CHAPTER 222

Sediment Transport in Dredged Trenches

S. Opatha Vithana', MICE(Lond.), MIEAust.

Abstract

An attempt was made, using a 3-dimensional turbulent model
coupled with a comparatively simple depth averaged sand transport
model, to assess the computational feasibility of predicting sediment
transport in a dredged trench, caused by a steady flow passing across
the trench. A sophisticated computer software package was used to
simulate 3-dimensional turbulent flow by the finite element method. A
Profile Model, which discretized the transport process to enable
sucessive computation of the flow field, was used for morphological
evolution of the channel bed. A physical model was built and tested to
validate the numerical models.

1.0 Introduction

An attempt to set up a mathematical theory of sedimentation
should take into account both the character of the fluid motion and
character of the sediment motion. The K-Epsilon model is considered as
the best mathematical model available at present to represent turbulent
flow. Any mathematical model to represent sediment transport should
take into account the movement of sediment by both suspension and bed
Toad. Movement of sediment in suspension is considered to be best
described by the diffusion—convection equation. Therefore, if K-Epsilon
model is coupled with the diffusion—convection equation together with
a bed load formula one can expect a very good mathematical model to
represent sediment transport. However, for long term morphological
computations implying the successive computation of the flow field, the
use of K-Epsilon model or the diffusion—convection equation is still
not attractive because of the 1limitations of available computer
resources. To overcome this problem various mathematical models have
been proposed by combining the simplified diffusion—convection equation
with comparatively simple flow models.

In this paper an attempt made to assess the computational
feasibility of solving this complex problem by using a
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3-dimensional turbulent model coupled with a comparatively simple sand
transport model is presented.

2.0 Physical Model

A physical model of the entry to a
dredged navigational channel
through a shelving coastline was
built to simulate sittation
effects. The flow and siltation
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physical model were used to verify
the two numerical models which were
under assessment.
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The plan view of the inlet area
considered for study is the area
enclosed by broken lines in Fig.
1.0. Dimensions and isometric view
of the flow domain are shown in fig.2.0. Fig. 1.0: Area Considered
for Detailed Study.

SHORE LINE

Shore Line

The slope of the bed in the transverse
direction represents the gradient of the 7z
sea bed in the shore region.

The bed consisted of fine to medium sand of
almost uniform size with the characteristic
diameters of: dw = 150 pm, dgy = 240 pm, and
dyy = 380 pm. A continuous steady flow with 425
a mean flow velocity of about 0.3 m/sec, ﬁﬁ//J)
which was considered
to be large enough
to initiate movement
of the sediment used
in the experiment,
was maintained into
the model during
the experiment.

For vatlidation of the
flow simulation
model, inlet and
downstream flow
velocity measurements
should be carried out
on a fixed bed model.
Therefore, at the Fig.2.0: Isometric View of the
first instance, the entire bed Flow Domain.

of the physical model was covered with

steel sheets to maintain a fixed bed and all flow velocity measurements
were carried out using Laser-Doppler velocity measuring equipment. In
order to obtain input velocity boundary conditions for the flow simula-
tion model, inlet velocity components in Tlongshore and offshore
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directions were measured on all finite element grid Tlines. For
calibration of the flow simulation model, measurement of the longshore
velocity components were carried out at four different downstream
sectijons, at x = 1.75, 3.0, 4.5 and 7.25 meters.

When calibration of the flow simulation model was compieted, the
metal sheets used to cover the bed were removed and the flow was
restarted to vaiidate the sand transport model. After 6.0 hrs. of
continuous steady flow, the flow was discontinued and the bed profiles
of the entire area under consideration was measured.

3.0 Numerical Models

3.1 Flow Simulation Models

A general purpose computer software package (FIDAP) which uses
the finite element method to simulate many classes of incompressible
fluid flows was used to simulate turbulent flow across the channel. In
FIDAP the three-dimensional, steady, turbulent fiow of an incompressi-
ble viscous fluid is represented by the following equations:

- Mass Conservation; gﬁl -0

X3
du 3 du du
~ Momentum ; 1. .92 1 e
Conservation; ujaxj o, [ (5% axi)]
where, u; = mean fluid velocity component, p = fluid pressure, x; =

cartesian coordinates, i = 1,2,3, j = 1,2,3, p = total viscosity = Hy
+ Wy, Wy = laminar viscosity, | = turbulent viscosity.

