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ABSTRACT

TOWARDS IMPROVED UNDERSTANDING AND OPTIMIZATION OF THE

INTERNAL HYDRAULICS OF CHLORINE CONTACT TANKS

The research presented in this thesis focuses on utilizing catopad fluid
dynamics (CFD) to further the understanding of the internal igmamics in chlorine
contact tanks. In particular, we aim to address the following twicad questions: (1)
for a given footprint of a serpentine chlorine contact tank witlkeadfinlet configuration,
how does the hydraulic efficiency of the tank depend on the configurat internal
baffles?, and (2) for water storage tanks modified for use asirghlcontact tanks, can
inlet conditions be modified such that near plug flow conditions are @adclose to the
inlet and throughout the rest of the tank? Key design paramegzesidentified and
parametrically tested for each of these design problems.

For the serpentine baffle tanks, a benchmark contact tank geobasieyd on a
scaled model of the Embsay chlorine contact tank in Yorkshire, Ehglas used for
validation and then subsequently modified by varying both the number art leihg
baffles. In order to define guidelines for hydraulicallyaéint baffle tanks, a parametric
study consisting of forty high-resolution 3-D simulations of défgrtank configurations
were performed to quantify the efficiency of the scaled consat &s a function of the
dimensional relationships between the inlet width, channel width, tank width, tarik, leng
and baffle opening lengths. The simulations tested the hydrdtibeermcies of the
different tank configurations. Hydraulic efficiency was qifaad by the baffle factor

(BF). We found that the most efficient tank hadBk of 0.71, and that hydraulic



efficiency was optimized in this tank by maximizing the léntgt width ratio in baffle
chambers and by minimizing flow separation through the tank, whichaetasved by
setting equal dimensions to the inlet width, channel width, and bafflengplemgth. A

new contact tank geometry was then developed by applying the dimémslatianships

that were shown by the parametric study to optinBge and by modifying the baffle
geometries to minimize flow separation around baffle tips. Theaoetact tank design
had aBF of 0.78, which represents a 10% improvement in hydraulic efficieoypared

to the Embsay contact tank.

In the study of inlet modifications for cylindrical storage tankket diffusers and
inlet manifolds were developed and modeled. Experimental flow througyes (FTCs)
of a benchmark storage tank used as a contact tank were used tte thBd@FD model
that was utilized in the study. Thirty-seven modified inlet cpmitions using two
representative flow rates were modeled. The inlet manifalgsavedBF significantly,
whereas the inlet diffuser had insignificant effects. The lesygth parameters identified
for the inlet manifold were the number of inlets and the heigthefnlet(s) in the tank.
The inlet manifold designed with 16 inlets with the inlet heightasetO percent of the
tank height improved thBF of the storage tank from 0.16 to 0.51. This 220 percent
increase INBF represents a major improvement in hydraulic efficiency forhsuc

cylindrical contact tanks that are widely used by small water treagystams.
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CHAPTER 1. INTRODUCTION
1.1 Background

In the United States, water quality regulations are developeddamaiatered by
the United States Environmental Protection Agency (US EPA). In stages, the
regulations set by the US EPA are enforced by state tegulagencies that have been
given primacy by the US EPA (US EPA, 1998). In the stateabdr@do, the Colorado
Department of Public Health and Environment (CDPHE) has priteaegforce US EPA
regulations.

CDPHE regulates water treatment with regards to microbicabgiontaminants
according to the regulations set in the Long Term 1 Enhancedc8Ww¥ater Treatment
Rule (LTIESWTR)Disinfection Profiling and Disinfection Technical Guidance Manual
(US EPA, 2003).These regulations set minimum levels of disinfection accordiriget
CT methodology where the product 6fT must meet a minimum level and whete
represents disinfectant concentration, afd represents contact time between
contaminants and disinfectants (Davis and Cornwell, 2008)an be increased through
the use of contact tanks, which have a theoretical detentionTiDB 6f V/Q, whereV
is the tank volume anQ@ is the flow rate. Th&DT calculation assumes plug flow, where
there is no flow separation and every water particle or contampaasing through the
tank is in the tank for the same amount of time.

Short circuiting and dead zones in contact tanks cause non-unifornstaimizs.

In order to ensure that contaminants are disinfected beforengntiee water distribution
system, the characteristic contact time used in calculatiodgstermine the appropriate

disinfectant concentration is set &g, which is the time it takes for 10% of a given



concentration released at the inlet of the contact tank to thacbutlet. Hydraulic
efficiency is commonly quantified by baffle fact@HK), which is calculated a,¢/TDT.
The purpose of the research done in this thesis was to develop desiigods to
maximizeTyo in a given contact tank by attempting to eliminate shorttting and dead
zones. The research was done, in part, to satisfy sections of the third and fowshophas
a four phase project for the Water Quality Division of CDPHE.

The first and second phases of the CDPHE project involved validating
computational fluid dynamics (CFD) techniques for modeling contankst and
proposing several pre-engineered contact tank designs for usealiywater treatment
systems in Colorado. The third phase of the project involved the detsigh as well as
physical and CFD modeling of pre-engineered contact tanks. Thih foliase of the
project is ongoing, and entails using CFD models to develop modfisathat can be
cheaply implemented to increabg in existing contact tanks.

The first phase of the project was primarily completed by Qfogfor her
Master’s thesis titlednternal Hydraulics of Baffled Disinfection Contact Tanks Using
Computational Fluid DynamicsThe second phase and the first half of the third phase of
the project were completed by Jordan Wilson in his Master’ssthigieid Evaluation of
Flow and Scalar Transport Characteristics of Small Public Water Dastidn Systems
Using Computational Fluid DynamicsThe completion of the remainder of the third
phase and the beginning of the fourth phase are represented byrkhgr@sented in this

thesis.



