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with various sand waves
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ABSTRACT: This paper presents a quasi-3D numerical computation method for sand waves varying
with hydraulic conditions. To calculate depth scale flow structures interacting with sand waves, we devel-
oped the general Bottom Velocity Computation method (general BVC method) based on a depth integrated
model, in which bottom velocity and pressure acting on bed surface are calculated semi-directly without
taking the assumption of the shallow water flow, such as the hydrostatic pressure distribution. The flow
separation behind the dune crest, which has been found to play an important role of the dune formation,
is evaluated by the production terms of the depth integrated vorticity equations. Non-equilibrium sedi-
ment transport is calculated by using momentum equation of the sediment motion with the lag distance.
We applied the model to experimental results on sand waves in a narrow channel and discussed the per-

formance of the model.

1 INTRODUCTION

It is important for understanding dynamics of
flow and sediment transport in rivers to evaluate
bed resistance with sand waves. The bed resistance
is separable into two components. One is the sur-
face resistance due to sediment particles and the
other is the form resistance due to sand waves.
Generally, compared to the objective flow scale,
the sediment particle size is so small that the flow
around the particles is simplified as the rough wall
low. On the other hand, the scale of the sand wave
and surrounding flow would be comparable to the
objective scale. Those are in an interacting system.
Although many researchers have recognized the
need to evaluate dynamics of flow with bed vari-
ation in the integrated system of sediment trans-
port, sand waves and bed resistance (e.g., Kennedy,
1963; Ashida & Michiue, 1972; Task Committee of
JSCE, 1973; Fukuoka et al., 1982), most of previ-
ous bed variation analyses have assumed the sand
waves as the bed resistance for simplification (e.g.,
Fukuoka, 2005; Wu, 2008). It is considered for the
reason that 2D model without the ability to calcu-
late vertical distributions of velocity and pressure
intensity cannot evaluate the interactions among
sand waves, sediment transport and bed resist-
ance. There are a lot of studies on turbulence and
vortex motions in the vicinity of sand dunes (e.g.,
Best, 2005). Recently, some researchers succeeded
in simulating dune formations in a narrow chan-
nel by vertical two-dimensional turbulence model
(Giri & Shimizu, 2006; Niemann et al., 2011).
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For analogous phenomena of the bed variation
with sand waves, local scouring just downstream
from a groundsill in a laboratory channel could
be reproduced by the vertical 2D model (Uchida
et al., 2004). However, it would be unrealistic to
apply these models to 3D flows and bed morphol-
ogy in rivers because of extremely high computa-
tional cost.

It has been commonly known that the type of
bed forms can be classified by 1D parameters such
as Froude number. The fact would implicate that
the sand wave structures developed to the depth
scale are controlled by the depth scale dynamics of
flows. For the calculations of flood flows and bed
variations in rivers, the turbulence 3D model with
the resolution capability of turbulent motions near
the bed is not always indispensable, because the
effects of sand waves on large scale phenomena of
sediment transport and flow resistance are impor-
tant to be evaluated rather than the small scale
phenomena of the turbulence motions. However,
few researchers have focused on the method for
the above purpose. Onda & Hosoda (2004) pro-
posed the depth integrated model based on one
dimensional Boussinesq equation to compute
processes of sand waves developing and decay-
ing due to changing in the channel slope. They
added the effects of acceleration-deceleration near
the bottom to the irrotational flow conditions for
evaluating bed shear stress on sand waves. In their
method, it would be difficult to evaluate vorticity
supply due to the flow separation behind the dune
crest, which has been found to play an important



role of the dune formation. For the condition of
a steep channel, the flow separations at hydraulic
jumps should also be taken into account.

Uchida & Fukuoka (2012a, b) have developed
a new depth integrated model for reasonable bed
variation analysis, the general Bottom Velocity
Computation (BVC) method, to evaluate velocity
and pressure acting on bed surface semi-directly
without calculating those vertical distributions and
assuming the shallow water flow. They have applied
the method to 3D local flow structures with horse-
shoe vortex around a cylinder (Uchida & Fukuoka,
2012a) and rapidly varied flows over structures
(Uchida & Fukuoka, 2012b). The objective of this
study is to develop the general BVC method with
a sediment transport model for sand waves varying
with hydraulic conditions.

