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ABSTRACT 
 
Today there are several computer programs that can calculate changes in river bed elevations by solving 
the water flow and sediment transport equations. The current paper focuses on two topics: How can a user 
of the programs assess the accuracy of the program, and how should the programs be designed to help 
this user in this task. Common uncertainties in computational fluid dynamics (CFD) results include 
numerical errors, modeling errors, program bugs and inaccuracies in input parameters and boundary 
conditions. The errors can be assessed using detailed results from the CFD program together with its 
documentation. Each uncertainty can be assessed by evaluating the variables against each other, 
parameter sensitivity tests and testing for simplified cases. The task is made easier if the program is as 
transparent as possible. This means that the user can see the values of all the relevant variables and 
intermediate results for the whole computational domain. Together with a comprehensive documentation 
of the computer program that includes all the formulas used, the user can be able to find the causes of 
suspicious results, including an assessment of possible bugs. An important tool in the testing of a CFD 
program is using simplified cases, usually channels with uniform one-dimensional flow where the user 
can compare the results with well-known one-dimensional formulas.   
 
INTRODUCTION 
 
Engineering investigations of sediment transport problems have until recent years been done using 
physical model studies. Laboratory modeling have the disadvantage of several scaling problems, for 
example modeling the interaction between bed load and suspended load, and modeling bed forms. The 
scaling problems have often necessitated very large laboratory models, which are costly and time-
consuming to build.  
 
An alternative approach that has evolved with the increased speed of computers in recent years is to 
calculate bed elevation changes by using of computational fluid dynamics (CFD). The Navier-Stokes 
equations are solved in three dimensions together with equations for sediment transport. Empirical 
formulas are used for critical bed shear stress, roughness estimations, bed form effects etc. The approach 
is much less costly than physical models, and does in principle not suffer from scale effects. A 
disadvantage of using CFD to model sediment transport is that the solution of the equations is fairly 
complicated and it takes several years to make a computer program capable of carrying out the task. The 
number of people who have made such programs is therefore limited, and most of engineers involved in 
sediment transport studies will only use programs others have made. It is technically possible to use the 
programs without knowing the details of the numerical algorithms. Generating the input data is not 
always too complicated, and the models will then produce a result, also for an inexperienced user. The 
main problem is to assess how accurate and reliable the results will be. Some method is needed to address 
this problem and ensure sufficient quality of the results. Knowledge about numerical modeling theory is 
essential in this solution. Establishments of best practice guidelines would be very useful.  
 
ERRORS AND UNCERTAINTIES IN CFD COMPUTATIONS 
    
It is often not too complicated to produce results using commercial CFD programs. The main problem is 
to find out how accurate the results are, and if they are good enough for practical engineering purposes. 
An organization that has worked on this topic is ERCOFTAC. ERCOFTAC is an acronym for European 
Research Communtiy On Flow, Turbulence And Combustion (www.ercoftac.org). The organization has 
produced a set of best practice guidelines for CFD. Included is a list of errors and uncertainties in CFD.  
The list includes the following topics: 
 
 



- Errors in numerical approximations 
- Modeling errors 
- Errors in input data  
- Programming errors 

 
Best practice would involve an assessment of these errors and uncertainties.  
 
Errors in the numerical approximations include false diffusion, arising from a grid that is too coarse 
and/or inaccuracies in the discretisation schemes. The false diffusion can be investigated by varying the 
grid size or using different discretization methods. The difference between the results with the varying 
parameters is an estimation of the errors due to false diffusion. A CFD program should make it easy for 
the user to vary the grid size and make parameter tests with different grid resolutions. The program 
should also include multiple discretization schemes with varying accuracy.  
 
Modelling bed elevation changes over time involves a time-dependent computation. The total time is 
divided into time steps, and the Navier-Stokes equations and sediment transport equations are solved for 
each time step. Because iterative solvers are used and computational time may be long, sometimes the 
iterations are not done until complete convergence for each time step. Then an error will be introduced. 
Assessment of this error can be done by looking at the residual values over time or the average residual 
for each time step. The CFD program should therefore produce such information to the user.  
 