Two possible turbulent models are available in FIDAP to determine
the distribution of turbulent viscosity (or eddy viscosity).

3.1.1 K-Epsilon Model

The three~dimensional version of the K-Epsilon model comprises
three additional equations as indicated be]ow
- JK d W ) - pe
PY; ox;  0x; . < axj P

de _ 3 B, @&
P ax 6xj(0‘z axj) PCx
B, =~ pc X2
t P“e

FIDAP adopts the Galerkin form of the weighted residuals method
to solve these differential equations by the finite element method.

3.1.2 Mixing Length Model

In the mixing length model, the turbulent viscosity is repre-
sented by the Prandtl mixing length hypothesis.
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du du,, ou
- 2 1 4 i11/2
Be plm[(ax, * axi)ax,]

In FIDAP the mixing length values are computed based on
Nikuradse’s (Rodi W., 1980) Formula:

1y Y2 Yye

- 0. .08(1 ~ £)2 -0.06(1 - L)
0.14 -~ 0.08(1 R) ( 7

where, R = depth of flow, y = normal distance from the wall.

3.1.3 Boundary Conditions for Flow Simulation Models

3.1.3.1 Inlet Boundary

Mean velocities of flow in all three coordinate directions
(u,v,w), turbulent kinetic energy (K), and its dissipation rate (e)
should be specified at the inlet.

(a). Mean Flow Velocities

Inlet velocity components in the longshore and offshore direc—
tions measured in the physical model were prescribed as input to the
numerical model. Inlet velocity in the vertical direction was assumed
to be zero.

(b). Turbulent Kinetic Energy

Time-averaged values of the fluctuating components of the fluid
velocities u' and v' measured at the inlet by the lLaser-Doppler
equipment were used in calculating the turbulent kinetic energy (K) at

the inlet, using the formula:

K- % (@ 2+ (V) 2+ (W 2]

The prescribed initial values of K and € at the inlet seems to
exert T1ittle 1influence on the predictive accuracy of the flow
simulation models (Leschziner M.A., et al. 1979). Therefore, as
velocity measurements were not carried out in the vertical direction
it was assumed that, w' = u'.

(c). Dissipation Rate of Turbulent Kinetic Energy
Dissipation rate of turbulent kinetic energy (¢) was evaluated
from the following formula (Launder B.E., et al. 1974) using the values
of measurad turbulent kinetic energy (%).
Ci/4 K32
1, !
It was assumed that the value of mixing length is given by the
well-known ramp function for wall boundary layers (Launder B.E., et al.
1972):

in which 1, is a mixing length

1,= *Ye

where, A
g

a constant in mixing Tength model,
effective width of shear flow.

[Tl

The characteristic shear width of flow was calculated using the
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measured inlet velecity profiles {Launder B.E., et al. 1972). A value
of 0.125 was assumed for A.

3.1.3.2 Wall Boundaries

The variation of the turbulent viscosity within the viscous
sublayer in the near-wall region was modelled using van Driest’s mixing
length model with a transition to the standard high Reynolds number
K-Epsilon model in flow region beyond the viscous sublayer where the
turbulence 1is fully developed. In the van Driest mixing length
approach, the eddy viscosity is defined as described in Section 3.1.2
and the van Driest mixing length is defined as,

1, = kd(1 - g7d/4y

where, A = an empirical constant, k = von Karman constant, & = normal
distance from the wall.

In this equation y, is the dimensionless normal distance from the
wall defined in terms o$ the turbulent kinetic energy as,
o 12 k)12
y*u - p 6 (_E__.._———-—

where, ¢, = a turbulent constant, u = dynamic viscosity, K = turbulent
kinetic energy.

While the computational domain for the mean flow equations
encompasses the flow domain up to the solid boundary, the corresponding
computational domain for the K-e turbulent model only extends to near
wall region. As part of near-wall implemantation, FIDAP applies the
following boundary conditions for K and €.

