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ABSTRACT

USE OF INNOVATIVE TECHNIQUESTO OPTIMIZE THE RESIDENCE TIME

DISTRIBUTION OF DRINKING WATER CONTACT TANKS

The focus of this studysito understand the complex nature of flow dynamaikin
water disinfection contact tanks and to use this understanding in the developrhentfifial
tank modificationsln particdar this study focuses osystems classified as small by the United
States Environmental Protection Agency (USEPWgthodsinvolved in this process included
the use of computational fluid dynamics (CFD), physical tracer studies, anstiacdoppler
velocimetry (ADV). Attempted tank alterations included the installation of baffles, inlet
modification, and the usef industrid packing materialTested modifications aimed at altering
existing velocity fields in order to increase the hydraulic disinfectdficiency of a given
system. Hydraulic disinfection efficiency was measured through the use of residence time
distribution(RTD) curves and the weknown bafflingfactor(6 "D(as defined by theISEPA).

The principalsystem that was investigated was a 1500 gallon rectangulareterniank
with a sharp circular inlefA physicalprototype of this system currently reside€atorado State
Universityoés (CSU) Engineering Research Cente
CFD models wre used to compute tlaerage velocity fieldsvithin the tank and tgroduce
modeled RTD curvesThis was done for the empty nfa and for 37 different baffled
configurations Baffleswere placed parallel to the longest axis of the tamk\aried in number
and lengthOptimal configurations yielded baffling factors between 0.70 and 0.8, which is more

than thirteen timeas efficient aghe original systemSeveral configurations were selected and



physically costructed in the existing tank in omddo validate the applied numerical
methodology.

After CFD models were experimentally validated, random packing material was placed
within the fank at areas of high velocity andwseparatior(at the inlet and at baffle turjsAn
extensive parametric study was conducted in order to determine the effactsgpacking
material as an inlemodifier within the open tankPacking material was @ted in ba-like
structures and fastened over the inlet. Dimensions of these packing boxes were systematically
varied and tested at different flow rates. Observed baffling factors were as high as 0.36, which
representan improvement ovahe basicsystemby a factor of six

Resulting findingsirom the inlet modification studyere then used to desigmd test
internal modifications fora baffled system.In addition to materiabeing placed over the inlet,
structureswere placed over channel openings atflb turns.Configurations were testeat a
number of flow ratesn order to determine relative effects on gains in efficieddye most
effective system obtained a baffling factor of ®, representing ancrease from the base system
by a factor of 13ADV measuremets wereconductedwithin the baffled system inorder to
assess changes in the velocity field and explain observed incredasaf$limg factor Packing
material was not modeled due to compigxind high computational cost.

Results from thistudy showthat the innovative use of industrial packing material and
other modifications can significantly increase the hydradlgnfection efficiency of simple
systemslt also shows that the use of CFD is an invaluable guide in this endddeorvak
summarizedn this thesis aids in an ongoing effortunderstand the hydraulic characteristics of
small scale drinking water systemie indings summarized here will help to shdpe designs

of the future.
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CHAPTER 1: INTRODUCTION

1.1Background

Over 71% of the earthds surface is covered

and essential ingredients for teastainment of lifeThe majorityo f e ar tis<algpe anch t e r
exids in oceans, seas, and hayscouring for over 96%of thew o r [tadabveater supplyThe
remaining 4%of terrestrial waters fresh and helps support the Igé billions of landdwelling
organisms6 8 % o f eshwaterhsdrappetl n ice caps, glaciers, and permanent snow pack,
and what remains is divided between surface and ground water fealimese featurebave
supporedcivilizations across the glolder centuriegUSGS 2014.

In addition to supportinguman life, freshwater provides an ample breeding ground for
the growthof microscopic organismsndallows for the transport of chemical contaminaiitse
presencef these constituent@iminisheswater quality which provides significant challengeis
terms of human healtiMore than 3.4 million people die each year framterrelated illnesses
(water.org, 2014)The majority of these deaths acmutside of the United States, lauwen the
most advanced nation in the world suffers from water borne outbreak

In the period between 1971 and 20629 outbreaks of waterborne diseagere reported
in the U.S that involved public water systermi$ie worst of these outbreaks occurred in April
1993, where Cryptosporidium affected over 400,000 people in Milwaukee (Lansey & Boulos,
2005).O0utbreaks such as this are what originally spurrediéwelopment of the Safe Drinking
Water Act (SDWA), whichwas passed in 197&orming a cooperativeetween local, state, and
federal agencies, the SDWallowed the USEPA to research, establish, and enforce national
drinking water standarddJSEPA, 2012 USEPA, 2004 Under the 8VDA the first set of

National Integim Primary Drinking Water Regulations (NIODWRs) was proposed9n5 and



passed in 1977Wilson, 2011) Since that time a number of rules and amendments have been
addedto the SWDA.A number of these include the Surface Water Treatment Rule (SWTR), the
Ground WaterRule, and the Disinfectants/Disinfection B3roducts Rule (D/DBPR) (Laey &
Boulos, 2005; Wilson, 2031Both the SWTR and the Ground Water Rule lagginactivation of
virusesas a measure of disinfectigg SEPA, 1991)Surface and ground wat&eatment plants

are regulated under the SDWA by whicheagencyacquires primacy(USEPA, 2012)

The state of Colorado has primaty drinking water regulationUn d e r Col or ad:«
primacy he Water Quality Division of the Colorado Department for Pulbliealth and
Environment (CDPHE) is directly responsible for thee gu |l at i o ns danking@atéror a d o ¢
systems.CDPHE determineslisinfection (log inactivatior) using procedures outlined in the
Long Term 1 Enhanced Surface Water Treatment Rule (LT1ESWSiRection Profiling and
Benchmarking Technical Guidance Man{bISEPA, 2003).L.TIESWTR classifieshydraulic
disinfection efficiency through the use of a term knowrthes baffling factor @ D which is
directly usedin the calculation of a multiplicate quantitycalledd "YThe 6 "Gs defined by the
USEPA aso 74 $ 4where0 is the time at whichen perent of the inlet concentration is
observed at the outlainder continual injectiorand 4 $ 4s the theoretical detention time
(USEPA 2003).The TDT of a system can be calculdtby dividing the volume of aystem by
the system flow rate(6 1 ).

The USEPA assigns disinfie@n credit using a generglbescriptive tablend a series of
exemplary sketcheéseeTable 1.1). This method is highly imprecise and does not consider
critical components oflesign, such asllet size and orientation.Also, the USEPA baffling
descriptions fail te&onsiderthe use of small tanks in series or the use of large open surface tanks

which are commonly used Colorado.In fact, a wide range of practical research has shown the



use of Table 1.1 to beverly non-conservative \{ilson & Venayagamoorthy, 2010Taylor,

2012; Barnett, 2013; Barnetet al, 2014) The only way totruly determine theé "@f a given
system is to perform physical tracer studies orctinduct threelimensional numerical

simulations Rauen, 2012).

Table 1.1: Baffling Classification Table from LTLESWTR Disinfection Profiling and
Benchmarking Technic&uidance Manual (USEPA, 2003)

Baffling Condition BF Baffling Description

Unbaffled 0.1 None, agitated basinery low length to width ratio, high

(Mixed Flow) ' inlet and outlet flow velocities.

Poor 0.3 Slngle or multiple unbaffled inlets and outlets, no intra
basin baffles.

Average 0.5 Baffled inlet or outlet with some intflaasin baffles.
Perforated inlebaffle, serpentine or perforated intra bas

. 0.7 )

Superior baffles, outlet weir or perforated lauders.

Perfect 1 Very high length to width ratio (pipeline flow), perforate:

(plug flow) inlet, outlet, and intrdbasin baffles.

In addition to the USEPAable,a number okmpirical and looselyaleloped theoretical

models have beemnsed to approximate hydraulic disinfection efficiency. Included in these

models are First in Firgdut (FIFO) Plug Flow models, Last ifFirst OutPlug Flow (LIFO)

models,and @mpartmental models (Lansey & Boulos, 200HFO and LIFO models operate

under tle assumption that the systemgru e st i on i

f | o Rugfiow describes m idealizedscenario in which a parcel of fluid moves evenlyogsr

S

under goi ng-

a

the entireareaof a given systemi.e pure advectionn redity, the presence of viscosity and

turbulence introduce local velocity gradients which resusthiart circuiting and the formation of
dead zonesCompartmental models attemptaccount for recirculating zones biyiding tanks

into compartmentsvhich are defined by vging exchange ratesdowever, detailed knowledge

phe

of the internal hydraulics of a given tank would need to be known to successfully apply such a

simplified model.



