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|. Introduction

Background Information

This is theFinal Reporbf the Research Project entitted i Comput ati onal Tool
Securityo, Basic Ordering Agreement 420000C¢C
funded through the Southeast Regional Research Initiative (SERRI), managed by Oak

Ridge National Laboratory (ORNL), and operated by-RBHttelle, LLC. Initially, the

Agreement period was from 25 February, 2007, to 24 February, 2008, which was later
extended by no cost increase extension amendments to 31 January, 2009.

Objective

The objectiveof this research project is to develop the technologiesle® by the US

Depart ment of Homel and Security t o provid
infrastructures in general, and more specifically, to prevent, prepare for, and recover from
disastous chemical spill incidentsmur nati onés wvegsteast i nfrastruc
Approach

Due to the strong foundation in water resources modetimg National Center for
Computational Hydroscience and Engineering (NCCHE) at the University of Mississippi
(UM) was funded by the Southeast Region Research Initiative (SERRIpethby Oak
Ridge National Laboratory (ORNL) and sponsored by the Department of Homeland
Security, to develop the technology base, which can be utilizédethomeland security

and emergency management professionals to prevent, prepam@ndorecover frm
disastrous toxic chemical spill incidents caused by natural and/or willful acts.

To achieve this objective, one needs to collect and/or generate a huge amount of
information and data first. For example, the information and dfataater resources,
guality of water and water infrastructures; chemicals, storage facilities and transportation
over a watershed; data on hydrological, hydraulic, topographic, weather, etc., of the
wateshed. To learn how spilled chemicals apreadin the flowing wates, well and
quickly, one has to use mathematical anchputationaimodeling methodologies, which
require the solution of a large number of nonlinear partial differential equations to
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simulate the turbulent flow and contaminant transport including the numerousgbhys
biochemical processes, chemical reactions and fate kinetics during the transport of
contaminants. In addition, the natural domains of studies are highly irregular.
Computational modeling technology has to be applied to this research to perfoge a la
number of simulations to enhance our understanding of the basic characteristics and
predict the outcome of the complex responses to both the chemical spill incidents and
possiblemanagement/mitigation decisions.

Brief Summary

In this Final Report, onlya brief summary of the researchapproaches and
accomplishmentss given as a kind of executive briefing of the project. Technical details
are comprehensively documented in fivechnical Reportas Attachments to this Report.

They are as follows:
Attachnment A: Development of WKESSM, a Chemical Spill Simulation Model
Technical Report No. NCCHEERRITR-200901
Attachment B Quick Start Guide for Flow and Chemical Spill Simulation Model
Technical Rport No. NCCHESERRITR-200902

AttachmentC: Development and Application of NCCHE Chemical Property
Databas€dCHEMBASE)

Technical Report No. NCCHEERRITR-2009-03
Attachment D Development of NCCHE Chemical Spill Incident Database

TechnicalReport No. NCCHESERRITR-2009-04

TechnologicalGaps

A comprehensive survey of the current state of the had revealed thatmost
computationaimodels developed fasimulating chemical spillare still based on either
lumped paranters, onedimensional or quasi twdimensional approachebor a few

more sophisticated modelsaving beerdeveloped, there are two major limitations which
prevent the wide application. One limitation is that they are too chespeaific or site

spedfic to be widely applied to othetinds of chemicalspill incidents. Secorg, some

other modelsdo not have thélow model and sediment transport modigiegrated In

either case, a substantial effort has to be devoted in the applications of these models to
the management of chemical spill incidefitse technological base fordistating the

2
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development omore general and integratetbdels at high levels of sophistications and
computing efficiency is in urgent needlhe objective of this project is to close these
serious technological gaps.

Professionals in the field of comptitmal model development have the experience that
the time required to develop an advanesdl comprehensivenodeling technology in

flow and transport phenomena modeling is very long and can be in the order of ten years.
This is because of the fact thaey need to solve a large set of complex and nonlinear,
multi-dimensional partial differential equations in highly irregular natural desnaimd

the hydrodynamic phenomena of free surface 8@ane highly unstable. Fortunately, the
scientists at the NCCOH have started to develop the mudimensional, unsteady,
turbulent, and fresurface flow models and their advanced technological base more than
20 years ago. A large number of 1D, 2D, and 3D unsteady free surface flow, sediment
transport and water qul models have been not only developed, verified and validated,
but also continuously upgraded by adopting the latest reported science and technological
findings. By modifying these models for application to homeland security and
emergency management dfiemical spill incidents in water infrastructures, rather than

by developing them from scratchgeeat deal of time can be saved

Technical gapin the databaskave beeriscussed in Gipter V, Development of WIS
IDB, which are not repeated here.

Tasks Ranned:

1 Task 1: Development of the advanced technology including the -sfetiee-art
computational tools for modeling chemical spill in water infrastructures.

1 Task 2: Development of the technological base for establishing knowledge,
information and databases, whichcan not only support theexecution of
simulation mode but also supply reference information to the emergency
management personnel to make quick initial decisions without running the
simulation models during an emergency event.

1 Task 3: Transfe the Technology to local, state and federal homeland security
and emergency management institutions and private water infrastructural
operations. In addition, transfer the new findings to scientific and engineering
professionals as well as to the genexailic.

