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Abstract

Water resource protection and preservation are common isteeshankind. Fast
development of industry, agriculture and populatiooreasedemand more and more
water from less and less available water resources. To have efficient tools to study water
guality and environmeat impact in cases of unforeseen evesish as accidental or
terroristtriggered chemical spills into water infrastructyras integrated computational
model with efficient and comprehensive graphic user interface is necessary. The
integrated modetig system can help to studyater resourcefor planning emergency
response plans, or to simulathemical contamination when it hapgeto provide

information toassisttmergency management and environmental impact assessment.

This project of developing an integrated computatidoal is sponsoretly the SERRY

DHS project. Most of the models or modules of the integraieesy have been
developed in previous reseaeshThis report willdocumentechnical capabilities of the
developedntegratedmodeling systa in the research proje€@omputationalTools for
Water Securitysponsored by the Department of Energy, Oak Ridge Operations Office
(DOE-ORO) via the Southeast Region Research Initiative (SERRE system is also
called Water InfraStructure Chemical Spill Simulation Model (MZISSM)

This report describes anew version of thedepthintegrated two-dimensional
computational model,CCHE2D. It is an integrated modeling system including
hydrodynamic,sediment transpqgrtwater quality and chemical transport/fate process
simulation maules. The general organization, capabilitieand applications are
introduced as well aghe mathematic models for the involved proces3d® numerical
modeling approads for the flow, sediment transport and their validations h&esn
discussed in separate aomnents(NCCHETR-200%:1 by Jia and Wang, 2001and
NCCHETR-20013 by Wu, 2001),and they will not be repeated her&/herever is
appropriateverifications and capabilitiesf the developed capabilities are presenidce
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modelng systencan be used fortsady and unsteady neaelfl and natural river flows,
sediment transpgrivater quality and chemical contamination studieshigraulic and

environmentaéngineersas well as water resource management researchers

Although these processes are not comagiohally coupled, being integrated in one
platform with consistent parameters and shattimg same computational mesh, make it a
convenient research tool to study all the involved procegdeshe tedious workof

preparing meshes and parameter fileeninog simulations and visualizing the results are

handled by one comprehensive Graphic User Interface (GUI).

The numerical model of the CCHE2D is based on Hf@cient Element Method (a
special finite element methqdyhichis modified and improved continuously with better
solution techniques and more capabiliti€se continuity equation for surface elevation is
solved on a staggered gridnd thespecial velocity correction method is developed to
solve the equation systetdnsteady flow simulation is achieved agimplicit 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
avergied parabolic model and depthaveraged mixing length model, the depth
integratedk-emodel is implemented and included in the versitime sediment transport
model is capable of handling multiple sediment sifspended sediment transport is
simulated by solving a convectiahffusion equation. Bed load transport is computed
with the non-equilibrium transport methoaind isused to compute channel morphological
changes with considerations of tkffect of secondary flow in curved channelBhe
model can be applied to simulatefage water flowswith complex topography anid-
stream hydraulic structures;ttie 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 channes foa
environment related processdeveloped at theNational Center for Computational
Hydroscience and EngineeringlQCHE), School of Engineeringhe University of
Mississippi Earlier release of this model (Version 2.s) includes the capability of
simulatingunsteady flows and sediment transport. This report describes capabilities
the new version CCHE2DVersion 3s. Although this is to report thdechnical
development to SERRDHS, the CCHRED model release version series numbering
convention is usedDue b the amount of information involved, thisport does not
include many details of numerical methodsterested readers caefer to the technical
report published earlier.

The methodimgies and verification of ®¥rsion 1.1and \kersion2shave shown dml

results (Jia, and Wang, 199%ia, et al. 2002 The new version has maicgpabilities
including simulations ofwater quality,and chemical spill As a result, the CCHE2D
model offers more capabilities to users for solving more involved probld&ims.
mathematical model and boundary conditions provide readers with sufficient
information to understand the modekapability, validity, accuracy and limitations.
Wherever necessary, additional validation cases for the newly developed parts or

integratedsystem will be provided.

This version of the model is capable of simulatsigady and unsteady surface water
flows. Both subcritical and supercritical floness well as transitions of the tvetates can
be simulated. Largecalenatural channel flowsmall scaldaboratory flume flows have
beenusedat veri fy the the msltsdosthearamip #ioty iard indaryfield

details are both satisfactory. The secondary flow effect on the bed load transport in
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curved channels is studied by using fssaf 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 traditidrdepthaveraged modelg.he sediment &msport model

is capable of nomniform sediment sizes as suspendeatlland bed load sediment. A
nontequilibrium bed load transport method is adopt€de 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 fatsorption, desorption,
volatilization, etc. The GUI developed for the project nwikesasy to set parameters,

spill contaminants, conduct simulation and visualize solutibhe.computational code is
developed based on the Fortranl@guageThe new pogram fully takes the advantages

of dynamic array allocation capabilignd module programming capability add new
functionalities