Advances in numerical methods and processing power have made computational fluid
dynamics (CFD) anaffordable andinvaluable tool for understanding the complex flow
phenomena that occur within disinfection contac{gtannounet al, 1998 Wenjunet al, 2007,
Zhanget al, 2011; Zhanget al, 2012. The use of Computational Fluid Dynamics for the design
and analysis of disinfection contact tanks has been validated by a number of comprehensive
studies(Wanget al, 1998; Wanget al, 2003; Baawairet al, 2006; Khanet al, 2006; Rauemet al,

2008; Amini et al, 201). Resolution of internal velocity fields and scalar tg@or$ through
numerical modeling can be used to develop benetiardd modifications and to increase general
understandin@f relative processe#én increased understaing can be used to +hapeexisting
guidance and improve future designs.

1.2 Scope of Work and Objectives

Work presented in this thesis represents the final portion of a four phase project for the
Water Quality Control Division of CDPHE. The first phase was completed by Qing Xu for her
mastero6s tirteenal i Hydraulids tof Badfled Disinfection Contadtanks Using

Computational Fluid Dynamic3 he second phase of the projaod part of the third phaseere

complete by Jordan Wilsams part of hi s Bvalgatioae of &lew ahdhSeadar s e n't

Transport Characteristics of Small Public Drinking Wa Disinfection Systesn using

Computational Fluid DynamicsThe remainder of the third phase angation of the fourth

phase werec o mpl et ed by Zachary Tayl daowards dmproved s ma

Understanding and Optimization of the Intertdydraulics of Chlorine Contact Tank$aylor

Barnett worked on the remainder of p-lova s e f

Dynamics and Scalar Transport in Drinking Water Contact Tanke scope of work for the

fourth phase of the project for ®E ircludesthe following:

0]



1. Phase 4a: Baffle Factor Modeling

a) Perform computer modeling of tank configurations that simulate poor, average,

and superior baffling as described in Table 1.1
i. Produce a project plan outlining modeling scenarios.
ii. Generate computenodels for the agreed upon configurations

b) Provide an oral and written presentation to CDPHE engineers on the findings
from Phase 4a.

2. Phase 4b: Small System Disinfection Contact Basin Modification Project

a) Design, build, and test a rectangular tank tbamn be physically modified to
validate the models proposed in Phase 4a. Tracer studies should be performed at
multiple flow rates.

b) Outreach to participating public water systems to provide tank modifications and
baffling factor tracer studies to verify liafig factor conditions before and after
tank modifications are made.

c) Provide an oral and written presentation to CDPHE engineers on the findings
from Phase 4b.

3. Phase 4c: Guidance Document

a) Develop a guidance document to address overall baffling factoesisand
provide effective contact basin design guidance. This guidance document will
address:

i. Assessing the adequacy of the existing baffling factor criteria in Long
Term 1 Enhanced Surface Water Treatment Rules (LT1ESWTR)

Disinfection Profiling and Benchmking Technical Guidance Manual.



ii. Investigating and evaluating the effect of several factors on the overall
disinfection contact time, including, but not limited to:
A. Basin Geometry
B. Inlet/Outlet configurations (e.g. location and size)
C. Inlet/Outlet design (g. velocity)
D. Intra Basin baffling configurations
E. Other modifications (addition of media, etc.) to increase baffling
factors
F. Water quality parameters (e.g. temperature)
iii. Developing baffling factor determinations for typical basin design
configurations
iv. Provice cost effective recommendations of disinfection contact basin
design.

The work presented in this thesis involvesmputationalmodeling of contact tank
configurations, validatie of numerical methodology, anghysical testing of modified
disinfection sysems. Material from chapters % wasprepared and incorporated into a final
guidance document that was submitted to CDPHE in December of 2013.

1.3 New Contributions
Research presented in this thesis makedollowinguniquecontributions:
1 Validated theuse of CFD in modeling the transport of a passive scalar wihin
disinfection contactorusing full-scale physical measuremenfiom a 1500 gallon

rectangular tank.



1 Extended the work of Barng2013)in refining the design guidelines for the construction
of serpentine baffle contact tanksth sharp inletsby considering tank length, baffle
opening width, and baffle channel width for baffles datab the long axis of a tank.
1 Investigated the locapplication of random packing material witharder systems for
increasinghydraulic disinfection efficiencyCFD was used as an intuitive guide in this
endeavor.
1.4 Research Publications

Work presented in thithesis has been accepted for presentdtiothe Emerging and
Innovative Technologe Track at the 201¥Vorld Environmental and Water Resources (EWRI)
Congressf the Environmental and Water Resources Institdttne American Society of Civil
Engineers (ASCE)A paper enti t | e @echmigueseto Enliancé thenHydraulici v e
Di sinfection Efficiency of Drinking Water Con
proceedingsWork found inChapter 3 is currently being prepared for submissioth¢éoASCE
Journal of Environmental Engineegiovi t h t Residehce inee Disfribution of Baffled
Disinfection Contact Tanks with Sharp InlétsThe contens from Chapters 46 has been
submittedto the journalEnvironmental Science and Technolagyerthet i t | e Al mpr ovi
residence time distributiolf baffled and urbaffled drinking water contact tanks through
| ocalized application of random packing mater
1.5 Organization of Thesis

Chapter 2 provides the reader with a detailed literature rewie#w consists ofa
comprehensivéackgroundor the entire study. This sectiodiscusses methods for quantifying
hydraulicdisinfection efficiencywhich includes the formulation @ “énd determination of the

baffling factor. It alsmutlinesproceduregor the physical testing of disinfection systemmhich



includesthe step and pulse input methodis.addition to describing theoretical background,

chapter 2 defines the terrdindustrial packing material a n d provi des C ommo
examples. Chapter @oncludes with a review on thaodeling of turbulence and fluid flow,

which includeslescriptions oEommercial software used in this investigation.

Chapter 3presents and summarizes the resofta parametric baffle study in which the
length and numbeof baffles was varied for a giveank with a sefootprint. Baffles were placed
parallel to the long axis of the tamkth the goal of optimizindiydraulic disinfection efficiency.

This section includes a detailedeshindependence study and compares model results with
measured data, vditing the applied methodology.

Chapter 4outlines a parametristudythat wasconductedn orderto evaluate the use of
random packing material as anlet modifierin open systes Packing material was placed in
box like structues andfastened over the inleThe height and length dhe inletbox were
systematicallyaried in order to determine relative effects on gairdismfectionefficiency.

Chapter 5extends the work prese in chapter 4 into a baffled system dpnsidering
the placement of random packing material at the inlet and at baffle Resslts yieldedd "O
valuesaround0.70, suggesting successful dispersion of the turbulerDyetrall it appearshiat
the mos efficient system can be obtained through a combination of internal baffling and inlet

modification.



CHAPTER 2: LITERATURE REVIEW
2.1 Small Public Drinking Water Systems

The USEPA defines a small public water system as serving féhaear 3,300 persons
(USEPA, 2@2). Although these systems cater to a mere 18% of the U.S. population, they
contribute to over 95% of the maximum contaminant level (MCL) violatioinen by the
USEPA (USEPA, 2011 The majority of these violations awdirectly related to inadequate
inactivation of microbiological organismsvhich is a sign of a poorly designed contact tank
Small systems exhibit such difficulty in meeting standard disinfection requirements due to a lack
of financial and professional resourd@SEPA, 2012 Without access to necessary resources,
many small systems install inadequately designed contact tanks characterized by poor inlet
conditions, severshort circuiting, and recirculating dead zorféélson & Venayagamoorthy
2010; Wilson, 201 For systems that utilize chlorine as a disinfection agent, this can lead to
unanticipated development of cancerous disinfection byproducts (DBP) and reduced disinfection
(Kothandaraman, 1974 A number of these issues could be resolved by highlighting
fundamental design flaws and eliminating the ambiguity of traditional desagtice, which is
the purpose of this study.