Brief Description of Tasks

In Task 1, one group is to modignd integratehe flow, transport and water quality
models which have been already developed for other water resources and water
infrastructural purposes to the ones for simulating tmemical spill related problems
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efficiently. The other group is to develop new technologies needed in the new models but
not in the developed models. Since most of the models developed by the scientists at
NCCHE have been verified to be mathematically eciriand validated to be capable of
representing not only basic physical flow and transport mechanisms, but also capable of
solving the real life problems realistically at application sites in the cases having been
calibrated and validated, it is expectdu tmodification process can be completed in
much less time than that needed to develop new models. The new modules for providing
additional modeling capabilities can be added into the modified models as soon as they
are developed and tested satisfactorily

In Task 2, onesubtaskis to collect the existing data from all available sources, federal,
state and private institutions, to evaluate thguality, to delete large amounts of
information unnecessary for chemical spill incident management purposesto and
reformat them into a unified and easy to retrieve data structure ready to be included in the
databases. The othsubtaskis to develop a computer software system, which can be
used as much as possible to automatically acquire data from the avadabtes to

select the useful information and delete the useless information (filtering), to reformat
and assemble the data in a new database for quick retrieval when needed in the
management of an emergency situatibine two suktasks were conducted innadlel to

speed up the progress. When the software engineering work was completed, the task is
carried out automatically by computer as much as possible.

More specific descriptions are included in Chapter V of this Report.

In Task 3, the newly developeccteologies shall be transferred to the professionals for
them to utilize and enhandeeir capabilities taespond to chemical spill emergendye

models developed are transferred to the homeland security, governmental and industrial
institutions for thai professionals to use in designing improved water infrastructural
systems which are less vulnerable to chemical spill disasters and/or easier to mitigate or
manage, should such disasters happen. The knowledge, information and databases are to
be transfared to security and management officials, to provide them with comprehensive
knowledge and information as referené@s making quickdecisions needed to manage
disastrous events.

Progresses and Difficulties of Research

The research has been carried osteyatically and efficiently. In less than 22 months,
most ofthe development tasks and subtasks have been completed. Due to, primarily, the
unavailable field data, especially the field measuremenigatdr flow and contaminant
concentrationin water irfrastructures during actual rei#e chemical spilispreading
incidents, aigorous and final validation test can not be carried out. We had submitted a
follow-on proposal to conduct such measurements at the-BRoestt Reservoir, an
important water infastructure supplying the drinking water to the City of Jackson, the
capital of the State of Mississippi, for carrying out this final validation test. If funded, we
could have validated the newly develop&dS-CSSM (Water Infrastructural System

4
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Chemical Spill Simulation Model) and released it for both governmental,
academic/research, and private institutions to use in designing nastinétures, and
renovatingexisting water infrastructures to make them less vulnerable and easier to
mitigate in case of chemical spill incident, as well as to make intelligent and well
informed decisions to manage emergencies. We fully understand the reason that with a
tightened budget, only the higher pitg projects can be supported

Model Validation Efforts

Eventhough we can not conduct a validation test for alfsachemical spill incident,

we have tried our best to validate the newly develop8-CSSM by using as much
available data as possible. In addition to validating the, fs@slimentand contaminant
transport models by a large number of laboratory and field data in separate cases, we also
validated our water quality and contaminant transport models by using the field data of
the Deep Hollow Lake (Mississippi) and Tualatin River (Oregon). These tiaatian

tests have been successful, which has demonsthatemlir WIS-CSSMmodel is capable

of providing realistic and accurate simulations of free surface flows, sediraasport,
morphodynamic processesontaminant transport in a lake and a rivéhwhe effectof
wind-driven circulation, and with chemical reactions and fate kinetics.

We encourage the interested institutions, including tho$eHS, FEMA, EPA, private,
and academic, to test use tWS-CSSMto simulate a redife chemical spillincident if
they have the data. We will be pleased to assist, if needed, to cathewmwalidation
tess. We firmly believe that th&VIS-CSSMshall pass the validation test without major
problemsThen, it can be officially released to the publicdommercialization.

Information and Data Base Technologies Developed

Technologies for constructing information and data bases have been developed and
demonstratedto be workable by constructinfpur sample data/information bases.
Namely:

1. The Chemical Pragrties Datahse

It contains the properties of the selected toxic chemicals, which can be easily
searched and exported input data to execute télIS-CSSMand other similar
models.

2. The Water Infrastructural Ddtase

The RossBarnett Reservoir was used as example to demonstrate that a set of
data including meteorological,bathymetri¢ hydraulic, water quality, etc., of a
watershed where the water infrastructure is located, can be constructed to provide
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input for simulating a chemical spill incident, tfoccurs at this reservoir. The
emergency management plan of other water infrastructures should inbkide
establishment of a database in it.