1/2 1.8
K Lo . . G KHT
on k8

where, n is the direction normal to the boundary.

If no~-slip boundary condition is valid at the wall, then all the
velocity compenents assume a zero value at the wall.

3.1.3.3 Outlet Boundary

The outlet boundary was located far away from the area of
interest so as to allow the redevelopment of fully developed flow
downstream. At the outflow no velocity boundary conditions were
imposed, resulting in zero normal and tangential stresses at the
outflow boundary. Similarly, the turbulent kinetic energy and
dissipation were not specified at the outflow boundary.

3.1.3.4 Water Surface

The position of the free water surface was assumed to be fixed
and at the free water surface the velocity component in the vertical
direction was assumed to be zero.

3.1.4 Creating Finite Element Mesh

The three-dimensional flow domain was first divided into a set
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of 8 node brick elements. A1l wall boundaries were divided into
quadrilaterals with 4 nodes. As the computation time needed to solve
the equations is large for a finer mesh, a compromise had to be made
between the accuracy and the computation time before selecting the
following dimensions.

The Tongitudinal direction was divided into 31 elements of Tength
250 mm each and the transverse direction consisited of 8 elements of
width 150 mm each. The vertical direction consisted of 8 elements, the
dimensions of which were decreased towards the bed to provide a greater
resolution in the zone where Tlarge velocity gradients exist. The
solution domain thus consisted of 1984 brickelements of 8 nodes each
and 2592 nodal points.

3.1.5 Fluid Properties

Following data was used as the physical properties in the flow
simulation models.

fluid density, y = 1000.0 kg/m" kinematic viscosity, v = 1 x 107
m°/sec; turbulence constant, ¢, = 0.09; empirical constants: G = 1.44,
Cye = 1.92, oy = 1.00, g, = 1.30; von Karman constant, k = 0.41; van
Driest’s constant, A = 26.00.

3.2 Sand Transport Model

The model1 considered was basically similar to what was used by
Hillier and Jenkins (1976). As shown in Figure 3.0, the model zone was
divided into a grid sysytem on the horizontal plane, the longshore and
offshore directions being divided into equal number of sections as used
in the mesh for flow simulation models.

N J = MOFI
_ . Offshore Boundary =
_]r } = MOF +1 =
. >
~ = F =
* "E T+ a
[ 5 3l & —
IE i i =
[ ~ &L 0N BDX (1LY | BDX (1, J)
5 E g et | S [ CELL (1))} e
3 <
Shore Boundary »
—- o3 SANDX (I,J)
I=1 pay =
) 1 ¢ o
~
NLS i/
=
NLSI = NLS + 2
Fig. 3.0: Grid System of the Fig. 4.0: Sediment
Sand Transport Model Transport in a Cell
MOF = number of cells in the offshore direction = 8
NLS = number of cells in the longshore direction = 31
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For the purpose of comparison, two different formulae were used
to calculate the sand transport. In the first method, Shield’s (1936)
bedload formula and in the second method a new approach to calculate
sediment transport by Ackers and White (1973) was used.

3.2.1 Shield’s Formula

Shield’s Bedload Formula for calculation of sand transport can
be written as follows:
g Y s - to"(to) cr

agsy {(yo,~v)d

where; 4q,, q = rate of bedload and 1iquid in volume per unit time and
unit width respectively, S = slope of the energy grade line, y =
specific weight of 1liquid, y; = specific weight of sediment, 1, = shear
stress, (tﬂ)cr = ¢ritical shear stress at which sediment particles are
about to move, d = dw = mean particle diameter.

The rate of liquid flow can be related to the mean flow velocity
as: q =V x H ; in which, V = mean flow velocity, H = depth of flow.

The bed shear stress can be ca}cu]ated from (2), T, = YHS ;
the critical bed shear stress, (kg/m‘), can be related to the mean
particle diameter (meters) as (Kalinske A.A.), (tﬂ)cr . 192.65 d.