1.2 Objectives

The main objective of this thesis is to determine the desigmgdess of chlorine
contact tanks that will optimize disinfection efficiency. Pllmgyv where longitudinal
velocity profiles are relatively uniform, represents the idéalv condition for
disinfection. Two categories of contact tanks will be evaluatédt, Eerpentine contact
tanks, whose hydraulic efficiency is primarily controlled byintonditions, length to
width ratios of baffle chambers, and baffle configurations, werdyzsw using a
parametric study designed to isolate the effects of bafilé ialet configurations.
Second, modified storage tanks, whose hydraulic efficiency is cauroyl the length to
width ratio of the tank and the inlet and outlet configurations, weatyzed using a
parametric study of inlet configurations that are designed to indeae plug flow as
close as possible to the inlet location. All modeling assatiati¢h this study was
performed using 3-D CFD techniques that were validated with physical models
1.3 New Contributions
The significant new research contributions presented in this thesis include:

e The development of guidelines for serpentine contact tank desigogtiaize
hydraulic efficiency utilizing dimensional relationships betweateti width,
channel width, tank length, baffle opening length, and number of bafflesinka
built on a fixed footprint.

e A new design for a serpentine baffle tank utilizing a stanftotprint and inlet
conditions that, in addition to following the design guidelines presentdaisin
thesis, introduces a new baffle geometry that minimizes flowratpa around

baffle tips and increas&* by 10%.



e Findings that indicate that in vertical storage tanks with imianhifolds designed
with appropriate horizontal spacing and inlet hei@#,is linearly related to the
inlet area for tanks designed with practical numbers and sizes of inlets.
e The design of an inlet manifold that was shown to incré&sen a modified
storage tank by 220%. This inlet manifold induced flow patterns imthdified
storage tank that were 81% as hydraulically efficient asltw patterns modeled
in an idealized tank with the physically impossible condition of Hepty
uniform inlet velocity across the direction of flow in the tank.
1.4 Research Publications

Chapter 3 of this thesis contains portions of a paper by Ta&ylal. titled
Hydraulic Efficiency of Baffled Disinfection Contact Tatiat has been submitted to the
ASCEJournal of Environmental Engineering

The research presented in Chapter 4 is being prepared for swaomigsihe
ASCE Journal of Hydraulic Engineering

An abstract and paper title€Computational Modeling of Baffle Disinfection
Tanks has been accepted and will be presented at the Environmental Réatarrces
Institute (EWRI) World Environmental and Water Resources Congiday 20-24,
2012.
1.5 Organization of Work

Chapter 2 provides a literature review of current water treattrdisinfection
protocols in the United States and explains the CFD techniques usedrnrodeling of
the contact tanks in this thesis. The discussion of the disinfqutibacols includes an

explanation of the chlorination process and a description of the diffea¢egories of



disinfection contact tanks. The CFD techniques introduced include Cé&thods,
turbulence models, wall treatments, and commercial CFD software.

Chapter 3 presents a parametric study of serpentine baffle tenfiiglrations
with variable numbers of baffles and variable baffle opening lengths. Chapter ibekescr
an analysis of modified inlet configurations for storage tanks @asechlorine contact
tanks. An inlet manifold that is shown to increase efficiencgu®r 200% is introduced.
Chapter 5 provides recommendations for further research and pritseatsclusions of
the work presented. Appendix | shows the user-defined function foiswitlyy used by

the FLUENT models.



CHAPTER 2. LITERATURE REVIEW
2.1 Water Treatment

In the United States, water treatment systems are designeontrol physical,
chemical, microbiological, and radiological characteristics oftewa Physical
characteristics include temperature, color, turbidity, tastepdod and often are related
to the appearance of water. Chemical characteristics Eteddo the hardness and
softness of water. Radiological substances can be found inwiaiee source has been
contaminated by radiological substances. Microbiological contansinantvater are
largely responsible for water-borne illness in the United Statekaround the world
(Davis and Cornwell, 2008). The focus of this thesis is on thetidathan of
microbiological contaminants from drinking water.

The United States Environmental Protection Agency (US EPAstatdards for
naturally-occurring and man-made contaminants in drinking water prowgqulblic
water systems as authorized by the Safe Drinking WaterSR¥WA) of 1974 (US EPA,
2004). US EPA enforces the removal of primary contaminants througNatenal
Primary Drinking Water Regulations (NPDWR), which list contamisaand their
maximum contaminant level (MCL) (US EPA, 2009). The two prnmmaicrobiological
contaminants listed in the NPDWR are giardia and cryptosporidiugh EBA, 2009).
Between 1980 and 1996, there were over 430,000 cases of waterborne iliseskna
these contaminants (Davis and Cornwell, 2008).

The US EPA sets standards for contaminant levels in water,piioiary
enforcement of the standards can be assumed by states or Indias ifftibey meet

certain requirements (US EPA, 1998). When a state or Indian Tetiees to enforce



the water quality standards set by the EPA and they mee¢dheements of the EPA,
they are given primacy. Wyoming and the District of Columbggtlae only places in the
United States without primacy. In these two locations, watertgualgulations are
enforced directly by the EPA.

The research in this thesis was done in part for the Colorado Department of Publi
Health and Environment (CDPHE), which has primacy in the staimlofado. CDPHE
regulates the contaminant levels in water supplied by publiervegstems in Colorado
according to the Colorado Primary Drinking Water RegulationdD{@R), which meet
or surpass the NPDWR regulations in terms of MCL. Disinfactid water is
accomplished through the removal of cysts, viruses, and baa&adachlorination is a
common method of disinfection.