Without access to finances, services, or the necessary expertises syséms rarely
conduct physical tracestudies orperform CFD simulations.A majority of smaller systems
visually determine théaffling factor for disinfection calculations usirguidelines found in
LT1IESWTR (Table 1.1). Not only is this method ambiguous, biitis underconservative and
limited in its applicability. Researclpresentedn this studyincreases fundamental understanding
of flow within these small systems and exposes critical design flaws thatgaored in

traditional design methodology



2.2 Quantifying Disinfection in Chlorinated Systems
Chlorination isthe most commomethodfor microbial disinfeabn in the United States
due to its relatively low cost and reliabilifpavis & Cornwell, 2008).The USEPAquantifies
disinfection for chlorinated systemsaising a multiplicative quantity known a8 "Y This
methodology assumes that the amount of microbial deactivation is related to the pfotthect
disinfectantconcentration ¢ and the time that the diidectant is in contact witltontaminants
“Y (USEPA, 2003).In addition to chlorine concentration and contact tinmactivation is
assumed to belependent on thambienttemperature and pHChlorine has been found to
disassociate into hypochlorous acid (HOQidaypochlorite (OC) when placed irwater. As
the pH of the environment increasdbere is an exponentialedrease in the fraction of
hypodlorous acid available, which is more effective iatictivating harmful organisms
(Letterman, 1999).
0 "¥an be empirically approximated using the following relationship (Davis & Cornwell,
2008):

6 Y YD /HOo® Y& h (1)
wheren "Gs the system pH, andy is the temperature of the water Ja. The USEPA has
developed tables for determining required value® &¥or different levels of log inactivation
using Equation 1, inherent safety faxt, and empirical observations (USEPA, 2003)g
inactivation is a measurement that indirectlpresents the inacttion of micro-organisms
acheved through disinfectiorL.og inactivation is determined as:

1) AROE OA GE AT AT EIIAMA DT OOAOE T
OEI#OAIOA | £ TAADI OOAOE]T

2
Equation 2 implies that a system achievintp@ inactivation disinfects 99.9% of contaminants

and that a system achievingal inactivation disinfects 99.99% of contaminants and sdA\an.

10



example of log inactivation regulation can be seen in the Suviater Treatment Rule, which
requires systems to demonstratdo@ inactivation of giardia.Systemsregulatedunder the
Ground Water R requires 4og inactivation formost contaminants (USEPA, 2003).

The USEPA quantifies hydraulic disinfection efficognthrough assignment of a term
known as the baffling factoo("D The baffling factor represents the ratio of an approximated
contact time to the theoretical detention tiMi¥ Q@)Y o f a given sy&Dem.
formulation approximatethe contad time from 6 “ds0 , which is the time it takes for 10% of
the inletdisinfectantconcentration to be observed at the outlet under continual injeStystems
with baffling factors at or below 0.1 exhibit diffusion dominated flow and are considexd p
disinfection contactors while systems that yield &2lose to 1.0 are characterized by advective
transport and are considered excellent disinfection contactors.

If the outlet concentration of a continuously injected disinfectant is plotted ast@ofun
of time the resulting plot is known as a residence time distribution (RTD).ddovenalizing the
concentration9, by the maximum observed concentration, , and normalizing the time, by
the "YO "dllows for direct determination of the baffling factor from a given RTD curve.
Examples ofnormalized R'D curve can be seen ifigure 2.1. RTD curves can be directly
obtained from the implementation of physical tracer studies, which utilize conductivity or non
reactive tracers such as fluoride or lithium i0R3 D curves can also be obtained throtlghuse
of CFD modeling. All of the RTD curves presented in this sjudere normalized for ease of

comparison.
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1.1 T T T

C/CIVIax

t — Arbitrary System -
;%0 ——Plug Flow System

vTDT

Figure 2.1: Residence Time Distribution Cursdor an Arbitrary Disinfection Systemand an
Idealized Plug Flow

In addition toallowing for determination of the baffling factor, RTD curves provide
insight into the hydraulics of a given system through their shamgystem with & "O p8rtis
undergoing a phenomena known as plug flow, which describes a purely advective systdm free o
diffusive forces.The square curve iRigure2.1 represents such a system, which is theoretically
unobtainable due tpresence ofliffusion. Deviations from this tevior are represented by a
flattening of the RTD curve, a decrease in slope representing the domination of diffusion.

Since the definitionof & "Outilizes the "YO "¥f a system it includes an inherent
assumption that plug flow is possible in any teacThis assumption isinreasonable since the
presence of viscosity and turbulence will alwgysmote flow separation, diffusion, arkde
formation of dead zone# number of studies have proposed alternate measures of hydraulic
disinfection efficiency m order to correct this fundamental oversight. Other indices include

0 70 (seeFigure2.1), Morrill index, dispersion number, and the dispersion index (Wilson &
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Venayagamoorthy, 2010; Wodd. al, 2010).However, thed "@s the only parameter used in this
study because of its rdict regulatory role in the United States (USEPA 2002 more
information on alternate methods please refer to the work of Wilson (2011).
2.3 Tracer Studies

The hydraulic disinfection efficiency of a given system can be estimated with the use of a
physical conservative tracer study. A conservative tracer study is conducted by introducing a
conservative or nonreactive tracer (e.g., fluoride, lithium, sodium chloride) into a system and
continually observing changes in tracer concentration at thensystglet. Observations are
made until effluent concentration reaches a steady Stedeer studies should be performed at a
variety of flow rates in order to guarante&ssivity of the applied tracer anddetermine relative
effects on system performance
2.3.1 Pulse InputMethod

The pulse input method involves thestantaneous introduction of a known mass of
conservativetraceA | ar ge Apul seo of tracer i s introduc
fully mixed into the flow before entering thesystem.In order for the definition of
Ai nstantaneous o0 t gtheltime reqairad for mixingshould bg less thaniosef | e d
percent of thé YO. ¥ the outlet concentration is plotted as a function of tibmgth rising and
falling limbs can be observedhe resulting curve is knowas a flow through curve (FTC),
which an be numerically integrated to obtain an RTD curve as showvigure 2.1. This is
required forthe determination od and the baffling factorAn example of a normalized FTC
for an arbitary system can be seen igure 2.2. The concentrationd( is normalized by the

maximum concentratioro( ) and the timeo is normalized by théY' Q.Y
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Figure 2.2: FTC Resulting from a Pulse Input Study for Arbitrary System
2.3.2 Step InputMethod

An alternativeto using the pulse input method is @gplication of what is known as the
step inptt method.The step input method involves continual injection of conservative tracer,
which is done at a constant raferacer is inégrated into the main flow befoentering the
contact tankand isintroducedfor the duration of the tesConservative tracer can be introddce
by using existing chemical feed pumps or by constructing temporput systemsPlotting the
outlet concentttion as a function of timeesults in the formation of an RTD aa which only
has a rising limbFigure 2.1 shows an example of @ormalized RTD curve for an arkatry
system.

When compared to the pulse input methbd step input method allows for reduced
tracer concentratits andfewer sampling intervaJsvhich makes it more reliahl®etermination
of 0 andthe baffling factoris simpler when using the step input methmtause thecan be
graphically determined from resulting RTD curveklowever, mean residence time more
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difficult to determineandthere is not a reliable way to detenaithe collected mass of tracer,
which canbe used to determine steady st#tiso, for larger systems, the use of the step input
method requires a riger volume of conservative tac All of the physical tracer studies
conducted for this thesis utilized the step input method for its reliakility ease ofh "O
determination.
2.4 Industrial Packing Material

Packing materials traditionally used irvapor separation towers to facilitate the stripping
of volatile organic compoundd/OCs) from contaminated liquid€Common areas of industrial
appliationfor packing materiainclude frequent use in aeration towers (Kavanaugh & Trussell,
1980), distillation columns (USDOE, 200Rilling et al, 200]), and trickling filters Richards &
Reinhart, 1986 Column packing material can be classified eher random or structured.
Random packing materiab designed tde dumped intccolumns while structured packing
material is installed in interlocking unitd. number of packing material products are comprised
of material that meets National Sanitatioundation (NSF) Standard 61 criteria and as such are
fit for use in drinking water applications.

Despite its use in other areas of water treatm#ire application ofpacking material
within contact tanks has not been thoroughly investigdedearctperformed by Barng et al
in 2014 suggestthat the application of random industrial packing material has the potential to
greatly increase the hydraulic disetion efficiency of smalsystems However this study only
considerdaboratoryscale experimes (up to 50 gallonsjBarnett et al, 2014 Chapters 4and 5
of this thesis investigate full scale application of packing material in disinfecbatactors

making thermovel contibutionsto an evolving field of study.
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Packing material is designed by manufacturers to maximize available surface area and
minimize induced pressure losses (Jaeger, 200@s results in material with relatively high
porosities(on the order of 0.9)n generalrandom packing ntarial can beurchased in smaller
volumes than structured materaad can be used to filllargervariety of containersmaking it
appealing for use idrinking watercontactes. Following this line of reasoning]laf the studies
in this thesis utilizedandom paking material Nominally sp her i c a | packing ma
diameter was the only material considered in this study due to its proven application in drinking
water disinfection (Barnett al, 2014).An example of this material can be seerfigure 2.3.

Other available shapes of random packing material include disks, cylinders, saddles, and a

variety of other shapes (Jaeger, 2006).