To facilitate computations of chemicaiks, a chemical property ddiase is necessary

to provide information of the stlied chemicals and their ratef fate, adsorption,
desorption, et¢in natural water environmentSince the computational tool is developed

for emergency management, a database for indicating past chemical spill inisiddsds
developed. Data haveebn downloaded from US government agencies suttaagnal
Response Center (NRC), Department of Health and Human Services, arkhistc.
datdbase helpemergency managementknow what had happened in the pastl could

be used to draw information to pent future accident§ o demonstrate the usefulness of

the modeling system, hypothetical chemical simulatiases were carried out in one
water infrastructure, Ross B@ett Reservoir, Mississippi. The simulations applied
realistic hydrology, topographi@and meteorological conditions and two assumed
chemical spill incidents: one is froamupstream industry factly with a chemical storage

leak; the other isa direct spill irto the lake due to a traffic accideMultiple simulation

cases allow one to awyak how the spilled chemicals moveés the reservoir, when the
contamination will arrive to a specified areend if and how much the contaminated

waterthreatengpublic health and aquatic environment.
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Examples of numerical simulations with the step digp instructions and detailed
procedures to run the model aAMCECHESERRE N i n
TR-200801, Zhang, 2008aand Quick Start GuidgNCCHESERRITR-200802,

Zhang, 2008h)whicharepublished separately.

This projecthas been developed under the supervision of Dr. Sam S.Y. Wang, the
director of NCCHE. Dr. Yafei Jia planned, directednd supervised the actual
development of the projeddr. Weiming Wu contributed to the mathematical model of
the sediment transport mdd®r. Xiaobo Chao andr. Tingting Zhu developed the
water quality and chemical spill, transport and fate mod®lsYaoxin Zhangleveloped

the integrated GUI and impred the mesh generator. Dr. Apladana, Professor of the
Department of Chemical Engering, provided positive input to the modeling of the
chemical transport processeResearch assistant, Mr. Mohamed Frihi, and Mr.

HammouriMunther, helpedto develop the data base and related interfaces.
This report is the product of the NCCHE, the \nmsity of Mississippi; the project is

supported by UiBattelle, LLC, &ting under contract DAC05000R22725, 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 afeshallow watemproblems, the effect of vertical
motions is usually fo insignificant magnitude. Bpth integrated twadimensional
equations are gemnally accepted for studyingpen channel hydraulics with reasonable
accuracy and efficiency. The momentum equations forheiaptgrated twedimensimal

turbulent flows in a Cartesian coordinate systemEayeation Section 2

w+u_” .pv_w :g—h Hl% % 0 -t v (2.1
o ox o yn o xphe xopoy h

M owo oyn o oyphe x poy rh

where u and v are deptkintegrated velocity components iR and y directions,

respectively;t is the time;qg is the gravitational acteration; #is the water surface

elevation; r is the density of waterhis the local water depthf.,, is the Coriolis

parametert, , t,, t,, andz  are depth integrated Reynolds stresses;fgrahd?

xx 1 yx
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 depdigraed continuity

equation:

%+Lh AL 2.3)
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Assuming the bed elevatiorg ,would not change in the flow simulation process:
nz/ 0, the continuity equation is then simplified to

Wi, uh  vbo 2.4)
o om M

wherep is the free surface elevatioh,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-timensional model€Dne may

note in cases when the bed elevattbianges fast due to aion or deposition, equation

(2.3) should be applied.

The turbulence Reynolds stresses in equatipd} and(2.2) are approximated according
totheBous nesqgds assumpt i dothembirarate of theesfraingofhe r el a

depthaveraged flow field with a coefficient of eddy viscosity:

SERTTRE (T (25)
t, =20, M (2.6)
X
_ 8 M
t.,=V +— 2.7)
Sy m
o Y
l‘yy—ZVtw (2.8)
_, 8 M
t, =V +— (2.9
GRS TR

It is well knownthat 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 arai&able in the current model. First, the

eddy viscosity coefficient, is calculated using the depittitegrated parabolic eddy

viscosity formula
v, = A,Ckuh (2.10
where

C.=fjuL - ) % 2.11)

u* isshearvelocityki s t he von Kar ma nlasshe celativesdepghrot ( 0 . ¢
the flow. A is a coefficient to adjust the value of the eddy viscosity. Its default value is

setto 1 and it can be adjusted by users from 1~10.
In addition to this approach, the degtiiegrated mixing length eddy viscosity model is

also available:

2 ° 2. o 2., o 2 — 2.
2 8w B . AM0 1 vpd®UGQ
V. = 2 5 Pae— 8 —+ &+ O (2.12
t Jc;&gcb‘g*h@“g*Z*
where
- 1. & z B 1,
|:Erf(z%—h(8z #h ydv 01267 t (2.13)
(!‘ -

The depth integrated velocity gradient along vertical coordirlf\gteis introduced to
pz

account for the effect of turbulence generated from the bed surface. The eddy viscosity
defined by equatio(2.13) would be zero in the urafm 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 gradiehosld be
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U_u
ME = (2.14)

The equation2.14) is integrated vertically to obtaia depthaveraged vertical gradient,

which is represented by

W _1_ W u »1 u
W _1 W, u u 21
g T T2 S (213

whereU is total velocity,u. is the total shear velocity ar@, is a coefficient. Instead of
directly calculatingC,,, this coefficient is assigned in such a way that equggd®)

shall recover equatiog2.10) in the absence of all the horizontal velocity gradients
(uniform flow). Thus, the assigned value is 2.34375.