The slope of the energy grade line can be expressed in metric
units (for manning’s n = 0.025) as (Graf W.H., 1971),

g - 0.0006 x V2
H4/3 3
Substitution of these values along with ¥, = 2650.0 kg/m’ in
Shield’s Formula will finally yield:

V3
{0.59723 . 0.04624]

ggs = 0.0057
o H/3 H1/3

Therefore when the values of V and H are known, the sediment
transport can be calculated using the above equation.

3.2.2 Method Proposed by Ackers and White

Ackers and White (1973) has proposed a method to calculate
transport of non-cohesive sediment by a steady uniform flow. When the
physical properties of the fluid and sediments are substituted, the
value of S is expressed as in Section 3.2.1, and shear velocity is
defined as vy = JgHS , sediment transport rate can finally be
expressed in terms of V and H as follows:

gy ~ 1.2567 X1075, v. 00936

[ 7.7018v _1]2.530
HO-9936 [15910(4.1667x102H) ] 0-4382

Therefore, when the values of the mean velocity (V) and the mean
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depth of flow (H) are known the sediment transport can be calculated
using the above equation.

3.2.3 Calculation of Sediment Transport Rate

For calculation of sediment transport rate, depth averaged
velocities were used in the sand transport formula. Therefore, the
nodal velocities obtained from the flow simulation model were first
converted to depth averaged nodal velocities. These depth averaged
nodal velocities were then converted to cell velocities 1in the
longitudinal and transverse directions. Using the Sand transport
formula, the rate of sediment transport was calculated in longitudinal
and transverse directions for each cell.

With reference to Figure 4.0, SANDX(I,J) and SANDY(I,J) are
defined as rates of sand transport in Cell (I,J) in x & y directions
respectively. If just one cell is considered its sediment transport
components can be averaged with those of the surrounding cells to
obtain the boundary flow.

Boundary flow in longitudinal direction = BDX(I,J)
= 1/2.[SANDX(I,J) + SANDX(I+1,J)]
Boundary flow in transverse direction = BDY(I,J)
= 1/2.[SANDY(I,J) + SANDY(I,J+1)]

The sand movement within the cell is then the difference between the
transport rates into the cell and the transport rates out of the cell.

Net longitudinal sand transport in cel1(I,J) = XMOVE(I,J)
= BDX(I~-1,J) - BDX(I,J)

Net transverse sand transport in cell1(I,J) = YMOVE(I,J)
= BDY(I,J-1) - BDY(I,J)

The sediment movement is actually a volume rate per unit time per
unit width. Therefore, multification by the cell width and an appropri-
ate time interval will yield the volume change of sand. Then simply
dividing by the cell area will give the change in depth of the cell.

The amount of Erosion or Deposition in cel1(I,J) = RISE

= [M.XMOVE(I,J) + N.YMOVE(I,J)].MTA/AREA
where, M,N = width of cell(I,J) in transverse and longitudinal
directions respectively, AREA = M x N, MTA = time period for which
the sand transport is calculated.

New Depth of Cell(I,J) = H(I,J) - RISE

3.2.4 Boundary Conditions for the Sand Transport Model

Following boundary conditions were used in the Sand Transport model.

3.2.4.1 _Inflow Boundary
At the inflow boundary it was assumed that the rate of sediment
transport in longitudinal direction was equal to the rate of sediment
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transport in the first cell in the same direction, figure 3.0.
SANDX(I,J) = SANDX(2,J) and H(1,J) = H(2,J); where, J = 2 to MOF+1

3.2.4.2 Qutflow Boundary

At the outflow boundary the rate of sediment transport in
Tongitudinal direction was assumed to be equal to the rate of sediment
transport in the last cell in the same direction.

SANDX(NLSI,J) = SANDX(NLS+1,J) , H(NLSI,J) = H(NLS+1,J)
where, J = 2 to MOF+1

3.2.4.3 Shore Boundary
At the shore boundary, the rate of sediment transport in the
transverse direction was assumed to be zero.