Figure 2.3: Random Industrial Packing Material

CFD has been used to model the internal hydraulics of packing material systeths, but
majority of existing studiearelimited in scale or scopdhe earliest CFD simulationsvolving
packing materialwere performed during 2003 arocused on single phase flow in individual

volume elements of structured packiagays(Petreet al, 20(). Since that time a number of
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othersimulations involving structured packing material have been performed (Szulczetwnadka
2003; Mahr& Mewes 2007;Wenet al, 2007; Owent al, 2013. Experiments performed by
Szulczewska et gP003)used a twalimensional CFD model to attempt and déxetwophase
flow within a single structured canal. Mahr and MeW2807)approximated structured packing
as a porous media in an attempt to quantify pressure loss over an entire column, and Owens et al
(2013) developed a detailed three dimensional mddela complete packing cell. All of these
studies focus on either macroscopic variables, such as pressure loss, or describing highly
localized flow.Pressure loss within packing columns is a major component of what is known as
flooding, which is a majorraa of study for multphase packing systems (Sherwood & Shipley,
1938).Similar studies have been conducted for random packing matauiatesults fronthese
studies are less accurate and more indeterminateefyah 2000; Feiet al, 2003). Therefore,
affordable computational modeling of random packing matem#hin large systemselieson
grossly macroscopimodelsfor turbulent flow in porous media

The nature of turbulent flow through porous dizeis highly debated and difficult to
parameterize.Discrepancy betweervarious methods arises from twarevalent problems:
determination of a microscopic turbulence model and development of a representative
macroscopic modelurbulence has to be agisately defined within pores, btite pores have to
be nunerically developedApproximatemethods imply zer@quation turbulence modelshich
modify existing methodshrough the introductioroft e r ms t h apto rcoaurss ieddedri efs O
et al, 2007).More complete macroscopic mddglike theone developed bRedra & de Lemos
(2007) are based ofR- closure schemeand utilize periodic circular and elliptic redio
represent porous mates (Pedras & de Lemos, 200@ther models, like the v2f model

proposed by Kazerooni and Hanng@D09) are closer to LB in formulation and are more
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computationally expensive (Kazerooni & Hannani, 200Bje mentioned turbulent porous
models were designed assuming relatively high porosities and were not valoiatidee
dimensional flowscontaining intermittentones ofporosity. The random packing material used
in this thesis exhib# porosities of around 0.Even if a tank were completely filled with this
materia] the materiads porosity classifies it beyond the applicatiaf existing models.The
packing material was also locally appligkhy attempt at macroscopic modeling would result in
ambiguos velocity fieldsand incorrect prediction of scalar transport. Numdrigaobs of
existing models could be adjusted to force agreeméhtmeasurediatg but this would result
in the application of flawed physicgVith these considerations in min@FD was not used to
model systems containingacking material for thistudy. This is an area that needs further
consideration beyond the scope of thistbe
2.5 Computational Modeling of Fluid Flow

The phyics offluid flows havelong been studied throughe use of analytical thinking
and empiricalogic. Theoreticalunderstanding in the form of partial differential equatiand
dimensional analysis €fiee one of thdundamentafields of fluid dynamicsAnalytical solutions
to simple poblems can be achieved through the use of potential flow, scaling arguments, and
simplifying assumptionshut resultinginsight is Imited and excludes the majority pfactical
problems(Wilcox, 2007. Experimental methodsan be used to extend the limitstbEoretical
understandingbu physical testing is expensive and is limited in its applicatioa to available
measurement devices and the effects of scaling.

The final and most recent field of fluid dynamitss emergedin responseto the
development of computer scien€&omputational fluid dynamics (CFD) describes the numerical

analysis of systems involving fluid flow and other transport phenomena (Versteeg &
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Malalasekera,2007). Increased availability of processing power, hegid computers, and
commercialcodes hasnadeCFD one of the most intensely studied topics of the twenty first
century. CFD involves the discrete approximation of governing equatams fnite grid or
mesh. These approximations are strictly numerical, by are derived from theoretical
understanding. CFD simulations can be used to model full scale systesdsiced cosf but the
methods mvolved are approximate and requegperimenthvalidation. Therefore, a complete
understandingof a given flow involves theoretical insight, numerical approximation, and
experimental validationThese are the three pinnaclestod study of fluid dynamics.

For most fluid dynamic problemsflow charateristics can be described through
conservation of mass and conservation of momentum. For flows involving cepsigetty
Newtonian fluids (i.e. incompressible flows under the Boussinesq approximatit@se
concepts are expressed through ¢batinuity equation and the Nawi8tokes equations (Pope

2000).The continuity equéin and NavieiStokes equations are given'by

10
and
re v, pT N, T 6 Q .

where 0 is the instantaneous velocity fieltl, is areference fluid density which refers to a
reference temperatuf¥, r) is the pressuré, is the mass density of the fluid,is the kinematic
viscosity of the fluid, "Qis the acceleration of gravitgnd| is the Kronecker dedt function.

The indexnumber3 refers to the vertical directigmz.

'!Equations are displayed using Einsteinds summati on
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2.6 Turbulence Modeling

Generally speaking ur bul ence describes fluid flow t
irreproduci ble detail s, mi xi ng, and i).Mheegul ar
state ofturbulence is in direct contrast to a laminar state, which is characterizegiogucible
detals, order, and predictabilityMixing occurs in both laminar and turbulent flows, but in
laminar flows mixing is primarily molecular andnst visible at larger scaleSurbulent mixing,
on the other hand, occurs both e®and at the metular level. Momentum and other flow
properties will be exchanged and mixed on a large soatferbulent flow.This occurs in part
because turbulentiows are dominated by inertidgbrces. Turbulent flow occurs at higher
Reynolds numbers while laminaroil ocairs at lower Reynolds number§his means that
laminar flows are dominated by visity and turbulences dominated bymomentum.This
domination of momentum helps give turbulence its chaotic structure.

Turbulence within fluid flows is one of the mtodifficult aspects tocapture using
numerical models. This difficulty arises from the range of scales present within turbulent flows.
Scaling arguments made by Kolmogorov reason that the small@gins of turbulent flows
decrease in both length and tscale as the Reynoldsumber increases (Pope, 2000he

Reynolds number dependerfoe the range of scales is represented by:
—x T
z 2A )

where— is the Kolmogorov scale, which is the smallesean dissipativecale in the flow, and

a is the turbulent mixing length, which is an approximation of the largest scale in the flow.
Scaling rel ations shown i n Equation 5 resul
hypotheses, which suggest that energy is pratlackarger scales and dissipatatdthe smallest

scales. If this line of reasoning is correct, thendimallest scales of the flow have to be modeled
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in orderto successfully capture the physics of the fldivthese scales are not resolyéden
conservatn of energy wl not beobtainableand the results will be meaninglg$%ope, 2000).
Hence for a three dimensional doméne number of cells required for a complete simulation is
proportional to2A7 . This limitation is just one of many that makesdeling turbulent flows a
significant challenge.

Numerical solution of the NavieBtokes equations also proves a difficult and expensive
task because they are nlomear and exhibit hyperbolic, parabolic, and elliptic characteristics.
Nonlinearity canbe dealt with by using a staggered grid, but parabolic and hyperbolic
characteristics result in strict stability requirements for explicit methods. As a, resait
implicit methods are more common and large systems have to be solved at each time step.
Elliptic properties of the pressure increasesdbst of simulatiorbecausechanges in pressure
can befelt instantaneouslthroughout the entirdomain and have to be iteratively solved at each
time step.

2.6.1 DNS

Direct numerical simulation (DNSjefersto the direct solutiorof the continuity and
NavierStokes equationsn a finite grid.Full DNS models do not contain a turbulence model,
are time dependent, and resoalescales of the modeled flow (Versteeg & Malalasekra, 2007).
The application of DNSs limited to simple problems and loReynolds number flows due to
inherent computational cosENS is primariy used by theoretical reseasr to attempt and
obtain insight abet fundamental flow properties and to develop turbulence moelst DNS

sydems use higher order spectral methods to obtain solutions (Pope, 2000).
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2.6.2 LES

Large eddy simulatiofLES) attemps to directly solve the NavieStokes equations cen
prescribedgrid while modelng the motion of sulgrid scales.In other words LES usesa
filtering function to seprate larger and smaller scales. Large scales are retaineshmatidr
scales are not resolved, betonstructed using some sort of modi@hite vdume codes solve a
time-dependent, spadétered version of the govaing equations that is couplesith a sub
grid-scale stress (SGS) model (Versteeg & Malalasekera, 2088).is less computationally
expensive than DNS methods, but it still requilager run times than traditional averaging
models (RANS modelspdvances in the availability of processing power hanereased the use
of LES inthe solution of praatal problems, but it is navidely used in industry.
2.6.3 RANS

The overwhelming range otcales within turbulent flows and the chaotic behawbr
turbulentvelocity have led to consideratiaf a statistical approadi modeling turbulencel his
approach uses a concept known as Reynolds decompo§iggnolds decompositioassumes
that instantaneousf | ow quantiti es c intmn avdrage and dlectatngp o s e d @
components:

60 06 O (6)

no nf ne ()
where6 0 andr 0 are the instantaneous velocity and pressureand njfare the average
velocity and pressure, aiddaandraare the fluctuating components of the velocity and pressure.
Applying Reynolds dcompositionto the continuity and NavieBtokes equation yields

Equations 8 and 9 respectively, which are known as the Reynolds equdiensveraged
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NavierStokes equatns by themselvesare known as the Reynolds averaged NaSiekes

(RANS) equations.

