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SYNOPSIS

For the evaluation of flow structures and river bed forms in a compound
meandering channel, a three dimensional numerical model was used. This model uses

the boundary fitted curvilinear system (£,7,0) and the spectral method to calculate

the flow velocity distribution, water surface and bed variatioms. ~In this paper,
applicability of this model was examined by comparison with laboratory experiments
on bed deformation for this sort of chamnels. According to the results obtained
from the application of the hydrostatic pressure model, scour occurred only at the
outer bank of the bends where the flow was concentrating. However, in the
laboratory experiments this kind of scouring did not happen for flows with high
relative depth values. Therefore, 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. )
Key Words: meandering compound channel, river bed deformationm, 3D analysis of flows,
spectral method, hydrostatic pressure

1. INTRODUCTION

Previous researchers (1,2,3,4,5) showed that flow field and bed profile in a
compound meandering channel differ greatly from those of bankful flows for floods in
which the depth over the flocd-plain has a considerable magnitude respect to the
bankful-depth in the main channel. Among these differences first, the maximum
velocity filament in the main channel runs mnear the inner banks; regarding the
secondary flows, the rotation is reversed from that observed in bankful flows
(6,7,8). These changes in the flow fields are accompanied by the cessation of
scouring at outer bank bed and by the scouring near the inmer bank (6,9).

It is gemerally believed that these flow characteristics are depending on the
sinuosity and the phase difference between the main channel alignment and levee
alignment, relative depth, ratio of roughness and width between flood channel and
main channel, and so on. The effects of relative depth and sinuosity were shown by
large-scale hydraulic experiments performed by Fukuoka et al. (9), and by the flow
velocity distributions calculated from actual aerial surveying photographs (10).

It has been shown that the geometrical and hydraulic conditioms affect
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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 and Egashira et al.
(11) developed a two-layer model and then a three-dimensional statistical turbulence
model which is applicable for the flows of low relative depth.

The authors developed a numerical model that wuses the spectral method to
express three-dimensional flows in compound meandering channels with fixed bed
(14,15) and capable to express the changes in the structure of flow due to the
changes in the relative depth (15). However, to the authors kmowledge no model has
been developed to reproduce bed profiles accurately in compound meandering channels.

This paper describes the experimental analysis performed by incorporating bed
variations into a 3-D flow model (14,15) developed by the authors, and discusses its
suitability and limitation. Due to the considerable large computation time of bed
variation, the-authors used a simplified numerical model that assumes hydrostatic
pressure.

2. METHOD OF ANALYSIS

1) Introduction of the plame curve coordinate system and ¢ coordinate system

Coordinate transformation is used as a simple way to imcorporate the effects of
the complex boundary profile into the numerical amalysis. Fig. 1 shows the plane
profile of the compound chamnnel to be analyzed, together with the coordinate system.
The plane coordinate systems are transformed from vrectangular omes (x,y) to
curvilinear ones (&,77). As shown in Fig. 2, the vertical coordinate system 2z is
transformed into ¢ coordinate system, which is defined as

2=z, +(z, —2,)0, (020) W

2=z, +(z, ~2z5)0, (0<0)
where z,, 2z, and z, represent water surface, flood channel and bed heights
respectively. The values ¢ = 1, 0, -1 represent the references for surface, 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:

25 =(z, —2p), (020) )
{Za =(z, -zi), (o <0) (2a)
e %&+{%(ZG)}G (2b)
i =%+{'§E(Z")}a (2¢)

If z, and z, are comstant, the metric temsors can be evaluated from changes in the

bed surface or the depth below the flood channel alome, without having to
incorporate mesh movement. Thus, a coordinate system results in the following
metric temsor matrix: :

¢ n, oy 1 0 0 =z 2z,

Ex Ny Oy - 0 Yn 1J —Ye /g’ "(szgx +Zr]771)/zo
& ny, oy O ~x, /T x0T ~(zg8y +297,) 24
& M, o] [0 O 0 1z,

(3a)

Ko BV B Ie.
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Fig. 1 Compound channel plane profile
and plane coordinate system
J=0"25,0"= XYy —Xp¥e (3

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

U=u+&yv
V=nu+1,v @
W=o W=0,(c,’u+oc,v+w)

where n=x-direction flow velocity; v=y-direction flow velocity; w=z-direction
flow velecity; U=¢-direction contravariant flow velocity; ¥V =n-direction

contravariant flow velocity and W =0 -direction contravariant flow velocity. In
equation (4), o,” and o,’ represent the quantities defined by 0,=0,0,, o,=0,’0, -

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:

2 - " Z0 1, & %

—+ U —+V —+ W40, )= g, ~ (&, =+ 1], =)+ VphAu (5a)
o & o 58 p("e T o"rz) T

& & & & 1 17 &

hid} eV (W, ) = — = =

&t+U + +(W+o,) =g, p(éy +1y =)+ vphv (5p)

where g,,g, = gravitatiomal acceleration in the respective directions; and (= water
level fluctuation relative to the reference surface. The eddy viscosity vp is
expressed in the following equation using k= depth from the reference surface, z; =
height from the bottom, and u«= bottom friction velocity.

