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ABSTRACT: For the evaluation of the effects of relative depth, sinuosity of the channel and
roughness over the structure of flows and river bed topography in a compound meandering channel,
a three dimensional numerical model was developed. In this model, the spectral method was used
to compute the distribution of flow, water surface elevation, pressure intensity and bed height.
This numerical model can evaluate and reproduce accurately the features of the flow field and bed
topography observed in laboratory. This paper examined the effects of assuming the hydrostatic
pressure approximation on the flow and the bed variation. It was considered that the use of a
hydrodynamic pressure model is necessary for evaluating the deformation in a compound

meandering channel with high relative depth values.

The numerical analysis has shown the

importance of secondary flow structures in the formation of the bed features.

1 INTRODUCTION

It was shown that flow field and bed profile in a
compound meandering channel differ greatly
from those of bankful flow when the depth over
the flood plain is large to the bankful depth in
the main channel, by Ashida et al. (1989, 1990),
Kinoshita (1988), and Mori (1986a, 1986b).
Among these differences first, the maximum
velocity filament in the main channel runs near
the inner banks; regarding the secondary flows,
the rotation is reversed from that observed in
bankful flows (Fukuoka et al., 1996 and Muto,
1997). These changes in the flow fields are
accompanied by the cessation of scouring at
outer bank bed and by the scouring near the
inner bank (Fukuoka et al. 1997).

It is generally believed that these flow
characteristics are depending on the sinuosity
and the phase difference between the main
channel alignment and the levee alignment, the
relative depth, the ratio of roughness and width
between flood channel and main channel, and
so on.  The effects of relative depth and
sinuosity were shown by means of the
large-scale hydraulic experiments performed by
Fukuoka et al. (1997a, 1997b) and the flow

velocity distributions calculated from actual
aerial surveying photographs (Fukuoka et al.,
1997¢).

It has been shown that the geometrical and
hydraulic conditions affect dramatically the
features of the flow structure in a compound
meandering channel, therefore numerical
analysis should be used to compute flow
variables and bed evolution. Therefore, efforts
are made to develop three-dimensional
numerical models that might represent
compound meandering flows. Jin et al. (1996)
developed a two-layer model and then showed
that a three dimensional statistical turbulence
model is applicable for the flows of low relative
depth. The authors developed a numerical
model that uses the spectral method to express
three  dimensional flows in compound
meandering channels with fixed bed (Fukuoka
et al., 1998) and it is able to express the changes
in the structure of flow due to the changes in the
relative depth.

This paper describes the numerical analysis
model incorporating bed variations into a 3-D
flow model (Fukuoka et al., 1998 and Watanabe
et al,, 1999) developed by the authors, and
discusses its suitability for flow and bed



variation against the change in the relative
depth. In this paper, two flow models with
and without a assumption of hydrostatic
pressure mode are used to examine the
significance of change in pressure intensity.

2 METHOD OF ANALYSIS

2.1 Introduction of the plane curve coordinate
system and o coordinate system

Coordinate transformation is used as a simple
way to incorporate the effects of the complex
boundary profile into the numerical analysis.
Figure 1 shows the profile of the compound
channel to be analyzed, together with the
coordinate system.  The plane coordinate
systems are transformed from rectangular ones
(x, ) to curvilinear ones (&, 7). As shown in
Figure 2, the vertical coordinate system z is
transformed into & coordinate system, which
is defined as
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where zo, z and zp represent the reference plane
near the water surface, flood channel and bed
heights respectively. The values o =1, 0, -1
represent the reference plane, flood channel and
bed heights, respectively. At this time, the
scale parameters relating to the vertical axis are
respectively represented by using depths above

and below a flood channel. If z, and z, are
constant, the metric tensors can be evaluated
from changes in the bed surface or the depth
below the flood channel alone, without having
to incorporate mesh movement. Thus, a
coordinate system results in the following
metric tensor matrix.
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Figure 1: Coordinate system and computational
domain for compound meandering channel with
movable bed. (Length unit: cm)
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Figure 2: Definition of o coordinate system.

