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ABSTRACT

Open channel flow with strip roughness is one of the simplest form of rough wall
turbulence and the effects of roughness spacing or relative roughness heights have been
intensively investigated so far. However, most of the researches concentrate on the flow
structure near the roughness elements or frictional relationship between hydraulic parameters
and paid little attention to the effects of roughness on water surface. In order to find the
relation between surface phenomenon and hydraulic conditions, we performed numerical
simulations based on the large eddy simulation (LES) as well as experiments using flow
visualization techniques. In the LES, an immersed boundary method is used to represent the
effect of strip roughness (Yoshimura, 2007) and the water surface variation is calculated by
introducing a density function in a two phase flow simulation. In the experiments, turbulence
properties at longitudinal vertical cross-section are measured by PIV technique with the data
of surface fluctuation. It was confirmed that the developed LES model is capable to reproduce
various types of surface variation observed in the experiments.
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1. INTRODUCTION

River surface displays complicated surface pattern depending on various parameters
such as water depth, surface velocity, bathymetry as well as the wind speed at the water
surface. Additionally, large-scale vortices such as boil vortices or kolk vortices generated at
the bottom frequently impinge on the water surface, generating more complicated surface
pattern. Despite that these surface patterns are easily observable from bridge or riverbank,
numerical simulations for open-channel turbulence have not reproduced those water surface
features successfully due to the complexity of near-surface treatment; instead, conventionally
water surface has been treated as a rigid-lid boundary not allowing surface fluctuation even in
DNS simulations (Lam and Banerjee, 1992, Nagaosa, 1999). Regarding the simulation of
rough-wall turbulence, Leonardi et al. (2003), Orlandi et al. (2006) and Ikeda and Durbin
(2002) applied DNS to flows with various types of roughness elements; however, these
studies treat flow in a duct, not open-channel. As far as the authors’ understanding, open-
channel flow with rough wall boundary that allows variation or fluctuation of water surface
has not been numerically analysed successfully either by LES or DNS. Moreover, the effect
of bottom roughness on the water surface fluctuation has not been investigated in detail so far.
Therefore, the present research tries to analyse open-channel rough wall turbulent flows by



LES with introducing the density function for the water surface treatment and the immersed
boundary method for the treatment of strip roughness element representing roughness used in
this study. At the same time, laboratory experiments using the particle image velocimetry
(PIV) are performed to visualize and analyse the turbulent properties to compare with the
numerical results.

2. FLOW VISUALIZATION EXPERIMENT

Figure 1 shows the experimental setup for the PIV experiment. The vertical cross
section of the channel is visualized using an Argon ion laser sheet by mixing nylon tracer
particles with a diameter of five micron meters. The PIV analysis is performed using three
consecutive images captured at a time spacing of 1/500 seconds. In addition, each water
surface image is taken from an oblique angle to compare with the simulation afterwards
qualitatively. Table 1 shows the hydraulic conditions for the present analysis. L is the distance
between each strip roughness, k& is the height of the strip roughness set equal to 0.9cm, Fr is
the Froude number using the depth from the bottom as a length scale and Fr; is the Froude
number using the depth from the top of the roughness. In the present study, by keeping the
mean water depth constant we changed the Froude number by varying the bed slope. As
roughness arrangements, the relative spacing, L/k, of five and ten are examined.
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Figure 1 Experimental setup and strip roughness arrangement
Table 1 Hydraulic Conditions
Relat'ive Mean water Meap Froude Froude Reynolds | ged slope
CASE spacing depth velocity number number number Ji

L’k H(cm) U, (cm/s) Fr Fr, Re
LO5Fr025 15.625 0.25 0.366 6250 1/500
LO5Fro4 S 25.0 0.4 0.585 10000 3/400
LO5Fr06 37.5 0.6 0.877 15000 3/200
LO5Fr08 20 50.0 0.8 1.170 20000 11/400
L10Fr025 ‘ 15.625 0.25 0.366 6250 1/500
L10Fr04 0 25.0 0.4 0.585 10000 3/400
L10Fr06 37.5 0.6 0.877 15000 3/200
L10Fr08 50.0 0.8 1.170 20000 11/400




3. NUMERICAL SIMULATION MODEL

In the present study, we modified the previous LES model for strip roughness flow
already developed by the first author (Yoshimura, 2007) to represent the relatively large
surface fluctuation by using the density function method, one of the gas-liquid two phase
models.