2 CALCULATION METHOD

2.1  Frame work of the BVC method without
assumptions of the shallow water flow

It is important for bed variation analyses with sand
waves to appropriately evaluate the longitudinal
distribution of sediment transport rate affected
by bed forms (Kennedy, 1963). The general BVC
method presented in this paper (Fig. 1) makes pos-
sible to calculate bottom velocity distribution con-
trolling sediment motions without the assumption
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Figure 1. Framework of the BVC method.

of the shallow water flow such as hydrostatic pres-
sure distribution. The bottom velocity varies with
bed shear stress acting on bed surface and pres-
sure distribution by the bed forms. The former
effects are evaluated in the present model mainly
by the changes in depth averaged velocity due to
bed shear stress and vertical velocity distribution
due to vorticity supply from the bed surface. To
consider the latter effects, the spatial variation
term in vertical velocity in Equation (1) and non-
hydrostatic pressure terms in Equation (5) and (11)
are important. And the bottom pressure intensity
is necessary to evaluate the resistance of the sand
waves. Those terms have been neglected in many
previous depth integrated models with the shallow
water assumption. The general BVC method with-
out assuming the shallow water flows (Uchida &
Fukuoka, 2012a) is necessary to calculate bed vari-
ation with sand waves.

The important equation of the BVC method is
the bottom velocity equations (1), which is derived
by depth-integrating horizontal vorticity.
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where, 7, j = 1(x), 2(y), e;;: Levi-Civita symbol,
u,: bottom velocity, u; water surface velocity,
Q; Depth Averaged (DA) horizontal vorticity,
h: water depth, W: DA vertical velocity, z: water
level, z,: bed level, w, w,: vertical velocity on water
surface and bottom, respectively. The bottom
pressure intensity is also important and given by
Eq. (2) integrated the vertical momentum equa-
tion with respect to the vertical direction for water
depth, neglecting unsteady and horizontal shear
stress terms.
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where, dp: pressure deviation from hydrostatic
pressure distribution (p = pg (z, — z) + dp), dp,: dp
on bottom, U: DA horizontal velocity, 7,: bed
shear stress. By using Eq. (1) and Eq. (2), the
BVC method allows semi-direct computations of
bottom velocity and bottom pressure intensity
without computing those vertical distributions.

2.2 Governing equations of the BVC method

To evaluate bottom velocity and bottom pressure
intensity by Egs. (1) and (2), the BVC method
solves equations for the following unknown
quantities: water depth /2, DA horizontal velocity
U, DA turbulence kinetic energy k, DA horizontal
vorticity Q,, horizontal velocity on water surface u,,

222



DA vertical velocity . These equations are derived
by using cubic vertical velocity distribution:

u; = U, + Au (1277 = 1277 +1) = 6 (477 =377) (3)

where, Au, = u,; — U, du,=u, — u,, n=_(z, — z)lh.
And the linear distribution of dp is assumed
(dp = nldp,).

Water depth /# and DA horizontal velocity U,
are solved by Depth Integrated (DI) continu-
ity equation (4) and DI horizontal momentum
equations (5):

AU 1
CA @
Jat dx;
aUﬁ+9%Uﬁ__haa Thi %r
Jt 0x; ox; p pﬁx
_[ 9hdpy _ dpy 9z, (5)
px; - p ox
where, 7, = vS; +u ‘u;’, v =v,+v, v, kinematic

m

v1sc081ty coefflclent v klnematlc eddy viscosity
coefficient, S;: DA strain velocity, u;” = u, — U..
In this paper, superscrlpt bar indicates depth inte-
grated value and evaluated by vertical velocity
distribution (3).

