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NUMERICAL SIMULATIONS OF FLOW AND SUSPENDED SEDIMENT TRANSPORT
IN OPEN-CHANNEL FLOWS OVER SMOOTH-ROUGH BED STRIPS

Sung-Uk Choi', Moonhyeong Park?, and Hyeongsik Kang®

ABSTRACT

The flow and transport of suspended sediment in open-channel flows over smooth-rough bed strips
were simulated numerically. For the flow, the Reynolds-averaged Navier-Stokes equations were
solved with the aid of the Reynolds stress model. Simulated mean flow structures are provided and
compared with experimental data available in the literature. The sediment transport of suspended
sediment in such flows was also simulated. The transport equation for suspended sediment was
solved using the eddy diffusivity concept. The simulation resulted that the sediment concentration
changes periodically in the transverse direction, showing higher concentration over the smooth
strips. This is consistent with the previous field during the floods. The eddy diffusivity profile was
also given and discussed.

1. INTRODUCTION

The existence of cellular secondary currents has been suggested by field observation first. Vanoni
(1946) conjectured the presence of the cellular secondary currents from the periodic change in the
lateral concentration of suspended sediment. Later, Kinoshita (1967), through aerial stereoscopic
survey of a flood flow, noticed that high and low speed zones are repeated over the width and that
the flows in the low speed zones are laden with high concentrations of sediment. Then, the cellular
secondary currents were reproduced in the laboratory measurements through air duct experiments
(Nezu and Nakagawa, 1984) and through open-channel experiments (Muller and Studerus, 1979;
Wang and Cheng, 2005). Also, Nezu et al. (1993) presented field measurements of cellular
secondary currents in a river in Japan using three component electro-magnetic flow meters.
Regarding the generation of the cellular secondary currents, no clear mechanism has been
demonstrated so far. Two factors have been thought to be associated with initiating cellular
secondary currents, i.e., the corner-induced vortices and the bottom sediment. However, through
laboratory experiments, Nezu and Nakagawa (1989) observed that ridges and toughs are made at the
middle part of the channel even before the ridge near the sidewall is not formed sufficiently. This
implies that the role of the corner vortices is quite limited. Tsujimoto (1989) also found that the non-
uniformity of bed particles contributes to generating or strengthening the cellular secondary
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currents. Colombini (1993) showed that the erodible bottom with uniform sediment is responsible
for initiating mechanism of cellular secondary currents rather than corner vortices by the sidewalls.
Subsequently, Colombini and Parker (1995) extended Colombini’s (1993) work to non-uniform
sediment case.

The purpose of the present paper was to simulate the flow structure and suspended sediment
transport in open-channel flows over smooth-rough bed strips. For flow, the RANS (Reynolds-
Averaged Navier-Stokes) equations were solved numerically with the Reynolds stress model for
turbulence closure. For sediment transport, the transport equation of the suspended sediment was
solved numerically. The eddy viscosity concept was used just for simplicity. The simulated mean
flow and turbulence statistics were compared with experimental data, showing a good agreement.
Hydraulic characteristics of simulated results of suspended sediment concentration were also
discussed.

A numerical model, if it has to be used in investigating the generating mechanism of cellular
secondary currents, should be equipped with a turbulence model that is capable of simulating the
mean flow and turbulence statistics of such flows well. In addition, another turbulence model is
required for predicting sediment transport. Then, the numerical model should handle the moving
boundary of the bed that deforms by the sediment deposition or erosion. This will allow the
formation of sand ridges and troughs for uniform sediment. In order to reproduce the transverse
variation in roughness, the model should also deal with mixture of sediment. Additional
incorporation of the moving boundary for the free surface will improve the prediction of flow
structure. The present paper corresponds to the first stage of an application of RANS model and
eddy diffusivity concept-based sediment transport model to flows over smooth-rough bed strips.

2.  FLOW EQUATIONS

The continuity and momentum equations of the RANS model are given, respectively, by
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where the mean and fluctuating velocity components are denoted by », and ' in the i-direction,
respectively. In eq. 2, p is the fluid density, p is the mean pressure, v is the kinematic viscosity,

—u,;'u;' denotes the Reynolds stress, and g; is the gravitational acceleration.
2.1 Reynolds Stress Model

In the present study, the Reynolds stress model is used for the turbulence closure of the flow
equations, eqgs. 1 and 2. The Reynolds stress components R; (= u;'u;') in eq. 2 are obtained by

solving the following transport equation for Reynolds stress:
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where Dj; is the transport of R; by diffusion, g; the rate of dissipation of R;;, and 7J; the transport of
R;; due to turbulent pressure-strain interactions. Mellor and Herring’s (1973) model, Speziale et al.’s
(1991) model, and Hanjalic and Lauder’s (1972) model are used for the turbulent diffusion term, the
pressure-strain correlation term, and the dissipation rate term, respectively. The choice of these sub-
models is based on numerical experiments reported by Choi and Kang (2001).