3. Chemical Spill Incident Information Base

It contains the outcomes dafecisions for managinghemical spill inailents
having recorded in the padt will serveas an important reference for the initial
responders and emergency managers at the early stage of such an incident

4, Predicted Outcome Knowledge Base

Due to the fact that the Chemical Spill Simulation Modgjuires a considerable

amount of time to run, it may not be possible for the emergency managers to run

the case during an incident management situation. Therefore, they may want to
predict the outcomes of several-foalter nai
chemical spill incident at a water infrastructure, and store the outcomes as
references in a mobile comput®ith a comprehensive set of outcomes predicted

from several alternative decisions for mitigating a chemical smident, the

decision makersan select a better decision. Since this knowledge base is of site

specific nature, the establishment of this knowledge base should be the
responsibility of the management of each particular water infrastructural system.

Other Related Research

For costeffectiveness, the Issues of Technology Transfer, Commercialization, etc., may
be better carried out after the technologies and models have been fully validated. But, by
the request of the project managing officials, several of these activities have yeh car
out, such as technical papers reporting new finditigg have been published in
professional journals, regional, national, and international conferdncaddition,short

course and workshops teaching potentisérshow to apply the new technol@g and
models developed to manage the chemical spill incidents have been offered at institutions
and conferences both in the states and overseas. Details are given in Chapter V of this
Report.

A Final Remark

The reader is reminded again that this FinapdReis intended to be an executive
summary of the mject, rather than repeat thetaieed technicaldescriptions Technical
basis, solution methodologies, computational model development afbgtprocessor
development, model validation tests, datailkledge base technologies, etc., are given in
the chapters to follow. More Hdepth details are provided in the more comprehensive
technical reports attached to this report as attachments.
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ll. Project Organization and Contact
Information

Project Team Members andOrganization

A NCCHE Members and Their Expertise:

Dr. Sam S.Y. Wang@ Model Verification & Validation

Dr. Yafei Jiai Model Development, Validation and Integration.

Dr. Weiming Wui Sediment Transport and EQystem Modeling

Dr. Xiaobo Chad Water Quality Modeling & Data Base

Dr. Yaoxin Zhang Pre/PostProcessing (GUI)

Dr. Tingting Zhui Chemical Process Modeling and Integration & DB
Mr. Paul Smithi Computing Hardware and Software Support

Ms. Janice Crow Administrative Support

Ms. Kathy McComb$ Project Coordination Support

A Partners from other departments of UM

Dr. Ajit Sadana (Chemical) Decontaminatiofechnology
Dr. Chris Mullen (Civil)i Technological Transfer

Mr. Mohamed Frihi (Compu. Scii) Database Software
Mr. Liang Huang (Compu. Sci) Data Collection

A External Partner and Collaborators

Dr. Mark Dortch (Simulation Branch Chi e
Environmental Lab)
i Water Quality and Contaminant Simulation

Dr. Steve Scott, Research Hydrauticgineer, CHL, ERDC
- Modeling Flow and Sediment Transport in Rivers

Dr. Carlos Alonso, Research Leader, and Dr. Robert Kuhnle,
Research Geologist, USBARS-National Sedimentation Laboratory
- Modeling Flow Around Structures in Open Channels

Dr. AndrewSimon, Research Geologist, and Dr. Roger Wells, Research
Scientist, USDAARS-National Sedimentation Laboratory
- Modeling Vegetation Effects on Flows and Transport in Streams

7



Final Report

Dr. Martin Locke, Research Leader, Dr. Douglas Shields, Research Hydraulic
Engineers, and Dr. Charles Cooper, Research Collaborator, UNSDA
National Sedimentation Laboratory
- Modeling Water Quality and Ecological Quality.
A Partners from other Countries
Dr. Weiping Cheng Contaminant Source Identification

Dr. Suiliang Huang Numerical Analysis

Organizational Responsibilities

A ThePr 0j ec tadd®.D.P. |
Dr. Sam S.Y. Wang, Ph.D., P.E., Fellow, ASCE
Frederick A.P. Barnard Distinguished Professor, and
Director, National Center for Computational Hydroscience argirteering

(Overall project planning and execution general, model verification and
validation research in particular)

A Research Leader

Dr. Yafei Jia, Ph.D.
Research Professor and Assistant Director for Basic Research, NCCHE

(Chemical Spill Simulaan Modeland data basédevelopment)
A Research Scientists:

Dr. Mustafa S. Altinakar, Ph.D.
Research Professor and Associate Director for Applied Research, NCCHE

(Information and Database Development)

Dr. Ajit Sadana
Professor of Department of Chenmli€angineering

(Decontamination Techniques)

Dr. Christopher Mullen, Ph.D.
Associate Professor of Civil Engineering

8
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(Technology Transfer Coordination)

Dr. Weiming Wu, Ph.D.
Research Associate Professor, NCCHE

(Transport Model Development & Applicatis, and Impact Assessment on
Ecology)

Dr. Yaoxin Zhang Ph.D.
Research Scientist, NCCHE

(Pre- and PostProcessor DevelopmentGUI and Grid Generatons

Dr. Xiaobo Chao, Ph.D.
Research Scientist, NCCHE

(Water Quality Modeling witiChemicalFate AnalysisDevelopment)
Dr. Tingting Zhu, Ph.D.
(Water Quality, Contaming Transport Modeling and Datalse)
A Project Support:
Mr. Paul Smithi Computing Hardware and Software Support

Ms. Janice Crow Administrative Support
Ms. Kathy McComb$ Project Coordination Support

