
ATTACHMENT A 
 

 

National Center for Computational 

Hydroscience and Engineering 

 

Development of A Water Infrastructural System 

Chemical Spill Simulation Model (WIS-CSSM) 

 

Computational Tools for Water Security 

Task Order No. 4000055423 
 

Technical Report No. NCCHE-SERRI-TR-2009-01 January, 2009 

 

Yafei Jia and Sam S.Y. Wang 

 

  

 
School of Engineering 

The University of Mississippi 

University, MS 38677 

 



Attachment A 

i 

 

 

Development of A Water Infrastructural System 

Chemical Spill Simulation Model (WIS-CSSM) 

 

Computational Tools for Water Security 

Task Order No. 4000055423 

 

NCCHE-SERRI-TR-2009-01 

 

Principal Investigator 

Sam S.Y. Wang, Ph.D. 

F.A.P. Barnard Distinguished Professor and Director, NCCHE 

 

Senior Investigator 

Yafei Jia , Ph.D. 

Research Professor, Associate Processor for Basic Research, NCCHE 

 

Co-Investigators 

Xioabo, Chao, Ph.D. 

Research Scientist, NCCHE 

Yaoxin Zhang, Ph.D. 

Research Scientist, NCCHE 

Tingting Zhu, Ph.D. 

Research Scientist, NCCHE 

 

Ajit, Sadana, Ph.D. 

Professor, Department of Chemical Engineering  

  



Attachment A 

ii  

 

Abstract 

Water resource protection and preservation are common interests of mankind. Fast 

development of industry, agriculture and population increase demand more and more 

water from less and less available water resources. To have efficient tools to study water 

quality and environmental impact in cases of unforeseen events such as accidental or 

terrorist-triggered chemical spills into water infrastructures, an integrated computational 

model with efficient and comprehensive graphic user interface is necessary. The 

integrated modeling system can help to study water resources for planning emergency 

response plans, or to simulate chemical contamination when it happens to provide 

information to assist emergency management and environmental impact assessment.  

 

This project of developing an integrated computational tool is sponsored by the SERRY-

DHS project. Most of the models or modules of the integrated system have been 

developed in previous researches. This report will document technical capabilities of the 

developed integrated modeling system in the research project Computational Tools for 

Water Security sponsored by the Department of Energy, Oak Ridge Operations Office 

(DOE-ORO) via the Southeast Region Research Initiative (SERRI). The system is also 

called Water InfraStructure Chemical Spill Simulation Model (WIS-CSSM)  

 

This report describes a new version of the depth-integrated, two-dimensional 

computational model, CCHE2D. It is an integrated modeling system including 

hydrodynamic, sediment transport, water quality and chemical transport/fate process 

simulation modules. The general organization, capabilities and applications are 

introduced, as well as the mathematic models for the involved processes. The numerical 

modeling approaches for the flow, sediment transport and their validations have been 

discussed in separate documents (NCCHE-TR-2001-1 by Jia and Wang, 2001; and 

NCCHE-TR-2001-3 by Wu, 2001), and they will not be repeated here. Wherever is 

appropriate, verifications and capabilities of the developed capabilities are presented. The 
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modeling system can be used for steady and unsteady near field and natural river flows, 

sediment transport, water quality and chemical contamination studies by hydraulic and 

environmental engineers as well as water resource management researchers.  

 

Although these processes are not computationally coupled, being integrated in one 

platform with consistent parameters and sharing the same computational mesh, make it a 

convenient research tool to study all the involved processes. All the tedious work of 

preparing meshes and parameter files, running simulations and visualizing the results are 

handled by one comprehensive Graphic User Interface (GUI). 

 

The numerical model of the CCHE2D is based on the Efficient Element Method (a 

special finite element method), which is modified and improved continuously with better 

solution techniques and more capabilities. The continuity equation for surface elevation is 

solved on a staggered grid, and the special velocity correction method is developed to 

solve the equation system. Unsteady flow simulation is achieved by an implicit scheme of 

time marching. The dry area method is used to handle the moving boundary of the 

unsteady flow. In addition to the two zero equation eddy viscosity models, a depth-

averaged parabolic model and a depth-averaged mixing length model, the depth-

integrated k-e model is implemented and included in the version. The sediment transport 

model is capable of handling multiple sediment sizes. Suspended sediment transport is 

simulated by solving a convection-diffusion equation. Bed load transport is computed 

with the non-equilibrium transport method and is used to compute channel morphological 

changes with considerations of the effect of secondary flow in curved channels. The 

model can be applied to simulate surface water flows with complex topography and in-

stream hydraulic structures; if the tidal boundary condition is specified, it can be used to 

simulate flows in estuaries.   
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Chapter 1  Introduction  

CCHE2D is a hydrodynamic model for unsteady turbulent open channel flows and 

environment related processes developed at the National Center for Computational 

Hydroscience and Engineering (NCCHE), School of Engineering, the University of 

Mississippi. Earlier release of this model (Version 2.s) includes the capability of 

simulating unsteady flows and sediment transport. This report describes capabilities of 

the new version CCHE2D, Version 3.s. Although this is to report the technical 

development to SERRY-DHS, the CCHE2D model release version series numbering 

convention is used. Due to the amount of information involved, this report does not 

include many details of numerical methods.  Interested readers can refer to the technical 

report published earlier.    

 

The methodologies and verification of Version 1.1 and Version2s have shown solid 

results (Jia, and Wang, 1999; Jia, et al. 2002). The new version has many capabilities, 

including simulations of water quality, and chemical spill. As a result, the CCHE2D 

model offers more capabilities to users for solving more involved problems. The 

mathematical model and boundary conditions provide the readers with sufficient 

information to understand the modelôs capability, validity, accuracy and limitations. 

Wherever necessary, additional validation cases for the newly developed parts or 

integrated system will be provided. 

  

This version of the model is capable of simulating steady and unsteady surface water 

flows. Both subcritical and supercritical flows, as well as transitions of the two states can 

be simulated. Large-scale natural channel flows, small scale laboratory flume flows have 

been used to verify the modelôs capability; the results for the main flow and near field 

details are both satisfactory. The secondary flow effect on the bed load transport in 
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curved channels is studied by using results of an analytical solution which was derived by 

considering the velocity variations along the water depth. As a result, the simulated bed 

elevation changes and topography of meandering channels have been more reasonable 

than those obtained by traditional depth-averaged models. The sediment transport model 

is capable of non-uniform sediment sizes as suspended load and bed load sediment. A 

non-equilibrium bed load transport method is adopted. The water quality model can 

simulate eutrophication processes involving up to eight water quality constituents and 

their interaction processes in the water column, bed sediment and between the water and 

the bed. Chemical contamination simulation includes fate, adsorption, desorption, 

volatilization, etc. The GUI developed for the project makes it easy to set parameters, 

spill contaminants, conduct simulation and visualize solutions. The computational code is 

developed based on the Fortran 90 language. The new program fully takes the advantages 

of dynamic array allocation capability and module programming capability to add new 

functionalities.  