2.1.1 Chlorination

Chlorination is the most common form of disinfection used in the Uidtates
(Davis and Cornwell, 2008). There are many different ways waterbe chlorinated,
but for the purposes of the work in this thesis, the methodology @ Theoncept will
suffice to describe the basic way in which all chlorination @sses disinfect water.
Through a process which is still not completely understood, when chloriselution
comes in contact with microbial contaminants, it kills them oveeti The rate of this
process is dependent on the concentration of chlorine, the pH of the amdethe
temperature of the water. THeT concept describes the level of inactivation of
contaminants that can be achieved when a certain disinfecacérdration €) is in
contact with contaminants for a given length of tirfig (CT represents the product of

disinfectant concentration and contact time and indicates the lev@haofivation



achieved in water treatment. The empirical equatiorCib(Davis and Cornwell, 2008)
is given as

CT = 0.9847C01758pH27519temp—0-1467, (1)
where C = disinfection concentration = contact timepH = pH of the water being
treated, andemp= temperature of the water being treat&d) (

Water system operators use tables developed by the EPA (upi(ih) Bnd safety
factors) to determine th€T required for the water source being treated (Davis and
Cornwell, 2008). Tables fo€T at different log-inactivation levels, pH values, and
temperatures can be found in the LTIESWDRInfection Profiling and Disinfection
Technical Guidance Manual Log-inactivation level is a measure of the reduction in

contaminant levels achieved in disinfection, and is calculated as

, , . influent concentration
Log inactivation level = log( ! )

2)

ef fluent concentration
A common requirement for inactivation is 4-log, which requires #8a99% of
contaminants be removed (Davis and Cornwell, 20@3).measured in a water system
must be greater than th@T required by the EPA by at least the number of log-
inactivations required. The measur@d is the product of the measured disinfectant
concentration and the characteristic contact time of the caatdct The characteristic
contact time,T1o, is the amount of time it takes for the first 10% of a coneéotr of
disinfectant released at the tank inlet to reach the tank o@lettact tanks are used at
the end of water systems to increase the level of inactivatfonontaminants by
increasing the amount of time contaminants are in contact withfetiants before

entering the distribution system.



2.1.2 Contact Tanks

The purpose of contact tanks is to maximize the contact time iofadison so
that high levels of disinfection can occur at low disinfectant cunaons. Ideal contact
tanks cause plug flow, where every particle of water traveling throughnkespends the
same amount of time in the tank. Theoretical detention {Iidd)(represents the contact
time of a tank with plug flow conditionsTDT is calculated as the ratio of the tank
volume to the flow rate. The hydraulic efficiency of contaok$ais quantified by baffle
factor BF), which is calculated ag,/TDT (US EPA, 2003). If two tanks have identical
TDT, but one tank has a highBF, the tank with higheBF will require a lower chlorine
dose for the same level of disinfection. HBR is desirable because water systems that
use lower chlorine doses and still meet required inactivation leneglsce their
expenditures on chlorine and reduce the production of disinfection by pr¢DBRs).
DBPs are regulated as primary contaminants by the EPA (US EPA, 1999).

BFs of contact tanks are assessed in several manners. The mosghhand
costly method involves full-scale tracer studies on existing tagksall water systems
often cannot afford to perform tracer studies and instead usei@hpalationships to
estimateBF based on tank characteristid@Fs that are assigned to tanks solely based on
tank characteristics according to LTLIESWTR are shown in Thblalthough the table
provides fairly detailed descriptions of the baffling in the tamsisjgning aBF without
performing tracer studies or CFD modeling involves a high erregimand can often

lead to over-disinfection and high DBP risk.



Table 1. Baffling classification according to US EPA (2003)

Baffling Condition Tio/T Baffling Description
Unbaffled (mixed None, agitated basin, very low length to width ratio,
0.1 o iy

flow) high inlet and outlet flow velocities.

Single or multiple unbaffled inlets and outlets, no intra-
Poor 0.3 -

basin baffles.
Average 0.5 Baffled inlet or outlet with some intra-basin baffles.
Superior 0.7 Perforated inlet baffle, serpentine or perforated intra-

P " basin baffles, outlet weir or perforated launders.

Perfect (plug 10 Very high length to width ratio (pipeline flow),
flow) ' perforated inlet, outlet, and intra-basin baffles.

The most recently developed method for determiningBRein contact tanks
utilizes CFD. CFD tracer (scalar transport) studies camsbd to estimatBF as long as
proper validation is done. Shiorm al. (1991) performed physical tracer studies of a
laboratory scale model of the Embsay chlorine contact tank ikskiwe, England. The
data from this study were used by Wang and Falconer (1998a), tiateathe use of
several turbulence closure schemes, and numerical methods to gredD velocity
field in CFD models of the laboratory scale model. A similadg (Wang and Falconer
1998b) used the same methods to validate the use of CFD in prediatingcdlar
transport in a depth-averaged formulation (2-D) of the Embsay laboratoeynsodel.

The first validation of 3-D CFD modeling of baffled contact tanks achieved
by Khanet al. (2006). Their 3-D CFD model was computed using STAR-CD, which
solved the Reynolds-averaged Navier-Stokes (RANS) equations and ustahties dc-
¢ turbulence closure model. They used a structured 3-D mesh andedlideir model
with a flow-through curve (FTC) and velocity profiles in seVeextions of the Embsay
model tank.

3-D CFD models of contact tanks are advantageous because thehaivset

access to the 3-D velocity and other relevant flow fields, alatigdetailed information

10



about the transient scalar transport occurring in the tank. dahysacer studies often
only show the disinfectant concentration at the outlet, whereasn@¥i@ls can provide
information about disinfectant concentrations at any position in tiile da any given
time. This information is valuable in identifying areas in tia@k in which the
disinfectant is being inefficiently transported.

Until recently, CFD models of baffle tanks were un-validated anddor
computationally expensive for use with contact tanks. Advances in cengmwer and
commercial CFD software, such as FLUENT, FLOW3D, and COMStlve made it
feasible to model contact tanks, and to evaluate the effectsflef afdifications on the
BF of contact tanks. Recent studies evaluating the effects ofctdatk modifications
have primarily considered three types of contact tanks: serpdouiffie tanks, pipe
loops, and modified storage tanks.
2.1.2.1 Serpentine Contact Tanks

Serpentine contact tanks are generally used by large wetiems. They are
often constructed of concrete and have a plan form similar to theateled by Shiono
et al. (1991), which is depicted in Figure 1. Khah al. (2006) provided the first
thorough validation of a commercial CFD code to solve the intermibbiics and scalar
transport in a contact tank using a 3-D RANS CFD model. Mamntestudies have
aimed to improve thé&Fs of serpentine contact tanks by using CFD models that are
validated by tracer studies of existing tanks. These studies diwen dimensional
relationships that influence the efficiency of the baffle tank. Kbag dimensional

parameters that control hydraulic efficiency in serpentine cbtaaks are: inlet width
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(Whiet), channel width\(y,), baffle opening lengthL{.), and tank lengthL{), and tank
width (W).

