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A Large eddy simulation (LES) of the flow along a meandering river that has been found to be the habitat of a 

rare species of vegetation in Japan has been conducted. The river reach consists of sharp bends, point bars that 

are submerged under water during floods, large boulders and vegetation and appears to be a challenge for 

conventional hydraulic analysis method based on depth averaged formulation. The results of LES have been 

compared with the observation and conventional two-dimensional analysis. It is found that the strong secondary 

flow that exists downstream of a bend makes the flow near the bed very different from either the surface or the 

depth-averaged flow and the bed shear, which is an important parameter in describing the effects on the bed and 

the vegetation,  can only be correctly evaluated by a three dimensional analysis.  

1 INTRODUCTION  

On dry and low-nutrient areas of cobble or gravel bars that develop in mid reaches of many rivers with moderate 

bed slope, sparse perennial communities are often established providing habitats for various endemic flora and 

fauna. The vegetation on such bars is maintained by flood disturbances of moderate intensity and frequency and 

by the existence of a few ‘refugia’ where some individual plants survive large floods that occur only once in tens 

of years. Such communities that existed along many rivers in Japan are disappearing along with habitats of many 

endemic species due possibly to various renovation works. It is desired to preserve them and is prompted to 

investigate the conditions needed to maintain such cobble-bar vegetation. Asami et al. [1] have conducted field 

surveys and hydraulic analyses of a few rivers in Western Japan.  Some characteristics of the basic mechanism of 

maintaining the community have been found from 1-D and 2-D flow analyses but further questions have also 

immerged on the effects of various factors such as the effects of the acute bend, the flow resistance of bushes and 

vegetation, widening river width at very large discharges among other effects. While the morpho-dynamic 

characteristics during floods, which could only be answered by movable bed flow analysis, the flow 

characteristics over fixed bed do explain a number of key characteristics related to the species maintenance if 

more details including the three-dimensional and turbulence effects are accounted properly.  

In order to examine the details of the hydrodynamic effects in the complex flow passages of natural rivers 

with varying bed geometry, material and various obstacles, we have developed our own LES (KULES) method 

that can simulate turbulent open-channel flows over arbitrary geometry with moving free surface and the wetting 

front using the rectangular fixed grid system (Nakayama [2],[3]). It uses the wall-stress model for the bottom 

boundary condition and the bed shear stress can be calculated accurately with a relatively coarse mesh with 30 to 

40 grid points down the flow depth without resolving the viscous layer but resolving the bathymetry and 

obstacles such as rocks and vegetation to that resolution.  

This paper describes the method and the results of calculation obtained for a river reach that has been the 

site of the previous field survey and hydraulic analyses. 

 

2 SIMULATION METHOD 

2.1 Basic equations 

The method we used is the Large Eddy Simulation method that has been developed intensively and applied to 

many turbulent flows in various engineering and environmental applications (e.g. [4]). Though the method 

appears to have reached the stage where the reliability, the accuracies and the limitations are well explored, there 

are a number of details that need to be developed and validated for specific applications. In the case of flood-



flow simulation in natural streams, we need a method that can handle large changes of the wetted area and large 

changes of the water surface in complex bathymetry and bed materials including the effects of large boulders or 

obstacles and riparian plants and vegetation that may exist in many rivers. In the present work, we implement 

these special features in a basic LES code that has been verified in basic turbulent flow simulations.   