To facilitate computations of chemical spills, a chemical property database is necessary 

to provide information of the studied chemicals and their rates of fate, adsorption, 

desorption, etc., in natural water environments. Since the computational tool is developed 

for emergency management, a database for indicating past chemical spill incidents is also 

developed. Data have been downloaded from US government agencies such as National 

Response Center (NRC), Department of Health and Human Services, and etc. This 

database helps emergency management to know what had happened in the past and could 

be used to draw information to prevent future accidents. To demonstrate the usefulness of 

the modeling system, hypothetical chemical simulation cases were carried out in one 

water infrastructure, Ross Barnett Reservoir, Mississippi. The simulations applied 

realistic hydrology, topographic and meteorological conditions and two assumed 

chemical spill incidents: one is from an upstream industry facility with a chemical storage 

leak; the other is a direct spill into the lake due to a traffic accident. Multiple simulation 

cases allow one to analyze how the spilled chemicals moves in the reservoir, when the 

contamination will arrive to a specified area, and if and how much the contaminated 

water threatens public health and aquatic environment. 
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Examples of numerical simulations with the step by step instructions and detailed 

procedures to run the model are given in the CCHE2D Userôs Manual(NCCHE-SERRI-

TR-2008-01, Zhang, 2008a) and Quick Start Guide (NCCHE-SERRI-TR-2008-02, 

Zhang, 2008b), which are published separately.  

 

This project has been developed under the supervision of Dr. Sam S.Y. Wang, the 

director of NCCHE. Dr. Yafei Jia planned, directed and supervised the actual 

development of the project. Dr. Weiming Wu contributed to the mathematical model of 

the sediment transport model. Dr. Xiaobo Chao and Dr. Tingting Zhu developed the 

water quality and chemical spill, transport and fate models. Dr. Yaoxin Zhang developed 

the integrated GUI and improved the mesh generator. Dr. Ajit Sadana, Professor of the 

Department of Chemical Engineering, provided positive input to the modeling of the 

chemical transport processes. Research assistant, Mr. Mohamed Frihi, and Mr. 

Hammouri Munther, helped to develop the data base and related interfaces.  

 

This report is the product of the NCCHE, the University of Mississippi; the project is 

supported by UT-Battelle, LLC, acting under contract DE-ACo5-00OR22725, with the 

U.S. Department of Energy. 
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Chapter 2  Mathematic Model for 

Hydrodynamics 

2.1 Governing Equations 

Because many open channel flows are of shallow water problems, the effect of vertical 

motions is usually of insignificant magnitude. Depth integrated two-dimensional 

equations are generally accepted for studying open channel hydraulics with reasonable 

accuracy and efficiency. The momentum equations for depth-integrated two-dimensional 

turbulent flows in a Cartesian coordinate system are:Equation Section 2 

 
1 xyxx bx

Cor

hhu u u
u v g f v

t x y x h x y h

tt th

r

µå õµµ µ µ µ
+ + =- + + - +æ ö

µ µ µ µ µ µç ÷
 (2.1) 

 
1 yx yy by

Cor

h hv v v
u v g f u

t x y y h x y h

t t th

r
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 (2.2) 

where u and v are depth-integrated velocity components in x and y directions, 

respectively; t is the time; g is the gravitational acceleration; his the water surface 

elevation; ris the density of water; h is the local water depth; Corf is the Coriolis 

parameter; xxt , 
xyt , 

yxt , and 
yyt  are depth integrated Reynolds stresses; and bxt and 

byt  

are shear stresses on the bed and flow interface. The shear stress terms at the water 

surface are dropped since wind shear driven effect is not considered in this version of the 

model. 

Free surface elevation for the flow is calculated by the depth-integrated continuity 

equation: 

 0
h uh vh

t x y

µ µ µ
+ + =

µ µ µ
 (2.3) 
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Assuming the bed elevation, z, would not change in the flow simulation process:

/ 0tzµ µ =, the continuity equation is then simplified to 

 0
uh vh

t x y

hµ µ µ
+ + =

µ µ µ
 (2.4) 

where h is the free surface elevation, h is the water depth. Because bed morphological 

change is a much slower process than hydrodynamics, this equation is widely accepted 

and utilized for computing free surface elevation with two-dimensional models. One may 

note in cases when the bed elevation changes fast due to erosion or deposition, equation 

(2.3) should be applied. 

The turbulence Reynolds stresses in equations (2.1) and (2.2) are approximated according 

to the Boussinesqôs assumption that they are related to the main rate of the strains of the 

depth-averaged flow field with a coefficient of eddy viscosity: 

 , ,( )ij i j t i j j iu u v u ut ¡ ¡=- = + (2.5) 
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It is well known that eddy viscosity is a function of the flow, and it can be related to the 

flow properties in different ways. 
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2.2 Eddy Viscosity Models 

Two methods for calculating eddy viscosity are available in the current model. First, the 

eddy viscosity coefficient tv  is calculated using the depth-integrated parabolic eddy 

viscosity formula 

 
*t xy sv A C u hk=  (2.10) 

where  

 
1

0

1
(1 )

6
sC dV V V= - =ñ  (2.11) 

u*  is shear velocity, k is the von Karmanôs constant (0.41) and V is the relative depth of 

the flow. 
xyA  is a coefficient to adjust the value of the eddy viscosity. Its default value is 

set to 1 and it can be adjusted by users from 1~10. 

In addition to this approach, the depth-integrated mixing length eddy viscosity model is 

also available:  
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where 

 
1
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1
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l z dz h d h

h h
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- å õ
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ç ÷
ñ ñ  (2.13) 

The depth integrated velocity gradient along vertical coordinate 
U

z

µ

µ
 is introduced to 

account for the effect of turbulence generated from the bed surface. The eddy viscosity 

defined by equation (2.13) would be zero in the uniform flow condition without this term. 

It is determined in the way that eddy viscosity shall be the same as that of the uniform 

flow in absence of other terms. Assuming the flow is of logarithmic profile along the 

depth of the water, the vertical gradient should be  
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z zk

µ
=

µ
 (2.14) 

The equation (2.14) is integrated vertically to obtain a depth-averaged vertical gradient, 

which is represented by 

 * *1 1

o
m

z

u uU U
dz dz C

z h z h z h

h

k k

µ µ
= = =

µ µñ ñ  (2.15) 

where U is total velocity, *u  is the total shear velocity and mC  is a coefficient. Instead of 

directly calculating mC , this coefficient is assigned in such a way that equation (2.12)

shall recover equation (2.10) in the absence of all the horizontal velocity gradients 

(uniform flow). Thus, the assigned value is 2.34375.  

 

Another important problem 

regarding both mixing 

length model and parabolic 

model is the wall effect. 

Very close to the wall, the 

distance to the wall should 

be used as the length scale 

instead of that to the bed. 