The work presented in Chapter 3 of this thesis illustrates thenptiia study we
performed to determine how the relationship¥\bfes/Wen, Winiet! Lbo, Wer/Lbo, Loo/LT, @nd
L+/Weh affect the hydraulic efficiency in serpentine baffle tankfie studies we present
in this literature review illustrate the CFD studies perfednto define dimensional
relationships that can be followed to optimRBE in baffled tanks. These studies have
only addressed the dimensional relationshiplstOi., andW/Lyo, and as we will show,
their parametric studies of these variables were incomplateof these papers show
parametric studies of baffle tanks with a fixed footprint and varying numbersflafsbaf

Wintet ol Le Wous
W WB N | |" :“

— W,
ch ',-j"
2
:.n N _'_ -y I‘T
2 Wy

Figure 1. Plan form of the Embsay contact tank

Compartment 5
cross-section

Xu and Venayagamoorthy (2010) performed a 2-D RANS CFD study of the effect
of baffle number oBF in a contact tank with the footprint of the scaled Embsay contact
tank. The study modeled cases with 1, 2, 3, 4,5, 6, 7, 8, 9, 10, and 11 baéfés.
length (g) and consequently,,,, were kept constant for each case. In cases where there

were more than seven bafflé8i, .. was set equal td.n. In cases with seven baffles or
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less,Winet was set to the inlet width used in the scaled Embsay coatdcfrom Shiono
et al. (1991). This was the first study to model baffled tanks with imidths of different
dimension than the channel width. The study found thatB#hencreased when the
number of baffles was increased. This showed Bfats maximized whert/W, is
maximized. The study did not mention or evaluate the effects wl@W, e, or the
relationship o€Wip et Wen.

Amini et al. (2010) performed a parametric study of the number of baffled in
a 3-D RANS CFD model of the Embsay contact tank. One, thkex,seven, nine, and
eleven baffles were tested in the study. The inlet and outlédtswvere modified in each
case so that the inlet width was the same as the channel Width.study showed that
increasing the number of baffles increasedBR¢ and that the increase for each baffle
added was diminishing. This study did not mention or consider the indudraltered
inlet velocities oBF. To keep flow rate constant for each number of baffles, the inlet
velocity was changed in each study. The inlet velocity waseligwhen the number of
baffles was smallest, and vice versa. The only parametduatdgd in this study was
L+/Weh.

Wenjunet al. (2007) performed 2-D CFD studies on serpentine baffle tanks to
develop an empirical relationship between the median length of water takes in the
contact tank toM. In most work related to baffled contact tanks, the length to width
ratio is taken as the width of the channel to the length oflthanel The total length of
the baffle tank, if it is straightened, which is the parametatuated in the Wenjuet al.
(2007) study, is irrelevant because the turns around the baféesipttthe formation of

fully developed flow. The contribution of this study is the observatianBF is best
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when W/Ly, =1. Their observation, however, is inconclusive because they did not
isolate the effects of the relationship\W§/Ly, from the effects oW /Ly, and it is not
clear if they isolated the effects af/W,. This study also presents a special case
showing that the number of baffles in a tank is indirectly proportitmdie BF because

BF is decreased when the number of turns in the tank is indre&sehis special case,
L+/Wen was held constant as the number of baffles was varied, but teetsefbr
dimensions ot,, were not mentioned. Becausg was held constant in all cases tested
in the study of Wenjuet al. (2007), the findings of their study are limited.

The work we present in this thesis provides new findings not found in the
literature on the relationships et/ Wen, Winiet! Lo, Wer/Lbo, Lod/LT, @andL1/W, because
our parametric study is the first of its kind to vary both the nurobdraffles and the
length of the baffles.
2.1.2.2 Pipe Loops

Wilson and Venayagamoorthy (2010) validated the use of CFD to ntioelel
scalar transport in pipe loops. Pipe loops are some of the masérdffcontact tank
systems. The system modeled using CFD and physical tramkesstoy Wilson and
Venayagamoorthy (2010) had& greater than 0.9 at several flow rates.

Pipe loops are efficient because they have very long lengthdib watios and
they approximate plug flow in straight segments of pipe. Flowaraéipn occurs at the
bends in the pipe, but is minimal. Computational modeling of pipe lmogsnerally
unnecessary because the higfh of pipe loops is well accepted by regulatory agencies
such as the US EPA and CDPHE. The pipe loop tested by Wilsonearayagamoorthy

(2010) is shown in Figure 2.
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Figure 2. Pipe loop (from Wilson and Venayagamoorthy, 2010)
2.1.2.3 Modified Storage Tanks

Many water systems use water storage tanks as contkstiiacause the storage
tanks can be bought cheaply from large manufacturers. These taeksdbaffles and
inlet and outlet configurations that are not designed to induce plug flénless tracer
studies are performed, the US EPA assigis of 0.1 to these storage tanks. Typically,
only small water systems use these tanks, and they have toghseoncentrations of
disinfectants because of the loBF. Improving the BF of these tanks can be
accomplished by linking them together in series, building bafflehentanks, or by
modifying the inlet configuration.

Wilson and Venayagamoorthy (2010) showed that pressurized cylindocadst
tanks connected in series have significantly hidgdfes than single tanks; the tanks used

hadBFs on the order of 0.1 singly and 0.3 when three were linked in seftes tanks
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tested in series by Wilson and Venayagamoorthy (2010) are showgureR(a). A
study evaluating th&F of different numbers of tanks linked in series was done using
CFD and verified with full-scale physical tracer studies.