The basic equations we use are those that are obtained by spatially filtering the original equations of motion 

without any averaging. If we filter in complex three-dimensional flow field with objects that are smaller than the 

filter scale, the effects of the unresolved objects need to be modeled. So the filtered equations of motion for the 

spatially-filtered velocity components (u,v,w) and the filtered pressure p in rectangular coordinates (x,y,z) with z 

taken positive vertically upward are 
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where t is time,  and  are the density and the kinematic viscosity of water, g is the gravitational acceleration, fx, 

fy, fz are the components of the sub-filter scale forces representing vegetation effects and xx etc. are the sub-grid 

stress components representing the effects of the unresolved sub-grid  motion within the flow and the wall stress 

on the solid boundary. The continuity equation is  
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For the sub-grid scale stress  xx etc. we use the standard Smagorinsky eddy viscosity model but for the stresses 

on the solid surface, the wall model based on the standard wall law similarity is used. For the vegetation 

resistance, the resistance model    

 

wVCfvVCfuVCf ADzADyADx   ,,                                                                                   (3) 

 

Where, CD is the drag coefficient and A is the area density of obstructing objects such as submerged vegetation, 

and V is the total local velocity 
222 wvuV  .  

Since the movement of the water surface is an important part of the feature of flood flows, we solve the 

spatially-averaged kinematic equation for the elevation h of the filtered water surface along with the velocity 

field.  If we limit to cases where h is a single-valued function of the horizontal position (x,y), it is 
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where us ,vs, ws are the (filtered) velocity components at the water surface, and hx and hy are the sub-grid scale 

free surface fluctuation. This term is represented by the gradient transport model[5],[6]. More details of the 

description of the model are given in [2] and [3]. 

 

2.2 Numerical method 

The numerical method used to solve the above governing equations is based on a highly simplified MAC method 

[7]. The momentum equations are differenced by second-order difference schemes and time-advanced explicitly 

using an Adams-Bashforth scheme. The convective terms are differenced by the conservative second-order 

difference scheme. The pressure is solved by iteratively correcting the pressure and the resulting velocity on the 

cell surfaces in the same calculation step. The pressure in the cells containing the free surface is not corrected but 

set as the pressure boundary condition that the pressure on the free surface is  equal to the atmospheric. Then the 



position of the free surface is moved in 

order to satisfy the continuity equation by 

solving (4).  The solution algorithm is 

close to the VOF method [8] but is limited 

to the single-valued function of the 

horizontal coordinates.  Unlike the two-

phase approach in which the air above the 

liquid is solved, we set the pressure of the 

cells neighbouring the cells that contain 

the free surface in such a way that the 

pressure on the actual free surface is zero.  

This way the velocity component normal 

to the free surface can be computed from 

the momentum equations so the wetting 

front can advance ore retract from the dry 

ground. In the calculation, the motion of 

the wetting front is on the rough surfaces 

and is allowed only when the depth 

exceeds one half of the roughness height 

 

3 SIMULATION OF FLOW IN 

IBOGAWA RIVER 

3.1 The calculation area 

Figure 1 is the map and the Google 

satellite image of the river reach of 

Ibogawa River for which the present 

simulation is conducted. The area is about 

1.5km by 1.5km containing the 25km to 

27km chainages from the river mouth. 

The average slope of the river bed in the 

region is about 1/200 and the flow 

velocity during low flow period is about 

0.5m/s with the flow rate of 20m
3
/s. There 

is a mild bend around 27km section and a 

sharp one at about 25.3km section. There 

are cobble bars on the inner bank side of 

these bends as seen in white color in the 

satellite images. Most of these bars are 

inundated during moderate to large floods 

that are to be simulated. 

      Figure 2 shows the laser-profiler 

survey results of the elevation and map of 

the vegetation and plant distribution that 

are used to construct the numerical 

representation of the ground and the vegetation drag as explained in the previous section. The numerical 

representation of the ground surface by two rectangular nested grids is shown in Figure 3. The upstream region is 

resolved by 3m x 4m x 0.15m mesh and the downstream region by 2m x3m x 0.15m mesh. There are about 6.5 

million points in each of the grids but at the most only 1/10 of the points are located within the flow at most of 

the time where calculations are done. There is one tributary that may have confluence effects near the east (right 

hand) border of the calculation region and is included with a separate inflow from it. 

 

    
Figure 1. The map and the aerial view of the study area of 
Ibogawa River in Western Japan. 
 

  
 

Figure 2. The ground elevation by the laser profiler and cross 

section depth surveys and the vegetation distribution map in the 

study area. 