Where subscripts in the coordinate system
indicate the partial differentiation of that
coordinate, z¢ represents time, and J the
Jacobian. Contravariant flow velocity is
represented in the curvilinear coordinate system
as follows:

U=&u+&v
V=nwu+n,v 4
W=o,W=0,(c,'"u+c,'v+w)

Where u = x-direction flow velocity; v =
y-direction flow velocity; w = z-direction flow
velocity; U = &-direction contra-variant flow
velocity; V' = p-direction contra-variant flow
velocity and W = o-direction contra-variant
flow velocity. In Equation 4, ox’ and o’
represent the quantities defined by ox = oy 'oz

and oy = 0y 0.

2.2 Basic equations of the flow



When the coordinate system is introduced as
described above, the equation of motion that
approximates the hydrostatic pressure is
expressed as follows:
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Where gx, gy, g- = gravitational acceleration in
the respective directions, ¢ = water level
fluctuation relative to the reference surface, p =

deviation pressure from the hydrostatic pressure.

The eddy viscosity vr is expressed in the

following equation using # = depth from the
reference surface, zg = height from the bottom,

and u*= bottom friction velocity.
vr ZKM*Zd(l—Zd/h) (6)
The continuity equation is expressed as

;. .
o

Integration of Equation 7 from the bed level

(o =-1) to the water surface (z = z, +¢) produces
Equation 8, when ¢ indicates water level
fluctuation:

a e 0(z,+¢)
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The kinematic boundary conditions are used to
assign the contra-variant flow velocity W' in
the o -direction at the water surface is expressed
by Equation 9:
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In the analysis without the assumption of
hydrostatic pressure (model I), the deviation
pressure p is solved quickly in the spectral
space by using SMAC method for Equation 5
and 7 (Fukuoka et al., 1998). On the contrary
in the model with the assumption of hydrostatic
pressure (model II), p = 0 and Equation 5c is
not used in model I. The distribution of
vertical velocity w is given by the integral of
Equation 7 from the bottom.

2.3 Basic equations of the bed deformation

The bed variation is expressed by using the
sediment continuity equation as follows:
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Where (gB¢, qBy) is the contra-variant sediment
discharge vector as given by
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Equation 11 is obtained through the coordinate
transformation of the longitudinal and
transverse sediment discharge vector (Fukuoka

et al., 1993). The effects of the bed gradient
are incorporated in Equation 11. Here, gp =
bed load, s = static friction factor, s =

dynamic friction factor, ux. = critical friction



velocity, and the subscript b indicates the value

at the bed. This analysis employs the
Ashida-Michiue  equation  for  sediment
discharge calculation, and to incorporate

additional tractive force and changes in critical
tractive force (Fukuoka et al., 1983) due to the
bed slope change.

2.4 Introduction of spectral method and
formulation

Because the profile of the boundary and the
flow field are changed periodically in the
longitudinal direction, Fourier series expansions
are applied for the plane boundary profile, the
flow field and the bed profile in this direction.
The spectral collocation method is employed to
solve the differential equation in the
longitudinal direction. For this analysis, the
series is expanded from the Oth mode to the 7th
mode, and 32 spectral collocation points were
selected as shown in Figure 1.

For the flow field analysis, a longitudinal
differentiation was calculated by differentiating
in the spectral space and then the value was
inverting to the spectral collocation point
through inverse Fourier transformation. The
convective terms in (7, o) plane were
differentiated using an upwind difference of 1st
and 3rd order in the vertical and transverse
direction respectively.

2.5 Boundary conditions and their method of
calculation

Using the procedure outlined in section 2.4,
velocities u, v, w, pressure p and water level {
are calculated on the spectral points and then
time-integrated in spectral space. The time
integrals of velocity and water level are
explicitly calculated with the Huen method
having 2nd order accuracy in time. The bed
deformation is very slow in comparison with
the velocity adjustment, therefore, the time
variations of bed and velocity are repeatedly
calculated at separate time scales in this
analysis.

The resistance at the walls is taken
proportional to the square of the velocity in the
vicinity, being assigned as a boundary condition

for velocity. Impermeable slip-conditions are
also applied at the walls. Friction velocities on
the side walls and the bottom are determined by
dividing velocities near the walls and the bed by
the resistance coefficient respectively.