Contact Information

A Dr. Sam S. Y. Wangwang@ncche.olemiss.edu (662) 9157788
National Center for Computational Hydroscience and Engineering
The University of Mississippi
102 Carier Hall
University, MS 38677
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lll. Developmentof WIS-CSSM

Task Objective

The Task 1 of this project is to develop a strong technological base for integrating Water
Infrastructural System Chemical Spill Simulation Models (MZISSM) for use by
homeland secugt and emergency management personnel to manage and mitigate
chemical spill/spreading incidents in water infrastructural systems (WIS). The model to
be integrated first is for scientific research purpose to enhance the understanding of the
behaviors of WISmpacted by a chemical spiths well as for engineering designs of new
and improved WIS in order to reduce the vulnerability and/or control damages caused by
potential incidents. After the model has been validated to be capable of simulating real
life WIS reliably, it can be simplified for predicting the outcomes of each of the
alternative management decisions. Dlgcomeof all alternative decisions can be used

to select the decisiowhich has the best outconer implementation to manage the
disastroushemical spill incident having occurred at a WIS.

Research Plan

If one would begin by developing an entire series of new models and integrate them into
the WISCSSM, it would take a long time, say at least 10 years, which would not be wise
nor necessarylhe better and cosfffective approach it modify a set of surface water
flow, sediment/contaminant trgport and water quality models bgddng new
capabilities and integratégheminto a WISCSSM system.

Scientists of NCCHEhave spent the past 20 year so to have such a series of models
developed, verified, and validated. This series of modelwdre used as building blocks
to construct or integrate into the WESSM The series of modeltogether with their
functionsare briefly introduced bela:

1 CCHE-FL: Capable of simulating steady, turbulent, free surfad®ws in
channel networks of a watershed or river basin (1D), in a long stream reach with
main channel, flood plains and some obstructions (2D); and in the vicinity of
water intake, outke around structures, etc. (3D).

10
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1 CCHEST: Capable of simulating pollutant and sediment transport (sediments are
major carriers of contaminants in water) in WIS. It can also simulate pollutant
and contaminant (particulate and/or solute) transport in Byl$eplacing some
physical coefficients in the governing differential equations (1D, 2D and 3D).

1 CCHEWQ: Capable of simulating the water quality affected by contaminant,
pollutant, and sediment with chemical/fmbemical reactiomnd decayrocesses
(1D, 2D, and 3D). It can al so be wused
short and longerm) on the ecology and environment.

Additionally, thedeveloped/NIS-CSSMneeds to be further integrated withth pre and
postprocessorin order to bea usetfriendly computational simulation software package
The NCCHE has the followingre- and postprocessorsleveloped as well:

1 CCHEGRID: For generating numerical grids (2D and 3D) for conducting
computational simulations. This ppeocessor has been contously upgraded
and applied to a variety of realorld applications with proven successes.

1 CCHEGUI: For making the WISCSSM easy to be used by the users. With this
GUI, a user carsimply fill in the blanks with input data, (GIS Hydrological,
Digital Elevations, physical and numerical parameters, contaminant properties,
boundary and initial conditions, etc.), and execute. The &4 controls the
data transfer during execution and output the results for scientific visualization
and display, etc.

CCHEGRID and CCHEGUI were integrated together artiktsimulation modules are
embedded in the newiynproved CCHE-GUI to form asoftware packagecalled WIS
CSSM. After validated byfield casesWIS-CSSM can be applied to study the general
behavior of chemicalpill to enhance our scientific understanding, as welbasmulate
thechemical spillin water infrastructure for makinganagement decisien

Modification and Enhancementof the Modules

A brief but careful descriptionf the keyfunctions, capabiligs, and the enhancemgnt

with newly developed capabilities of each module ofHS&-CSSM is given below. The
technical basics, modeling formulation, numerical solution techniques, verification,
validation and applications results have been comprehengleelymented in technical
reports as well as papers published in the professional journals and conferences (Jia and
Wang, 1999; Jia, et al.,, 2002). The detailed research findings from this project are
reported in a separate report, Attachment A.

CCHE-FL

CCHE-FL, the hydrodynamic model, isne of the most advanced modebpable of
simulating steady and unsteady surface water flows with wind effect. Both subcritical and

11
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supercritical flows, as well as transtical flows can belirectly simulated. Largescak

natural channel flows, small scale laboratory flume flows have been used to validate the
model 6s capability; t he r esul arandfstuctures he mali
are both realistic and satisfactory. The secondary flow effect on thiedmkdransport in

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 chanaet¢s been more reasonable

than those obtained by traditional deptreraged models.

Wind shearstressn t he wat e isone ofthe mast ingpartarft dricing forces
for flow circulationsand mixing phenomenia lake, reservoir, and coastal wat€&he
capability of simulatingvind shear stressedfect is a neveapabilityadded to CCHEFL.

CCHE-ST

Non-uniform sediment transport with up to ten sedimeng gibups can be simulated by
CCHEST. Non-equilibrium bed load transporand the suspendesedment transport

bed form changg and the influence of the secondary flow on the sediment motion in
curved channel are included. The model is also designed to handle channels with steep
slopes and curvetendwayg with secondary flow effects. Since seditseare major
carriers of contaminants, timewly improvedabsorptiondesorptionprocesses have been
added tahe WIS-CSSM.