For most practical engineering cases, the needed input data for the CFD model is not available. Typical 
data needed for the model is a digital terrain model and spatial variation in bed grain size distribution at 
the bed. Also, a time series of inflow of sediments together with its grain size distribution can be difficult 
to find. To assess the errors involved in possible uncertainties in the input data, a parameter sensitivity 
test can be used.   
 
Errors in the computer program are also possible. A 3D CFD program with sediment transport may have 
over 100 000 lines of code, and bugs are therefore likely. Bugs are often difficult to find, but they may 
show up during a detailed analysis of the computed variables or in a thorough parameter sensitivity test. 
For example, it is possible to see if the empirical formulas for sediment parameters are coded correctly by 
viewing all the variables in a cell and computing the results by hand. The CFD program should therefore 
provide the user with parameters like the water depth, bed shear stress, grain size distribution etc.  
 
Bugs may also show up by giving unphysical results for a parameter. Examples are: erosion at a section 
with non-erodible bed, negative sediment concentrations, high fractions of fine sediments at the bed in 
areas of erosion, sediment deposition at the outside of a bend instead of at the inside etc. Possible bugs 
can be investigated using simplified cases, as described in more detail later. 
 
Modeling errors include the turbulence model, but also all the empirical functions related to sediment 
transport and bed roughness. The best way of assessing the error is to look at the results with varying 
parameters in the formulas. This is a standard parameter sensitivity test. There are a number of empirical 
parameters in the formulas, giving a number of output variables to assess.   
 
Most CFD computations today are done in mechanical engineering, use only one fluid, smooth walls and 
a fixed geometry. In such a situation, the main processes causing inaccurate results are false diffusion if 
the grid is too coarse and inaccuracies in the turbulence model. Research on CFD in mechanical and 
aerospace engineering therefore have focused considerably on the turbulent processes. In using CFD for 
sediment transport modeling, the main uncertainty is the physics of the sediment processes. The large 
errors involved in the sediment computations often make small inaccuracies in the turbulence model 
insignificant.   
 
ASSESSING SEDIMENT TRANSPORT RESULTS FROM CFD MODELS 
 
The goal of a sediment transport computation is often to predict bed changes in a fluvial system. The 
changes are mostly in the vertical direction, but also lateral erosion can be computed. The basis of a 
vertical bed elevation change in a computational cell is the continuity of sediments flowing in and out of 
the cell. The sediment transport flux is a function of an empirical formula for sediment transport capacity 
or sediment concentration. This formula is again a function of the particle size on the bed, the bed grain 
size distribution and the effective bed shear stress. The bed shear stress is a function of the water velocity 



close to the bed, the water velocity gradient, the turbulent kinetic energy, the bed form sizes and the 
roughness. The roughness and the bed form height is a function of the grain size distribution, the water 
depth and the sediment fluxes. The water velocity and the turbulence is a function of the roughness, the 
geometry of the case, the water level, discharge, the grid and the turbulence model. Another process 
taking part is secondary currents.  
 
Experienced and knowledgeable scientists may also use a CFD program to compute sediment transport 
and not get the results they see in the field or in the laboratory. If the program is a black box, it is 
impossible for the scientist to know why the results are incorrect. The present paper proposes features of 
the program which allows for transparency of the algorithms used with intermediate results. The user is 
thereby given the possibility to follow the computations and see where the problem arises. Together with 
information about the algorithms and empirical formulas used by the program, the user can assess the 
need to make improvements in the program. 
 
Most CFD programs will provide an output of the computed water velocity field and turbulence 
parameters. A program computing bed elevation changes must of course also show this variable 
graphically. A transparent CFD program will also show all other variables that are used in the 
computation of the bed elevation. In relation to computing the water velocity, the following variables are 
useful: 
 
- Bed shear stress 
- Roughness 
- Water depth 
- Froude number 
 
The bed shear stress is the most important parameter for the sediment transport computations, so this 
parameter needs to be shown graphically. Comparing the water velocity field close to the bed with the 
bed shear stress should show a similar pattern. The shear stress is also a function of the bed roughness, so 
it is important to both parameters into account in the assessment.  
 