The free surface is treated as a symmetric plane for all dependent variables except for the
dissipation rate of the turbulent kinetic energy (¢). For ¢, the relationship by Naot and Rodi (1982) is
prescribed at the free surface in order to increase the dissipation level of the turbulence kinetic
energy. It is assumed that the flow at the node closest to the wall obeys the standard log-law. The
log-law constant for rough walls is obtained from Naot and Emrani (1983). Since local equilibrium
is assumed in the vicinity of the wall, the dissipation rate is set equal to the production of the
turbulence kinetic energy. For the Reynolds normal stress at the wall, the zero gradient condition is
used. The Reynolds shear stress in the vicinity of the wall is set equal to the value from the
logarithmic law (Lin, 1990).

2.2 Equation for Suspended Sediment Transport

For a given flow field, the distribution of suspended sediment can be computed by solving the
following mass conservation equation for suspended sediment:
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where ¢ is the time-averaged mean concentration of suspended sediment, w; is the fall velocity of
the sediment particle, v, is the eddy viscosity, and o, is the turbulent Schmidt number relating the

turbulent diffusivity of sediment particles to the eddy viscosity. In this study, a value of o,.=1.0 is

used and the terminal fall velocity is estimated from the relationship proposed by Dietrich (1982).
For the computation of distributed suspended sediment, zero flux conditions are imposed at the free
surface and sidewalls. The near-bed concentration at the equilibrium state from Garcia and Parker
(1991) and zero flux condition are imposed on the smooth and rough strips, respectively.

3. MEAN FLOW STRUCTURE

The numerical model is applied to laboratory experiments performed by Wang and Cheng (2005).
Wang and Cheng made periodically changing roughness by glueing particles (dso = 2.55 mm) on the
rough strips in a 0.6 m wide and 0.075 m deep channel. The width of the rough strips, same as that
of smooth strips, was set to the flow depth. The resulting width-to-depth ratio is 8, and the channel
slope was 0.0007. Wang and Cheng measured the velocity components # and w using the laser
Doppler anemometer and estimated the component v using the continuity relationship.

Figure 1 shows the secondary current vectors for open-channel flows over smooth-rough bed
strips. Figures 1(a) and (b) show simulated results and measured data, respectively, for Wang and
Cheng’s (2005) experimental case. It can be seen in the figures that the numerical model
successfully predicts pairs of counter-rotating secondary flows, i.e., upflows over the smooth strips
and downflows over the rough strips. In actual alluvial channels, in which the bed materials are a
mixture of well-sorted sediment particles, this type of cellular secondary current sweeps out fine
particles over the troughs (rough strips) and transports them onto ridges (smooth strips).



In Figure 1(a), the simulated maximum magnitude of the secondary current vectors appears to
be 2.7% of the cross section-averaged velocity. This is very similar to the value of 3% observed in
Nezu and Nakagawa’s air duct experiment (1984). Note in Figure 1(b) that the velocity vectors near
the free surface are larger than those near the bottom, which is contrary to the trends observed in the
simulated results in Figures 1(a) and measured data by Muller and Studerus (1979). The larger
velocity vectors near the free surface appear to be exaggerated when the y-component of velocity
vectors (v) is estimated using the continuity relationship.

Figure 2 shows the distribution of the streamwise mean velocity. The simulated result and
measured data in Figures 2(a) and (b) are normalized by the depth-averaged velocity at the center of
the channel. The figures show that the overall predictions by the numerical model proposed herein
are quite successful. It is interesting to note that the isovels are wavy in the transverse direction due
to periodic changes in roughness in regions without sidewall effects. That is, in the vicinity of the
bottom, the mean velocity over the smooth strip is larger than that over the rough strip. This is, of
course, the direct effect of the roughness. On the contrary, in the region away from the bottom, the
mean velocity over the rough bed is greater than that over the smooth region.

4. SUSPENDED SEDIMENT TRANSPORT

The transport of suspended sediment in an open-channel flow over smooth-rough bed strips is
simulated. It is assumed that suspended particles are uniform with a mean diameter of 80 p.
Therefore, in solving the flow equations, the roughness height of the smooth strips is changed from
ks = 0 pto ks = 80 p to reflect the possible deposition of suspended particles on the smooth bed
strips. The computations are based on the decoupled modeling approach between flow and
suspended sediment. In addition, the bed elevation change due to deposition of suspended sediment
or erosion of the bed is not taken into account.