CCHE-WQ

Water quality modeling has been adopted as aeftsttive research tool in large scale
surface watersWhen a chemical spii occurs, the watequality in a WIS is degradealy

the spreading of the chemicgpill which also reduceproduction of phytoplankton due

to the chemical 6 sThi$iswhg theawateriquality medplayis a ke t e r .
role in the WISCSSM ofthis project.Furthermore, the impact of the spilled chemical on

the ecological system can be evaluated by extending the water quality model into an
ecosystem modeTl he simulated water quality results will provide useful information for
decisionmakers to ealuate the water quality and its changes during and after a chemical
spill incident. These new capabilities are also added td/ife-CSSM.

Newly Added Capabilities

Among the newly added capabilities, the simulationimeéractions of water quality
variades inthe water cobmn and sediment layer most essential, whicheeds to be
briefly presented ifrigurelll -1 below:

12
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Figure IIl -1 Interactions of water quality variables in water column and sediment
layer

Figurelll -1 describedour interacting cyclgein the water columnvhich are selectedor
modeling. They includephosphorus cycle; nitrogen cyclegrbon cyclgphytoplankton
kineticg; and dissoled oxygen balance. The conceptual framework for the
eutrophication kinetics in the water column is mainly based on the WASP6 model (Wool
et al. 2001). In total, eight state variables were considered to simulate the above
interacting systems: ammonia ngen (NHz), nitrate nitroge{O;), phosphatdfOy),
phytoplanktonPHYTQ, carbonaceous biochemical oxygen demapBQ@D), dissolved
oxygen{O), organic nitroger@N), and organic phosphor@p).

Another new module was added to consides tlecompositin of oiganic material
releasingnutrients to the sediment imgtitial waters and the resultingxertion of an
oxygen demand at sedimemater interface. The decomposition of phytoplankton
releases organic nitrogen, organic phosphorus and CBOD following the batiween
nitrogen/carbon, phosphorus/carbon, and oxygen/carbon. The organic nitrogen and
phosphorus are converted to inorganic nutrients at a tempedajpeadent
decomposition ratdn the absence of oxygen, the denitrification reaction provides a sink
for CBOD, and the N@can be converted to nitrogen at a temperati@@endent rate.
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Based orfield observation, excessive sediment reduces light or solar energy penetration
which isneeded for the growth of phytoplankton. The processes of adsorptiontaesorp

of nutrients by sediment are also important for the fate and transport of rautirent
addition, DO and nutrients may exchange betwbersediment layer and water column

due to diffusion. To study these complex processhe effects of sediment on
phytoplankton growth, nutrients and dissolved oxygen are considered in the water quality
model.

Capability to simulate windriven flow is desired when studying the chemical spill
incidents happened in reservoirs or lakes aswimel shear stress is one tife most
important driving forces for flow currents in lake, reservoir, and coastal watarmber

of experimental results show that the velocity profile of a vdnden countercurrent
flow can be approximated by a doubbgarithmic distribution (Baine and Knapp 1965,
Tsuruya et al 1985, Tsanis 1989, Cioffi et al 200%the WIS-CSSM theeffect of wind
driven force on the flow currenis taken into account by imposingdepthaveraged
eddy viscosityobtained froma parabolic vertical distributiordey viscaity.

The module of simulating chemical spill incidents was developed to study the general
chemical transport phenomena. In order to ensure efficiency in case of emergency, the
module was designed not to be too sophisticated but includes majbramsn in
chemical transport and transformation such as sorption, desorptiomrdiest decay
processes, and interaction with bed sediments.

In the natural environmenthemicalsgenerally exist in four phasedissolved in watein

both column and in vet sediments on the beparticulate on suspended sediment and
particulate on bed sediment, respectiv@lye developed CSSM solvdee total chemical
concentratios both inthewatercolumnand bedChemical concentrations iraehof four

phass can be rkated to the total concentration through partition coeffici€he partition
between the dissolved and particulate forms is based on the linear equilibrium
sorption/desorption assumption. Chemical decay processes are approximated as first
order reactionsand the bed sediment layer is assumed to be uniform in depth and
composition. These major transport proessare illustrated iRigurelll -2.

Chemicals decay mainly in five ways: 1) volatilization, at the interface of wateaiand
for dissolved form; 2) photolysis, with the presence of light for dissolved form; 3)
hydrolysis, for désolved form; 4) biodegradatiomnd 5) changing in form due to
chemical reactions, which is chemical specific.

The chemical source/sink term asstaibwith the net settling or net eroded sediment

flux is formulatedasWu (200 based on mass balance. Wuos f
both dissolved and particulate phases. In case of net erosion, not only chemical sorbed on
sediment bed was releasedoirthe water column, but also that in the porous water.

Similarly, in case of net deposition, chemicals sorbed on suspended sediments settle on

the bed surface layer and the dissolved chemical fills the porous volume as well.
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The model 6s capability to simulate
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t he

fate

an accidental chemical spill case in the Rhine River on Nov. 1, 1986 which caused a

massie fish kill. It was further demonstrated through a hypothetical case in a reservoir,

assuming a similar accident happened.