Another important problem

regarding both  mixing .
. Wa” | =kh (1 - )l -
length model and parabolic | =0.26h

model is the wall effect. g=2

Very close to the wall, the ¥ >
d=d, 9.324%h

distance tahe wall should
be used as the length scale

instead of that to the bed. =kuhdl - )
| wall | v =4Auhd -) v, =ku 16
Otherwise, the depth g=9
h
integrated coefficients for

the eddy viscosity would .

be too large when the d=d, #.21h

interior nodes are close tr
the wall. In this CCHE2D Figure2.1 Calculation of eddy viscosity near the vertiglll

model| the normal distance fromreode to the wall d,) is used to calculate the mixing
length in the regiord, /h<0.324E. It is also used to calculate the parabolic profile in the
ranged,/h<0.21. The numbes0.3245 and 0.21 are thelative distances where mixing

length and the paraboliagfile are equal to their deptiveraged values, respectively.
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This approach avoids the prediction of very large eddy viscosity near thd-igalie2.1

illustrates this methodology.

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

Flow

In addition to the two zerequation closure models, the tgquation turbulence closure
model, k-e model fa depthintegrated flows haslso been included as an optitor
applications when the accuracy of turbulence closure is critical (Rodi, 1979).

Mgk e ko ok p“ﬁe P, (2.16)
MK VM XB X HY SHY

)
where
P= 4y,
=v2(5)? eFyp F _HH (219
X M WX g
ro=cY R <X (219
and

U =Jc (@ +), G :\/i= ﬁ%f (220

and ¢,70.09, s=1.0, s&1.3, ¢ 71.44, ¢31.92. The eddy viscosity coefficient is

computed by the solution &emodel

—c X (2.21)
e
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The termPyxy and Po, were added to the twdimensional 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 theldbesintwo
alternatives are adopted in the current model. The first is using the-idegghated

logarithmic law:

é ~
U_1%% 4 pgh ¢ 2.22)
u zgh cC% =
where
U=yu* #° (2.23

The velocity components, andv are the previous numerical results of the tstepping

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

conditions of hydraulic smooth, rough and transition:

z =0.117 uk/v es (2.24)
U.

z,=0.0333 uk/va2r( (2.25

z, :0.1% 40.033% 5uk/v % (2.26)

k, is the roughness height of the bed surfaceramglthe kinematic viscosity of the fluid.
Sinceu, is implicit, equation(2.22) is solved iteratively. It can be seen that the Darcy
Weisbach coefficientf, can be conveniently obtained after the calculavbru, (van

Rijn, 1993):
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° -Q5 ° ~
%;_c S =3 +2.5In§eLL7h g S cry)
o Q5 2 A
(0]

2§ =0 2zt § CLO (YL
¢8 = cKs + v

& 5
af. §° & 0 K,
ale 0 -6 2.5 6 5 25 % (229
¢8 = & +337 0 v

& w2

The shear stress components are finally obtained:

t, == fuU (2.30)
8
1

ty =3 AWV 2.31)

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

is to utilize the Manningds coefficient.
tbxzil gn“uu (2.32
h3
1 -
t,,=— gnvu (2.33)
h3
and the shear velocity is conveniently computed by:
we=t 2 t2 4, (2.34)

r r

The Manni ng s aalecbristant whech tloes not change with the flow

condition and thecalculation needs no iterationje second appach is thus more
efficient than the first. For practical applicationghe second method is recommended
because it is easier to lump the effects of bed form, channel geometry, sediment size and
vegetation, et¢. into this coefficient. However, for detailed near field
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simulation/verication with experimental data, the first approach is physically sound and
thus worth adopting itheroughness parameter is available.

It is important that when loose bed and bank are considered (with or without sediment in
motion), the roughness heigkf a n d  Ma nnnusen god ealculating 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 Stricklerés formul a:

n= A (2.35)

The value of parameteX is in the neighborhood of 20 depending on the sediment size,
bedform, vegetationandchannel morphology.

2.5Wind 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 asee@xyre

f= CU wind\ U %vind -stind (2.36)
twy = éCdeind\] U?Nind -'stind (237)

where fx andfyy = wind shear stressaa x and y directions, respectively;, = air

density; the drag coefficier@, =1.03 10°%; Uying andVying = Wind velocity components

in x and y directions, respectively.

