed that the flow over the dune train was periodic in space
insofar as the flow pattern was the same over successive dunes, but there was a significant
variation in flow properties along the wavele ngth of the dune. The velocity profile at X/ h =
-2, just ahead of the crest, indicates a log-region, although of a much reduced extent
compared with a plane channel flow (see Figure 5a). A region of reverse flow can be seen at
X/ h = 4 and the mean reattachment point is located around X/ h = 4.5. It was also observed
that the flow in the outer region was not in fluenced by the local bed geometry, which is
shown in Figure 5b. The average vertical velocity is zero at the dune crest, yet flow
expansion and separation cause bed wise movement and thus negative velocities over much
of the dune. This indicates downward deflecti on of streamlines (Figure 5c). The positive
vertical velocities at X/ h = 12 suggest streamlines following the upward slope of the surface.
The profiles of streamwise turbulence intensity show that the turbulence reaches a high
peak just below the crest line, which is also the location of maximum value of mean shear,
shown in Figure 5d. A second peak at all the stations in the vicinity of y/ d = 0.2, leads to the
conclusion that there is a distance from the bed beyond which the turbulence is little
affected by the dune shape. The peak exists at Xh = 12 and -2, and suggests the presence of
remnant of the turbulence generated in the shear layer of the upstream dune. Figure 5e
indicates that large values of vertical components of the turbulent intensities occur in
recirculation zone and in the shear layer above it. Quite large values of shear stress (Figure
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5f) can be seen measured in the separation zone. Shear stresses decrease to upstream values
with increasing distance from the reattachment.

3.3 Effect of flow depth

In studying ripple-dune transition, Bennett and Best (1996) noted important changes in
macroturbulence structure due to effect of depth on flow past bed forms. Wiberg and
Nelson (1992) studied two flow depths over a train of ripples closely resembling the bed
form shape of Nelson and Smith (1989) and noticed a higher value of bed friction at the
smaller depth. Figure 6 (Balachandar et al.,2007) shows streamwise mean velocities profiles
at six locations along the dune for four depth ratios (y/ h), ranging from 3 to 8. At X/ h = -2,
in inner scaling, U+ versus y* (inset of Figure 6a) collapses at all depths but the outer region
is different from a simple open channel with a smooth bed. Velocity profiles at X / h =2 to 12
show similarity in the near wall region and independent of depth in the outer region (y/ d >
0.35). It is important to note that at X/h =5, the mean velocity in the near-wall region is
positive for di/ h * 4 and is negative atdy/ h = 3. This indicates the depth of flow influences
the near-bed region and the length of the separation region is longer at the shallower depth.
The profiles of the vertical component of turbul ence reveal a systematic dependence on flow
depth near the crestline and at the larger depths indicate lower values of turbulent intensity.
In the recirculation region, the shear stressesare very high and increase with decreasing
flow depth.

3.4 Effect of bed roughness on the flow over dunes

Balachandar and Patel (2008) studied the effect of bed roughness superimposed on a train of
well-formed dunes by conducting laser-Doppler measurements at several stations between
two dune crests. In these studies, rough surfaces were generated using (a) stainless steel
wire mesh made of 0.72 mm wires with 6.35 mm centerline spacing and (ii) sand grain
roughness created from sand grains of 1.8 mmnominal mean diameter carefully glued onto

a double-sided tape to ensure a uniform distribution. Their results showed that the wire
mesh provided for a higher degree of roughness as compared to sand grain roughness. It
was found that with increasing streamwise dist ance from the crest, the dependence of the
near-bed part of the profiles on the roughness becomes apparent. In the outer region ¢/ d >
0.2), the profiles are independent of the bed roughness (Figure 7). It isalso found that outer
region was clearly different from that in the simple open channel flow over a smooth
surface, indicating that the entire depth of fl ow has been affected by the dune geometry. The
effect of the near-bed roughness is more dominant in the recirculation zone. The peak value
of turbulence at any station is influenced by the bed roughness and thelocation of the peak
is farther extended into the flow away from the wall with increasing roughness. It is found
that the length of the separation region is longer for the flow with larger bed roughness. The
results indicate that the shape of the dunes have a major influence on the flow features,
where as the effect of dune roughness is limited to the near wall region extending to a
distance of about 80% of thedune height about the crest.