For the kinematic eddy viscosity coefficient, this
study employs one equation model:

Bi+ }aizla vh ok P - ©)
o0 Tox; hox, o ox;
where,
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i (S +s 2)+Ch[§u), v, = /,k s
v, h £

C,=0.09, e= Ci7IA, CJA=1.7/h, C,=9(aC)"
C}, a=«l6, k=0.41, s strain velocity of devia-
tion velocity u,. The Eq. (4) is calculated with U/
at n + 1 step by the following equation for time
variation of water depth:

¢

/

[(CAt) ]+¢ - =0 (7

dx;
where, Ar: time interval of the numerical inte-
gration, /7, /™! a value of f at the n, n + 1 time
step in the numerical calculation, respectively, f7:
predicted value of ffor the n + 1 step including n
step’s variable, ¢ ="' — k", ¢* = h* — h", C* = gh, h*:
predicted water depth by Eq. (4) with (uh)”, ()"
predicted horizontal flux by Eq. (5) with /& = A"
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The equations for horizontal voticity are
described:

0Q,/ ohD,,;

Sl ZER, + P+ — ®)
ot ox;

where, ER_: rotation term of vertical vorticity

(ER,; = u,0, — u,m,), 0,, 0, rotation of u,

u,,, respectively, P ,: production term of vorticity
from the thin botfom vortex layer, D, horizon-
tal vorticity flux due to convection, rotation, dis-
persion and turbulence diffusion. The production
terms and horizontal vorticity flux are:

a}bei — a)hi

P pr th h (9)
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o o, 0X; (10)

where, C,, = k/c, v, v, on the bottom converted

into depth averaged scale, @,;: horizontal vorticity
on bottom, ®,,: equilibrium ,, for u,, (Eq. 18),
o,=1. w,is evaluated by the vertical differentiation
of Eq. (3).

The equations for water surface velocity are
derived by assuming very thin layer under the
water depth (dz,—0, Oz thickness of the water

ou

surface layer):
= Je+
o) |

where, P is shear stress under the water surface
layer and evaluated by using Eq. (3):
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where u,: equilibrium water surface velocity
i = Ut (0u,— Au))/2.

The time variation in the DI vertical velocity
calculated by Eq. (7) with ¢ = (Wh)"*!' — (Why",
& =(Wh)*, C= k,hiAt, k,=1/20. (Wh)" is calculated
by the continuity equation with horizontal velocity
field by using predicted bottom velocity (u,,)":

o = [0 s -k ]
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r
where, k, = 1/10, (Au)” = (u,)"" — (u,)", (u,)" is
evaluated by Eq. (1) with (Wh)", z,, = (z, + z,)/2.

ot
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2.3 Evaluation method for flow separation
behind the crest on dune and hydraulic jump

The flows with sand waves are characterized by
flow separation behind the dune crest and wave
breaking at the hydraulic jump (e.g., Kennedy,
1963; Task Committee of JSCE, 1973; Fukuoka
et al., 1982). It is important for flow and bed varia-
tion analysis with sand waves to evaluate these flow
separations at bed and water surfaces. The present
analysis uses the criterion variation in bed and
water surface gradients for the flow separation.
The values of 1/10 and 1/5 are setting for flow
separations criterions for bed and water surface,
respectively, referring to previous study (Uchida,
2011; Uchida 2012b). To consider vorticity pro-
duction due to bottom flow separation and break-
ing wave, following vorticity fluxes are added in the
production terms:

(Bottom flow separation)

Builsx =1 tyy 12|ty (+6382 > 1/10) (14)
wsbi 0 (+‘€(/3§Zbi <1/10)
(Breaking wave)
P = el Ay (odzy >105) 5
0 (—£,307, <1/5)

where, j’=j, 0z,, 6z variations in bed, water sur-
face gradients between the two neighbor grids in
j direction, respectively. For the breaking wave,
following conditions are added. One is the dis-
continuity condition for the advection terms in
the water surface velocity equation. The surface
velocity at the breaking point is set to zero for the
advection term. The other is the pressure intensity
just downstream of the breaking wave point is set
to zero, if negative pressure intensity is calculated

by Eq. (2).