To analyze the velocity distribution of turbulent widdven flows, the eddy viscosity

has to be specified. Aumber of experimental results show that the velocity profile of a
wind-driven countercurrent flow can be approximated by a delgl@rithmic
distribution (Baines and Knapp 1965, Tsuruya et al 1985, Tsanis 1989, Cioffi et al 2005).
Assuming the doublogarithmic law for the velocity profile, after some simplification, a

parabolic vertical distribution eddy viscosity was obtained (Tsanis 1989):
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n,=( L JH)z ¥z)(H z & (2.38)

in whichn,= kinematic eddy viscosityy..= surface shear velocity,;= eddy viscosity

parameter to characterize the intensityhe turbulenceH=water depthz=distance from
bottom; zs andz, =characteristic lengths determined at surfaseH) and bottom £=0),
respectively. To use this formula, three paramdters andz have to be specified. Some
experimental data and nunwal tests (Van Dorn 1953, Reid 1957, Baines and Knapp
1965, Tsanis 1989, Cioffi et al 2005) show tltand 2z are in the order of
(10°®*~10*)H , andl varies from 0.2 to 0.5.

CCHE2D model is a depthiveraged model. In order to take into account the effect of
wind driven force on the flow currents in this model, a dgmbraged eddy viscosity is
obtained by integratingquation(2.38) along the z direction:

— H / H
nwzéﬁ iz —H“*; “fg B(H z 2+d (2.39)

In CCHE2D model, the parametegs z; and| were taken as 0.00022 0.00014 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 parameteguation

(2.39) and simplifying, the depthveraged eddy viscosity can be obtained

n, =0.03341 H (2.40)

The surface shear velocity can be calculated by

° 05
T (240
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Figure2.2 Normalized vertical velocity profile

2.6 Numerical Scheme

The finite elemenh method used in CCHE2D is callebe Efficient Element Method
which was initiated by Wang and Hu (1992he ollocation approach of the finite
element method is adopted to discretize the mathematicali@ysgstem. This method

was fundamentally modifid 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 outlineere;more details can be found in the above
publications and NCCH&echnical report, NCCHHR-200%1 (Jia and Wang, 2001).
CCHE2D is a finite element modeThe governing equations are solved in physical
space. Transformations are performed to obtain differential operators in physical space
The differential equations @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 elemeengaging 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 aay similar to those for the nireode quadrilateral
elements. The difference is to compute the transformation scale using the four node
bilinear el ement. Because the derivatives
matter if the central nods located at the geometric center of the physical space.

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

can avoid overlapping of the integration area. The velocity vectors at the cell boundary
lines areinterpolated from the element points. Because the solution of the continuity
equation is deoupled 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 colocatignid is used only for the monentum equations,
and the presure field (free surface elevation) is computated on the staggered grid. This
partially staggered arangement takes the advardhthe simplicity of colocatiogrid for
computing velocity and that of the staggered grid to eliminate oscillafiba. fully
staggered grid would require too much cangpional effort to calculate lecity
components withhefinite element method.

The system of algebriac equations for the momentomations(2.1), (2.2) and
continuity equation(2.3) is solved with the velocity correction method. This method is
widely appli@l in finite volume method for multidimensional CRi@mputations. The
CCHE2D model adoptdhe concept of the velocity correction meth@ehdthe conthuity
equation is seled with aunique procdure specially developed fdwo-dimensional
models byan implicit time march methodTo solve the finite element equation system
efficiently, t heed§@erngeraddsPeric da9t)is appliedso salve o p t
all the inear equations of the model.

The solution for th&k-emodel, mass transport equations for water quality and chemical

contaminationis straight forwardecause these equations are linear and they arelsolve
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following the same procedure as the momentgumagons. The source terms of the

model are very stiffandsome of them artreated implicitly whenevexossible.

Because the convective operators are related to the distribution of the transported
variables (in this case, the velocity componemise and suspended sediment and
pollutant concentratiorg), two sets of convective operators are computed for tbaiid

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 Lagmegators

are functions of mesh geometryhich are computed at the initial agje. It is now
generally agreethat in order to avoid node to node oscillation in the numerical solution
the convective terms in equat®f?.1) and(2.2) need to be computed in the way that the
upstream information of the flow are emplmd 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 channal 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 modbalsed on the Efficient Element
Method hasthe builtin capbility to handlethese highly complex and dynamic flow
problems with moving boundary conditions. Usually the comaonal domain extends
outwardfrom the edges of the river flow at an average stage to both banks and islands to
cover additional areas, which may stoe wette
Obviously, the governing equations are only solved for the wet nodes. The important
problem of this methd is to decide the water edge afatms the instantaneous
computational boundary. This boundary has to move with the water level. Near the water
edge, the elements may be partially wet. A criteribhl >0, is used to divide these two

types of nodes:
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A node is considered dry fi¢ z + HD
A node is considered wetfi> z + HD

For a dry node, the water surface elevation is allowed below the bed elevation. The value
of DH used in the past are in the range0dd2m ~ 0.0%n providing good results. Users

can adjust this value to optimize theirlidmon 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 allaygsto 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 readilen dry elements are more thé@% 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 advisie that bed form should be reasonably smooth in

the wet area whem 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 appach is found to have acceptable accuracy, because the total area
covered by this type of elements (pdlyiadry) is very small comparedo the
computational domajrand the water is very shallow. The effects on the conservation of

mass and momentum arenegligible significance.