3 FLOW AND BED DEFORMATION
ANALYSIS

3.1 Conditions and
calculation

for

experimentation

The plane profile of the compound channel is
shown in Figure 1, where the total width = 4.0
m; main channel width = 0.8 m; mean main
channel bank height = 0.055 m; meander length
= 6.8 m; and sinuosity = 1.1. There are five
and two vertical calculation points below and
above the flood channel height respectively.
The authors analyzed Cases 3 and 5 in the
large-scale experiments by Fukuoka et al.
(1997b). The experimental channel was 15 m
long. The flood channel was covered with
artificial turf to create the appropriate roughness
and the main channel was filled with sand 0.8
mm in diameter. The slope of the channel and
bed was 1/600. The resistance coefficient at
the bottom was calculated by using the

equivalent roughness ks and z;» using Equation
12.

@p =5.751og(z1/5 / kg)+8.5 (12)

Where, z1/2 is the height in the center, the
calculation point for flow velocity, of the Ist
bottom mesh. It was assumed that k= 2.8 cm
in the flood channel. Because of the tractive
force, the value of the sand diameter was used
for kg at the bottom, but it did not include the
resistance due to sand wave.

Table 1. Conditions for analysis
Case [Discharge| Main | Flood |Relative
Channel|Channel| Depth
depth | depth
(U/s) (cm) (cm) Dr
3 35.9 8.0 2.5 0.31
5 63.7 10.6 53 0.49

Table 1 gives the conditions of numerical
analysis. For this analysis, the conditions were



decided to produce a depth (i.e., relative depth)
equivalent to that used in the experiment, and
the resistance coefficient was fixed so that the
calculated discharge would match the
experimental discharge.

3.2 Bed deformation

Figures. 3 and 4 show the observed and
calculated bed shape by contour lines
respectively for Case 3. Figures. 5 and 6 show
similar results for Case 5. In both the cases
the flow proceeds from the left to the right.
The observed results show the bed shape of one
wave-length in the central part of channel.
The calculated bed shapes are obtained from
model I, without assumption of hydrostatic
pressure.

Comparing Figure 5 with Figure 6, the
calculated scouring occurs continuously from
the inner bank to the next inner bank at the
maximum curvature and the calculated result is
similar to the observed one. On the other hand,
The bed shape in Figures 4 does not agree with
one in Figure 3. In the observed results, bed
scouring occurs at the maximum curvature. In
the calculated results, a scouring region spreads
out from the outer bank to the inner bank and
the maximum scouring occurs near the bank at
the maximum curvature. This means that the
observed bed shape in Dr=0.31 has the
characteristics of a compound meandering flow
but the calculated bed shape in Dr=0.31 has one
of a single-section meandering flow.

Generally, the bed shape changes from one
in a single section meandering channel to one in
a compound meandering channel around where
the relative depth becomes 0.3. However, this
transition of bed shape is sensitive to the
roughness of bed and so on. The river bed can
take both shapes to this relative depth. When
the effects of the secondary flow mentioned in
the following section surpass the effects of the
longitudinal change in the tractive force for the
bed deformation, the bed shape becomes one in
a compound meandering channel. The slight
difference between observed and -calculated
results for the scouring position are due to the
difference of bed roughness and the use of
periodic boundary conditions for the experiment
results which were not actually periodic.

3.3 Characteristics of flow field

Figures 7 and 8 show the calculated velocity
vectors at below and above flood channel height
respectively for Case 3. Figures 9 and 10
As shown in

show similar results for Case 5.
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Figure 3: Bed variation contour in Case 3.
(Observed results)

Figure 4: Bed variation contour in Case 3.
(Calculated results by model I)
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Figure 5: Bed variation contour in Case 5.
(Observed results)
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Figure 6: Bed variation contour in Case 5.
(Calculated results by model I)

Figure 7, flow below flood channel height
concentrates near the inflection point of outer
bank and scouring occurs there.On the contrary
in Figure 9, flow dose not so concentrate and
the change in velocity is small. But, the flow



over bed goes towards the outer bank and bed
materials move to the bank by this secondary
flow. As shown in Figure 8 (Dr = 0.31), the
main flow above the height of flood channel
proceeds along the main channel. The velocity
over the flood channel is small and the velocity
changes considerably in the transverse

direction.
4.0m — 20 cm/s

Dr=0.31
O 6.8m

Figure 7: Calculated vector of depth-avera{ged
velocity below flood channel height in Case 3.
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Figure. 8: Calculated vector of depth-averaged

velocity above flood channel height in Case 3.
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Figure 9: Calculated vector of depth-averaged

velocity below flood channel height in Case 5.
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Figure 10: Calculated vector of depth-averaged
velocity above flood channel height in Case 5.
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Figure 11: Calculated depth-averaged pressure
deviation below flood channel height in Case 3.
4.0m