Otherwise, the depth 

integrated coefficients for 

the eddy viscosity would 

be too large when the 

interior nodes are close to 

the wall. In this CCHE2D 

model, the normal distance from a node to the wall (wd ) is used to calculate the mixing 

length in the region 0.3245wd h< . It is also used to calculate the parabolic profile in the 

range 0.21wd h< . The numbers 0.3245 and 0.21 are the relative distances where mixing 

length and the parabolic profile are equal to their depth-averaged values, respectively. 
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Figure 2.1 Calculation of eddy viscosity near the vertical wall 
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This approach avoids the prediction of very large eddy viscosity near the wall. Figure 2.1 

illustrates this methodology. 

2.3 Two-dimensional k-e  Model for Depth-integrated 

Flow 

In addition to the two zero-equation closure models, the two-equation turbulence closure 

model, k-e model for depth-integrated flows has also been included as an option for 

applications when the accuracy of turbulence closure is critical (Rodi, 1979).  
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and  

 2 2 2

3/4

1
( ), , 3.6f k

ff

c
U c u v C C c

cc

e
e m*= + = =  (2.20) 

and cm=0.09, sk=1.0, se=1.3, ce1=1.44, ce2=1.92. The eddy viscosity coefficient is 

computed by the solution of k-e model  
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k
cmn
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=  (2.21) 
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The term PkV and PeV were added to the two-dimensional model to account for the 

generation of turbulence energy and dissipation due to bed friction in case of uniform 

flows.  

2.4 Shear Stress on the Bed 

There are many ways in hydraulics to evaluate the shear velocity on the channel bed; two 

alternatives are adopted in the current model. The first is using the depth-integrated 

logarithmic law: 

 
*
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1 lno
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zU h

u z h z

è øå õ
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 (2.22) 

where 

 
2 2U u v= +  (2.23) 

The velocity components, u and v are the previous numerical results of the time-stepping 

scheme. The variable oz  is calculated with different formulas for different flow 

conditions of hydraulic smooth, rough and transition:  
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 *0.0333 70o s sz k u k v= ²  (2.25) 
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z k u k v

u
= + < < (2.26) 

sk  is the roughness height of the bed surface and n is the kinematic viscosity of the fluid. 

Since *u  is implicit, equation (2.22) is solved iteratively. It can be seen that the Darcy-

Weisbach coefficient cf  can be conveniently obtained after the calculation of *u  (van 

Rijn, 1993): 
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The shear stress components are finally obtained: 

 
1

8
bx cf uUt r=  (2.30) 

 
1

8
by cf vUt r=  (2.31) 

The second method to calculate shear velocity and stress components on the bed surface 

is to utilize the Manningôs coefficient.  

 2

1

3

1
bx gn uU

h

t r=  (2.32) 
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by gn vU

h

t r=  (2.33) 

and the shear velocity is conveniently computed by: 

 2 2 2

*

1
bx byu

t
t t

r r
= = +  (2.34) 

The Manningôs coefficient n is a local constant, which does not change with the flow 

condition and the calculation needs no iterations; the second approach is thus more 

efficient than the first. For practical applications, the second method is recommended 

because it is easier to lump the effects of bed form, channel geometry, sediment size and 

vegetation, etc., into this coefficient. However, for detailed near field 
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simulation/verification with experimental data, the first approach is physically sound and 

thus worth adopting if the roughness parameter is available. 

It is important that when loose bed and bank are considered (with or without sediment in 

motion), the roughness height sk  and Manningôs n used for calculating shear stress 

should include both bed material grain size and bed form roughness effects. These two 

parameters representing bed resistance to the flow can be converted from each other 

using Stricklerôs formula: 

 
1/6

sk
n

A
=  (2.35) 

The value of parameter A is in the neighborhood of 20 depending on the sediment size, 

bed form, vegetation, and channel morphology.  

2.5 Wind Shear Stress and Eddy Viscosity    

Wind shear stress is one of the most important driving forces for flow currents in lake, 

reservoir, and coastal water. The wind shear stresses at the free surface are expressed by   

 
2 2

wx a d wind wind windC U U Vt r= +  (2.36) 

 
2 2

wy a d wind wind windC V U Vt r= +  (2.37) 

where twx andtwy = wind shear stresses in x and y directions, respectively; ar = air 

density; the drag coefficient 3100.1 -³=dC ; Uwind and Vwind = wind velocity components 

in x and y directions, respectively.  

To analyze the velocity distribution of turbulent wind-driven flows, the eddy viscosity 

has to be specified. A number of experimental results show that the velocity profile of a 

wind-driven countercurrent flow can be approximated by a double-logarithmic 

distribution (Baines and Knapp 1965, Tsuruya et al 1985, Tsanis 1989, Cioffi et al 2005). 

Assuming the double-logarithmic law for the velocity profile, after some simplification, a 

parabolic vertical distribution eddy viscosity was obtained (Tsanis 1989): 
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 *( / )( )( )w s b su H z z H z zn l= + - + (2.38) 

in which wn = kinematic eddy viscosity; su* = surface shear velocity; l= eddy viscosity 

parameter to characterize the intensity of the turbulence; H=water depth; z=distance from 

bottom;  zs and zb =characteristic lengths determined at surface (z=H) and bottom (z=0), 

respectively. To use this formula, three parameters l, zb and zs have to be specified. Some 

experimental data and numerical tests (Van Dorn 1953, Reid 1957, Baines and Knapp 

1965, Tsanis 1989, Cioffi et al 2005) show that zb and  zs are in the order of 

H)10~10( 43 -- , and l varies from 0.2 to 0.5.  

CCHE2D model is a depth-averaged model. In order to take into account the effect of 

wind driven force on the flow currents in this model, a depth-averaged eddy viscosity is 

obtained by integrating equation (2.38) along the z direction:      

 *

20 0

1
( )( )

H H
s

w w b s

u
dz z z H z z dz

H H

l
n n= = + - +ñ ñ  (2.39) 

In CCHE2D model, the parameters zb, zs and l were taken as 0.00022H, 0.00014H and 

0.25, respectively. These parameters have been used in CCHE3D model to simulate an 

experimental case (Baines and Knapp 1965). Figure 2.2 shows the comparison of model 

results and experimental measurements. By substituting those parameters into equation 

(2.39) and simplifying, the depth-averaged eddy viscosity can be obtained    

 *0.0334w su Hn =  (2.40) 

The surface shear velocity su* can be calculated by  

 

0.5

*
wind

s

w

u
t

r

å õ
=æ ö
ç ÷

 (2.41) 
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Figure 2.2 Normalized vertical velocity profile 

2.6 Numerical Scheme 

The finite element method used in CCHE2D is called the Efficient Element Method 

which was initiated by Wang and Hu (1992). The collocation approach of the finite 

element method is adopted to discretize the mathematical equation system. This method 

was fundamentally modified later (Jia, and Wang, 1999, Jia, et al. 2002), including 

interpolation functions, finite element transformations and solution methodology. The 

numerical scheme of the model is outlined here; more details can be found in the above 

publications and NCCHEô technical report, NCCHE-TR-2001-1 (Jia and Wang, 2001).  