Vr =KUsZyg (1“'Zd /h) (&)

where
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The continuity equation is expressed as

€]

Az,U A2V TW_
24 an do

Integration of Eq. (7) from the bed surface (o=-1) to the water surface (z=z,+()
produces Eq. (8), and { indicates water level fluctuation:

(Zi ﬁz”)+a§ Gt gy Udm;, Gt jrz Vo =0 (®)

The kinematic boundary conditions are used to assign the o -direction contravariant
flow velocity W’ at the water surface and bed surface, and they are expressed by Eq.
(9):

% % %

Z+U-—=4+V—==W',(z=2, +¢

a e : ©
%o _yp, (o=-1)
ot

3)Basic equations of the bed deformation

Quantitative bed variation is determined by using the sediment continuity
equation as follows:

& a5 ar
Z, + 1 ):23 + 81

Rl
o 1-A- & a

)=0 ‘ 10

where, (gps,gp,) 1is the comtravariant sediment discharge vector for the coordinmate

systems (£,7) .

uac &b &b
dpe = qp{ +B—2}
,/ub +vb \}I‘sﬂk Us ﬁ” (11
1 us

=qg{ (ﬂ—*+7m)}
? «}u,,w,, g we &

This is obtained through the coordinate transformation of the longitudinal and
transverse sediment discharge vector (16) that incorporates the effects of the bed
gradient. Here, gp= bed load, g = static friction factor, g;= dynamic friction

factor, u.,,= critical friction velocity, and the subscript b indicates the value at
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the bed. This analysis employs the Ashida-Michiue equation for sediment discharge,
which is calculated to incorporate additionmal tractive force and changes in critical
tractive force (17) due to the bed slope change.

4) Introduction of spectral method and formulatiom.

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

For the flow field amalysis, a longitudinal differentiation was calculated by
differentiating in the spectral space and then inverting the value to the spectral
collocation point through inverse Fourier transformatiom. Regarding to the
differentiation of the conmective terms in (7,z) plane, an upwind difference of the
3rd order in the transverse direction and of 1st order in the vertical direction
are used.

5) Boundary conditioms and their method of calculatiom

Using the procedure outlined in section 4), velocities u,v 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, which is 2nd order accuracy in time. The vertical component of the
flow is determined using the continuity equation.

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. Time distortion in bed variation relative to
the flow was limited to between 6 and 12.

The resistance at the walls which was taken proportional to the square of the
velocity in the vicinity, being assigned as a boundary condition for velocity. Also
impermeable slip-conditions are applied at the walls. Friction velocities on side
walls and the bottom are determined by dividing velocities near the walls and the
bed by the resistance coefficient, respectively.

3. BED DEFORMATION ANALYSIS
1) Conditions for experimentation and calculation

The plane profile of the compound channel is shown in Fig. 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 points
below and above the flood channel height, respectively. ’

The authors analyzed Cases 2 and 3 in the large-scale experiment performed by
Fukuoka et al (9). The experimental channel made of concrete was 15 m in total
length. 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 k; and zj; as

@y, =575l0g(zy, / k) +85 (12)

where 2y, is the height in the <center of the 1st bottom mesh which is the
calculation point for flow velocity. It was assumed that k;= 2.8 cm in the flood

channel. Because of the low tractive force, a value of 110% of the sand diameter
was used for the value of k at the bottom, but it did not include the resistance due
to sand wave.
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Table 1 Conditions for analysis

Case | Discharge Main Flood Relative depth
’ channel depth | channel depth
(1/s) (cm) (cm) Dr
2 24.9 7.4 1.9 0.26
3 35.9 8.0 2.5 0.31
60 ¢
» 50%
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Fig. 3 A comparison of observed and calculated discharge

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. Fig. 3 gives the
calculated discharges of flat-bed and the discharges after bed deformation in the
experiments. The comparison between these values and the experimentally observed
results shows that the method of assigning the resistance coefficient is reasomable.