— T (8)

—n
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The Reynolds equations appear identical to theiaweraged counterparts with the exception of
an additional seconrdrder tensor,6 6 , whose terms ar&nown as theReynolds stresses.
Representing theovariance ofvelocity fluctuations the Reynals stresseturn the Reynolds
equations into an indeterminate system with six degrees of freeBetermination of the
Reynolds stressekefines what is classically knovas the closure problem (Pope, 2000).

One of the most common approaches used to nthdeReynolds stresses involves the
use ofthe turbulentviscosity hypothesis.Introduceal by Boussinesq in 1877, the turbulent
viscosity hypothesis assumes that the deviatoric Reynolds stress is proportional to the mean rate
of strain, which is analogou® the stressateof-strainrelation for a Newtonian fluid (Pope,

2000).The turbulenviscosity hypothesis is mathematicalgpresented as
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—a
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where’ is the turbulent eddy viscosityhe only unknown value in Equation 10 is By using
the turbuletrviscosity hypothesisthe degree of indeterminadgr the Reynolds equatisris
reduced from six to oné number of turbulence models have been dewaddjp prescribé ,

which include zero and two equation models
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2.6.4 RNG. £ Model

The Re-Normalization GrougRNG) 'Q- model was developed by Yakhot & Orszag in
1986 usinga variety of statistidanethods The RNGQ- model belongs to a group of turbulence
models known as$wo-equationmodebk. Two equationturbulence modelsolve two additional
partial differential equations (PDEB) addition to the Reynolds equations in order to prescribe
' . For the RNG'Q- mode| these additional PDEs are transport equations for the turbulent
kinetic energy Q) and theturbulentkinetic energy dissipation ). The turbulent kinetic energy is

defined as

226 o 9 (12)
Other two equation models include the stand&@d turbulencemodel and the shear stress
transport (SSTYQ turbulencemodel (Versteeg & Malalasekera, 2008l modeling studies
performed for this thesis used the RN® model to prescribé basd on itsability to handle
swirling and low Reynolds number flows (ANSYS, 2010; Yakhot & Orszag, 1986@hsport
equations for the RNGR- model are outlined belowwvhere Equation 12 is thmodeledQ
equation and Equation 13 is tihrdeled equation(ANSYS, 2010).

ol e 1 .10
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6 — (15
With related constants being:
o ~ . . YQ . ~ ~
6 miyhd & pdwe —h @ MR pd P pdY (16

"0 is a term that accounts for generation@from mean velocity gradient8) accounts for
generation ofQthrough buoyancyand"Y and"Y are usewdefined source terms (ANSYS, 2010).
2.7 Modeling ScalarTransport

RTD curves were obtained from simulations by modeling a disinfectant as a passive
conservative scalar. A passive conservative scalar is an unreactive species that does not have any
influence on the existing flow field. Hence chemical and bidalgieactions of the disinfectant
were not considered (due to relatively small retention times of modeled systems). The Reynolds

averaged equation for a conservative passive scalar can be written as:

—a

6 , 106 1 B O

—a

whered is the average tracer concentratibris the molecular diffusivity of the tracer, aid

is the turbulent Schmidt numbérhis formulation uses the gradient diffusion hypothesis, which
assumes that transport occurs down the mean scalar gradient (PopelJ3@00f).the gradient
diffusion hypothesis models the scalar flux as

L T 6
00 | o (18)

whereQ is the turbulent diffusivity and can be recast as

Q — (19
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Substitution of Equations 18 and 19 into the original transport equation for a passive scalar
yields Equation 17. The turbulent Schmitmber was taken as 0.7, which is a generally
accepted value for neutrally stratified flows (Venayagamoorthy & Stretch 2010).
2.8 Commercial Software

A number ofdifferent software packageme available for prprocessing, developing,
running, and postrpcessing computational modeSommercial CFD codes include but are not
limited to COMSOL, CFX, FLUENT, FLOW3D, STAR-CD, PHOENICS and OpenFOAM
(Versteeg & MalalasekeraOpenFOAM is an open sourceode thathas been growing in
popularity due to its tragparency and customizabilitpenFOAM does notontainstandard
graphical user interface (GUI) modules and is mainly text based, is more difficult to use
than other packagesOther packages, such as FLUENT and FLQI/ contain extensively
developedGUIs and organized structures. Howevedustrial CFD packages require expensive
licenses andffer limited amounts ofcustomization All of these codes have been thoroughly
testedand applied in industry, bugach contains its own strengths and weakrsesse

ANSYS FLUENT v.13.0.0 was used exclusively for all CFD computations and partially
for all post processing procedures. FLUENT was chosen for its proven robustness, adaptive
meshing abilities, and support for user defined functiGh&lENT has ale beenvalidated for
modelingscalar transport within disinfection contact tanks (Wilson & Venayagamoorthy, 2010;
Wilson, 2011; Taylor, 2012Barnett, 2013; Barnadt al, 2014).Imbedded geometry and meshing
software in ANSYS workbench v.13.0.0 were used to eraatl mesh all simulation geometries.
2.8.1 ANSYS Workbench

ANSYS Workbench is a sophisticated GUI that provides access to a number of different

programsWorkbenchreferences and passes datdétweensoftware packages that camodel
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multiphysics, struwral analysisfluid flow, and anumber of other phenomen@élorkbench is
capableof importing geometric files from industrial CApackages such as SolidWorks or
AutoCAD, but an integrated packad¢gbeled ANSYS DesignModeler was used to create the
geometryfor each simulationCreation of geometrwithin Workbench avoidgsontinuity errors
like missing facets or inadequateliefined edges, which can occur with imported geometry.
After geometry was created was discretizedisingANSYS Meshing, which is arber program
inside Workbench.ANSYS Meshing automatically fitan un-strudured meshto a given
geometry using a wide range of settingmls,and local controlsAll meshes are body fitted and
can implement tetrahedrdigxahedral, polyhedral, pyramiadvedge or cut(rectangular)cells.
This means that the input geometry is preserved in FLUENT. Other software packages, such as
FLOW-3D, use structured meshes where the resolution of geometry is mesh dep&hdsnt.
the meshes used in simulatidos this thesis were cutcell meshes. Reasoning for this decision is
presented in Chapter 3.
2.8.2ANSYSFLUENT

ANSYS FLUENT is a commercial CFD code that implements the fwotame method.
Use of the finitevolume method involvesntegration of govening equabns over discrete
control volumesTherefore,inposi ng a computational Aimesho ov
domain into a series ofteracting volumesBy taking an integral approacthe finitevolume
method guarantees conservation of mass for flkmas, which is not guaranteed under other
methods like the finitedifference or finite-element method. In addition to guarantying
conservation ofmass, FLUENT guaranteggsreservationof geometrythrough the use of

unstructurednesles FLUENT also allowsfor the use of usedefined functions, which can be
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written in the C computing languagéhese aspects make FLUENT an attree@€FD package
for modeling scalar transport.
2.8.2.1 Numerical Solvers

FLUENTO s -bpsel segregatect solver was usedntamerically approximate the
RANS and averaged scalar transport equatidims algorithm belongs to a general class of
methods known as the @ection method (Chorin, 1968The pressurbased segregated solver
decouples the governing equations and iteesti solves for each variablentil resulting
residuals fall bel ow some specified toleranceé
applies a pressumrrection which can be formulated using a variety of meth@dd#ow chart

of FLUENT Ghasedsegesdes algodhm can be seenFigure2.4.
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FLUENT also has a pressdbased coupled algorithm, which couples the momentum and
pressurebased continuity equations. This method runs faster than the decoupled methee becau
it converges dster, but it uses almost twice theemory because it stores larger systehise
segregated algorithm was chosen for use in this study to conserve memory

FLUENT offers several pressurelocity coupling algorithmdgor use in its solver
Options include SIMPLE, SIMPLEC, PISCkractional Step and Coupled methodsThe

SIMPLE, or &mkIimplicit Method for Pressurkinked Equations,algorithm was usedfor
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pressurevelocity coupling within the simulations of this thesiEhe SIMPLEalgorithm ca be
simply described usinfpur generic steps:

1. Gradients of the velocity angressure are determined from values atpferious time
step.(FLUENT uses a ctocated scheme, so both the velocity and pressure are stored at
cell centers. Pressure is intelged to cell faces using momentum equation coefficients
and velocity is interpolated using momentum weighted averaging).