CCHE2D is a finite element model. The governing equations are solved in physical 

space. Transformations are performed to obtain differential operators in physical space. 

The differential equations are then converted to algebraic equation systems.  

Staggered mesh is used for solving free surface elevation. An obvious choice for 

computing surface slope in the momentum equations and for the velocity correction 
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equation is the bilinear finite element engaging the four staggered points around a 

velocity point. The bilinear element can only be used to compute first order derivatives 

but this is exactly what we need. The finite element operators for first order differential 

derivatives are computed in a way similar to those for the nine-node quadrilateral 

elements. The difference is to compute the transformation scale using the four node 

bilinear element. Because the derivatives in the bilinear element are constants, it doesnôt 

matter if the central node is located at the geometric center of the physical space.   

The central cell was used for the mass flux integration instead of the total element which 

can avoid overlapping of the integration area. The velocity vectors at the cell boundary 

lines are interpolated from the element points. Because the solution of the continuity 

equation is de-coupled from that of the momentum equations, it is very simple to solve 

this equation and update the water surface elevation. Because this configuration would 

likely induce oscillation due to velocity and pressure (surface elevation) decoupling, 

partially staggered mesh configuration is adopted for solving continuity. 

In this version of CCHE2D, the colocation grid is used only for the monentum equations, 

and the pressure field (free surface elevation) is computated on the staggered grid. This 

partially staggered arangement takes the advantage of the simplicity of colocation grid for 

computing velocity and that of the staggered grid to eliminate oscillation. The fully 

staggered grid would require too much computational effort to calculate velocity 

components with the finite element method.  

The system of algebriac equations for the momentum equations (2.1), (2.2) and 

continuity equation (2.3) is solved with the velocity correction method. This method is 

widely applied in finite volume method for multidimensional CFD computations. The 

CCHE2D model adopts the concept of the velocity correction method, and the continuity 

equation is solved with a unique procedure specially developed for two-dimensional 

models by an implicit time march method. To solve the finite element equation system 

efficiently, the Stoneôs method is adopted (Ferziger and Peric, 1997); it is applied to solve 

all the linear equations of the model.   

The solution for the k-e model, mass transport equations for water quality and chemical 

contamination, is straight forward because these equations are linear and they are solved 
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following the same procedure as the momentum equations. The source terms of the k-e 

model are very stiff, and some of them are treated implicitly whenever possible.   

Because the convective operators are related to the distribution of the transported 

variables (in this case, the velocity components, k, e and suspended sediment and 

pollutant concentration, c), two sets of convective operators are computed for both u and 

v momentum equations as well as for other transport equations. It should be noted the 

convective operators are functions of the flow or the transported substance (functions of 

the solutions) and thus have to be computed for each time step. The Lagrangian operators 

are functions of mesh geometry; which are computed at the initial stage. It is now 

generally agreed that, in order to avoid node to node oscillation in the numerical solution, 

the convective terms in equations (2.1) and (2.2) need to be computed in the way that the 

upstream information of the flow are emphasized to a degree corresponding to the 

strength of the convection. A special convective interpolation function is designed for 

this purpose. 

2.7 Treatment of Moving Boundaries 

Natural channels of rivers and streams are highly irregular in both plane form and 

topography. In addition, with the rising and lowering of the water stage, the width of the 

channel flow changes with time. The CCHE2D model, based on the Efficient Element 

Method, has the built-in capability to handle these highly complex and dynamic flow 

problems with moving boundary conditions. Usually the computational domain extends 

outward from the edges of the river flow at an average stage to both banks and islands to 

cover additional areas, which may be wetted during certain flood(s) of usersô interest. 

Obviously, the governing equations are only solved for the wet nodes. The important 

problem of this method is to decide the water edge and forms the instantaneous 

computational boundary. This boundary has to move with the water level. Near the water 

edge, the elements may be partially wet. A criterion, 0HD >, is used to divide these two 

types of nodes: 
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A node is considered dry if Hh z¢ +D 

A node is considered wet if Hh z> +D 

For a dry node, the water surface elevation is allowed below the bed elevation. The value 

of HD  used in the past are in the range of 0.02 ~ 0.05m m providing good results. Users 

can adjust this value to optimize their solution for a particular flow and boundary 

conditions. The water surface elevation for the dry nodes neighbored by wet ones is 

assigned by the average of the surface elevation of the wet ones. The flow velocity at dry 

nodes is set to zero. The method allows us to simulate unsteady flows in complicated 

topographic channels and there is no need to change the mesh from time to time. The 

number of dry elements can be quite large compared with the total number of elements. 

Test cases have shown reasonable results when dry elements are more than 60% of the 

total elements. Users, however, should make sure the number of nodes in any cross 

section is sufficient to have realistic solution while reducing a lot of the wet area with 

lowering water level. It is also advisable that bed form should be reasonably smooth in 

the wet area when a large dry area(s) appears. This is because when water surface 

elevation is reduced, originally smooth bed topography becomes very rough comparing to 

the flow depth.  

This approximate approach is found to have acceptable accuracy, because the total area 

covered by this type of elements (partially dry) is very small compared to the 

computational domain, and the water is very shallow. The effects on the conservation of 

mass and momentum are of negligible significance.  

2.8 Boundary and Initial Conditions 

The hydrodynamic model uses the essential boundary conditions. Velocity vectors are 

specified along inlet(s), outlet(s) and wall boundaries and water surface elevation are 

needed to be specified along the computational domain. Three boundary types: inlet, 

outlet and solid walls are of the most importance, and they are discussed separately.  
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2.8.1 Inlet Boundary 

At the inlet cross sections, the velocities are determined in two ways. The user is allowed 

to specify either the discharge per unit width, 
iq , at each node across the inlet cross-

section, or the total discharge, Q, which is distributed automatically in the inlet sections 

as unit discharge. In both cases, the unit discharge is then converted to the velocity 

components along the cross-section. 

Case a: Prescribed specific discharge qi  

The magnitude of velocity along the cross section is calculated by 

 i
i

i

q
u

h
=  (2.42) 

where i denotes the i-th node at the inlet section. The advantage of this approach is that 

the distribution of iq  can be very flexible. 

Case b: Specifying total discharge Q 

The total discharge is distributed along the section according to the local conveyance 
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h
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n
=  (2.43) 

where K is a constant to be determined and in  is the Manningôs coefficient. Since the 

total discharge satisfies: 
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therefore, K can be determined: 
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The specific discharge iq  is thus calculated by equation (2.43). In cases when the user 

gives the roughness height, the Stricklerôs law calculates the equivalent Manningôs 

coefficient, as: 

 
1 6

sk
n

A
=  (2.46) 

A is the empirical parameter in the range of 18~24. If needed one could adjust the 

distributions of iq  by changing that of ni in an inlet section. 