2.8Boundary and Initial Conditions

The hydrodynamic model usesetiessential boundary conditionselgcity vectors are
specified along inlet(s), outlet(s) and wall boundaries and water surface elevation are
needed to be specifiedoag the computaticad domain. Three boundary typesiet,

outlet and solid walls are of the most importance, and they are discussed separately.
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2.8.1Inlet 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, at each node across the inlet cross

section, or the total discharg®, which is distributed automatically in thelét sections
as unit dischargeln both cases, the unit dischargethen converted to the velocity

components along the cressction.

Case a: Prescribed specific dischargg

The magnitude of velocity along the cross section is calculated by

=9 2.42
u h (242

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

the distribution ofg, can be very flexible.

Case b: Specifying total discharge Q

The total discharge is distributed along the section according to the local conveyance

h5/3
Q=K - (2.43)

whereK is a constant to be determined amd s t he Manni ngdés coeff

total discharge satisfies:

h5/3 @ h5/3
Q=fpds =K —f ds °K§ — S (2.44)
A R 1
thereforeK can be determined:
a—Ds
i N
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The specific dischargg, is thus calculated by equati@@.43). In cases when the user

gives the roughness height, the StricklIler

coefficient, as:

_k°
n== (2.46)

A is the empirical parameter in the rangf 18~24. If needed one coudtljust the

distributions ofg, by changing that afi in an inlet section.

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

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

Figure2.3 Definition of velocity angle at inlet section
In this figure, G is the curved inlet sectiom® is the angle between the velocity vector

and the unit vector normal to the inlet.is zero if rand i are parallel. It is positive if
from I to 0Tis counterclockwise; it is negative if fronT to 0 is clockwise. Thea 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

|a| ¢ 45 (2.47)
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One should be aware thator a given dischargethe net inflow discharge would be

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

Case d: Prescribing a hydrographQ(t)

When unsteady flow is studied, the discharge at the inlet is a function ofQift)eln
this case the total dischar@t) is substituted into equatiof2.44) to replaceQ, and the
velocities obtained according to equatid@13) and (2.42) are calculated as the time
dependent upstream boundary conditidndigitized hydrograph (irregulamulti-peak
floods) allows users to input any data set of the form:

ty Q:
to Q.
t; Q
tn Qn

where:Q; is the total discharge data at titndt 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:

Ky (2.49)

2
-
That is to say the water surface slope normal to the inlet section is constant.

2.8.20utlet Boundary

Case a: Constant water surface elevation
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For all applications seekingteady state solutions, the water surface almvationg the
outlet section isisually set to be a constant value across the section, that is

h =constan.

Case b: Water surface elevation hydrograph

When unsteady flow (flood propagation) ssmulated, 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 m

t ho
t| h|
th hn

where: 7 is the water surface elevation at timelt 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 elevatioiflow discharge rating cave

When unsteady flow (flood progation) is simulated, and the dostream wadr surface
variation hydrograph is unknown, one may need the local disckarégre elevation

rating curve as the downstreamubdary conditionEven 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 surfagevation and flow discharge to establish a relation

which will be used as the outlet boundary condition:
Q. M

Q. hs
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where:/; is the water surface elevation at tiQe It can be seen that this relation is #or

local chamel; 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-sexsi®n is constd 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 sandirection as that of its adjacent inner node; and simijlénby fluid

flux controlled by this node is the same as that of its adjacent interior Riguee 2.4
demonstrates these boundary conditions.

Let U_. andU be the magnitude of the velocity vectors mbatlet node and its adjacent

out
interior node, respectively, and acdioig to the flux condition, one can find easily:
hd,sin b

out h,.dsin & (249

whereh and h,,, 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:

u
Uyt = UoutU (250)
\Y
vo=u Y 251
out out ( )

Alternatively, one may wish to specify the direction of velocity along the outlet section.

36



Attachment A

Cc

Sc

Figure2.4 Definition for calculating boundary velocity at outlet section.

2.8.3Solid Wall Boundary

Wall boundary condition is one of thenost important boundary conditions in
computational fluid dynamics, which determines how the fluid interacts with the wall and
the resistance of the wall exerted on thadfl Velocity components osolid walls can
normally be assigned in different ways to representsiipn partial slip andotal slip
boundary conditions. In the current version, the wall velocity boundary conditions are

specified explicitlyandthey are updated between time steps.
2.8.3.1Slipness Determined Boundary Velocity

In many situations, especially when naluiver flows are concerned, the mesh size used
in computationss relatively large, and the velocity netlre boundary (wall or bank) is

not certain. The velocity on the wall can be determined by an empirical parameter:
slipness which empirically determmehe velocity on the boundary depending on the
internal velocity adjacent to the boundary. This parameter can determine for thigpnon

partial slip and total slip boundary conditions simply by

l'LlJWa” = Ca qﬁr 0 G X (252
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wherelﬁiva” is the slip velocity on the wallC

'wal

, Is a coefficient to adjust gihess, and

ﬁiﬂner is the velocity component parallel to the boundary at the adjacent inner node. This
component is calculated by:

uilrlmer = H’l @:r-?er (253)
and

uL\]/:rvall = l"lriner d (254)

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

can be controlled by simply changing this coeffici€yy, .