SANDY(I,1) = 0.0 and H(I,1) = H(I,2); where, I = 2 to NLS+1

3.2.4.4 Offshore Boundary i
Similar to the shore ,,
boundary, the rate of sediment Beé“;?;?}]e
transport in the transverse
direction was assumed to be zero. L
SANDY(I,MOFI) - 0.0 and Establishment of Flow ]
H(I,MOFI) = H(I,MOF+1) where, 1
I = 2 to NLS+1
velocity Profile I t + Atl
3.3 Profile Model ~FIDAP Model-
Using a flow simulation model 1
described in Section 3.1 and a Sediment Transport
sand transport model described in |~ Sand Transport Model-

Section 3.2 a Profile Model, as ]
shown in the Flow Chart in Figure :

5.0, was developed for { New Bed Profile }————-——
morphological evolution of the

shore area. Figure 5.0: Flow Chart
of the Profile Model

The constituents of the Profile Model are as follows:

- The initial bed profile of the area under consideration is decided.

- A known flow field is established over the area under consideration.

- The velocity field in the computation domain is numerically simulated
using Mixing Length Model.

- Rate of transport of sediment due to known velocity field is
calculated using the Sand Transport Model.

- Change of bed profile due to transport of sediment for a time period
At is calculated and the new bed profile is obtained.

The new bed profile obtained after time At was used as the
initial profile for the next cycle. This procedure was continued until
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sufficient number of cycles are completed over the required time period
for which morphological evolution of the shore area is to be
determined.

4.0 Results and Discussion

4.1 Flow Simulation Models

Computed velocity profiles using the K-Epsilon and Mixing Length
models have been compared against the measured velocities, at four
different sections, in Figure 6.0.

It was observed that the K-Epsilon model, in general, predicted
velocities closer to the measured values when compared to the Mixing
Length Model. Specially, in the flow velocity measuring stations
downstream of the dredged channel, ie. at x = 4.5 and x = 7.5 m, the
K-Epsilon Model predicted velocities to a fairly good accuracy.

—=—:300 — 300 4=
. 560 mur. | ECa

-

0.2.0.4 0 0.20.4 o 0.2.0.4

o 0.20.4 0 0.20.4 o 0.20.4 0
(a) At X = 1.756 m
001y 500 m

(c) At X = 4,50 m

=)

100+

0 0.20.40 0.20.4 0 0.20.4 0 0.20.4 o 0.2 0.4 0 0.2 0.4

(b) At X = 3.00 m (d) At X = 7.25 m
——— Measured
—a A A Computed Using K-E Model

— D a— Computed Using Mixing-Length Model

Figure 6.0: Measured and Computed Velocities

However, it was observed that the computed velocities deviated
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from the measured velocities in the region from the inlet upto the
dredged channel. When the cause for this situation was examined it was
observed that selected inlet section was too close to the dredged
channel. However, limited space available in the Hydraulic Laboratory
did not allow shifting of the inlet section further upstream of the
dredged channel.

The following assumptions made in making the numerical models
would also have affected the accuracy of the predicted results.

¥ A11 wall boundaries, including the bed boundary, have been
assumed to be fully rough (no-slip boundary condition.)

* For specificaion of normal and tangential boundary condition,
the bed boundary has been assumed to be horizontal.

It i1s also expected that accuracy of computed velocities could
be increased by having a finer mesh discretization, specially in the
recirculation region.

Therefore, it can be concluded that under assummed conditions
flow simulation models gave reasonable to good accuracy except for a
few sections in the recirculation and inlet regions which in retrospect
would have been expected.

4.2 Sand Transport Models

4.2.1_Shield’s Formula

Shield’s formula which is essentially a bed load formula is based
on the assumption that shear stress is the main parameter defining
sediment transporting power. Transport of sediment by suspension at
higher shear velocities has not been taken 1into account and at all
velocities sediment is assumed to be transported as bed load. Further,
the resistance to sand movement caused by the bed forms on the deformed
bed has not been considered in the formula.

The velocity field existing at the granular surface determines
the shear stress on the grains. Therefore, it is more realistic to
relate the bed shear velocity to the flow velocity at the bed level.
But in this experiment, the bed shear stress, hence the bed shear
velocity, in the Shield’s formula has been related to the depth aver—
aged mean flow velocity which could be higher than the near bed
velocity.