Case c: Prescribing the flow velocity that is not normal to the inlet 

cross-section  

In addition to prescribing the discharges, the users may specify direction of the velocity 

vectors at the inlet cross section. Users only need to give the angle of the velocity in the 

input data file or use the Graphic User Interface. The angle of velocity is defined in the 

following figure: 

 

In this figure, G is the curved inlet section, a is the angle between the velocity vector u
G

 

and the unit vector normal to the inlet. a is zero if u
G

and n
G

 are parallel. It is positive if 

from n
G

 to u
G

 is counter-clockwise; it is negative if fromn
G

 to u
G

 is clockwise. The a in 

this figure is positive according to the rule. A limitation is set in the model that confines 

the angle to be in the range of 45
o
:  

 45a¢ A
 (2.47) 
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Figure 2.3 Definition of velocity angle at inlet section. 



Attachment A 

34 

 

One should be aware that, for a given discharge, the net inflow discharge would be 

reduced if the flow is not normal to the boundary line. 

Case d: Prescribing a hydrograph Q(t) 

When unsteady flow is studied, the discharge at the inlet is a function of time, Q(t). In 

this case the total discharge Q(t) is substituted into equation (2.44) to replace Q, and the 

velocities obtained according to equations (2.43) and (2.42) are calculated as the time 

dependent upstream boundary condition. A digitized hydrograph (irregular, multi-peak 

floods) allows users to input any data set of the form: 

t1  Q1 

t2  Q2 

..... 

ti  Qi  

... 

tn  Qn 

 

where: Qi is the total discharge data at time ti. It can be seen that the hydrograph specified 

this way can be arbitrary in shape.  

Case e: Specifying water surface elevation 

The water surface elevation along the inlet section is updated in such a way that the 

following equation is satisfied: 

 
2

2
0

n

hµ
=

µ
 (2.48) 

That is to say the water surface slope normal to the inlet section is constant. 

2.8.2 Outlet Boundary 

Case a: Constant water surface elevation 
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For all applications seeking steady state solutions, the water surface elevation along the 

outlet section is usually set to be a constant value across the section, that is  

constanth= . 

Case b: Water surface elevation hydrograph 

When unsteady flow (flood propagation) is simulated, the aforementioned constant 

surface elevation would not be a good boundary condition. In this case, one could use 

measured water surface elevation as the outlet boundary condition, similar to that of the 

inlet flow discharge boundary condition: 

t1  h1 

t2  h 2 

..... 

ti  h i  

... 

tn  h n 

 

where: h i is the water surface elevation at time ti. It can be seen that the hydrograph 

specified this way can be arbitrary in shape. The surface elevation in the entire cross-

section is constant at any time. 

Case c: Surface elevation-flow discharge rating cave 

When unsteady flow (flood propagation) is simulated, and the downstream water surface 

variation hydrograph is unknown, one may need the local discharge-surface elevation 

rating curve as the downstream boundary condition. Even one has the water surface and 

time series measure at one location of a river, he cannot use it as the downstream 

boundary condition. In this case, the upstream boundary condition maybe arbitrary, one 

could use measured water surface elevation and flow discharge to establish a relation 

which will be used as the outlet boundary condition: 

Q1  h1 

Q2  h 2 
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..... 

Qi  h i  

... 

Qn  h n 

 

where: h i is the water surface elevation at time Qi. It can be seen that this relation is for a 

local channel; the water surface at the outlet is computed according to the flow discharge 

approaching or close to the outlet section. This boundary condition can in fact fit any 

unsteady flow calculations. The surface elevation in the entire cross-section is constant at 

any time. 

Case d: Outlet boundary condition for velocity 

To determine the velocity at the outlet boundary, conservation of mass should be 

preserved. The velocity along the section is specified in such a way that at each node the 

velocity has the same direction as that of its adjacent inner node; and similarly, the fluid 

flux controlled by this node is the same as that of its adjacent interior node. Figure 2.4 

demonstrates these boundary conditions. 

Let outU  and U be the magnitude of the velocity vectors at an outlet node and its adjacent 

interior node, respectively, and according to the flux condition, one can find easily: 

 2

1

out

out

h sin
U U

h sin

d b

d a
=  (2.49) 

where h and outh  are the water depth at the interior and boundary node, respectively. The 

resultant velocity magnitude is decomposed into components in the directions of those at 

their corresponding interior node: 

 
out out

u
u U

U
=  (2.50) 

 
out out

v
v U

U
=  (2.51) 

Alternatively, one may wish to specify the direction of velocity along the outlet section. 
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Figure 2.4 Definition for calculating boundary velocity at outlet section. 

2.8.3 Solid Wall Boundary 

Wall boundary condition is one of the most important boundary conditions in 

computational fluid dynamics, which determines how the fluid interacts with the wall and 

the resistance of the wall exerted on the fluid. Velocity components on solid walls can 

normally be assigned in different ways to represent non-slip, partial slip and total slip 

boundary conditions. In the current version, the wall velocity boundary conditions are 

specified explicitly, and they are updated between time steps. 

2.8.3.1 Slipness Determined Boundary Velocity  

In many situations, especially when natural river flows are concerned, the mesh size used 

in computations is relatively large, and the velocity near the boundary (wall or bank) is 

not certain. The velocity on the wall can be determined by an empirical parameter: 

slipness which empirically determines the velocity on the boundary depending on the 

internal velocity adjacent to the boundary. This parameter can determine for the non-slip, 

partial slip and total slip boundary conditions simply by 

 || 0 1wall wall inner wallu C u C= ¢ ¢
G G

 (2.52) 

 

n
G

 

u
G

 

 

G 

a 
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where wallu
G

 is the slip velocity on the wall, wallC  is a coefficient to adjust slipness, and 

||

inneru
G

 is the velocity component parallel to the boundary at the adjacent inner node. This 

component is calculated by: 

 || ||

inner inneru n u= Ö
G G

 (2.53) 

and  

 || || ||

wall inneru u n= Ö
G G

 (2.54) 

where ||n
G

 is the unit vector tangential to the wall. As can be seen, the boundary slipness 

can be controlled by simply changing this coefficient wallC . 