2.8.3.2Law of the Wall

Besides theslipness adjustment approach, the logarithmic law of the wall can also be
used to provide more accurate wall effect simulations, although this approachsequire
fine grid in the near wall region. The method to enforce the boundary condition is to
specify he 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

I (2.55)

du_u (2.56)
dy ky

d?u u,
au_ U 25
g Y. (2.57)

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

distance from the wall and numerically we haxdy= y and dy’ = y*.
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U*

ky
u

U,
— du_
dy
dy U /
——
T d? U,
Us dy’ Ay’

dy

Figure2.5 Calculation of velocity on the wall that satisfies the law of the wa

According to the finite difference operators:

du 1
ke B -u 2.58
dy 2Dy(uz ) ( )

d’u_ 1

V_W(uz 20, ) (259

the above derivatives become (in case of equal spacing grid as shiei\gare.5

1 U
du== - = 2.60
SO (260
u.
du=(y 2y &) = (2.61)
Solving u, with these two difference equations (eliminatg we have
u=y % (2.62)

2 k

where: u, is the slip velocity magnitude on the solid wall, andis the parallel
component of velocity ay = dy equivalent toﬁi‘:’mer in equation(2.53). This boundary

condition makes equatiq2.55) satisfied for the near wall region, is obtained solving
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equation(2.55) iteratively. It should be noted that log law has to be applied close to the
wall, in the region30¢ y* =u y/v 80C(Nezu and Rodi, 1986). Otherwise, the induced

velocity on the wall would only mean some slipness without solid physical justification.
2.8.3.3Water Surface Elevation

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

W _ (2.63)
vy

Physically, the condition may be interpreted as no pressuresgtadiormal to the wall.

This version of CCHE2D solgefree surface correction termg;is therefore not

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

The velocity components along the bod ar i e s d o ntior; thencereedionc or r e (
along the boundaries are assigned to be zero in the iteration process.

=0 (2.64)

h I|boundaries

2.8.4Boundary Condition for k-eModel

The k-emodel solves transport equations, inlet, outded wall boundary conditions are
all needed. The depihtegrated formulas for estatting turbulent velocities by Nezu and

Nakagawa (1993are used to compute the turbulence energy:

k:%(ui2 w2 w?) (2.65)

Ui~ 2 30exp(”

U,

Vi =1.63exp(V) (2.66)
U.

Wi—1.27exp(V"

u*

Equation(2.66) was developed and validated for uniform flow in open channel flow
without the wall effect. The turbulent velocities in equat{@®66) are timeaveraged
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guantities and those in equatith65) are depthaveraged valuessis the réative depth

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

v, = %ku h (2.67)

The evalue for the inlet boundary can then be calculated by using the definition of eddy
viscosity in equatiori2.21).

Therearedifferent ways to estimate the boundary valuek ahd e An alternative for

this boundary condition is to compugdy using the solution of theequationthe under
uniform flow condition:

e=PR, (2.69)

wherePyy is turbulence energy production due to bed shear, defined in eq(@&fidh

Thek value for the inlet boundary can then be calculated by using the definition of eddy
viscosity in equatiorf2.21).

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

K _

Hn (2.69)
pe _

pNn
Along the solid walls, the boundary values koand 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.

u?

k =

(2.70)

k|*c
<7 o

whereu- is the shear velocity angdis 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 eequations would start from the second node.
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2.8.5Initial Conditio ns

Initial values of the flow variables, v, and/ are 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 thienulation 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
stateof boundary conditions, the model caach to a steady state solution which may be
used later on as the initial condition when the boundary conditions are changed to
unsteady state or this solution is used just for another continuous run. Cold start can be
used whenever the user has dstabd a new simulation case. In most cades,cold

start is only needednce.

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 nedbsgary

the initial water surface must be higher than the bbethé 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 nevs g&¢ 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 measithat the model starts with an initial condititimat resulted from a
previous run and continues to simeldhe 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 exampaefldiv discharge in the simulated
channel and the boundary dischargethe same at the starting timesfaock will be

introduced again in the new run otherwise.

42



Attachment A

Chapter 3 Sediment Transport and Bed

Change Simulation

3.1 Introduction

Nonuniform sediment with up taen sediment se& gioups can be simulated by
CCHE2D. Non-equilibriumbed loadransportand the suspendegdiment 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 fenmimmm sediment
problems. Tk model is also designed to handle chasmméth steep slopes and ceds
channe$ withsecondary flow effects. The following shows the mathematic models of the

sediment transport model.

3.2Mathematical Model for Sediment Transport and
Bed Change

The depthintegrated convection diffusion for the suspended sediment is solved.