WIS-CSSM integration

The general procedure for a numerical simulatistarts with mesh generation,

specification of boundary condiis, physical and numericgbarameters setting, then

model executionand finally visualization and interpretation of results. This procedure

needs not only the simulation models but alse pr&l pos{processors. In this project,
CCHEGUI provides the framwork for the integration of thehole WIS-CSSMsystem

The integration went through four steps.

1.

Integrating all modules with newly developed capabilities into a CSSM model.

The new model development follows thrdularprogrammingapproachso that
each ner moduledoes a specific task. h& data exchange among modules is
through the global data module. Thisodular programmingapproachmakes
model updating easier without interference vatherexisting modulesThe main
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model connects and organizes all @pdndent modules and will call the one
needed depending on the application case options.

. Linking CCHEGRID, a preprocessor to generate numerical mdstked with
CCHEGUI, which provides both preand posfprocessors to the model
simulation.

CCHEGRID is a convenience tool for users to generate mesh using various types
of data including bathymetry data, contour map, and DEM map.

. Integrating the whole CSSM model with CCHEJI, which completes the W1S
CSSM packageA flow chart is shown irFigurelll -3 to illustrate the linkage of
all components of the WIESSM.

CCHEGRID

Mesh

- ‘ Results and
User 0s ::> Visualization

WIS-CSSM
Models

Figure Il -3 Complete WIS-CSSM Package

The GUI provides functions of file managemiecase management (one case can
have multiple runs with different model parameters and using different modules),
mesh editingmodel parameters input, specification of boundary conditions and
initial conditions, define ofsimulation options (such as seie flow, sediment
transport, water quality or chemical spill simulation, steady case or unsteady case,
or other running modejesults visualization, and data reporting and analysis, etc.

. Testing the WISCSSMthroughGUI extensively to make sure that glle- and
postprocessing capabilities work fine and various modeling options specified by
users at different level of complexity be executed as intended.
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Additional Related Research

Additional research utilizing the expertise of visiting scientists Ih&en conducted on:

1 Modeling processes of absorption and desorption of contaminants by both
suspended and bed sediment particles, which are important to the prediction of

waterquality.

1 Using mathematical modeling methodology, a model has been develdpeckto
track the location of the contaminant source from the concentration measwement

ata fewfixed data sampling stations.

Final Remarks of this chapter

In this chapter, the key steps to construct the XWESM are described. More details on

the technichbases, modeling methodologies and model testing results are included in the
Technical Report entitl ed, ADevel opment of
Spill Simulation Model WIS-CSSM 0 , which is attached to t
AttachmentA.

17



Final Report

V. Validation Efforts

Overview

Due to the rapid advances of computing technology and the significant breakthrough in
numerical simulation methodologies, numerous computational simulation models or
software packages have been developed and rushed to the mbfket. and more
professionals as well as professional organizations have been concerned about quality of
these models. The American Society of Civil Engineers (ASCE) was among the leaders
in the efforts to establish the model quality standards by formihgsa Committee on
ThreeDimensional Fre&urface Flow Model Verification and Validation for verifying

the mathematical correctness and validating the physical capability of numerical models
in simulating freesurface fluid (water) flows. Dr. Sam Wang tRé of the present
project was selected by ASCE to hedds tdefacto international tastommittee with

about 1520 experts in the field from 5 countries leading in hydraulic modeling research
serving as members over the years. The results ofyaatGtudy werejust published in

a ASCE Monograph in December, 2008. The co
and Validation of 3D Free Surface Fl ow Mode
field as the most comprehensive contributions to the stateedart in enhancing quality

of fl ow model s. NCCHEOGs research scientists

the Task Committee Chair to test the effectiveness of methodologies developed on all
NCCHE models, including most of the modules of the yemtegrated WISCSSM.

Even though almost all the components (modules) have been validated, the integrated
simulation package of WEESSM in its entirety could not be validated due to the lack of

a complete set of data collected from a +tdal chemical gill incident at a water
infrastructure. After having exhausted all efforts trying to obtain the needed field dataset
for conducting this most important validation test on the \@ESM, the project team
decided to conduct a relifie field experiment usig RossBarnett Reservoir as the WIS

by spilling a harmless foedye as the Chemical contaminant. The tseedes of
concentration distributions in the reservoir are to be collected to validate th€ $GBI.

The plan was agreed to by the authority ofrttenagement of the Re8sarnett Reservoir,

and by the Jackson State University, who has a monitoring station in the reservoir. The
plan was submitted to SERRI of ORNL to be carried out as a fallowork of this
project. But, due to the budget limitatjathis follow-on work proposal was not funded.
Therefore, it is deeply regrettable that the newly developed highly advanced Chemical
Spill Simulation Model for Water Infrastructural Security \ WCSSM) can not be fully
validated. And thus, at its presestatus, it is not recommended for applications to
investigate or simulate a aklife chemical spill incident without conducting a site
specific calibration and followed by a rigorous validation.
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Partial Validations

With the field data collected by NCCHthus far, two partial validation tests closely
related to chemical spill problems have been conducted: one was the agrochemical
washed into the Deep Hollow Lake in Mississippi; and the other was domestic
contaminarg dischargednto the Tualatin Rier in Oregon.Even though these two cases
arenot exactlycases othemical spillincidents a reailife chemical spill incident would

be preferred for validatinthe WISDSSM; butunfortunately, such fieldlatahas not

been foundat the present. The wdhtion tests and results of these two cases are
described in this chapter.