2.8.3.2 Law of the Wall 

Besides the slipness adjustment approach, the logarithmic law of the wall can also be 

used to provide more accurate wall effect simulations, although this approach requires 

fine grid in the near wall region. The method to enforce the boundary condition is to 

specify the velocity on the wall so that the first and second order velocity derivatives 

normal to the wall satisfy the log law. In general, the log law reads 

 
*

1

o

u y
ln

u yk

å õ
= æ ö

ç ÷
 (2.55) 

The first and second derivatives of the velocity in terms of y (normal to the wall) are 

 *udu

dy yk
=  (2.56) 

 
2

*

2 2

ud u

dy yk
=-  (2.57) 

In the near wall region, for the first computational node away from the wall, y is the 

distance from the wall and numerically we have : dy y=  and 2 2dy y= . 
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According to the finite difference operators:  

 
2 0

1
( )

2

du
u u

dy y
= -
D

 (2.58) 

 
2

2 1 02 2

1
( 2 )

d u
u u u

dy y
= - +
D

 (2.59) 

the above derivatives become (in case of equal spacing grid as shown in Figure 2.5  

 *
2 0

1
( )

2

u
du u u

k
= - = (2.60) 

 *
2 1 0( 2 )

u
du u u u

k
= - + =- (2.61) 

Solving 0u  with these two difference equations (eliminate 2u ) we have  

 *
1

3

2
o

u
u u

k
= -  (2.62) 

where: 0u  is the slip velocity magnitude on the solid wall, and 1u  is the parallel 

component of velocity at y dy=  equivalent to ||

inneru
G

 in equation (2.53). This boundary 

condition makes equation (2.55) satisfied for the near wall region. *u  is obtained solving 

1u  

2u  

0u  dy  

dy  

y

u

dy

du

k
*=  

2

*

2

2

y

u

dy

ud

k
-=

 

Figure 2.5 Calculation of velocity on the wall that satisfies the law of the wall. 



Attachment A 

40 

 

equation (2.55) iteratively. It should be noted that log law has to be applied close to the 

wall, in the region 
*30 / 300y u y v+¢ = ¢ (Nezu and Rodi, 1986). Otherwise, the induced 

velocity on the wall would only mean some slipness without solid physical justification. 

2.8.3.3 Water Surface Elevation 

Along solid walls, the water surface boundary condition is usually given such that  

 0
n

hµ
=

µ
 (2.63) 

Physically, the condition may be interpreted as no pressure gradients normal to the wall. 

This version of CCHE2D solves free surface correction terms; it is therefore not 

necessary to provide boundary condition when the surface correction equation is solved. 

The velocity components along the boundaries donôt need correction; the correction 

along the boundaries are assigned to be zero in the iteration process. 

 0
boundaries

h¡ =  (2.64) 

2.8.4 Boundary Condition for k-e Model 

The k-e model solves transport equations, inlet, outlet, and wall boundary conditions are 

all needed. The depth-integrated formulas for estimating turbulent velocities by Nezu and  

Nakagawa (1993) are used to compute the turbulence energy: 

 2 2 21
( )

2
k u v w¡ ¡ ¡= + +  (2.65) 

 

2.30exp( )

1.63exp( )

1.27exp( )

u

u

v

u

w

u

V

V

V

*

*

*

¡
= -

¡
= -

¡
= -

 (2.66) 

Equation (2.66) was developed and validated for uniform flow in open channel flow 

without the wall effect. The turbulent velocities in equation (2.66) are time-averaged 



Attachment A 

41 

 

quantities and those in equation (2.65) are depth-averaged values. Vis the relative depth 

from the channel bed. Since the eddy viscosity for uniform flow is computed by 

 
1

6
tv u hk*=  (2.67) 

The e value for the inlet boundary can then be calculated by using the definition of eddy 

viscosity in equation (2.21). 

There are different ways to estimate the boundary values of k and e.  An alternative for 

this boundary condition is to compute e by using the solution of the k equation the under 

uniform flow condition: 

 kVPe=  (2.68) 

where PkV is turbulence energy production due to bed shear, defined in equation (2.19). 

The k value for the inlet boundary can then be calculated by using the definition of eddy 

viscosity in equation (2.21). 

Along the outlet section(s) the zero gradient boundary condition is applied: 

 

0

0

k

n

n

e

µ
=

µ

µ
=

µ

 (2.69) 

Along the solid walls, the boundary values for k and e equations are specified assuming 

the first node adjacent to the wall is in the zone where velocity law of the wall is satisfied 

and the turbulence production and dissipation is balanced. 

 

2

3

u
k

c

u

y

m

e
k

*

*

=

=

 (2.70) 

where u* is the shear velocity and y is the normal distance between the wall and the first 

node adjacent to the wall. Since the boundary condition is specified at this node, solutions 

of k and e equations would start from the second node.  
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2.8.5 Initial Conditio ns 

Initial values of the flow variables u, v, and hare necessary for starting a simulation. The 

CCHE2D model can either assign values to these variables or use a previous solution as 

the initial condition depending on how the simulation is started. 

Cold start 

When there is no information of the flow field available, the model can be run with an 

assigned zero velocity field, and a constant water surface elevation. With the given steady 

state of boundary conditions, the model can reach to a steady state solution which may be 

used later on as the initial condition when the boundary conditions are changed to an 

unsteady state or this solution is used just for another continuous run. Cold start can be 

used whenever the user has established a new simulation case. In most cases, the cold 

start is only needed once.  

Users can assign water surface elevation with a slope to speed up the convergence for 

steady state solution in case of simulating flows in river channels. It is not necessary that 

the initial water surface must be higher than the bed in the entire computation domain; 

initial dry areas are allowed. Part of the inlet and outlet sections has to be wet, so that the 

in and outlet boundary conditions can apply, however. Many new users set the initial 

water surface lower than the bed of the entire domain, and the model could not be started 

as a result. 

Hot start 

A hot start means that the model starts with an initial condition that resulted from a 

previous run and continues to simulate the subsequent flow variations. This option can be 

used for both steady and unsteady flow simulations.  

Hot start implies that the flow field of the initial condition is consistent with the boundary 

conditions one used to start a new run. For example, the flow discharge in the simulated 

channel and the boundary discharge is the same at the starting time; a shock will be 

introduced again in the new run otherwise.  
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Chapter 3 Sediment Transport and Bed 

Change Simulation 

3.1 Introduction  

Non-uniform sediment with up to ten sediment size groups can be simulated by 

CCHE2D. Non-equilibrium bed load transport and the suspended sediment transport have 

been included in this version. Bed form change due to bed load transport can also be 

calculated, and the influence of the secondary flow on the sediment motion in curved 

channel has also been considered. The sediment transport model consists of suspended 

sediment transport and bed load transport simulation models for non-uniform sediment 

problems. The model is also designed to handle channels with steep slopes and curved 

channels with secondary flow effects. The following shows the mathematic models of the 

sediment transport model. 

3.2 Mathematical Model for Sediment Transport and 

Bed Change 

The depth-integrated convection diffusion for the suspended sediment is solved. 