3.5 Relation between suspended sediment and dune characteristics

Bennett and Best, (1996), Best (2005 a, b), Lopez et al., (2000), Robert and Uhlman (2001) and
Schindler and Robert (2004) have shown thatsuspended sediment concentration increases
with increase in scale and magnitude of turbulent structures. Schindler and Robert (2005)
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Fig. 5. Mean velocity and turbulence profiles (di/ h = 6): (a) streamwise mean velocity
profiles; (b) mean velocity profiles plotted in the velocity-defect format; (c) vertical
component, V, of the mean velocity; (d) profiles of the streamwise root mean squared (rms)
turbulence intensity (u/ Uy); (e) vertical component of the rms turbulence intensity (v/ Uy); (f)
Reynolds shear stress profiles (from Balachamar et al., 2007, copyright permission of NRC
Research Press).
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Fig. 6. Effect of depth on mean velocty profiles at various axial stations (-2 "X/ h "12) using
the depth of flow, d, as the normalizing le ngth scale (from Balachandar et al., 2007,
copyright permission of NRC Research Press).

have concluded that the transition from 2-D to 3-D bed forms, result in increased sediment
transport, increased turbulence and increased bed form migration rate. Venditti and Bennett
(2000) found that suspended sediment concentraton is highest over the dune crest and at
flow reattachment. Further research is needed to spatially analyze both the fluid dynamics
and the sediment transport processes over mobile bed forms.

Tevez et al. (1999) reported that spatially averaged mean velocity profiles over dunes consist
of upper and lower semi log-linear segments. The upper segment reflects the total shear
stress of the flow. The lower segment on symmetric dunes reflects the skin friction from
sand particles, but for asymmetric dunes it is the skin friction plus the effect of form
roughness from the superimposed dunes. Villard and Kostaschuk (1998) found that
predictions of the Rouse equation indicated that sediment suspension is controlled by total
stress for symmetric dunes, whereas for asymmetric dunes sediment suspension is related to
stress associated with skin friction plus form roughness. It is reported that dunes in bed
load-dominated environments are often asymmetric having low-sloping upstream side
(stoss) and steep lee faces (Guy et al. 1966; Ktaschuk et al. 2004), while those in suspended
load dominated environments are often more symmetric with relatively low angle lee faces
(Best and Kostaschuk 2002; Ketaschuk and Villard 1996).
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Fig. 7. Variation of streamwise turbulence intensity. SM - experiments conducted with a

train of smooth bed dunes manufactured from Plexiglas, SG sand grain pasted on smooth
dune; WM, wire mesh glued to dune. (from Ba lachandar et al., 2007, copyright permission
of NRC Research Press)
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3.6 Sediment heterogeneity

Existing literature mostly points to studies that focus on the case of uniform sediment while
dealing with laboratory dune studies. However, sediment heterogeneity may be of practical
interest because formation and development of bed forms in natural rivers happens
distinctively with non-uniform sediment. It is quite challenging to study flow over dunes
with sediment mixtures in a laboratory. A few studies have been conducted in this area
(Parker et al., 1982, Wilcock and Southard,1988 and Wilcock, 1992). Wilcock and Southard
(1989), Klaassen et al., (1987), Ribberink, (1982and Klaassen (1990) investigated the mutual
influence of sediment gradation on ripples and dunes, on fractional transport rates and on
vertical sorting. ASCE Task Committee on Flow and Transport over Dunes (2002) reported
that fully developed dunes composed of high ly heterogeneous sediment exhibit different
geometric, flow, and transport characteristics than the more intensively studied
homogenous-sediment counterparts. Klaassen(1991), Blom and Kleinhans (1999), Kleinhans
(2002) and Blom and Ribberink (1999) have repored that, in the vertically sorted bimodal
gravel bed streams the coarser material tends to accumulate at the base of the dunes,
creating a partial barrier between the coarser substrate below and finer material in the
migrating dunes above (see Figure 8). A clear armour layer was also observed at the level of
the dune troughs.