2.4 Evaluation method of bed shear
stress and bed tractive force

The wall low at roughness bed is important to
evaluate bed tractive force for sediment transport
rate. The definition of the relationship between the
bottom height for bed shear stress and the height
of the surface sediment particle should be made
for this purpose (e.g., Colombini, 2004). The loga-
rithmic velocity distribution law cannot be applied
under the particle surfaces, because of their drag
forces. The bottom height in this paper is defined
as Figure 2.

The bottom level z, to evaluate bed shear
stress is defined as z, = &z, + z, (z,: top height of
the surface particle, dz,: very thin vortex layer).
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Water surface velocity ug
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Figure 2. Definitions of heights of bottom and sedi-
ment particles.

The origin of the logarithmic law z, is found to
be defined as the volume averaged height of the
surface particle (Colombini, 2004). However,
it is known that the origin level depends on the
sediment particle conditions (e.g., Uchida et al.,
2001). In this paper, the origin level z, is defined
by the top height of the surface particle z,, equiv-
alent roughness k, and coefficient a (z, =z, — ak)).
And this paper sets a = 1 for simplicity. The thick-
ness of the vortex layer on the bed is defined as A/
oz, = * — 1 to satisfy the vertical velocity distribu-
tion for uniform flow:

ui=%(1—37f)+U,- (16)

Assuming very thin thickness of the vortex layer,
we can evaluate bed shear stress 7, and equilibrium
vorticity @,, on the bottom:

Db — 2 = (e, )’ =85 +lln(mj 17
¢ K ;
o, = ol Oz, +ak,+h (18)
xh Oz, + ak,

The bed surface disturbance growing into sand
waves would be created mainly by unsteady 3D
turbulence motions in the vicinity of the bed. The
additional term of the disturbance is needed for
the present method based on the depth integrated
model. Although many methods for adding the
disturbance are considered, a simple way should be
required for the application to flood simulations in
rivers. This paper gives the fluctuation of bed trac-
tive force due to turbulence motions whose scale is
smaller than the water depth.



(19)
ap=Ag cos{Z#(xzy + ;)}

where, L and T spatial and temporal scales of the
disturbance, respectively. Although the fluctuation
o, 1s affected by local turbulence conditions, this
paper gives L =h, T = L/u,, A, = 1.0, for simplic-
ity. We confirmed that the effects of these param-
eter in the Eq. (19) on the developed form of sand
waves can be negligible.

2.5 Governing equation for non-equilibrium
sediment transport rate with sand waves

It is important for bed variation analysis with
sand dunes to evaluate non-equilibrium sediment
motion over them (Giri & Shimizu, 2006; Niemann
etal., 2011). In this study, the non-equilibrium sed-
iment motion is calculated by the sediment particle
momentum equation (Uchida & Fukuoka, 2011):

99 + IUp;qp; _
at 0x;

J

(P”BPi - D“BDi) +muhy (7ei - 71)
(20)

where, ¢, bed load sediment transport rate vector,
u,;: particle velocity vector of bed load, Puy,: par-
ticle momentum from bed material, Du,,: loss
of particle momentum due to particles deposi-
tion, m. = p, sgcosb/(s + 1 + C,,), C,, coefficient
of added mass, y,: dynamic friction coefficient of
particles, s: specific gravity of sediment in water,
6: bed gradient, /1, apparent thickness of bed load
(hy=qlug). 45" = 454y, U5’ = Uplty, ¥, ¥, UNit vec-
tor of sediment movement and that for the equi-
librium condition, respectively. This paper gives
the first term in Eq. (20) and the apparent thick-
ness /s, and velocity u, of bed load as (Uchida &
Fukuoka, 2011):

(21)