The water depth is also an important parameter. Using a structured grid, the aspect ratio of the cells will 
be unfavorable in shallow areas and can lead to convergence problems. For unstructured grids with a 
varying number of cells in the vertical direction, this will not be a problem. The number of cells in the 
vertical direction can also be shown, to check if the values correspond well to the water depths, and that 
there are not too many cells in shallow areas.  
 
The Froude number is important for free surface algorithms. Areas of Froude number above unity 
indicate possible existence of hydraulic jumps, which often cause problems for these algorithms. 
Instabilities may be identified by looking at the water continuity. Using the SIMPLE method, the residual 
for the pressure-correction equation is the water continuity defect for each time step. Looking at this 
variable in a graphics plot can identify problematic areas of instabilities. Watching the velocity vectors as 
they change over time can also give useful information.  
 
For sediment computations, important parameters are:  
 
- Sediment concentration for all size fractions 
- Bed grain size distribution 
- Bed form height 
- Sediment transport capacity 
- Thickness of sediment layer 
 
The sediment transport concentration close to the bed should be strongly related to the bed shear stress. It 
is possible to use hand computations with the empirical formulas to control if the computer program 
computes the correct values. The bed elevation changes are again related to the sediment concentration in 
the cells near the bed. A high sediment concentration at the bed will lead to erosion, and a decreasing 
concentration gradient along the direction of the bed velocity vectors will lead to deposition. If the bed 
shear stress is high and the concentration is not, then the reason can be that the thickness of the available 
sediment layer may not be sufficiently high. This can then be checked by looking at this parameter. 
 



Using a non-uniform sediment grain size distribution in a CFD program is most often done by modeling 
multiple sediment sizes. Then sediment concentrations for each size could be checked. If there is low 
concentration of one size, this may be caused by the limited availability of this particular size in the bed 
material in the particular cell. This can be checked by looking at graphics of the grain size distribution.  
 
The bed form height affects the sediment transport capacity by increasing the roughness and thereby the 
bed shear stress. Note the shear stress partition between the friction due to the sediment grains and the 
bed forms will also affect the effective bed shear stress used in the computation of the sediment 
concentration. 
 
The sediment transport will be affected by the secondary currents that exist in bends and around 
obstacles. The secondary current can be shown graphically by displaying both the velocity vectors at the 
bed and at the water surface at the same time (Fig. 2). The angle between the vectors will be a function of 
the strength of the secondary current. This angle may also be displayed as a variable in a contour map 
(Fig. 1). The figure with the bed and surface vectors can also be used to check that the computed velocity 
field is in the correct direction in bends.  
 
CALIBRATION 
 
Some CFD programs use a primitive turbulence model that contains calibration parameters. An example 
is the use of a constant-eddy viscosity model for the horizontal directions in some programs solving the 
shallow-water equations. However, most general-purpose CFD programs will use an advanced turbulence 
model that does not need calibration, for example the k-epsilon model. The main calibration parameter 
for solving the Navier-Stokes equations will then be the bed roughness. This calibration parameter is 
physical, and is also used in laboratory model studies.  
 
Modelling bed elevation changes in rivers, it is possible to use empirical formulas that relate the sediment 
grain size distribution and the bed form height to the bed roughness. If these formulas were exactly 
correct, the CFD model would in principle not need any calibration. However, most of the empirical 
functions describing the sediment flow have large uncertainties and low accuracy. This applies for 
example for the formulas for critical bed shear stress for multiple grain size mixtures, effect of cohesive 
forces, bed form height, roughness as a function of grain size distribution and bed form height, and the 
formula for the sediment transport capacity itself. It is a well accepted fact that the sediment transport 
capacity formula will have less accuracy than 30-40 % for many cases (Vanoni, 1975). The large number 
of formulas giving highly different predictions is an evidence for this. When empirical formulas with so 
large inaccuracies are used in a CFD model, the results will also have similarly large errors, even if the 
velocity field and turbulence would be theoretically exactly computed (Fischer-Antze et al, 2008; 
Baranya and Josza, 2009). Then calibration of the empirical parameters may be the only option of 
ensuring some reliability in the CFD results.  
 