Figure 3 shows the mean concentration profile for suspended sediment. It can be seen in the
figure that the sediment concentration over the smooth strips is higher than that over the rough
strips. This is because the rough bed strips are composed of coarser particles that are relatively
difficult to be entrained from the bed although the bed shear stress over the rough strips is higher.
The contour lines over the smooth strips are bulged towards the free surface, as the result of the
upflows in that region. On the contrary, the downflows over the rough strips make the contour lines
bulge towards the bottom.

In Figure 4, the transverse distribution of suspended sediment load and depth-averaged
streamwise mean velocity simulated by the present numerical model are depicted. It can be seen that
the sediment load over the smooth strips is higher than that over the rough strips. This is consistent
with field observations by Kinoshita (1967). In the present case, the suspended sediment load is
estimated to be 0.012 m*/s, and about 71% of the total suspended load is carried over the smooth
strips. Nezu and Nakagawa (1993) concluded that the downflow region over troughs is characterized
by a higher streamwise mean velocity compared with the upflow region over the ridges. However,
the simulated results do not show a clear tendency for the mean velocity over the rough strips to be
larger. The depth-averaged velocity profile is rather smooth, but shows different trends in dU/dy
depending upon the strip type used. That is, dU/dy is negative over the smooth strip located second
from the left side wall, while it is positive over the neighboring rough strips. This might be more
pronounced if a moving free surface were to be allowed in the computations.

Figure 5 presents the vertical distribution of suspended sediment at various points in the
transverse direction. The sediment concentration in the figure is normalized by the near-bed
concentration defined by the concentration at a height corresponding to 5% of the flow depth from
the bed. The Rousean profile is also provided in the figure for comparison. It can be seen in the



figure that the distribution of suspended sediment is roughly similar depending on the type of the
bed. That is, the sediment concentration profile over the smooth strips is more akin to the Rousean
distribution compared with that over the rough strips. In contrast, the concentration profiles over the
rough strips are more uniform over the depth than the profiles over the smooth strips.

Figure 6 shows the vertical distribution of eddy diffusivity, here, same as eddy viscosity. In
the present study, using the simulated results by RSM, eddy viscosity is estimated by

v =C — (5)

where C, = 0.09. In the figure, the eddy diffusivity profiles by RSM are compared with profiles

obtained from Wang and Cheng (2005). Recognizing the periodicity of variables in the transverse
direction for open-channel flows over smooth-rough bed strips, Wang and Cheng (2005) proposed
the following relationships for the streamwise mean velocity and Reynolds shear stress:

Ku(y,z):(1+5l cosﬂyjlnz+(§2 cosﬂy)sinzﬂz+Dcosﬁy (6)
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where R = zero-velocity level for the logarithmic term, R, = zero-velocity level related to base

flow, u- = average shear velocity in the central zone, u,, = shear velocity evaluated at the strip
edge, and o,, 0,, 0,, 0,, D = parameters which can be determined from measured or simulated

data. Using these relationships, the eddy viscosity profiles were obtained and are plotted in Figure 6.
It can be seen that two profiles from the present model and from Wang and Cheng (2005) are very
akin to each other for z/H < 0.5. However, for z/H > 0.5, the profiles from the numerical simulations
appear to be larger than profiles from Wang and Cheng (2005). In the inner region, note that the
simulated eddy viscosity over the rough strips is larger than that over the smooth strips. This is due
to the higher shear velocity over the rough strips. In the outer region, the secondary currents reverse
this situation. That is, the upflows over the smooth strips transport high turbulence near the bottom,
whereas the downflows over the rough strips transport low turbulence near the free surface.

5. CONCLUSIONS

In this study, the open-channel flow and suspended sediment transport over smooth-rough bed strips
were simulated numerically. The numerical model solved the RANS equations with the Reynolds
stress model for turbulence closure. The simulated mean flows were compared with laboratory
experiment data reported by Wang and Cheng (2005), showing a good agreement. Using the
simulated flow field, the distribution of suspended sediment in such flow was also simulated
numerically. The eddy diffusivity concept was used just for simplicity. The simulated results
showed that the sediment concentration over smooth strips is higher than over the rough strips. This
is consistent with Kinoshita’s (1967) field observation. From the numerical simulations, it was also
found that the sediment concentration over the smooth strips is quite close to the Rousean
distribution, while the concentration over the rough strips is rather uniform over the depth. Finally,
the eddy diffusivity profiles were provided. In the region close to the bottom, the eddy diffusivity



over the rough strips is higher, whereas the eddy diffusivity over the smooth strips is higher in the
region away from the bottom. This is due to secondary flows or upflows, which transport high
turbulent flows from the bottom towards the free surface over the smooth strips.
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Figure 2. Contour Plot of Streamwise Mean Velocity (u/U,,)

(b) Experimental data by Wang and Cheng (2005)
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