Governing equations

The fundamental equations used in the analysis are the filtered Navie-Stokes equations,
the continuity equation and the conservation equation of density function, i.e.,
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where u, is the filtered i-component of velocity vector, p is the pressure, g, is the
gravitational acceleration in i-direction, pis the density, v is the kinematic viscosity, v,is
the eddy viscosity, and ¢ is the density function. The over bar indicates the grid-scale
component.

Immersed boundary method

We introduced the immersed boundary method(IBM) proposed by Fadln et al. (2000)
in order to reproduce the shape of the strip roughness in the Cartesian coordinate system. This
method expresses the effect of the Dirichlet boundary condition for velocity by introducing
the external force in Eq. 1. The discretized form of Eq. 1 by the fractional step method
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f; 1s the external force term and¢s is a delta function whose value becomes one at point of the
velocity boundary condition and zero elsewhere. The external force can be expressed as
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U is the boundary velocity at the nearest-to-the-wall grid point calculated from the
neighbouring grid point values and the zero velocity at the boundary and ¢, is the



interpolation operator. By introducing the second order accurate Adams-Bashforth method
into Eq. 4 with IBM treatment, we can obtain the following relation
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from which u can be calculated. Using the density p obtained by the density function
method the potential function p can be calculated from the following Poisson’s equation,

O (1ap)_ou )
ox, \ p oxi ox,

The velocity data can be updated using the next relation
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The density function method

The interface between air and water can be captured by introducing the density function to
the LES analysis. In the present analysis, the density function ¢ is basically calculated from
the volumetric ratio of water volume V, to the total volume 7 : ie., from ¢=V,/V .
However, since the IBM is introduced in the analysis, the density function is defined both for
the fluid phase and for solid phase such that
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where the subscripts / and s denotes the value for fluid and solid, respectively. The density
function ¢, becomes zero for the gas phase and one for the liquid phase. The combined
density and viscosity are obtained from

p=(1-¢)p, +dp, (14)
H=(-g)u, + 1 (15)

where the subscript g denotes the value for the gas phase.

The simulation conditions

The domain of simulation is 4.5H in the streamwise direction x, 1.5H in the vertical
direction y and H in the horizontal direction z, with H the mean water depth. The number of
grid is (90, 64, 48) in (x, y, z) directions. Cyclic boundary conditions are applied in the
streamwise and spanwise directions. A slip condition is applied at the top of the gas phase
region and a non-slip condition is applied at the bottom boundary. The ratio of gas and liquid



densities and that of viscosities are set at p,/p, =800 and g, /i, =66.7, respectively. The

third-order-accurate upwind scheme is used in the convection term and a second-order-
accurate central scheme is used for the space term discretization. The MTS SGS model
(Inagaki et al. 2002) is used for the eddy viscosity model in the calculation of SGS stresses.
The simulation is performed in the non-dimensional domain normalized by the mean velocity
U,, and the water depth H. The non-dimensional time step 4¢is 5.0X10™.

4. RESULTS AND DISCUSSIONS

Water surface variation

Figure 2 presents the instantaneous view of the water surface obtained by the
simulation and the experiments for the case of L/k=10. The surface variation simulated by the
present LES analysis yields quite similar pattern obtained by the experiments except for the
small scale capillary ripples superposed on a larger scale variation observable in the photos of
experiments. The general agreement of the surface patterns confirms that the introduction of
the density function in the LES simulation is successful for the calculation of open-channel
flow with strip roughness. In the case of L/k=10, the water surface pattern changes
significantly as the increase of the Froude number. The water surface is almost flat in the
smaller Froude number case of L10Fr025, while for the case of L10Fr04 the surface is
deformed into an almost steady two dimensional pattern. Further increase of the Froude
number yields three dimensional surface patterns as demonstrated in Figure 2(c) and 2(d). The
present LES model is capable to capture such a significant change of surface variation from
2D to 3D pattern fairly well. On the other hand, in the case of L/k=5, no appreciable change of
surface pattern was observed, which suggests that the bottom roughness arrangement has a
great influence on the water surface variation.