Equation Section (Next)

LS S M S 3.1
TR x[up_j( uy[ ﬁﬁ@ S

where c is the deptkintegrated sediment concentratiom;and v are flow velocity

components; and is the coefficient to convethe 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):

N
N

IOOQ

(3.2)

C\/C) Qi

_b
[

=0. oosﬁ,ﬁeﬂ

where £, is a nondimensional bed load transport  capacity,

bk = qb*k/lpDk (gS/g- 1)gdf]; O, IS the equilibrium transport rate of theh size class
of bed load per unit width (ffs); P, IS the bed material gradation;i s t he Manni n
roughness coefficient for channel bed, amids t he Manni ngds coef fi
to the grain roughnessj =dx?/20; ¢, is the bed shear stregs; is the critical shear
stress determined by, =0.039g, - 9)d,(p../P..)"°; P, and p,, are the hiding and
exposure probabilities for thek-th size class of bed material, defined as

= a ]_N:l By dj/(dk +dj) and p, =8 ]_N:l By dk/(dk +dj).
The governing equation for the nrequilibrium transport of neaniform sediment is

U(Actk) HQe 1 _
G Lo, q) @3

whereC,, is the crossectionaveraged sediment concentration of size dtasy, is the
actual sediment transport rate of size clgs®,., is the sediment transport capacity or

the secalled equilibrium transport rate of size cl&ss. is the adaptation length of non

equilibrium sediment transport; amy is the side inflow or outflow sediment discba

from bank boundaries or tributary streams per unit channel length. The first term on the
left-hand side okquation(3.3) accounts for sediment storagehile 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

bedmaterial load. Thereforequation(3.3) is applied to the bethaterial load, where the
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transport rateQ, is the sum of betbad and suspendddad transport rates. For wash

load, the adatation lengthL is assumed to be infinitely large and then the exchange
term in the lefthand side is zero. The bethterial load transport capacity can be written

as a general form
Qe = PG (34)
where p,, is the availability factor of sediment, which is defined as therbattrial

gradation in the mixing layer; an@®, is the potential bedhaterial load transport

capacity for size clads which can be determined with existing formulas.

The bed deformation due to size cliss determined with

1
(2- pi)% ‘T_(Qk Q) (3.5)
wherep' is the porosity of bed material; apd,, /1t is the bed deformation rate of size
classk.
deposition erosion
AN A
mixing ~ mixing
layer layer
Exchange e
2nd layer —— s betweei g —— 2nd layer
1st & 2nd
3rd layer ~— 3rd layer

Figure3.1 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 shbigara
3.1. The variation of bednaterial gradation at the mixing layer (surface layer) is

described as:
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AP _ By L -8 AL Al 3.6
pt M AT oo

where p,, is the percentage of theh size class of bed material at the mixing lay&y;

is the area of bethaterial mixing layer at a cross sectiqw, /Ht is the total bed
deformation rate, which is expressedpds/t :éls:l%k/w N is the total number of

size classesp,, is p,, WhenpA, /it - pA /it ¢ 0, and p;, is the percentage of theh

size class of bed material in subsurface layer (under the mixing layer) when
A, /it - pA /> 0.

More details of the numerical model and its verification, validation and field applications
canbefoundiNCCHEO®Gs t ec hni c-BR200:-2(Ww 2001). NCCHE

3.3Bed Form Change e 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 bottontlwé slope till the condition, théhe 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 si§pshould be less than or e to that

of the submerged repose andle

o 2., o 2,
_ Az 9 a pzo .
= 58— ¢ @y (3.7)
> \/Gi*_x 99 T

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

z="2 «( ¢ =% i 12,9 (3.8)
where
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z=-4z (3.9)

istheaverage bed elevation of an el ement,
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:

ézi = %1 lfld (3.10)
1 1
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Chapter 4 Chemical Fate and Transport

Simulation

4.1 Introduction

In the natural environment,hemicalsgenerally exist in four phasedissolved in water
column, dissolved in porous watedsorben suspended sediment aadksorbedn bed
sediment Chemical fate and transpartodeling in the current version of the integrated
CCHE2D modelsolvesthe total chemical concentrat®both inthe water columnand

bed. The partition between the dissolved and particulate forms is basdue dinear
equilibrium sorption/desorption assption. Chemical decay processes are approximated
as firstorder reactionsand 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 wates,defined

as the unit mass of dissolved chemical in total volumihefvater column. Particulate
concentration in watet,, is the unit mass of chemical sorbed on the suspended sediment
in total volume otthewater column. Dissolved concentration in bgd,is defined as the

unit mass of dissolved chemical in total voluofethe bed. Particulate concentration in
bed,s,, is the unit mass of chemical sorbed on the bed sedim#rgtotal volume othe

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

Porositycorrected dissolved ogentration in beds,', is the unit mass of dissolved
chemical in volume of porous waté&quation Section (Next)
S,'=s// (4.2)
in which:
f porosity of bed
Similarly, there is aorosity-corrected dissolved concentration in watgr,

Ci' =G l7, (4.2)

in which:

f porosity of water column

w
Normally, the porosity of water column is about 1, which makes
c,'° ¢, (4.3

The particle concentration can be written in another way:

C,=r m (4.9
in which:
r sedimerdbased particulate chemical concentration in water,
unit mass of sorbed chemical per mass of suspended sediment
m suspended sediment concentration,

unit mass of suspended sedimentyadume of water column
Similarly, particulate concentration in bed can be written as:
S, = I, *m, (4.5
in which:
ry sedimentbased particulate chemical concentration in bed,

unit mass of sorbed chemical per mass of bed sediment

m,  bed sediment ewentration, unit mass of sediment per volume of bed, i.e.

bed dry density

49



Attachment A

It is obvious that the total concentration in each medium is the summation of dissolved
concentration and particulate concentration. Chemical concentratiorsclnok four

phass 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 mrticulate phases sa@t on sediments also can be exchanged in the
deposition and erosion processes of cohesive sedimémsinteractions among those

four phases are shown kiigure4.1.