1/3

Pugp; — Dupp; = qpoig,;/L, —qpip/L

uB/ sgd =3.3(q3*)1/3, uB‘,/ sgd =3.3(qp,+)
hyd =0.3(qp)" (22)

where, L: lag distance of bed load motion, L,
Gpes Ug,: equilibrium lag distance, sediment trans-
port rate and apparent velocity of bed load cor-
responding to local bed tractive force, respectively,
Up, = Upllp Qge = q5/(SEL)'"?, Gy = qp ) (sgd)"™.
The equilibrium sediment transport rate is
calculated by the Ashida & Michiue Formura
(1974). The lag distance is important parameter to

determine non-equilibrium sediment motion, cor-
relating sediment transport rate with deposition
and pick-up rates. Although some empirical for-
mulae for the lag distance have been proposed (e.g.,
Phillips & Sutherland, 1989; Fukuoka, 2005; Wu,
2008), those applicability to sand waves calculation
has not been clarified. The lag distance is identi-
fied as the average particle step length for uniform
flow condition without varying in bed tractive
force. However, for the non-equilibrium flow con-
dition with sand waves, the lag distance would be
decreased due to acceleration and deceleration of
bottom velocity. At present, its evaluation method
has not been established yet. This paper uses equa-
tion (23) for the lag distance, which is transformed
from the previous empirical equations to apply
bed variation analysis (Uchida & Fukuoka, 2011),
adjusting coefficient ¢, to reproduce experimental
results by the calculation.

L()/d =ag (de* )2/3’ L/d =g max (qB()*’qB* )2/3 (23)

As increasing ¢, in Eq. (23), the wave length is
increasing with decreasing in the wave height, and
the plane bed appears eventually. This study sets
o, =7, considering that the lag distance is shorter
than the average particle step length.

The temporal variation in the bed elevation is
computed with neglecting variations in apparent
thickness of bed load:

0zp  Jqp;
1-A B 1B _ 24
(I-2p) 5 o (24)

1

where, 4, the porosity of bed material (1,=0.4).

3 CALCULATION RESULTS
AND DISCUSSIONS

3.1 Calculation conditions

This study applies the present method to experi-
ments on the sand waves conducted in the narrow
channel by Fukuoka et al. (1982). This experi-
ment investigated flow and sediment transport
rate with various types of sand waves generated in
the acrylic channel with 0.04 m width and 8.0 m
long for diverse hydraulic conditions of bed slope,
sediment particle diameter and water discharge.
Refer to the literature (Fukuoka et al., 1982) for
details of the experimental conditions and results.
This paper presents calculation results on a part of
their experimental cases, as shown in Table 1. The
boundary conditions of the upstream end for cal-
culations are given by the experimental discharge.
The shear stress acting on bed and side wall are
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Table 1.

Hydraulic conditions for various bed forms experiment (Fukuoka et al., 1982).

Sand wave type

Case 1 q (m?/s) d (mm) Fr Experiment Calculation

1 1/178 43.0x 1073 0.76 x 1073 0.66 Dune Dune

2 1/147 43.0x 107 0.76 x 1073 0.65 Duen Dune

3 1/73.0 44.3x 1073 0.76 x 1073 0.88 Anti-dune moving Dune with long
downstream wave length

4 1/31.0 39.5x 107 0.76 x 1073 1.74 Plane bed Plane bed

5 1/31.0 10.8 x 1073 0.19x 1073 1.11 Anti-dune Anti-dune

6 1/31.0 26.8x 1073 0.19x 1073 1.24 Anti-dune Anti-dune

7 1/20.0 13.3x 107 0.19x 1073 0.65 Anti-dune Anti-dune

I: channel slope, ¢: discharge per unit width, d: sediment particle diameter, Fr : averaged Froude number, Fr = g/(gh?®)*>

(Local Fr varies longitudinally especially for case 5~7).

evaluated with equivalent roughness k, = d (d: sedi-
ment particle diameter) and Manning’s roughness
coefficient n = 0.008, respectively. The computa-
tional mesh size is set to dx = dy =0.01 m to calcu-
late the depth scale vortex motion. For the initial
condition, flow calculation results with flat fixed
bed are given. Table 1 shows sand wave types in
the measurements and calculations. Although
the regime of anti-dune moving downstream for
Case 3 was not appear in the present calculation,
the three different types of dune, plane bed and
anti-dune were reproduced by the general BVC
method with non-equilibrium sediment transport
model. The followings are discussions on calcula-
tion results for each sand wave type.