2. An intermediate velocity field is theobtained through the solution of the discretized
moment um equations wisurdh an fAapproxi matedo

3. A postulated flux correction based off of pressure corrections is ingattethe discrete
continuity equation to create a pressure correction equation. This equation is iteratively
solved using the Algebraic Multigrid method.

4. The pressure is corted and resulting changes in the velocity field are determined,
forming a new set dluxes which satisfy continuity.

Spatially varying convectiveterms were discretized using a fistder upwind scheme.
This scheme simply assumes that the face val@egofantity is the same as the amhter value
of an upstream celllhis simplistic method has been validated for use in modeling the transport
of a passive sdar (Taylor, 2012; Barnett, 20).3Diffusive terms are discretized ug a central
differenceschemewhich is second order accurate.

Spatial gadients were evaluated usitige least squares cdflased gradient evaluation
method Given the scenarishown inFigure 2.5, the change in cell values betwe@mand @ "Q
along the vectdr ican be represented as:

N% 3 % %o h (20)
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Figure 2.5: Cell Centroid Evaluation Example (ANSYS, 2010)
where N%. is the cell gradient of the current call, is the displacement vector from the
upstream cell centroid to the face centroid, &d and %0 are cell centered value3his
formulationassumes that the solutiearies lirearly. If similar expressionsre written for each
surroundingcell neardtan overdetermined linear system is obtained
0 N%  Y%o (21)

where U is a coefficient matrix obtained from geometBecomposing 0 using the Gram
Schmidt procesgields a matrix of weighting factofer each cellThe gradient for thgiven cell
can be obtained by multiplyingespective weightingactors by each difference vectaand
summing the resulisThe least squares cdlased method refets this process in its entirety
(ANSYS, 2010).

A first order implicit schemewas usedto facilitate time advancementkKnown as
backward Eulerthis schemappioximates integration of @mporal derivative as follows:

%0 %0 30 "Go (22)

31



where %0 is some scalar ant %o is somefunction of the scalar at a future time step
(discretized vesions of spatial gradientsThe use of a fully implicit method allows for the
stability of the solution to be independent of ttleosentime step.FLUENT usesmultigrid
methods in the solution of linear systems that develop from implicit metibgse methods
include algebraic multigriAMG) and ful-approximation storage (FAS) (ANSYS, 2010).
2.8.2.2 Wall Functions

Modeling of near wall turbulence within wall bounded flows is one of the most important
and difficult parts of any CFD simulatiol.he existence of a mslip condition on walled
surface results in significant velocitgradientsandintensive sheaiTherefore, valls are a major
source of vorticity and turbule, which means that the majority wmfrbulentkinetic energy
productionhappens near the wal'his means thahcorect modeling of flavs near walls fects
the entiresimulation and can lead to erroneous regitpe, 2000).

Experiments have shown that the neatl region can be divided into three different
sections or layers. The region closest to the watlominated by viscous forces and is almost
laminar in its behavior. This region is known as the viscous sublayer. At the end of the viscous
sublayer there is a transitional region known as the buffer layer where the dominance of viscosity
slowly gives way @ the effects of turbulence. Beyond the buffer layer the flow is dominated by
turbulence imalayer known as the fully turbulent regiohhe extent of each of these layers can
be described using a dimensionless wall ubit,which is defined as

0w

O —h (23)

where6 is the friction velocity (T 77), T is the wall shear stressis the distance from the

wall, ” is the fluid density, and is the kinematic viscosity (Pope, 2000he viscous sublayer
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exists in the regiond v, the buffer layer exists in the regiom « v Tand the dlly
turbulent region exists in the region v T
Wall functions within FLUENT use an alternat@nensionless parameter knowncdsto

handle neawall treatment oflbws. The parametes is defined as
0 W
0w @ — (24

where™Q is the turbulent kinetic energy at the neall noded andw is the distance from the
wall to the noda). The standard wall function applies thedagv whend5  p pand applies a
viscous stress relationship whei p p which means that neaall cells are generally
assumed to be in theuterturbulent regionF L UENTO0s enhanced wal | f
near wall flow is within the viscous sublayer and applies more detailed equations for the
formulation of the boundary layer. t is too large FLUENT will revert to standard wall
functions.w values for near wall cells should be less than 5 to use theesthavall functions.
For the standard wall functions thesfi cell shouldideally satisfyc m « ¢ 1tbut the log
law approximation can be applicable far up to 1,000 for high Reynolds number flows
(ANSYS, 2010; Pope, 2000).
2.8.2.3Study Methodology

Rigid lid models were used for all 49 CFD simulations in order to limit computational
cost. Free surface elevation was estimated for all simulations from measurements in a
corresponding prototype. Boundary conditions were defined for all simulations las/sfol
velocity inlet, pressure outlet, standard no slip walls, and symmetry rigid lid. Default solver
options were selected and shown to be adequate through experimental validation. Each
simulation was run towards convergence using the steady state Rasatting flow fields were

then run without the presence of a passive conservative tracer for one TDT using transient
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solvers. After thisa nondimensionalcalar concentration of 1.0 was introduced at the inlet and
a monitor was placed at the outleim8lations were run until convergence (around 3.5 TDTS).
Scalar transport was modeled with a wdefined diffusivity coefficient as defined

below:

I I (29
wherell is the effective diffusivity]l is the molecular diffusivity (taken to be that of water),

and"Yb is the turbulent Schmidt (or Prandtl) numbgruserdefined function was written in the

C programming language to prescribed this diffusivity at each time step (see Appendix A).
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CHAPTER 3: PARAMETRIC BAFFLE STUDY
3.1 Introduction

Internal baffling is one of the most widely accepted methods for increasing the hydraulic
disinfection efficency of drinking watercontact tanks (USEPA, 2003Jhe introduction of
interior walls within open tankshelps to channeliz8ow and prevens the formation of dead
zones, eddies, and short circuitifidne existence of these turbulent structures cresiggsficant
problems for systems that utilize chlorine as a disinfection ag&mmical transport within
recirculating dead zones is dominated by the process of diffusion, which leads to increased
residence time and tltevelopment of cancerous disinfection byproducts (DBRprt circuiing
poses the opposite problereducing local residence timasad providng inadequate duratidior
disinfection. Poorly baffled systems exhibit both of these extremmesultng in significant
hazardsegardingpublic health

The majority of studies that investigatgernal bafflingconcerntankswith a rectangular
foot print, which isone of the most common system desigbien theinherentcomplexty of
hydraulics within these system®searchers have relied on physical models and CFD to gain
fundamental insightegarding internal bafflingTwo of the earliesstudiesinvolving CFD were
conducted bywang and Falconer in 1998hich modeled ari:8 Froude scale model dhe
Embsay Water Treatment PlantYiorkshire England.Wang and Falconeralidated the usef a
2D depth averaged mod#irough the comparison of velogiprofiles and a measured FIGing
a variety of numerical method$vang & Falconer, 1998) A similar studywas conducted by
Shiono and Teixeira in 2000, which involved classification of turbulent charactefistitn the
samescaled model of the Embsa¥ater Tratment PlantShiono and Teixeira used laser

Doppler anemometdp measure velocitfields and clasify turbulent characteristics within the
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model. These measurements warsed tofurther validate the numerical modelf Wang and
Falconer (Shiono & Teixeira, 200(RResults from these studies suggested that the use of a two
dimensionalstandard’Q- model could adequatelyeproduce flow quantities withithe later
channels of seven chambelystem Inconsistencies wettributed to thamount of turbulence
introduced by the inte which was a channel inlet with a width equal to that of the baffle
channel.Hencethe hydrostatiassumption brokelown near the inlet and a three dimensional
modelwould have beerequiredfor adequateesolutionof flow features

In 2003Khanet aldeveloped and validated a thw@enensiamal CFD modebf the scaled
Embsay tank studied by Shiono and Teixerhis 3D model resolved flow patterns within a
RANS framework using the standa€# turbulence model and modeled disinfectant as a passive
conservative scalarResults from this study provided excellent agreement for both three
dimensional velocity fields and resultifgfCs. (Khanet al, 2006). Similarly Baawain et al
(2006) validated the'@ turbulence model for predictinGTCs using tracer studies frornwo
existing prototypegBaawainet al, 2006) The standard®- model has also been validated for
predictingscalar transport by Wilsof2011) and Taylor(2012) and the RNGQ- model has
been validated by Barng2013).