Wilson and Venayagamoorthy (2011) modeled a 500 gallon storage tank using
physical and CFD modeling. THF of the tank was on the order of 0.1 for all flow

rates. The 500 gallon tank, which is 6 feet tall, is shown in Figure 3(b).

(@) (b)

Figure 3. Modified storage tanks (from Wilson and Venayagamoorthy, 2011)

2.2 Computational Fluid Dynamics

Computational fluid dynamics (CFD) models have been thoroughly vedidat
the modeling of the internal hydraulics and scalar transport itedatbntact tanks and
storage tanks modified to be contact tanks. The CFD softwareBENLldnd COMSOL

were considered for use in this study. RANS equations were usedwasetjuation
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turbulence models were utilized for closure. Enhanced wallimsctvere set to ensure
proper resolution of the inflated meshes generated for the study.
2.2.1 CFD Methods

CFD can be used to simulate or model fluid flow. There is a diséinction
between simulation and modeling; simulations solve the Navier-Seajkegions for the
full flow field, whereas models solve the RANS equations. The three most confflon C
methods are direct numerical simulation (DNS), large eddulstion (LES), and RANS
models. DNS is often used for academic research applicatioasideedt solves the
smallest scales of fluid flow. Because DNS solves the sstadicales, it is also very
computationally expensive and is not practical for use in simulatghshigh Reynolds
number or a large domain (Pope, 2000).

LES is a combination of RANS models and DNS. Filters are sgeld that the
full Navier-Stokes equations are solved for larger scale turbuletibms, but RANS
models are used to solve the smaller scale turbulent motionsomguter processing
technology advances, LES will become more and more practicakéim industry, but
at this point it is still used primarily in research applmasi because of its computational
costs. RANS models are the most commonly used CFD models @icpraesign and
industrial applications. The RANS equations are derived by takegirtte average of
the Navier-Stokes equations, which introduces an artificial term ithaalled the
Reynolds stress term. RANS methods are popular because tHegsacemputationally
expensive than DNS and LES models, but they require the addition duéetvae model

to represent the artificial Reynolds stresses (Pope, 2000).
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2.2.2 Turbulence Models

Turbulence models are used in CFD codes to provide closure to the RANS
equations by providing a solution to the Reynolds stresses. The Begt@sses can be
modeled either by the turbulent viscosity hypothesis or by théetad Reynolds stress
transport equations (Pope, 2000). The turbulent viscosity hypothestidsassuming
the modeled flow is in the category of simple shear flows (roetsg] mixing layers,
channel flows, and boundary layers). The flow in contact tanks tegssumption, so
turbulence models based on the turbulent viscosity hypothesis were used in thihiresea

There are many turbulence models based on the turbulent viscggdthésis,
but the most common are the two-equation models. (For a more cowmliglaission of
the turbulent viscosity hypothesis and turbulence models, pleaseopee 2000). The
two-equation models used in this research were-+themodel and the-o model, which
are very commonly used and included in most commercial CFD prograrhe x-¢
model solves the turbulent viscosity using the model transport equatidarifedent
kinetic energy £) and the model transport equation for turbulent dissipatpn The
turbulent viscosity is solved as

vr = Cyk? /€, (3)

whereC, is a model constant (Pope, 2000). khe model is similar to the-¢ model, in
that it uses the model transport equation for turbulent kinetioggngy, but differs
because the second equation solvedrepresents the specific dissipationxag. For
homogeneous turbulence, both models will have the same solution. For inheowsyen

turbulence, the models will have different solutions. #faemodel is suited for solving
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free shear flows, whereas thew model is suited to solving boundary layer flows
(ANSYS, Inc., 2011).

Commercial CFD software, such as ANSYS FLUENT, provides skversions
of both thex-¢ andx-w models. The different versions of the models include the standard
k-¢, k-¢ RNG, k-¢ Realizable,x-w, andk-w SST, each of which has advantages for
modeling applications of different types of flows.
2221 k-¢standard

The standarck-¢ model was proposed by Launder and Spalding (1972). It is
accurate for a wide range of turbulent flows, but it is only vali€ully turbulent flows
(ANSYS, Inc., 2011). In order to allow modeling of a wider varietyl@i's, such as
flows that are not fully turbulent, several modified versions ofstiaadardx-¢ model
have been developed. The key differences in the model versionkeameethod used to
calculate turbulent viscosity, the turbulent Prandtl numbers used dactptarbulent
diffusion, and the generation and destruction terms inctleguation (ANSYS, Inc.,
2011).
2.2.2.2 k-¢ RNG

The k- RNG model is derived from the Navier-Stokes equations using a
statistical technique called renormalization group theory (RN@rcaise it is derived in
a different manner, the RNG model has different coefficients for the model transport
equations than the standatet model. The key benefit of the RNG model over the
standard model is that the RNG model accounts for low Reynolds nefféets in non-
fully turbulent flows through the use of an analytically derivednida for effective

viscosity. The RNG model also accounts for the effects of ewiturbulence and has an
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extra term in the turbulent dissipation equation to account for régaich $n flows. The
standardc-e model uses a constant user-specified turbulent Prandtl number, svhezea
RNG model specifies the turbulent Prandtl number with an andlygoaula. These
modifications to the standaxde model make the RN&-¢ model valid for wider array of
flows (ANSYS Inc., 2011).
2.2.2.3 k-¢ Realizable

The realizablec-¢ model is, by definition, mathematically realizable in akesa
The standard and RN&¢ models contain mathematical anomalies in cases when the
mean strain rate in the flow is very high. The realizakdemodel accounts for these
anomalies by solving fo€,, a model coefficient, based on the turbulence in the flow
such that there are no mathematical anomalies and the equagoalsvays realizable.
The realizable model is validated to perform better than the ethenodels in cases
with separated flows and flows with complex secondary flows. d&ther flow
conditions, the realizable and RN&e models perform better than the standard
model, but it is not clear which model, RNG or realizable, perfdretter because the
realizable model is relatively new (ANSYS, Inc., 2011).
2224 k-