Equation Section (Next) 

 [ ] [ ]t t

c c c c c
u v S

t x y x x y y
bn bn

µ µ µ µ µ µ µ
+ + - - =

µ µ µ µ µ µ µ
 (3.1) 

where c is the depth-integrated sediment concentration; u and v are flow velocity 

components; and b is the coefficient to convert the turbulence eddy viscosity to eddy 
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diffusivity for sediment. The bed load calculation has several formulas including the one 

developed in NCCHE for determining the fractional bed load transport capacity (Wu, 

Wang and Jia, 2000): 

 

2.2
3/2

0.0053 1b
bk

ck

n

n

t
j

t

è ø¡å õ
= -é ùæ ö

ç ÷é ùê ú

 (3.2) 

where bkf  is a non-dimensional bed load transport capacity, 

( )[ ]31/ ksbkkbbk gdpq -= * ggf ; kbq *  is the equilibrium transport rate of the k-th size class 

of bed load per unit width (m
2
/s); bkp  is the bed material gradation; n is the Manningôs 

roughness coefficient for channel bed, and n¡is the Manningôs coefficient corresponding 

to the grain roughness, 206/1

50dn =¡ ; bt is the bed shear stress; ckt  is the critical shear 

stress determined by ( )( )6.0
03.0 ekhkksck ppdggt -= ; hkp  and ekp  are the hiding and 

exposure probabilities for the k-th size class of bed material, defined as 

( )
jkj

N

j bjhk dddpp +=ä=1
 and ( )

jkk

N

j bjek dddpp +=ä=1
. 

The governing equation for the non-equilibrium transport of non-uniform sediment is 

 
( )

( )*

1tk tk
tk t k lk

AC Q
Q Q q

t x L

µ µ
+ + - =

µ µ
 (3.3) 

where tkC  is the cross-section-averaged sediment concentration of size class k; tkQ  is the 

actual sediment transport rate of size class k; ktQ*  is the sediment transport capacity or 

the so-called equilibrium transport rate of size class k; L  is the adaptation length of non-

equilibrium sediment transport; and lkq  is the side inflow or outflow sediment discharge 

from bank boundaries or tributary streams per unit channel length.  The first term on the 

left-hand side of equation (3.3) accounts for sediment storage, while the last term on the 

left-hand side represents the exchanges between the moving sediment and the bed 

material. 

CCHE2D does not distinguish bed load and suspended load, but treats them together as 

bed-material load. Therefore, equation (3.3) is applied to the bed-material load, where the 
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transport rate tkQ  is the sum of bed-load and suspended-load transport rates.  For wash 

load, the adaptation length L  is assumed to be infinitely large and then the exchange 

term in the left-hand side is zero.  The bed-material load transport capacity can be written 

as a general form 

 *

*t k bk tkQ p Q=  (3.4) 

where bkp  is the availability factor of sediment, which is defined as the bed-material 

gradation in the mixing layer; and *
tkQ  is the potential bed-material load transport 

capacity for size class k, which can be determined with existing formulas. 

The bed deformation due to size class k is determined with 

 ( ) ( )
1

1 bk
tk t k

A
p Q Q

t L
*

µ
¡- = -
µ

 (3.5) 

where p' is the porosity of bed material; and tAbk µµ  is the bed deformation rate of size 

class k. 

 

 

 

Figure 3.1 Layers Used in the Computation of Bed Material Sorting 

 

The channel bed is divided into several layers for computation of bed material 

composition resulting from the processes of erosion and deposition, as shown in Figure 

3.1. The variation of bed-material gradation at the mixing layer (surface layer) is 

described as: 
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 *( )m bk bk m b
bk

A p A A A
p

t t t t

µ µ µ µå õ
= + -æ ö

µ µ µ µç ÷
 (3.6) 

where bkp  is the percentage of the kth size class of bed material at the mixing layer; mA  

is the area of bed-material mixing layer at a cross section; tAb µµ /  is the total bed 

deformation rate, which is expressed as ä=
µµ=µµ

N

k bkb tAtA
1

; N is the total number of 

size classes; *
bkp  is bkp  when 0// ¢µµ-µµ tAtA bm , and *

bkp  is the percentage of the kth 

size class of bed material in subsurface layer (under the mixing layer) when 

0// >µµ-µµ tAtA bm . 

More details of the numerical model and its verification, validation and field applications 

can be found in NCCHEôs technical report, NCCHE-TR-2001-3 (Wu, 2001).  

3.3 Bed Form Change Due to Gravity 

In nature, the bed slope angle is limited by the submerged repose angle, if the bed 

materials are loose sediment. If the angle happens to be larger than the repose angle, 

sediment would slide towards the bottom of the slope till the condition, that the bed slope 

angle is less than the submerged repose angle, is satisfied. This mechanism is included in 

the CCHE2D model. 

It is assumed that the maximum angle of bed slope bS  should be less than or equal to that 

of the submerged repose angle f: 

 

22

tanbS
x y

z z
j

å õµ µå õ
= + ¢æ öæ ö

µ µç ÷ç ÷
 (3.7) 

If the bed slope is larger than the repose angle, the local bed elevation in an element is 

adjusted according to 

 ( ) 1, ,9old old old

i ik iz z z z= + - =2  (3.8) 

where 
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9

1

1

9
izz

-

= ä  (3.9) 

is the average bed elevation of an element, the superscript óoldô denotes the previous 

solution. k = coefficient (0.95 is used currently). The mass conservation of bed change 

introduced by this process simulation is preserved: one can find that the average bed 

elevations before and after the adjustment are equal: 

 
9 9

1 1

old

i iz z=ä ä  (3.10) 
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Chapter 4 Chemical Fate and Transport 

Simulation 

4.1 Introduction  

In the natural environment, chemicals generally exist in four phases: dissolved in water 

column, dissolved in porous water, adsorbed on suspended sediment and adsorbed on bed 

sediment. Chemical fate and transport modeling in the current version of the integrated 

CCHE2D model solves the total chemical concentrations both in the water column and 

bed. The partition between the dissolved and particulate forms is based on the linear 

equilibrium sorption/desorption assumption. Chemical decay processes are approximated 

as first-order reactions, and the bed sediment layer is assumed to be uniform in depth and 

composition. More options for calculating sorption/desorption will be provided in a later 

version.  

4.2 Partition  Coefficient 

Chemical concentration can be defined based on phase (dissolved or particulate) or 

medium (water column or sediment bed). Dissolved concentration in water, cd , is defined 

as the unit mass of dissolved chemical in total volume of the water column. Particulate 

concentration in water, cp , is the unit mass of chemical sorbed on the suspended sediment 

in total volume of the water column. Dissolved concentration in bed, sd , is defined as the 

unit mass of dissolved chemical in total volume of the bed. Particulate concentration in 

bed, sp , is the unit mass of chemical sorbed on the bed sediment in the total volume of the 

bed.  
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Besides the above concentrations, there are some other concentrations usually used. 