Model Validation at the Deep Hollow Lake

Deep Hollow is a typical old oxbow lake, with a length of ~1 km and a maximum width
of ~100 m having watedepgh rangingfrom 0.5 m to 2.6m. Samples of suspended
sediment, nutrients, chlorophyll, bacteria, and other selected water quality variables were
collected at Stations DH1, DH2 and D8 shown irFigurelV-1 (Rebich and Kight,

2001). Twoinflows of significance fromephemeral chaniedraining agricultural fields

were located at the Stations A andMBgurelV-1) and monitored for water quality and
guantity by the U.S. Geological Survey (Rebich and Knight, 2001). The inlet boundaries
of water quality constituents were calculated based on those field measurements.

bed elevation (m)

A
x DH1

‘ 35.141
34.744

H
34.347

33.951

x DH3 33.554

B
Figure IV -1 Deep Hollow Lake

Its nutrient levelsare mainly depena on the fertilizer loadings in runoff frorthe
surrounding farmland. Spended sediment concentrations exceedetds established

for fish growth and health (Rebich and Knight 2001). Field measurements also show that
the concentrations of nitrate and ammonia in the lake are very low, while the
conentration of phosphorus is relatively high in comparison with other areas of USA.
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The trend of increasingoncentrationlevel of unfavorable chemicals in the lake is to
degrade the quality of water ecology, and environment. This problem has led te a long
term field monitoring field study by the USDA Agricultural Research Service, National
Sedimentation Laboratory (NSL). To enhance the understanding of the effects of the
agrochemical washed from the surroundaggicultural fields into the lake by the wate

and their subsequent reactions, fate kinetics, physical anrchbmical processes, both
NSL and NCCHE have agreed to conduct a joint field measurement and computational
modeling study, which benefits both groups. NCCHE can use the field data toevalidat
the newly developed WIESSM capability, i.e. to simulate the flow field and the water
guality in the lake affected by chemicals injection.

From this validation test, it was found that the past studies neglecting and wind effect was
the reason for the sligreement between the measured and modeled concentration field.
By adding the winedriven circulations in the lake (a new capability added to -WIS
CSSM), the validation was a success.

Simulation of Flow and Mass Tansport

Based on bathymetric data, thergmutational domain was descretized into a structured
finite element mesh. Ithe horizontal plane, the irregular computational domain was
represented by a 9520 mesh. In the vertical direction, it was divided into 8 levels with
finer spacing near the bed

The reliable field measurementt these three stations DH1, DH2 and DH3 were
appropriately selectefdr model calibration antemaining ones fovalidation.According

to the recommendations of the ASERVRI Task Committee on 3D Free Surface Flow
Model Verification and Validation, before a model is to be applied to aspkeific
application, a sitespecific calibration must be performed. This is to include the
characteristics unique to the specific site into the model, so that the simulated hedults s
realistically describe the phenomena at this site.

Flow and Mass Transport Calibration

The measured data of lake circulation flowfield and mixing concentration &iedti)g
injection dye tracer studgt Deep Hollow LakéShidds, 1999),was used fotesting the
modeb simulation capability oflow and mass transport undewiand drivencirculation
condition. The dye was injected instantaneously to the lake from the Statiémngar¢
IV-1). Wind shear on the lake surfaceded the upper part of the water colutormove

in the direction of the wind and produced an opposite movement by deeper layers. The
unsteady flow fields induced by wind and inlet flow were simulated by the CCHE3D
Hydrodynamic model (Jia et.al2001 and Cho et al, 2004), and the proposed water
quality model was used to solve the thdependent dye transport probleligure V-2
shows the ge concentration distributiom the lake at a depth of 1.254hr after
injection. During this period, the prevailing wind direction was from southwest to
northeast. The computed dye concentratiares generally in good agreement with the
observations.
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FigurelV -2 Dye concentration distribution at Deep Hollow Lake
(T=1500 minutes, H=1.25m)

Water Quality Model Calibration

The calibration ofvater quality modehas been a very mgower demanding process,
becausdhere are many interacting chemical reacting and fate processes and all of them
are relying on empirical functions to predict realistic results. This means each and every
empirical coefficient or parameter needs to be calibrated and most likely when you
calibrate one, some of the others are affected. Therefore, most of these coefficients or
parameters need to be calibrated iteratively. Fortunately, all of these chemical, physical
and biechemic processes do not have significant effect on the flowfi€leerefore, the
calibrated flowfield can be used and was used for conducting the large number of
coefficients and parameters neededhe water quality modelingiVater quality model
parametersTablelV-1) were céibrated repeatedly to obtain a reasonable reproduction of
the field data.Some of the model parameters were obtained directly from special
experiments and field measurements, as described below and by others (Portielje and
Lijklema 1993; DiToro 2001Wool et al. 2001 Hipsey et al.2003;Bubba et al.2003).