The k-w model performs well in the boundary layer of flows, but does not
perform well in turbulent free shear flows. This means thatcthemodel does well
close to walls in wall-bounded flows, but performs poorly far frova wall (ANSYS,

Inc., 2011).
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2225 Kk-o SST

The k-0 SST model combines the standard model with a transformed-¢
model so that flow can be accurately modeled in one simulatiaeas aith high or low
Reynolds numbers and in the boundary or free shear layers. The oésdtsh model
are multiplied by a weighting factor dependent on the locatiorhenflow, and the
products of the models and their weighting functions are combined. wé&lghting
function is set to 1 for the standardo model and zero for the transformed model at
the wall so that wall flows are modeled only using#he model. The opposite is done
in the free shear layers so that only the transformednodel is used far from the wall
(ANSYS, Inc., 2011).
2.2.1 Wall Functions

In wall bounded flows, the viscous boundary layer at the wall is theesdoir a
large part of the turbulence in the flow because of the noesiilition on the wall.
Thus, it is important to accurately model the boundary layerdardo accurately model
the turbulence. Close to the wall, viscous forces dominate the tholfaafrom the wall
turbulence dominates the flow. Distance from the wall is uswsdbcified by the

dimensionless wall unit;", which is calculated as

yt =22 4

v
where: u, = friction velocity= \/rw—/ T,, = wall shear stresg, = distance from the
wall (dimensional)p = fluid density, and = kinematic viscosity of fluid (Pope, 2000).
In the flow close to the wall, there are several layersareatategorized based on
dominant characteristics and wafl. In the viscous sublayey, <5, viscous stresses

dominate the Reynolds stresses. In the transition I&en < 50, the viscous and
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Reynolds stresses are both important. In the outer igyer,50, Reynolds stresses are
dominant (Pope, 2000). The purpose of wall functions is to calchlatshiear stresses
and turbulence close to the wall. The location of the first poidtanmtesh in relation to
the wall, described ag becomes very important in modeling, depending upon which
type of wall function is used.
2211 Standard Wall Function

Standard wall functions model the fully turbulent portion of the boundaer,la
but do not model the viscous sublayer. A semi-empirical formulesesl to calculate
velocity and shear at the first point outside the viscous layeeibdaundary layer so that
turbulence models do not have to be modified for flow solutions clodetwall. The
validity of standard wall functions is dependent on the location ofniggh point closest
to the wall, which needs to satisB0< y'< 60. With standard wall functions, the
accuracy of the solution is highly dependentydrbeing in the correct range (ANSYS,
Inc., 2011).
2.2.1.2 Enhanced Wall Function

Enhanced wall functions solve for the turbulence and shear generabedwilit
with the first point assumed to be in the viscous sublayer of thiebaandary layer.
This is convenient because it allows for high resolution meghés avall, whereas with
the standard wall function the first mesh point needs to be outside of the viscous sublayer
which often leads to coarse meshes. The suggested raygdasfthe enhanced wall
function isy’< 5. Accuracy is dependent on the first point in the mesh beingnutitlei
viscous sublayer, but the sensitivity of the solution of the enhancddfumation in

regards to/’ is less than that of the standard wall function (ANSYS, Inc., 20M8sh
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generation techniques aimed at correctly placing the first pointhe mesh will be
discussed further in the model development sections of Chapters 3 and 4.
2.2.2 Commercial Software

There are many commercial CFD software packages. Sorhe afdst common
packages include COMSOL, FLUENT, FLOW-3D, and Open-Foam. Opamf® an
open source code that is free to download. There is no graphicattestce for Open-
Foam, so it is not a very user-friendly code. COMSOL, FLUENT, Rt@wW 3-D all
come with graphical user interfaces and are more user-fridmaliyhey require licenses
that can be very expensive. At the time the research forhibssstwas done, Colorado
State University had licenses for COMSOL and FLUENT. héligh FLOW 3-D has
very good multi-phase modeling capabilities, it was not consideredude in this
research because FLUENT and COMSOL were available and eof$arelar modeling
capabilities. FLUENT and COMSOL were the commercial Cliiware packages
considered for this research.
2221 COMSOL

COMSOL Multiphysics is a finite-element modeling programt thas a CFD
module for modeling fluid flow. COMSOL is very user-friendly besaggometry
generation, meshing, modeling, and post processing are all done iprogem
(COMSOL, 2010). The drawback of using COMSOL for modeling filogvs is that
finite element methods can be non-conservative in modeling fluid fidweyeas finite
volume methods use the conservative form of the partial differeegjahtions, and
guarantee mass-conservation. COMSOL was not used for thecheseathis study

because mass-conservation is not guaranteed by the finite-elerathad, and because
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initial testing using COMSOL resulted in non-conservative andhstable results for
scalar transport.
2221 FLUENT

ANSYS FLUENT is a finite-volume CFD software. Model geonestrcan be
imported into ANSYS FLUENT from CAD software, Solid Works, or A Mesh.
ANSYS Workbench can be used to generate geometries and mesheparidrio post-
processing. ANSYS Design Modeler and ANSYS Mesh are progeantained within
ANSYS Design Modeler. ANSYS Design Modeler is used to develogeirgeometries.
These model geometries can then be loaded into ANSYS Mesh totgemenash for the
model. Once the mesh is generated and saved, it can be loadedNBYSALUENT.
This process is cumbersome compared to the one used in COMSOLeEtAIENT
requires the use of four separate programs to develop and run a @D mhereas an
entire model can be developed and run from one window in one program using
COMSOL. Although the development of CFD models in FLUENT is mamebersome
than in COMSOL, FLUENT was chosen as the CFD software forabearch in this

thesis because it uses the finite-volume method and guarantees mass-ttonserva
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CHAPTER 3. SERPENTINE BAFFLE TANKS
3.1 Introduction

Drinking water treatment in the United States is almost yAwadone using
disinfection with chlorine. Efficient chlorine contact tanks allimwthorough treatment
of contaminants in water with the use of minimal concentrationslofine. Efficiency
is quantified by théBF of the contact tank. The purpose of the following research has
been to determine the characteristics of contact tanks withBigh Serpentine baffle
tanks are often used in very large water systems, and thehearaost practical and
efficient tank design that is commonly used.