Input —»| Dissolved Sorption Particulate «—Input
chemical > chemical on
Decay «— inwater suspended —Decay
Desorption sediments
A A
Diffusion Settling Resuspensio
A 4 A 4
i rption i
DESC"YG? Sorptio Particulate »Decay
Decaye— chemica » chemical on bed
IN POrouUS | sediments
water Desorption
l Net Sedimentatior l

Figure4.1 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 ahemic
propertiesand concentration level$n the current version othe CCHE2D chemical

model, it is assumed thdtd dissolved and pieculate chemical areifn | o c a | equilib
and the sorptiomesorption kinetic is linear sorptiphence reversible. Based on those

assumptions, a partition coefficier{,, , can be obtained as follows:
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= (4.6)

in which:

Ks sorption rate

Kg desorption rate
The linear equilibrium sorptiedesorption kinetic holds true for a lot of chemicals. This
results in a constant partition coefficient and fi@asi for dissolved and particulate to the

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

f= 47)
T 1+ Kom
f = e (4.8)
PY 1+ Kom
J
f, = 49
d,s / + Kp /é ( )
= Rela (4.10)
C K g
in which:
f,,, fraction of dissolved chemical in water column
f, fraction of particulate chemical imater column

f, fraction of dissolved chemical in bed

f fraction of particulate chemical in bed

The relationships for connecting total concentration and concentration in dissolved or

particulate phase adefined as follows:

Ca = fauCr (4.11)
c, = f,.Cr (4.12)
S = s (4.13



Attachment A

s, = f .5 (4.14)

p

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 désolved form;4) biodegradationand 5) changing in form due to

chemical reactions, which is chemical specific.

The formulation fothev ol at i |l i zati on pHf oct¢ends tihe ob gs € dVvh
1923). Photolysis, hydrolysis, and biodegradation are approximatetirsa®rder

reactions. Due to the lackf understanding of the chemical mechanisms and the
complexity of the natural water bodies, thosedrst der decay rate ficon:
were measured on site. Chemicals may react with other chemicals in th@metange

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

4.3.1Volatilization

The exchange between the dissolved chemical in the water column and air to reach the
equilibrium state is call daw, theodti@abetivdemtheat i o n
chemical dissolved concentration in the water column and chemical atmospheric partial
pressure tends to reach the equilibrium va
represented as follows:

_Kv Cg f 4.1
S/_E(H_e'dcr) (4.15)

in which:
Sy mass exchange rate across thengiter interface [M [ T
D water dept [L];

K overall volatilization transfer coefficient [L;

Cy atmospheric chemical concentration [M]L

He Henryds constant, dimensionl ess;
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Basal on the two layer resistance model (Whitman, 1923), chemicals transfergtmrou
two thin films: liquid phase and gas phase. The overall volatilization transfer coefficient

is determined as:

1 1
= = 4.16
" R+R 1, 1 (419

K H

L KG T

RT,

in which:
K, liquid phase transfer coefficient
Ks  0gas phase transfer coefficient
H; Henryds constd8nt at temperature
R universal gas constant, 8.20&Eatm ni/(mol K)

Ty temperature in Kelvin

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

_1 _[/Dyu
KL—E —,/ D (4.17)

u velocity magnitude (m/s)

in which:

D chemical diffusivity in watefm?®/sec)

w

4.3.2Photolysis

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 appeakimat

usingthefirst-order decay mechanism:

Sh= K AKy,, Kgc (4.18

in which:

S.,, chemical photolysis rate [MET;
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K., overall photolysis rate coefficient [T

Kgp ~ direct photolysis rate coefficient fT:

Ksp  sensitized indirect photolysis rate coefficient]T

4.3.3Hydrolysis

Chemicals may reacwith 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:

S chemical hydrolysis rate [MET;

Kn neutral hydrolysis rate coefficient fT:

Ko  acid catalyzed hydrolysis rate constant [rffole"];

K,  base catalyzed hydrolysis rate constant [Malé];

[H'] molar concentration of hydrogen ions;

[OH'] molar concentration of hydroxide ions
The values of hydrolysis rate constants suead at the laboratory for many chemicals
can be found irhandbooks (Howard et al., 199Mackay 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 measuredhia lab.

4.3.4Biodegradation

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:
S  chemical biodegradation rate [MPIT™];

Kg overall degradation raonstant [T]
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