2) Bed variations

Figs. 4 and 5 show the observed and calculated bed variations respectively in
the main channel for Case 2, where both figures display the bed profiles by comtour
lines after 3 and 5 hours of flow. Figs. 6 and 7 show similar results for Case 3.
In both the cases the flow proceeds from the right to left. The experimental
results show bed variation of one wave length in the cemtral part of the meandering
channel.

Figs. 4 and 5 indicate poor agreement in shape. In the experimental results,
bed scouring occurs from the channel center in the maximum curvature point and
extending towards the inflection point of the outer bank, but the calculation shows
a scouring region spreads out from the outer bank to the inner bank and the maximum
scouring occurs at the inner bank in the point of maximum curvature. The calculated
bed variation has mnot yet achieved a steady state, with a scouring regiom moving
downstream gradually. On the other hand, the calculations depict accurately both
position and shape of deposition above 2 cm.

Comparing Fig. 6 with Fig. 7, we find that the calculated scouring region is
located near the inner bank at the maximum curvature region and the outer bank’s
inflection point while the observed results indicate bed scouring extending from the
center to the innmer bank at the maximum curvature region. The calculations also
suggest a larger deposition range and height than the observed results. On the
contrary, as shown in Figs. 5 and 6, the bed profile calculated with the conditions
of Case 2 resembles more closely the observed profile in Case 3, with a scouring
region that apparently would come to resemble the observed scouring region as it
moves downstream.

Fig. 7 shows the inmer bank scouring at the maximum curvature and coincided
with the experiments. Fig. 6 indicates no such scouring at the inflection point.
In the mathematical model, this scouring results from the concentration of the flow
below the flood channel height near the outer bank. A comparison of Figs. 5 and 7
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b) After 5 hours (unit = mm) b) After 5 hours (unit = mm)
Fig. 4 Bed variation contour in Case 2 Fig. 5 Bed variation contour in Case 2
(observed results) (calculation results)

b) After 5 hours (unit = mm) b) After 5 hours (unit = mm)
Fig. 6 Bed variation contour in Case 3 Fig. 7 Bed variation contour in Case 3

(observed results) (calculation results)

shows that this tendency is stronger at large relative depths. Although it is not
described in this paper, larger relative depths would further increase the flow’s
concentration, resulting in considerable scouring and precluding the expression of a

realistic bed variation.
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Fig. 8 Calculated vector of depth-averaged velocity below
flood channel height in Case 3 (after 5 hours)

Fig. 8 shows the depth-averaged velocity vectors below the flood channel height
for Case 3 (after 5 hours of flow). This indicates that the flow is concentrated
and accelerated comsiderably near the outer bamk at the inflection point as it moves
toward the inmer bank. The flow concentration at this point causes an extensive
scouring and a wider regiom 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, therefore flows in actual rivers do not
concentrate to this degree. This concentration of the flow indicated by the
calculations is most likely a result of the approximation of hydrostatic pressure.
This area of flow concentration is. where the assumption of hydrostatic pressure does
not hold well. In the case of a fixed bed, the differences between results obtained
with assumption of the hydrostatic pressure and results obtained without such
assumption are small, but in the outer bank at the inflection point, the degree of
flow concentration with the assumption of the hydrostatic pressure is different from
one without such assumption (14). It may be surmised that the assumption of
hydrostatic pressure prevents the accurate representation of flow fields in the
calculations although the flow concentration would be weakened due to a rise in
pressure. Therefore, for a reduction in the flow concentration, it is necessary to
calculate the flow field without assuming hydrostatic pressure.

The difference between observed and calculated results for the position and
size of maximum scouring in bed deformation are due to the use of periodic boundary
conditions in the calculations and the effects of sand waves in the experimentation
in which the bed variation was not actually periodic. Effects of the development
and progress of these sand waves resulted in bed variation for each case, so the
position and size of maximum scouring differed slightly from the calculated values.

4. Conclusions

The following was obtained by an analysis of bed deformation in compound
meandering channels with flow assessment based on a three-dimemsional numerical
model which has an assumption of hydrostatic pressure. The scouring near the inner
bank of the main channel and the downstream deposition of the inmer bank observed in
the experiments were also indicated by the results of this analysis. However, the
analysis also suggests that the flow concentrates at the outer bank near the
inflection point of the main chanmel, indicating scouring which is not observed
experimentally. The cause of this discrepancy is believed to be the assumption of
hydrostatic pressure in that area, albeit a narrow one, where hydrostatic pressure
does not actually occur. ) .

For this reason it is necessary to analyze bed deformation using a method that
does mnot assume hydrostatic pressure and to compare the results of the method with
those of experimentation and to verify the validity of three-dimensional numerical
models used to analyze bed deformationm in compound meandering channels.
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