In this chapter of the thesis, the optimum configuration of serperdiifie banks
will be investigated using CFD models of forty serpentine aéfhk configurations with
the same footprint and very simil&dDT in order to identify the characteristics of the
tanks with the optimaBF. The validity of the use of CFD to model the internal
hydraulics and scalar transport in baffled contact tanks has he®ughly validated by
Shionoet al. (1991), Shiono and Teixeira (2000), and Kraral. (2006). Wang and
Falconer (1998) demonstrated that validation of CFD models of contact tanksg¢aeire
reproduction of both the scalar transport, as shown by flow throughsc(FV¥€), and
internal hydraulics of the tank, as shown by velocity profilébe scalar transport and
internal hydraulics of the benchmark model for this study, a ladrgracale model of the
Embsay Chlorine Contact Tank in West Yorkshire, England, walidated using data
from physical models from Shiorat al. (1991).

The layout of this chapter is as follows: Section 3.2 will introdheenumerical

methodology used in this study, Section 3.3 will present the CFD modehmadel
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verification, Section 3.4 will introduce the parametric study,i8e@.5 will discuss the
results of the parametric study, Section 3.6 introduces additionddaibntact tank
models, and Section 3.7 discusses efficiency ratings of contact tanks.

An abstract and paper containing a portion of this chapter ahed ti
Computational Modeling of Baffled Disinfection Tartkas been accepted to the 2012
ASCE-EWRI World Environmental & Water Resources Congress.o, Alssignificant
portion of this chapter has been submitted to the ASG&nal of Environmental
Engineering
3.2 Numerical Methodology

We employ the CFD software FLUENT, version 13.0, developed by
FLUENT/ANSYS to perform highly resolved three-dimensional sinmat FLUENT is
a finite-volume code that solves the Navier-Stokes equations. -Foliiene methods
ensure both global and local conservation of mass and momentum, whibiglase
desirable properties for fluid flow simulations, particularly $salar transport, as in the
case of this study. Here, we use this code to solve the RANSiauand scalar
transport equations on an unstructured tetrahedral mesh (Figure 4¥tanuardc—e
model (Launder and Spalding 1974) was chosen for the turbulence clodustandard
empirical coefficients. The standarde model was chosen because it has been validated
to solve the velocity field in serpentine contact tanks (Ketaal. 2006).

The simulations were performed in two steps. First, the stdathy-girbulent
velocity field was calculated using the RANS equations witins&drder upwind solver.
Enhanced wall-function boundary conditions were imposed on all walls dilesbd@he

water surface was treated with a symmetry boundary conditimmstént volume flow
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rate, kinetic energyx] and kinetic energy dissipation rate)(were specified at the inlet,

while the outlet was treated as a pressure outflow discharging to the atneospher

0.536m

Figure 4. Benchmark geometry

Second, with the converged steady-state velocity field from tise dtep, the tracer

concentratiorwas calculated using the advection-diffusion equation given by

%=Z—f+ﬁ-vc=\7-<(x+;—:t)vc>, (5)
whereC is the tracer concentration (e.g. chlorirfig)s the steady state turbulent velocity
field, « is the molecular diffusivity of the tracer, which was setthe molecular
diffusivity of water, andw/Sg represents the turbulent scalar diffusivity, wheres the
turbulent eddy viscosity andg is the turbulent Schmidt number (Wilson and
Venayagamoorthy, 2010). The sum of the molecular and turbulent siifflesivities

was solved in FLUENT using a user-defined function, which is predentAppendix I.

The tracer was modeled as a conservative non-reactive scBtzth U and v were
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obtained from the steady state solution of the momentum equations.uithaemt
Schmidt numbelSg was given as 0.7, a value widely accepted to be appropriate for
neutrally stratified flow conditions (for a justification segy.eVenayagamoorthy and
Stretch 2010).

The solutions of Eq. (5) were used to obtain the residence timdudigin (RTD)
curve at the outlet of the tank corresponding to a step tracer infhe mlet where the
concentration was set &, = Cnax = 1. The value of the scalar was monitored at the
outlet as a flux. The variation of concentration at the outletfasction of time provides
the RTD curve of a step dose tracer input as shown in Figure 5, thieeredel time has
been normalized byDT. The differences in the RTDs of a tank with short circuiting and
an ideal tank with plug flow are illustrated in Figure 5. To&a transport in plug flow
is illustrated by the jump frol®/C, = 0 toC/C, = 1 att = TDT. The slow increase in
C/C, for the tank with short-circuiting is shown in Figure 5T;o is represented

graphically in the RTD as the residence time w8ét, = 0.1.

(=)
= Short circuit

Plug Flow

C/iC

15 2 2.5
t/TDT

Figure 5. RTD curve at the outlet when the tracer is injected as a stejmsage.
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Flows through curves (FTCs) were also used to illustrate ydeatnlics of the
baffle tanks. The solutions of Eg. (5) are used to obtain the Efi@ autlet of the tank
corresponding to a 15-second period where the inlet concentratio@wamax = 1,
followed by a period of 2 BDT where the inlet concentration w&s = 0. FTCs and
RTD curves demonstrate the same physics in baffle tanks @ratiffmanners, much as a
probability distribution function (PDF) and a cumulative distribution fiamct{ CDF)
illustrate probabilities. When normalized by the inlet conceptmatihne FTC behaves
like a PDF in that it will show the distribution of the concentrafpulse released at the
inlet over time at the outlet. The RTD behaves like a CDtRahit shows the amount of
concentration accumulated in the tank over time. The FTC can beatetgio

approximate the RTD curve as

1 RTD(t)
7

« [ FTC(t)dt = e (6)

Co*Trelease

whereC, is the inlet concentration afgheaseiS the duration of the inlet pulse of the
FTC.