3.2 Dunes (Case I, Case 2)

Figure 3 shows the developing stage of dune for-
mation for Case 2. The Froude Number for the
initial condition is larger than Fr =0.8. We can see
that water depth increases with developing the bed
form disturbance. At the initial stage (0.5 min), the
bed form disturbance grows up locally, and then
small dunes with short wave length appear in
the whole of the channel (1.0 min). These dunes
grow up with dune coalescences moving down-
stream and become dunes with long wave length
(2.0 min). After that, the average size of sand
dunes and water depth do not change (4.0 min).
However, dune sizes are different from each other
and a dune moves downstream with dune coales-
cences and breakups.

Followings are discussions on the results for
developed dunes. Figure 4 shows computed veloc-
ity distributions of flows with developed dunes
for Case 2. We can see relatively high velocity at
the middle depth and low velocity at the water
surface on the dune crest. These velocity distri-
butions are generated under the non-hydrostatic
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Figure 3. Developing stage of dune formation for Case 2.
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Figure 4. Computed velocity distributions with devel-
oped dunes for Case 2.

pressure distributions by the effects of the dune
shape. The calculation results describe character-
istics of bottom velocity of flows with sand dunes:
low bottom velocity in the separation zone behind
the dune crest, accelerating downstream of the



reattachment point of the separation, and high
bottom velocity on the crest. The computed dune
has a mild slope with upward convex upstream
of the crest and a sharp slope downstream of it,
whose characteristics have been investigated in
the previous study (e.g., Kennedy, 1963). Figure 5
shows computed water surface and bed profiles for
Case 1 and Case 2. Table 2 shows quantitative com-
parisons between measured and computed results
of averaged water depth, sediment discharge per
unit width, wave length, wave celerity, and wave
height of dunes. It is noticed that computed water
depth are larger than measured depths and com-
puted wave lengths are longer than measured
wave lengths. Although computed wave celerity is
lower than measured one, averaged wave heights
k,=2q,/C using calculation results are larger than
those of measurements. These results indicate that
sand dunes in the calculation are more developed
compared with those in the experiment, calculat-
ing large dune resistance. However, resulting dif-
ferences of water depth and sediment discharge
between measured and calculated results are not
so large. Therefore it would be safe to say that
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Figure 5. Computed water surface and bed profiles for
Case | and Case 2.

Table 2. Measured and computed data for Case 1 and
Case 2.

Koo L C K

(m)  (m%s) (m) (m/s) (m)
Case 1
Exp. 0.074 1.8x10° 0.17 57x10° 6.3x1073
Cal. 0.079 14x10° 026 24x10° 11.6x1073
Case 2
Exp. 0.077 2.0x10° 025 78x10° 51x1073
Cal. 0.079 1.8x10° 0.30 3.0x10° 12.0x107

h: averaged water depth, ¢,: averaged sediment discharge
per unit width, L: averaged wave length of sand dunes,
C: averaged wave celerity of sand dunes, &, average wave
height of sand dunes (k,=2¢,/C).
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the present calculation method can reproduce the
qualitative and quantitative characteristics of sand
dunes generated in the experiments.