In the future, we can hope that more accurate empirical formulas will be developed. Then it would be 
possible to compute bed elevation changes in rivers without calibration. This would be a great advantage 
for cases assessing the impact of future man-made impacts in rivers, where calibration data do not exist. 
 
TESTING FOR SIMPLIFIED SITUATIONS 
 
An effective way of finding bugs and limitations in a program is to test it on a very simplified case. The 
case should be designed so that focus is given on one effect, and other processes do not affect the results. 
An example is if the user wants to find out if the program computes the correct bed shear stress. A 
straight flume can be modeled with zero gradient boundary conditions on the sides, ensuring a 1D 
situation. The resulting pressure gradient can then be compared with hand calculations using  for example 
Mannings formula. The same approach can be used to compute the vertical velocity profile and compare 
it with the logarithmic formula of Schlichting (1979). Similarly, the vertical profiles of turbulence 
parameters or sediment concentrations can be tested. The 1D case can also be used to test other 
parameters against empirical formulas, for example the sediment transport capacity, bed form height etc.  
 
Simplified geometries are also used for test cases when validating computer programs and numerical 
algorithms. Examples are flow over a backward facing step or cavity flow to test the turbulence model. 
The length of the recirculation zone is then the main testing parameter. A collapsing water column or a 
wave can be used for testing free surface algorithms.   



 
Simplified cases do not always have to involve a simplified geometry. A CFD program computing 
sediment transport will also include algorithms for turbulence, free surface location, roughness effects etc. 
It is possible to test the accuracy of these algorithms without computing the sediment transport. An 
example is given in Fig. 1, where the flow in a bend is computed. The water surface algorithm will then 
give a transverse slope of the channel. This can be compared with simple analytical formulas for the 
centrifugal acceleration related to gravity.  
 
CONCLUSIONS AND RECOMMENDATIONS  
 
1. Thee-dimensional numerical models for sediment transport should be designed as transparent as 
possible, providing the user with graphical output of all relevant parameters. Also, a thorough 
documentation of all equations and empirical formulas used by the program should be given, enabling the 
user to assess the computational procedures of the program to see possible bugs. 
 
2. When testing numerical model results against observed bed elevation changes, a procedure should be 
used where the user look at the values from all the parameters and checks the empirical formulas used in 
the program.  Starting from the velocity field to the bed elevations changes, the parameter distribution in 
the geometry should be investigated to see if it is reasonable. How each variable changes over time can 
also give very useful information. 
 
3. When using a 3D CFD model to predict bed elevation changes for a situation where no calibration data 
exist, best practice should be to investigate all uncertain parameters and formulas in parameter sensitivity 
tests. A large number of parameters should be tested, from grid size, discretization schemes, turbulence 
models, values for critical bed shear stress parameters, empirical coefficients in the sediment transport 
capacity formula, parameters in bed form and roughness prediction formulas etc. The test will give the 
total accuracy of the results and expose influence of each parameter on the final result.  
 
4. If the user is in doubt whether the CFD program computes the correct result, a testing should be done 
for a simplified case, focusing on the potential problem. A typical simplification is to model a straight 
flume with uniform, steady flow using a very coarse grid. Such a case can expose errors in the 
computation of the shear stress on the bed or the sediment transport formula. If the problem is believed to 
be in the free surface or water flow part of the program, then the simplified case could be run without 
sediments.  
 
5. The main uncertainty in today’s prediction of bed elevation changes using 3D CFD models is the 
empirical formulas for the sediment transport processes. Future research should therefore focus on 
improving the accuracy of these formulas. This is an area where physical model studies will be needed for 
many years to come. 
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Figure 1. Plan view of the grid (left) for the bend. The water is flowing in from above and out to the right. 
The right figure shows a contour map of the secondary current angle. The dark blue value is -14 degrees. 
The dark red value is – 2 degrees. 
 
 

 
 
Figure 2. Velocity vectors at the surface and the bed for flow in a bend, showing the secondary current 
 