All adopted parameter values are in the range reported in the litentaot €t al, 2001,

Cerco and Cole 1995 The adsorption and desorption of ammonium nitrogen, nitrate and
phosphate by sedimewas simulated by the Langmuir equation. B Deep Hollow

Lake, the concentrations of ammonium and nitrate are very low, so the adsorption and
desorption of ammonium and nitrate from sediment were expected to be insignificant and
were not incorporateddore detailed information has been presented in Attachment A.

Table IV -1 Calibrated valuesof parameters for the water quality model applied to
Deep Hollow Lake
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Parameter definition Symbol Value Units
Maximum phytoplankton growth rate Prmx 2.0 day’
Background light attenuation coefficient Ko 1.2 m’
Saturation light intensity of phytoplankton Im 300 ly/day
Half-saturation constant for nitrogen Kmn 0.01 mg/I
phytoplankton growth
Half-saturation constdn for phosphorus ir Kmp 0.001 mg/I
phytoplankton growth
Effect coefficient of temperature below optin KTo 0.006 none
temperature on growth
Effect coefficient of temperature above optin KTg 0.008 none
temperature on growth
Phytoplankton endogenousspiration rate Kor 0.125 day’
Phytoplankton mortality rate Kod 0.02 day’
Temperature correction coefficient Gor 1.068
Settling velocity of phytoplankton, and partic Wea , Vi 0.01 m/day
organic matter
Ratio of nitrogen to carbon anc 0.25 none
Organic nitrogen mineralization rate K71 0.075 day’
Nitrification rate K12 0.4 day”
Half-saturation constant for oxygen limitati Knit 2.0 mg/I
of nitrification
Denitrification rate Kad 0.09 day”
Half-saturation constant for oxygen limitati Knos 0.1 mg/I
of denitrification
Fraction of dead phytoplankton recycled to Fon 0.5 none
organic nitrogen pool
Diffusive flux of nitrogen at watesediment S 10 mg/nfd
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interface ay

Control value of nitrogen release & Kndos 0.5 mg/I
Organic phosporus mineralization rate Kss 0.15 day’
Half-saturation constant for phytoplankt Kmpe 1.0 mg/I

limitation of phosphorus cycle

Temperature coefficient OB3 1.08 none
Ratio of phosphorus to carbon dpc 0.025 mg
P/mg C
Fraction of dead phytoplanktoncyeled to the Fop 0.5 none
phosphorus pool
Settling velocity particulate phosphorus nsg 0.01 m/day
Fraction of dissolved organic phosphorus fos 0.5 none
Ratio of adsorption and desorption r; K 0.7 l/mg

coefficients for phosphorus

Maximum adsorptionapacity of phosphorus Qm 0.051 mg
P/mgSS
Diffusive flux of phosphorus at watsediment Sp 10 mg/nfd
interface ay
Temperature coefficient f(Tsed 1.05 none
Control value of phosphorus release via DO Kpdos 0.5 mg/I

For comparisonthe surface mearement concentration of chlorophyll, nitrogen and
phosphoruswere compared to theomputedwater quality reglts at surface layer as
shown inFigurelV -3, FigurelV-4 andFigurelV-5.
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Figure 1V -3 The concentration of chlorophyll at Station DH1(calibration)
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Figure IV -4 The concentration of nitrogen at Station DH1 (calibratian)
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Figure IV -5 The concentration of phosphorus at Station DH1 (calibration)

24



Final Report

A sd of calibration statistics wagsed to assess the performance of the model. The
correlation coefficient @) of the malel predictions and observations, and the mean error
and root mean square err6RMSE) of the model predictionsn respect to the
observations were summarizedTiablelV -2.

Table IV -2 Calibration statistics of water quality model

Variable Mean Mean Mean Mean | Root mean| r?
error error square
observations| prediction error
mg/| %
mg/l mg/|
Chlorophyli 0.035 0.040 0.005 14 0.03 0.12
NH3 0.031 0.030 -0.001 -3 0.048 0.10
NO3 0.11 0.17 0.06 54 0.15 0.03
PO, 0.046 0.033 -0.013 -28 0.02 0.54
OoP 0.14 0.153 0.013 9 0.07 0.17

Model Validation

The period from September to December 1999 was chosen for modelioalidat
Computed flow currentsneasured boundary conditions, weather dathsaispended
sediment concentrations were used to predict the concentrations of water quality
constituents. Parameter values in the water quality model were those calibrated values
using the data of April June 1999.

Figure IV-6 and Figure IV-7 show the simulated and observed concentrations of

chlorophyll and nitrogen. Similar to the calibration period, although there are some
differences between measurement and prediction, trends and quantities oitredioce

of chlorophyll and nutrients obtained from the numerical model were generally in
agreement with the observations.

Figure V-8 shows the simulated and observed concentrations of-phbsphorus and

total organic phosphosy respectively. Without considering the new processes of
adsorption, desorption and bed release, the model overestimatedploo8phorus
concentration and underestimated organic phosphorus. After considering those processes,
the root mean square errorMIBE) of orthephosphorus was reduced from 0.029 to
0.019, and for organic phosphorus was reduced from 0.051 to 0.037.
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Figure 1V-6 The concentration of chlorophyll at Station DH1(validation)

Figure IV -7 The concentration of nitrogen at Station DH1 (validation)

Figure 1V -8 The concentration of phosphorus at Station DH1(validation)
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