3.3 Plane bed and anti-dune moving downstream
(Case 3, Case 4)

Figure 6 shows computed water surface and bed
profiles for Case 3 and Case 4. Table 3 shows quan-
titative comparisons between measured and com-
puted results of sand waves. In the experiment,
anti-dunes moving downstream were observed for
the condition of Case 3. This kind of sand waves
also occurred in the other experimental conditions
(Fukuoka et al., 1982). However, flat dunes with
long wave lengths are computed for the Case 3. The
computed wave length and wave celerity are much
larger than those of measured results. On the other
hand, differences between measured and computed
water depth and sediment discharge seem to be
small. This result would indicate that the resistance
of the anti-dunes moving downstream is smaller
than that of the dunes. More detailed discussions
on the anti-dune moving downstream are future
tasks. For the condition of Case 4, plane beds
appear both in the experiment and computation.

(m)
0.1

-0.1 1

-0.2

(m)

Figure 6. Computed water surface and bed profiles for
Case 3 and Case 4.

Table 3. Measured and computed data for Case 3 and
Case 4.

h qp L C

(m) (m%s) (m) (m/s)
Case 3
Exp. 0.064  47x10° 0.23 7.6 x 107
Cal. 0.063 8.9x10° 048 1.7x 1073
Case 4
Exp. 0.037 2.3x10*  Plane bed
Cal. 0.037  49x10*  Plane bed




The computed water depth is almost the same as
the measured depth. And the rapidly increased
sediment discharge in the experimental result of
Case 4 compared with Case 1~3 is well-explained
by the calculation.

3.4 Anti-dunes ( Case 5~7)

Figure 7 shows longitudinal water surface profiles
and bed topographies for Case 5~7. Table 3 shows
data of sand waves in the experiment and the cal-
culation for Case 5~7. In the present calculation,
anti-dunes moving upstream are generated as the
experimental results. For the condition, generations
and disappearances of anti-dunes and hydraulic
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Figure 7. Computed water surface and bed profiles for
Case 5~7.

Table 4. Measured and computed data for Case 5~7.

h* q5* L* C
(m) (m?/s) (m) (m/s)
Case 5
Exp. 0.021 1.1x10* 0.57 -8.1x 1073
Cal. 0.016+0.003 (1.9+0.6) 1.2+0.1 -1.3x10?
x 107
Case 6
Exp. 0.036 27x10* 1.5 -1.2x 107
Cal.  0.030+0.002 (2.8+0.6) 1.5+02 -1.6x10?
x 107
Case 7
Exp. 0.035 32x10* 0.78 -9.2x 1073
Cal. 0.016+0.005 (29+1.8) 1.2+04 -2.0x10?
x 107

*: Computed values indicate averaged value + maximum
amplitudes for channel center (x = 3~6 m).

jumps are seen successively (Fig. 7 shows snap
shots when hydraulic jumps appear). Therefore,
temporal changes in the hydraulic conditions for
Case 5~7 are large. Table 4 presents the maximum
amplitudes with average values. The computed
water depths are smaller than those of measured
results. One of the reasons would be large tem-
poral and spatial variations in water depth. We
can see large temporal variations in sediment dis-
charge, especially 70% fluctuations for Case 7. The
averaged sediment discharges in the experiment are
almost reproduced by the calculation. The compu-
tation results could explain the wave lengths and
wave celerity for anti-dune conditions.

4 CONCLUSIONS

This study developed the general BVC method
with non-equilibrium sediment transport model to
calculate bed variation with sand waves for various
hydraulic conditions. The present method was able
to calculate three different types of sand waves:
dune, plane bed and anti-dune and to describe
the magnitude of sand waves, water depth and
sediment transport rate in the experiment. The
governing equations in the present method were
derived from Reynolds-averaged Navier-Stokes
equations without the shallow water assumption,
using vertical velocity and pressure distributions.
Non-equilibrium sediment motion was calculated
by sediment particle momentum equations. We
did not employ special formulae and coefficients,
except for bed tractive force fluctuations (Eq. 19)
and the lag distance (Eq. 23). Because little influ-
ence of parameter variations in Eq. (19) on devel-
oped sand wave conditions are confirmed, it would
be emphasized that the present method could
explain characteristics of various kinds of sand
waves with constant parameter of Eq. (23). We
plan to develop the method to calculate flood flows
and bed variations in river with 3D sand waves.
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