Mean and turbulent properties

In the following discussion, we pay attention to the two cases L10Fr04 and L10Fr06 in
which water surface displayed relatively large 2D and 3D variations respectively. The mean
velocity distributions are compared in Figure 3. The upper row figure shows the time-
averaged streamwise velocity distribution and the mean water surface elevation obtained by
the simulation. Since the water surface becomes almost steady with standing-wave-like shape
in L10Fr04, the equi-velocity lines also shows similar or rather stronger curvature nearer to
the water surface. The experimental data by PIV also presents quite similar distribution except
the data nearest to the water surface which was difficult to obtain in the present analysis. On
the other hand, in the case of L10Fr06, the mean water surface elevation obtained by LES
becomes almost flat because the 3D surface ripples change their location from time to time.
Therefore the velocity distribution becomes quite different from that in L10Fr04. On the
contrary, velocity distributions near the bottom show almost the same pattern between the
cases, suggesting that the mean flow structure near the bed does not receive a strong influence
from the flow near the surface.

The Reynolds stress distributions are shown in Figure 4. In each case, the Reynolds
stress takes the maximum value along the shear layer developed downstream of the strip
roughness and does not seem to have an appreciable impact from the water surface
fluctuations.



(a) LI0Fr025 (b) L10Fr04

(¢) L10Fr06 (d) L10Fr08

Figure 2 Comparison of surface variation (upper: experiment, lower: LES)
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Figure 3 Mean velocity distribution (upper: LES, lower: PIV)
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Figure 4 Reynolds stress distribution (upper: LES, lower: PIV)



z/H

x/d 0
(a) L10Fro4 (b) L10Fr06

Figure 5 Mean depth variation by LES
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Figure 6 Surface fluctuation intensity by LES

Water surface fluctuation

The average water depth distributions calculated by LES are shown in Figure 5. As
already discussed previously, the case L10Fr04 includes a relatively large surface variation
having a peak water level just upstream of the strip roughness, while in L10Fr06 the water
surface variations are cancelled out yielding planar distribution after averaging with a slight
increase of water level just downstream of the strip roughness. The intensity distributions of
water surface fluctuation are indicated in Figure 6. In contrast to the averaged data, the
L10Fr06 shows a larger variation than L10Fr04 because the time-dependent surface variation
is much larger than that in L10FrO4 in which the surface level is kept constant steadily. It
should be noted that in L10Fr06 the maximum intensity appears just downstream of the strip
roughness location where the average water level displayed a slight increase. This suggests
that the upwelling vortices generated near the bottom are more intensively hitting the water
surface in this zone, which has to be investigated in a further research. Figure 7 presents the
surface fluctuation intensities averaged between the strip roughnesses. Here the experimental
data of Nezu and Nakayama (2004) for a smooth bed are compared. Also shown are the data
with respect to the case of Fr=0.7 which was not treated in the previous discussions. Allowing
the scatter of the data in between the case, the general feature of the surface fluctuation
intensity showing increase with the Froude number is verified fairly well.

5. CONCLUSIONS

The present study made analyses of open-channel flow with strip roughness in terms
of the large eddy simulation and the particle image analysis. The developed LES model is



capable of estimating water surface fluctuations using the density functions; i.e., the water
surface is treated as the interface between the gas and the liquid phases. The simulated results
agreed fairly well with the experiments with respect to the mean and turbulent properties of
velocity field and water-surface field. It was made clear from the experiment and simulation
that for the case of a relatively large strip roughness spacing, L/k=10, the water surface pattern
changes from 2D to 3D configurations as the increase of the Froude number; while for the
smaller roughness spacing water surface pattern shows no significant difference with the
Froude number. On the other hand, turbulent properties near the bed present almost the
similar pattern even when the water surface configuration becomes 2D or 3D; e.g. the length
of the reattachment point is almost the same irrespective of the water surface shape. However,
for the case in which the intensity of surface fluctuation displays local maxima, L10Fr06, the
mean water surface also indicates a slight increase at the same local location, suggesting the
existence of the interaction of water surface and bottom vortex separated at the strip
roughness. Further research is required for understanding the correlation between surface
fluctuation and vortices generated near the bed.
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Figure 7 Water surface fluctuations
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