 

    
Figure 3. Numerical representation by two nested rectangular 

grids of 230x310x86 in the upper left rectangle and 310x240x88 

in the lower right area. 



3.2 Simulation conditions  

Calculation was conducted starting from the normal low flow condition with the flow rate of 20m
3
/s.  The initial 

flow field was generated by setting an approximate free surface level and the slope with logarithmic velocity 

distributions everywhere. Computation with the constant inflow rate for about one to two flow-through time 

produced the low flow condition shown in Figure 4. It corresponds roughly to the flow seen in the satellite photo 

of Figure 1.  

Most of the bed material is the small cobbles and some sand in the vegetated areas but large gravels of 

diameters of 30cm to 50cm exist. The roughness in the present simulation is set as the equivalent sand roughness 

and it is set to 60cm which corresponded to the roughness of square obstacles of height about 5cm, which is 

roughly equivalent to the Manning roughness coefficient of 0.03 to 0.04. In the vegetated areas as shown in 

Figure 2, the roughness height is set smaller but the drag coefficient of CD=1.0 is set as the vegetation drag. The 

area density A and the volume in which the drag is set are varied depending on the type of vegetation as shown 

in Figure 2.  

      It is noted that there are large rocks of sizes up to several meters exist in the straight portion between 25km 

and 25.3km sections near the downstream end.  They are represented as the boundary geometry.  

      The two nested segments are connected but the present calculations are done by a one-way coupling where 

the calculation results of the upstream segment is used as the inflow condition but the influence of the 

downstream segment is not taken into account in the calculation of the upstream region. This limited the location 

of the junction between the two grid segments to a point where the flow is nearly uniform preferably 

supercritical. The inflow section of the upstream segments is set as the turbulence developing region and the 

instantaneous velocity, pressure and the free surface elevations of the downstream section of this development 

region are recycled to the inflow section. This allowed development of turbulent fluctuations at the inflow 

section. 

 

4 CALCULATION RESULTS 

4.1 Overall results 

Figure 4 shows the extent of the flow passages (in blue color), the surface velocity (in black arrows), the surface 

elevation (in color contours) of the flow the initial low flow of Q=20m
3
/s and the discharge of  Q=600 m

3
/s. The 

water levels at a few stations were gauged and the stage versus the discharge agreed well with the observation 

during a typical flood event indicating the roughness uses in the simulation is set properly.  

       The low flow results correspond to the condition when the satellite photo is taken and it is seen that the flow 

path is similar to that of Figure 1. In the case of discharge 600m
3
/s, the flow area widens significantly and two 

islands are formed. Parts of the cobble bars on the inner sides of the bends are seen to be under water. Non-

 

(a) Low flow of Q=20m
3
/s                                                 (b)  Discharge Q=600m

3
/s 

 
Figure 4. Calculation results for low flow and a flood of discharge 600m

3
/s, showing the flow area, surface 

velocity and the surface elevation. 



symmetrical surface velocity distributions are 

seen where the flow path curves. 

     The view of the flow when the discharge 

was about 900m
3
/s near the bend at 25.3km 

section and the similar 3-D view of the 

simulation results are shown together in 

Figure 5. It is seen that the inundation of the 

cobble bar is well reproduced by the 

simulation.    

     Figure 6 shows the simulated bed shear 

stress distribution for the flow rate of 600m
3
/s. 

The high shear-stress zones are seen around 

the bend at 26km section and near 25.3km 

sections. Local high shear spots are also seen 

on or around the large rocks located along the 

straight channel section near the downstream 

end. The low weir located between the island 

and the left bank produces. It has been 

observed that the level of the shear stress 

stays low at the moderate discharge of 

900m
3
/s near the cobble bars and it is what is 

seen in this plot. 