Lanzoni (2000), Lanzoni and Tubino (1999), Lanoni et al., (1994) and Lisle et al., (1991)
studied the sand bar formation with bimodal mixtures of fine and coarse sediment and
suggested that grain sorting associated with selective transport of graded sediment may
induce a overall stabilizing effect on bottom development with appreciable reduction of bar
amplitude and a shortening of bar wave lengths (see Figure 9). In the caption of Figure 9, the
term FC70 is a sediment mixture of poorly sorted with strongly bimodal character, isis the
water surface slope and MUNI is near uniform sand. In addition, these studies are designed
to get a better insight on longitudinal and ve rtical sorting. Lanzoni (2000) opined that a
suitable model for vertical sorting is requir ed to study the presence of heterogeneous
sediments.

4. Experimental studies, limitations of ~ some of the studies, recent PIV studies

Turbulence studies in water flows over dunes were commenced with the development of
hot-film anemometers and flow visualization techniques. Muller and Gyr (1982) used
fluorescent dye, a light sheet and video to visualize the flow. Nezu et al. (1994) used both
dye and hydrogen bubbles in conjunction with video to study turbulent structures over
dunes, and Bennett and Best (1995) took longexposure photographs of small neutrally
buoyant particles to view the paths of fluid particles. These studies provide valuable
information about features such as point of separation, point of reattachment, shear layer
development, and generation and shedding of transverse vortices. Since three decades,
much more accurate measurements of water flows became feasible with the increased use of
laser-Doppler anemometer or laser Doppler velocimeter (LDA or LDV).

In the last decade, quantitative flow visuali zation techniques such as particle tracking
velocimetry (PTV) and particle image velocimetry (PIV) have become popular to study
coherent eddies in space and time. The ability of PIV to yield flow-field information ensures
its usage to extend further. Hyun et al. (2003) provide a discussion of the factors that
determine the accuracy of PIV data, and a discussion of the physics of the flow over a dune
is given in Balachandar et al., (2003).
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Fig. 8. Vertical sorting measured in experiments. The dune or bar top is on the left-hand side
of the graphs, and the base is on the righthand side. Vertical sorting in the dunes in

Kleinhans (2002), Blom and Kleinhans (1999), experiments T5, T7 and T9. The sediment here
is divided into two grain size fractions (sand and gravel), coarser and finer than 2.0 mm. The
level of the dune troughs agrees with the level of the armour layer in T5 and T7, whereas in
T9 the armour layer of T7 can still be obserned. (From Kleinhans, 2004,copyright permission
of Science Direct)

Schmeeckle et al., (1999) presented a method fothe 3-D simulation of turbulence over 2-D
dunes and compared the accuracy of PIV measirements and numerical simulations using a
dense grid of two-dimensional laser Doppler velocimetry measurements. Balachandar et al.
(2002) carried out LDV and PIV measurements and complementary LES simulation over a
fixed dune. LDV and PIV provide complementar y data on time-averaged and instantaneous
flow structure over the dune. The time-averaged results reveal, in considerable detail, flow
features such as separation and reattachment, ad associated large variations in velocity and
turbulence profiles. The instantaneous PIV results reveal a complex pattern of near-random
but well-defined vortices. Vortices form downstream of flow separation and grow in size as
they are convected along the dune. Balachandar and Patel (2008) studied the turbulent flow
over a long train of fixed two-dimensional dunes, identical in size and shape by combining
the complementary capabilities of LDV and PIV over a range of flow depths in a fully
developed region. In this study, the points of interest were the instantaneous and mean
velocity fields, the Reynolds stresses, triple-correlations, vorticity maps and analysis of
events in the four quadrants.

4.1 Combined use of PIV and LDV to m easure turbulence and flow over a dune

Hyun et al. (2003) assessed the relative merits of LDV and PIV to measure mean velocity
and turbulence in water flow over a train of fixed two-dimensional dunes. Figure 10 shows
the LDV measurement stations and PIV field-of-views. The flow field over the dune was
divided into five different fields-of-view with a 20 mm overlap between the images. Though
PIV is limited in the field-of-view normal to the bed, it provides instantaneous flow-field
information that reveals the true complexity of the flow over dunes.
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