0g 6.8m
Figure 12: Calculated depth-averaged pressure
deviation below flood channel height in Case 5.
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Figure 13: Calculated vertical velocity at the

height of flood channel in case 3.



Contour pitch : 2 em/s No.19

99 . ~ 6.8m
Figure 14: Calculated vertical velocity at the

height of flood channel in Case 5.
But, the momentum exchange between flow in
main channel and above flood channel is small,
as the exchange in rate of flow is small in small
relative depth. On the contrary in Figure 10,
flow goes along the levee of flood channel and
the velocity above flood channels is large.
Comparing Figures 9 and 10, the direction of
the secondary flows is reversed from one
observed in a single section meandering flow.
Figures 11 and 12 show the distribution of
calculated pressure deviation for case 3 and 5
respectively. When the relative depth is small,
the pressure deviation in a main channel below
the height of flood channel is small and pressure
is almost hydrostatic condition. When the
relative depth is large, however, the pressure
deviation is large near the bank around the
inflection point and the apex of meandering.
Figures 13 and 14 show the distribution of
calculated vertical velocity at the height of
flood channel for case 3 and 5 respectively.
As shown in Figure 14, flow rise up near the
bank around the inflection point from lower
channel and goes down to lower channel around
apex. These places exist where the change in
the pressure intensity is large. In Figure 13,
the large wvertical velocity is not seen.
Comparing Figures 9 and 14, we can find that
the faster flow goes down into lower channel
and is diverging over the bed. At the same
time Figure 6 indicates that the bed scouring
occurs continuously over the area where the
faster flow goes down. The tractive force is
larger over the area where the fast flow goes
down and flow goes out of this area with bed
materials.  Therefore, in this area the bed
scoring occurs.

3.4 Significance of pressure distribution

Figure 15 shows the depth-averaged velocity
vectors below the flood channel height for Case
5 by model II with the assumption of
hydrostatic ~ pressure distribution. This
indicates that the flow is concentrated and
accelerated considerably at the inflection point.
As shown in Figure 16, the flow concentration
at this point causes an extensive scouring and a
wider region of deposition on the opposite bank,
and a larger scouring depth causes the flow to
concentrate even more. Such a bed variation
could not be observed in the results of
experiments.

This area of flow concentration exists where
the assumption of hydrostatic pressure does not
hold well in the case of large relative depth, as
shown in Figures 12. Therefore, it is

necessary to calculate the flow field and the bed
variation in the large relative depth without
assuming hydrostatic pressure.

Figure 15: Calculated vector of depth—averaiged
velocity below flood channel height in Case 5
by model II (Hydrostatic pressure model).

0 6.8m
Figure 16: Bed variation contour in Case 5.
(Calculated results by model II)

4 CONCLUSIONS

The following was obtained by a 3-D numerical
analysis of flow and bed deformation in a
compound meandering channel.

When the relative depth is low, the
characteristics of the flow resemble those of a



single-section meandering channel. For this
case, the deviation of pressure intensity from
the hydrostatic pressure distribution is relatively
small, therefore the hydrostatic approximation
is at some degree reasonable. However, when
the relative depth is high, the deviation of
pressure intensity from hydrostatic pressure
distribution is large and the results with the
hydrostatic pressure approximation can not
represent the observed flow and bed topography
in laboratory experiments. For this case
therefore the hydrostatic pressure
approximation is not suitable.

The numerical analysis has shown the
importance of secondary flow structures in the
formation of the bed features. When the
relative depth is high, the flow from the flood
plain enters the main channel producing the
secondary flow with an inverse rotation to the
one observed in curved channels with single
cross sections. This secondary flow goes
toward the bed at the inner bank. As results,
scoring occurs at the inner bank. On the
contrary, deposition occurs at the outer bank.
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