Due to these reasons and also since the sand transport is a
function to the fifth power of the mean fluid velocity (Section 3.2.1)
exagerated sand movement can be expected in areas where the velocity
is high relative to the depth.

Examination of bed profiles at the inlet region showed that
predicted higher velocities have caused exaggerated erosion and
deposition of the cells in the region and the model became unstable
after few iterations.
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As Shield’s formula is purely a bed load formula, errors in
predicted results can be expected at higher shear velocities relative
to the critical shear velocity. Therefore, Shield’s formula was not
considered as suitable for long term morphological computations.

4.2.2 Ackers_and White Method

This method predicts the total Tload and not the bed-load
transport only. In this method average stream velocity has been used
in preference to shear stress as the basis of sediment transport
function. The grain roughness has been taken into account by relating
it to the median sediment diameter. As such this method can be expected
to performbetter than the Shield’s formula.

The following observations can be made when the bed contours, as shown
in Fig.8 and bed profiles shown in Fig. 7, are reviewed.

1. A prominent movement _F
of sand in the Tongshore =

direction was seen -§
throughout the flow i, °7
domain; a clear -~100

overprediction compared :
to the Physical Model.

2. In the area downstream
of the dredged channel
where the computed and:
measured flow velocities .
had a Dbetter match,
measured and computed bed
profiles and contours
have similar shapes and
are almost parallel.

3. The movement of sand
in the offshore direction
observed in the Physical! 0
Model was not seen in the —
numerical model. This can
not be explained in terms —~———+
of flow velocities as 7. "~
both measured and [T
computed flow velocities
in offshore direction Fig. 7.0: Measured and
were small compared to Computed Bed Profiles
the Tongitudinal

velocities. It should be noted here that the effect of gravity has not
been taken into consideration in the numerical model. As such it will
be interesting to examine whether the gravity has played a role in the
movement of sand along the steep gradient in the transverse direction.

4. In the upstream region of the dredged channel where the computed
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(Mixing Length Model) velocities did not show a good agreement with the
measured velocities, the computed bed profiles deviated from the
measured prof11es as would be expected.

1.2

Offshore End

~.0°9
15

~o.8
L.

» 0.3 *

————— Initial Bed Contour
———t o Measured Bed Countour

A= Computed Bed Countour
Fig. 8.0: Measured and Computed Bed Contours

An important factor that would have affected the predictions of
the sand transport model is the changing bed profile and hence the flow
velocities at the inlet which has not been taken into consideration.
It was assumed that the prescribed inlet velocities remain unchanged
throughout the experiment even though the bed profile was allowed to
vary. As the computed flow velocities upstream of the dredged channel
were found to be very sensitive specially to the direction and the
magnitude of transverse velocities, this would have had a direct effect
on the model predictions.

4.3 Conclusions

The sand transport model which used the Ackers and White
method performed reasonably well in the areas where the computed
velocities were in agreement with the measured velocities. As the sand
transport is a function to the fourth power of the mean velocity,
(Section 3.2.2), a small error in the predicted flow velocities could
accumulate to create a major error in the predictions of the sand
transport model when a simulation 1is carried out over a large number
of cycles for long term morphological computations. Thus, the accuracy
of predictions of such a long term model will depend critically upon
the accuracy of the predicted velocities in the flow simulation model.

It can be concluded that, once calibrated and validated using
measured data, an advanced flow simulation model coupled with a simple
sand transport model, as used in this experiment, appears feasible at
this stage to predict long term morphological computations to a reason—~
able accuracy.

4.4 Future Work

S$ince the numerical models performed reasonably well even without
improvement, it would be worthwhile to investigate the influence of the
factors such as; proximity of the inlet section to the dredged channel,
change of cross~section at the inlet, a refined mesh, and influence of
gravity, etc. on the performance of the models.
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The sand transport model used looks crude compared to the
advanced flow models used. However, as this 1is only the first
developmental model better sand transport models can be coupled with
the flow model to improve the predictions.
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The sand transport mode! used looks crude compared to the
advanced flow models used. However, as this is only the first
developmental model better sand transport models can be coupled with
the flow model to improve the predictions.
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