Porosity-corrected dissolved concentration in bed, 'ds , is the unit mass of dissolved 

chemical in volume of porous water. Equation Section (Next) 

 ' /d ds s j=  (4.1) 

in which: 

 f porosity of bed 

Similarly, there is a porosity-corrected dissolved concentration in water, 'dc
 

 ' /d d wc c f=  (4.2) 

in which: 

 wf  porosity of water column 

Normally, the porosity of water column is about 1, which makes 

 'd dc cº  (4.3) 

The particle concentration can be written in another way:  

 
pc r m= ³ (4.4) 

in which: 

 r sediment-based particulate chemical concentration in water,  

  unit mass of sorbed chemical per mass of suspended sediment  

 m suspended sediment concentration,  

  unit mass of suspended sediment per  volume of water column 

Similarly, particulate concentration in bed can be written as: 

 
p s ss r m= ³  (4.5) 

in which: 

 sr  sediment-based particulate chemical concentration in bed,  

  unit mass of sorbed chemical per mass of bed sediment 

 sm  bed sediment concentration, unit mass of sediment per volume of bed, i.e. 

 bed dry density 
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It is obvious that the total concentration in each medium is the summation of dissolved 

concentration and particulate concentration. Chemical concentrations in each of four 

phases can be related to the total concentration through partition coefficient. The 

chemical can change from one phase to another. The transfer between dissolved phase 

and particulate phase in the same medium is through processes of sorption and 

desorption. The particulate phases sorbed on sediments also can be exchanged in the 

deposition and erosion processes of cohesive sediments. The interactions among those 

four phases are shown in Figure 4.1. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Schematic Fate of Toxic Chemicals 

The partition between the dissolved and particulate chemicals is governed by the balance 

of sorption and desorption processes. There are two general ways to represent the 

partition: linear sorption/desorption and nonlinear isotherm depending on the chemical 

properties and concentration levels. In the current version of the CCHE2D chemical 

model, it is assumed that the dissolved and particulate chemical are in ñlocal equilibriumò 

and the sorption-desorption kinetic is linear sorption, hence reversible. Based on those 

assumptions, a partition coefficient, PK , can be obtained as follows: 
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 s
P

d d

Kr
K

c K
= =  (4.6) 

in which:  

Ks  sorption rate 

Kd  desorption rate 

The linear equilibrium sorption-desorption kinetic holds true for a lot of chemicals. This 

results in a constant partition coefficient and fractions for dissolved and particulate to the 

total if the sediment concentration is not changed. Those fractions are: 

 
,

1

1
d w

P

f
K m

=
+

 (4.7) 
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=
+

 (4.8) 
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j
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=
+

 (4.9) 

 
,

P d
p s

P d

K
f

K

r

j r
=
+

 (4.10) 

in which: 

 
,d wf  fraction of dissolved chemical in water column 

 
,p wf  fraction of particulate chemical in water column 

 
,d sf  fraction of dissolved chemical in bed 

 
,p sf  fraction of particulate chemical in bed 

The relationships for connecting total concentration and concentration in dissolved or 

particulate phase are defined as follows: 

 
,d d w Tc f c=  (4.11) 

 
,p p w Tc f c=  (4.12) 

 
,d d s Ts f s=  (4.13) 
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,p p s Ts f s=  (4.14) 

4.3 Chemical Decay Processes 

Chemicals decay mainly in five ways: 1) volatilization, at the interface of water and air 

for dissolved form; 2) photolysis, with the presence of light for dissolved form; 3) 

hydrolysis, for dissolved form; 4) biodegradation; and 5) changing in form due to 

chemical reactions, which is chemical specific. 

The formulation for the volatilization process is based on ñtwo-filmò theory (Whitman, 

1923). Photolysis, hydrolysis, and biodegradation are approximated as first-order 

reactions. Due to the lack of understanding of the chemical mechanisms and the 

complexity of the natural water bodies, those first-order decay rate ñconstantsò normally 

were measured on site. Chemicals may react with other chemicals in the water or change 

form under environmental conditions, which can only be studied case by case. 

4.3.1 Volatilization  

The exchange between the dissolved chemical in the water column and air to reach the 

equilibrium state is called volatilization. According to Henryôs Law, the ratio between the 

chemical dissolved concentration in the water column and chemical atmospheric partial 

pressure tends to reach the equilibrium value, Henryôs constant. The volatilization rate is 

represented as follows: 

 ( )
gv

V d T

e

cK
S f c

D H
= -  (4.15) 

in which: 

 SV  mass exchange rate across the air-water interface [M L
-3

 T
-1

]  

 D  water depth [L];  

 vK  overall volatilization transfer coefficient [L T
-1

];  

 cg  atmospheric chemical concentration [M L
-3

];  

 He  Henryôs constant, dimensionless;  
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Based on the two layer resistance model (Whitman, 1923), chemicals transfer through 

two thin films: liquid phase and gas phase. The overall volatilization transfer coefficient 

is determined as: 

 
1 1

1 1V

L G

TL
G

K

K
R R

HK
K

RT

= =
+

+

 (4.16) 

in which: 

 LK   liquid phase transfer coefficient 

 GK  gas phase transfer coefficient 

 TH  Henryôs constant at temperature KT  

 R universal gas constant, 8.206E-5 atm m
3
/(mol K) 

 KT  temperature in Kelvin 

The liquid phase ransfer coefficient LK (m/s) is calculated as: 

 
1 w

L

L

D u
K

R D
= =  (4.17) 

in which: 

 u velocity magnitude (m/s) 

 wD  chemical diffusivity in water (m
2
/sec) 

4.3.2 Photolysis 

Some organic chemicals can degrade or decompose under the influence of light, which is 

called photolysis. The decay rate due to photolysis depends on the chemical property, 

incoming solar radiation wavelength, strength and attenuation. It can be approximated 

using the first-order decay mechanism: 

 ( )Ph Ph d dp sp dS K c K K c=- =- +  (4.18) 

in which: 

PhS  chemical photolysis rate [M L
-3

 T
-1

];  
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PhK  overall photolysis rate coefficient [T
-1

];  

Kdp  direct photolysis rate coefficient [T
-1

];  

Ksp  sensitized indirect photolysis rate coefficient [T
-1

]  

4.3.3 Hydrolysis 

Chemicals may react with water and be transformed into other compounds. The 

hydrolysis of some chemicals can be catalyzed by acid or base. Under natural conditions, 

hydrolysis could be catalyzed by enzymes. The hydrolysis rate can be given as: 

  (4.19) 

in which: 

SH chemical hydrolysis rate [M L
-3

 T
-1

];  

Kn  neutral hydrolysis rate coefficient [T
-1

];  

Ka  acid catalyzed hydrolysis rate constant [mole
-1

 T
-1

];  

Kb  base catalyzed hydrolysis rate constant [mole
-1

 T
-1

];  

[H
+
]  molar concentration of hydrogen ions;   

[OH
+
]  molar concentration of hydroxide ions  

The values of hydrolysis rate constants measured at the laboratory for many chemicals 

can be found in handbooks (Howard et al., 1991; Mackay et al., 1997). Because the 

natural condition is more complex than the lab setup, the hydrolysis constant in the field 

may be different from those measured in the lab. 

4.3.4 Biodegradation 

Chemicals may decay through the activities of bacteria or fungi. In many cases, the first-

order decay is accepted as a good approximation to the biodegradation process: 

  (4.20) 

in which: 

SB  chemical biodegradation rate [M L
-3

 T
-1

];  

KB  overall degradation rate constant [T
-1
]  