Extensive validationof CFD for resolving scalar transport hésl to a numberof
parametric studis involving rectangular baffledystems.In 2007 Wejun et al attempted to
guantify resulting effects from thaddition of baffles to rectangular systems with sharp inlets.
Baffles were varied in number from zero to nine and the baffle lengshvewaed for several
systemsHowever,descriptions of this study fatib describeapplied numerical methodolggnd
do ot dearly define modeled geometry. Wejun et al claim to heseducted 2D simulations

using FLUENT v 6.1, but applied turbulence models and scalar transport methods are not
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discussed.The inlet orientationwithin the studied systems was not described andyid
independencstudy was not completedhe use of a sharp inl@ttroduces gnificant amounts
of turbulence and flow separation when compared to a channel inlet, sedantesmsional model
is not adequate for resolvingiportant flow featuresvithin the systems studied by Wejun et al
(Shiono & Teixeira, 2000)Due to the uncertainties involved this study its resultsmustbe
brought into question (Wejuet al, 2007).

More reliable andwell documentedparametricstudies have been performed Ky
(2010) Amini et al (2011) Taylor (2012) and Barneti(2013) Xu investigated the effect of
varying the number of baffles within the foot print of $®ledEmbsaytank using a 2Dmodel
(Xu, 2010).Aminiet al reproduced -dmmedassmal\RANSkimulatonandy a t h
investigated the application of an original baffle degi@mini et al, 2011). Taylor exensively
exparded the work of Amini et &by varying both thenumber and lengtbf baffles Tayloralso
investigated the effects adriginal dimensionless parameseon disinfection efficiencyand
designed optimal baffling configurations based mumerical observations (Taylor, 2012).
Researctconducted by Barnettonsideredhe variation of baffle length and numbeithin a
1500 gallon rectagular tank utilizing a sharp inleBarnett investigated similatimensionless
parameter$o those described Byaylor (Barnett, 2013).

With the exception of Barne{®013) all of the previougparametric studies consider
tanks with a channelized inldh practice a majority of small systems makese of sharp inlets
to reduce cost and allofer integration of contactongito existing pipe networks (USEPA, 2003;
Baawain, 2006; Barnett, 2013)se of a sharp inlet results in the formation of a turbulent |

promoting larger amounts of flow separatiahan a channel inletBarnett quantified this
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difference for baffles placed alonige short axis of #ank,but a complete parametric study that
considers the placement of baffles parallel to the long axasanfik is yet to bandertaken

Research presented in this chapsmmarizes the resaltof 49 different CFD
simulations in anatempt to optimize the hydraulic disinfection efficiency of a rectangular
contact tankthrough internal bafflingComplementing the work of Barngf2013) this study
considers placement of baffles parallel to the long axis of a 1500 gallon rdatatagkwith a
sharp inlet In addition to optimizing tank performancehid study seeks to quantify the
detrimental efécts of using a sharp inlet ataldisplay the importance of inlet orientation.

Organization of this chapter is as followSection 3.2outlines applied numerical
methodology Section 3.3 provides a description ofetlstudied system and its modeled
counerpart,Section 3.4validates model results against experimental data and summarizes a grid
independence study, Section 8éscribes th@arametric study, Section 3.6 presents parametric
study results and accompanying discussion, and Section 3.7 sunamaszking conclusions
3.2 Numerical Methodology

The finitevolume code ANSYS FLUENT v 13.0.0 was used to condincte
dimensionalsimulations ofthe studied systemémbedded geometry and meshing software in
ANSYS workbench v.13.0.0 were used to create and mesh all simulation geom#itries.
geometries were meshed using an unstructured cutcell mesh with local sizing cBhto@sIT
was chosen for its proven robustneadaptive meshing abilities, and support for user defined
functions. Rigid lid models were used for all CFD simulations in order to limit computational
cost. Free surface elevation was estimated for all laimans from measurements in a
corresponding pttotype. Small changes in free surface elevation were shown to have little effect

on simulation results.
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All simulations were performedn a RANS frame work using the RN®&- closure
schemeThe RNG'Q- turbulence model was used for its ability to ti@nswirling and low
Reynolds number flows (ANSYS, 2010; Yakhot & Orzag, 198&3infectant was modeled as a

passive conservative scalaing the relationshighown in Equation 26

—u

6 ,70 1 S o I
— 00— — |

) o 1o Yo 1o (26)

—a

whered is the average tracer concentratibris the molecular diffusivity of the tracer, afid
is the turbulent Sahidt number, which was taken as 0.7 (See Venayagamoorthy & Stretch, 2010
for justification).

Boundary conditionsvere defined for all simulations as follows: velocity inlet, pressure
outlet, standard no slip walls, and symmetry rigid lid. Default solver options were selected and
shown to be adequate through experimental validatiee Sectin 3.4). This means thaa
pressurebased segregated solver was usedthatthe SIMPLE algorithm was used to couple
velocity and pressur&patial quantities were interpolated using a{nmster upwind scheme and
temporal derivatives were discretized using backwardmplicit Euler. Spatial gradients were
approximated using theag-squares based gradient methSthndard wall functions were used
due to difficulties associated with resultiog values.Resultingw values for near wall cells
varied between 0.4 and 270rfthe modeled resolutionUse of enhanced wall functions would
adequately modehe lower end of this range but wouldiisappropriate shear for the upper end.
Averagew values were within an appropriate rangeditandard wall functions.

Each simulation wasnitially run towards convergence using the steady state solver.
Resulting flow fields were then run without the presence of a conservative tracer for one TDT
using transient solvers. After thisnen-dimensionalscalar concentration of 1.0 was introduced

at the inlet and a monitor was placed at the outlet. Simulations were run until convergence,
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which was defined by minimal changes in scalar concentration at the outlet (around 3.5 TDTSs).
The intermediate running of transiesalutions before the introdtion of conservative tracer was
deemed nexssary in order to bring solutiomgo a quaststeady stateAverage velocities within

the tank would nostabilize untilthe transient@ver was run for around one TDT. An example

of thiscan be seen iRigure3.1.
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Figure 3.1: Example of Averag&elocity Magnitude Conergence for an Arbitrary System
3.3 Tank Geometry andSystem Description

The rectangular concrete tank shownFigure 3.2(a) served as a base system for the
entire study. Bui |t from 6itly reselésraf @olorade Gtate o n c r
Universityodés (CSU) Engi nAsehowmingFigures.8(le),ahe ¢ahk Ce nt e

interior is 4 feet wide, 11 feet long, andféet deep. Fluid enters at the bottom of the tank
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through a 20 inlet and exits at the top throu

(GPM) the tank has an agximate volume of 1500 gallons and a deptbh.@f ft.
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Figure 3.2: (a) Photograph of 1500 Gallon Prototype, (bderior Volume of 1500 Gallon
Prototype

Digitized geometry shown ifigure 3.2(b) was vertically truncated using Boolean operations in
order toaccount for the fresurface level.

The basesystem outlined inFigure 3.2(a) and (b)is representative of a number of
existing disinfection contactors. These concrete tanks are relatively inexpemslvean be
designedo fit a variety ofplumbing configurations.The physical prototypesed in this thesis
wasset up so that a numbef differentinlet and outlet configurations could bhehieved. Three
20 inlets were pl cheidedfthe tanktahdghreb dutlets avere ptaded a a
the top of each side of the tankhis wasdone to allow fotthe potential installation dlifferent
baffle configurationsWithout any modificatiorrectangular tanks like the base systeenform

poorly, obtainingd "@alues of0.1.
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3.4 CFD Model Validation

Two separate scenarios wagyhysially constructed and testedthin the protoype in
order to validatethe applied numericalmethodology.One scenario considered the base case
shown inFigure3.2(a) and(b) at a flow rate of 20 GPM. For the second scenario the base system
shownin Figure3.2(a) and (b)was modified using internal baffling. A total of two baffles were
used to limit cost and allow for ease of constructiReiffles were constructed usidg8 6 X 7 40
1J otreated plywood sheetBefore baffles were installed 60 4d0dvooden planks were fasted
around theperimeter of thdank bottom and around the tank rifthesewooden frame were
attached using a hammer drill a@dbolts. Two2 6 X 40 woweteattached teachk s
frame to facilitate baffle placemenBaffles were attached to theseidpi planks using wood
screwsandresulting gaps were filled witlvater tight silicon.Baffle orientation, spacing, and
length were selected based off of recommendations from previous sflalyésr (2012; Barnett,
2013. Figure 3.3(a) shows a platview schematic othe baffled system anéigure 3.3(b) shows

the fully constructegbrototype.
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Figure 3.3: (a) Geometric Plan View of Two Baffle System and @orresponding Physical
Prototype