     Figure 7 shows the magnitude of the main 

flow together with secondary flow 

distributions in a cross section just 

downstream of the bend at 25.3km for two 

flow rates.  This is the section right after the 

bend to the right and the flow near the free 

surface is seen to be towards the outer band 

to the right.  It is seen at the higher flow rate 

of 900m
3
/s, the return flow near the bed 

compensates the outward flow near the 

surface. It is directed towards the bar 

compensating the main secondary flow. It is 

very important that this creates large bed 

stresses during the large flood.  

4.2 Comparison with 2-d analysis 

Figure 8 compares the depth-averaged 

velocity distribution around the downstream 

bend reported by Asami et al.[9] to the 

present LES results. It is seen that the depth 

averaged velocity distribution and the present 

surface velocity distribution agree fairly well. 

These indicate that the overall flow is about 

the same in both calculations. However, if the 

bed shear stress results are compared, there is 

a large difference, particularly the sharp peak 

predicted by the present LES just downstream 

of the bend is not seen in the 2-D result. The 

direction of the bed shear stress from the two-

dimensional analysis is the same as the 

direction of the depth averaged flow. 

However, the wall model-based method of 

the LES gives the bed shear stress directly 

influenced by the flow near the bed.  The 

flow near the bed is very different from that 

on the surface in the reach where strong 

secondary flow exists as seen in Figure 6. 

The bed shear stress is seen to be strongly 

influenced by the secondary flow.  It is note, 

   
 

Figure 5. Photograph of the flow around the 25km bend taken 

during a flood of 900m
3
/s and a perspective view of the 

corresponding simulation result. 

 

 

 
 
Figure 6. The computed bed shear stress w distribution when 
Q=600m

3
/s. 

 

 

(a) Flow rate Q=600m
3
/s 

 
 

(b) Flow rate Q=900m
3
/s 

 
Figure 7. The computed secondary flow distribution at 

25.3km section just downstream of the bend. Vertical scale is 

5 times the horizontal. 

 



however, that the bed shear stress 

results of the present LES in shallows 

areas such as over the inundated bars 

are not very different from the 2-d 

analysis.  

4.3 Comparison with field survey 

Figure 9 compares the surface velocity 

distributions obtained by the present 

LES simulation and the STIV analysis 

of the video taken during a flood of 

discharge of approximately 1000 m
3
/s 

at two cross sections (Kumano et al. 

[10]). The calculation results shown 

here is taken at instant when the 

discharge is 900m
3
/s as the discharge is 

increased at the rate of 0.7m
3
/s

2
 from 

the low flow of 20m
3
/s. The first one is 

at section A which is about 25.8 km 

point and the second one is at section B 

which is at about 25.2 km. It is seen 

that the agreement of the video analysis 

and the present LES is very good at 

section A and some discrepancy is seen 

near the left bank which is just 

downstream of the bar.  

 

5 CONCLUSION 

The large eddy simulation of river flow 

during floods has been conducted. The 

flow is resolved into about 60 point 

across the flow width and about 40 

points in the depth direction. Anything 

smaller than this scale including 

cobbles and boulders on the bed, 

vegetation on the bars and the banks, 

were modeled but everything larger is 

resolved and reflected directly in the 

simulation. The results reproduce many 

details including the flow obstacles and 

the non-uniform roughness, along with 

the reproduction of detailed secondary 

flows. Comparison with the field 

observation is very favorable in terms 

of the surface flow and the extent of 

the inundated area. Comparison with 

the depth-averaged analysis indicates 

that the secondary flow is important 

and can influence the accurate estimate 

of the near bed flow and the bed shear 

stress. Based on these results, 

investigation of the relation with the 

disappearance and the survival of the 

perennial community is underway. 

(a) Depth averaged 2-D analysis (Asami et al.[9]) 

 
 

(b) Present LES calculation 

 
 
Figure 8. Comparison between the depth averaged 2-dmensional 
analysis and present LES. 
 

(a) At section A 

 
 

(b) At section B 

 
Figure 9. Comparison of present LES and field measurements. 
 

Distance from left bank (m) 
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