3.4.1 Tracer StudyResults

Stepwise tracer studies were performed on sysyawoiotypes to quantify hydraulic
disinfection efficiency. Both the base system andtiie baffle systemwere investigatedising
sodiumchloride as a conservative trac®me of these studies wesdone using lithiunthloride
solution in order tofurther validate applied methodology.Lithium-chloride is generally
considered a more accurate tratten conductivitydue to the existence of low background
levels in un-modified influent and the ability of methods to accurately detect small

concentrationsUsing lower tracer concentrations reduces the risk of introducing buoyancy
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effects and violating the assumption of a passive sCBégts were conducted a minimum of two
times in order to ensure consistenByior to testing, solution was mixed in a plastontainer

with the use of an electric paint mixeSolution was themjected into the main flow using a
constant displacement pump and integrated via a static mixing Tiime.concentration of
sodiumchloride solution was selectedto increase the condtivity of the existing system
betweenu rp Tt T8FA . Similarly, the concentration of lithiurohloride solution was selected

so that the maximum observed concentration would be around 0.4 mg/l, which is an MCL
drinking water standdr During sodium chlorid testing conductivity was monitored at the outlet

in a fabricated flow through device using a YSI EcoSense EC300A conductivity, wbieh

was calibrated using manufacturer specifications (see AppendiFd) tests using lithium
chloride, samples weraken at predetermined time intervals using a tap (at the same location as
the flow through device). All lithium samples were analyzed in the Soil, Water, and Plant testing
laboratory at CSU using inductively coupled plasmamic emission spectroscofihdographs

of testingequipment can be seenkigure 3.4(a-d).
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(©) | (d)
Figure 3.4: Photographs ofhe (a) EC300A Conductivity Meter, (b) Paint Mixer, (c) Constant
Displacement Pump and Injection System, and (d) Fabricated Flow through Cell

Experimental result§rom physical tracer studiesere compared againsiumerically
derivedRTD curves.Figure 3.5(a) and (b)show comparisons of resulting RTD curves for the
base andwo baffle systems respectivelfzor both case€FD model, lithium tracer, and dmm
chloride tracer resultgariedby less than 1%f 0  within the region of interest( ) and less
than 5%of 0 overall validatingapplied methodologyResults suggeshat the base system

exhibited abaffling factor 0f0.05 and that thbaffled system exhibited a baffling factor of35.
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Figure 3.5: Comparison of CFD and Physical Tracer Results for the (a) Base System and the (b)
Two Baffle System

Additional tracerstudies wee conducted within the baffledystemat 40 GPM to
determineif resulting disinfection efficienciesvere dependent on flow ratBoubling the flow
rate resulted imegligible changesegarding scalar traport as shown irFigure 3.6. Similar
results have been discovered by Tay®012) and Banett (2013) Based on thiobservation
remaining CFD simulations were conducted2& GPM andeffects of flow rate werenot
investigated further. Barnet{2013) showed that at lower flowates (5 GPM) disinfection
systens could enter the laminar flow regime arndse contact volume. These effects were not
considerd or investigated ithe current study under the assumption thatringe of flows was
unlikely to occur in practice for systems like the studied proto{ggstems with poorly oriented

sharp inlets)
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Figure 3.6: RTD Curves for the Two Baffle System at Various Flow Rates
3.4.2Grid Independence Study

Two different typeof spatial grids weraitially investigatedor discretization of system
geometry The first set of tested gridspplied he use ofétrahedral cells while the secordt
used rectangutacells or cutcelk. In total four differenttetrahedral mesheand severdifferent
cutcell meshes wertested forresolvingthe baffled system shown iRigure 3.3(a) and (b)
Optimal grid generatiosetings were then used to develop tetrahedral and cutcell meshes for the
base system shown kigure3.2(a) and (b).

The coarsest tetrahedral mesh contained approximd&y000 cells while the finest
tetrahedral mesh contained approximately 890,000 c#llseasing theresolution of the
tetrahedral mesbaused thdaffling factor ofthe baffled system to converge on a value 080.2
yielding a reasonablemount of error when compared to experimental re¢8keFigure 3.7).
Error increased with resolutioand iterative solutions did not readily converge for each time
step suggestinghe presence of systemaflaws andissues regardingiesh quality Review of

resulting velocity profiles suggested excess diffusion of momeatnohpoor resolution near the
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boundaries of flow featuresvhich are both numerical artifaqiSeeFigure3.8(a) and (b). These
artifacts can be attributed to inappropriate values of orthogonal gaatityskewneswithin the
mesh Due to the rectangular nature of the systiow within each channel is predominantly in
the lengthwise direction. Unlikeectangular cells, tetrahedral cells do not directly line up with
the predominant direction of floand volumes are not always perpendicular to @dlcar. These
geometric inconsistencies introduce numerical phy#ieg result from spatiainterpolation
schemesTherefore, in order for a tetrahedral mesh to perform as well as a cutce]lhigksr

order methods would have to be used, which increases computational cost.
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Figure 3.7: Resultng RTD Curvesirom using Tetrahedral Meshet® Resolvea Two Baffle
System
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Figure 3.8: Contours ofNormalized Velocity /1y~ - k@t-the inletfor a Two Baffle System

using a (a) Tetraheydral Mesh and a (b) Cutcell Messhg <« "I,

The coarsest cutcell mesh contained around 350,000 cells and the finest mesh contained
approximately 1,860,000 cells. Onenesh containing 1,000,000 cells wasdified with the use
of controlledinflation around the exterior afhe tank wall.Effective inflation was difficult to
implement without overall grid refinement due to resulting increaseslimspect ratigswhich
causedinstability. Increasing msh resolutiorresulted inconvergence of the solutidiowards
experimental resultsDiscrepancies betweeexperimental and numerical RTD curves can be
attributed to experimental errgisee Appendix C)and inaccurate modelop of near wall
turbulence.Examples of differat meshes can be seen Rkigure 3.9(a-c) and resulthg RTD

curves can be seenhigure3.10. All simulations were run with a time stepad  ci .

P
u e

(a) (b) (c)
Figure 3.9: (a) 860,000 Cell Tetrahedral Mesh, (b) 350,000 Calitcell Mesh, and (c)
1,000,000 Cell Cutcell Mesh
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Figure 3.10: Resulting RTD Curves from using Cutcell Meshes to Resolve a Two Baffle System
Application of tetrahedrahnd cutcell meshesn the approximation of scalar transport

within the base systelyielded similar results to the two baffle system. Tetrahedral meshes did

not readily converge and showed signs of numerically induced physicsforthef oscillating

RTD curves On the othehand,cutcell meshes converged at ediche step in threderations or

less andnatched experimental dataigure3.11 exemplifies these observatioriswas therefre

decided that cutcell meshes would be used to discrttz@maining system®ased orFigure

3.12 and the use od "@sa convergence factor, it was determined that grid independease

achieved at1,000,000 cd$. Respective settingdom this mesh were used to discretize

geometries in the parametric study.
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Figure 3.11: Resulting RTD Curves for the Base System using Tetrahedral and Cutcek$/esh
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Figure 3.12: Grid Convergence foCutcell Meshes within a Two Baffle System

51



In addition to determining spatial convergence, terapconvergence was investigated
by varying he time steps-0. Time steps of0 ¢Or fp Gy Bandp Dwere used to asses effects
of temporal resolution omsolution results As shown inFigure 3.13, coarsenig 30 had no
significant effect a the region of interesd( ) and only aféctedlater portiors of resultingRTD

curves. A time step of30 ¢Owas chosen fothe remainder of thetudy as a conservative

measure.
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Figure 3.13. Effectof <n RTD Curve Shape f@Two Baffle System
3.5 Parametric Study
Once the proposed numericabdel was validatedh paametric study was conducted to
investigate the effect of placiriaffles parallel to the long axef the studied systenthis study

differs from past studiesn terms of baffle orientation andnlet condition. Taylor (2012)
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investigated baffles in aystem with a channel inlet and Barnett investigated a system with a
sharp inlet and baffles placed pehto the short axisCFD was use@s opposed to physical
modelingbased on economic considerasolmplementing computati@h models is not only
more costeffective than physical modeling, bus more timeeffective CFD also provides
detailedresolution of internaflow characteristicspffering additional insight regarding system
performance.
3.5.1 Parameters of Interest

Dimensonless geometric pameterssimilar to those studied by Tayld2012) and
Barnett(2013)were investigated in this studf general schematic of a baffled system can be
seen below inFigure 3.14, which defines geometric nomenclatutavestigated parameters
included fo ,0 7w , 0, and the number of baffl§$ ), whered® and0 aredefined by

Equatiors 27 and 28

5
g 0 5
o5 (27)

0 O 0 (28

Figure 3.14: Geometric Parametedd an Arbitrary Baffled System
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