Figure 6 shows a RTD curve generated using the un-baffddctanfiguration in
this study. Discretized data from the same configuration rtam FTC case have been
numerically integrated using the trapezoidal rule and overlaidhenRITD curve to
validate Eq. (6).

3.3 CFD Model Configuration and Verification

The Embsay Chlorine Contact Tank in West Yorkshire, Englandpé&as the

subject of a number of scaled physical and numerical studies, inclugimgpt limited to

those of Shionet al. (1991), Shiono and Teixeira (2000), and Kleaal. (2006).
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Figure 6. An integrated FTC approximates a RTD curve

In the article by Khamt al. (2006), a 3-D CFD model using tke turbulence model was
presented and validated with physical model data of FTC alutitye profiles from
Shionoet al. (1991). The experimental FTC and velocity data from the sbfidBhiono
et al. (1991) were also used to validate the 3-D CFD model used intthig. s The
applicability of thex-¢ turbulence model to our study is shown by the validation of our
model simulations with experimental results and the previous stucapglication of
thex-¢ model by Kharet al. (2006).
3.3.1 Geometry

Figure 4shows the footprint of the tank we employ in this study (the benghma
tank), which represents the main aspects of the seven balfledafiguration used by
Shionoet al. (1991). The tank is 1.995-m-long, 0.94-m-wide, and 0.6-m-deep. The inlet
channel to the tank consists of two channels with a ninety degreerbbetiMeen. The
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first inlet channel is 0.125 m wide and 0.086 m deep. The second iateteths 0.21 m
wide and 0.086 m deep. The inlet opening between the inlet channéleataak is 0.21
m wide and 0.086 m deep. Hereatfter, the inlet opening will be réfesras the inlet,
and the inlet channel will be referred to as the inlet channel. inlfeechannel was
included in the validation study to ensure that the flow conditions i€Hi2 model were
the same as in the experiments done by Shatrad. (1991). The inlet channel will be
used on all model modifications in this study to ensure consistenkg. oltlet of the
tank is 0.21 m wide and 0.031 m deep. Physical tracer studiesanehected by Shiono
et al. (1991) with a continuous discharge of 1.17210%s entering the tank, resulting in
a mean water depth of 0.536 m and an initial mean cross-sectidmatywef 0.109 m/s
at the inlet channel. The total detention time in the tank was&@@nds. The flow rate
used in all the CFD models in this study was the same flosvuseéd in the physical
tracer studies.

In the experiments of Shioret al. (1991), a weir was installed just upstream of
the inlet opening. In the CFD models of Khetral. (2006), the weir was included using
a refined mesh near the weir and an empirical weir equation ittedéke water surface
level upstream, across, and downstream of the weir. We have exthededet weir
from our models in order to avoid increased computational time due tomefesement
at the inlet and to avoid numerical errors from empirical wepilaéions for water surface
elevation. The mesh and time-step validations from this study staivany error from
omitting the weir from our model is negligible.

In this study, we first validate our CFD model of the benchmark g&gmvith

cross-sectional velocity plots and FTCs from Shiehal. (1991), and then examine the
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effects onBF of five geometric design parameters that will be introducecestiéh 3.4
by modeling tanks with the footprint of the benchmark tank and gelesétat represent
forty different altered baffle configurations.
3.3.2 Mesh

The geometry and mesh files in this study were generated USN&YS
Workbench. The mesh of the benchmark geometry consists of 220,000 tetrablsira
and is shown in Figure 7. In order to verify that the mesh wa®ppately sized, we
used mesh adaptation basedydrvalues in FLUENT to increase the number of cells in
the mesh to 500,000. We also used an un-adapted mesh with 1 millogeredrated in
Workbench by decreasing the minimum face size. Injtialalues from the benchmark
mesh were acceptable for the enhanced wall functions used in FLURMaptedy”
values were approximately half the value of the initial valuésclwincreased accuracy

of the wall functions but did not affect scalar transport.

Inlet

Outlet

0.000 0500 L000 {em)
I .

0.250 0.750

Figure 7. Benchmark mesh
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TheBF, RTD curve, and FTC curve of the model run with the adapted megh we
almost identical for the model run with the 200,000 cell mesh. Shere twas no
difference in accuracy caused by the small change in y+, adaptiFLUENT was
deemed unnecessary. The FTCs for simulations run with both tbkbrbark mesh and
the 1 million cell mesh and the FTC from Shiogtoal. (1991) are almost identical to
each other, again showing that the mesh with 220,000 cells is suffi¢ientre 8 shows
the FTC curves generated with the different meshes and froreximerimental data,
where the concentration measured at the outlet is normalizedhdymaximum

concentration measured at the outlet during the model run.

220,000 cells
—— — 1 million cells
e  Experimental Data | |

max

CiC

|
1.5
t/TDT

Figure 8. Comparison of FTCs generated with different mesh sizes and € from
experimental data (Khanet al. 2006)
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In order to optimize computational efficiency and ensure accurheysdttings used in
Workbench to develop the benchmark mesh with 220,000 cells were used to generate
both the benchmark mesh and the meshes for all the modified geometries in this study.

The mesh configuration of 220,000 cells was also verified with the -depth
averaged velocity profile from the experiments of Shiehal. (1991). The velocity
profile was measured in the fifth compartment of the tank, in ntiédle of the
compartment in the Y-direction. The experimental data and CR® ate shown in
Figure 9. The velocity in the CFD simulation deviates frim velocity in the
experimental data at the left side of the cross-section bedlaeseslocity field in the
CFD simulation was calculated with RANS equations, wherea®tperimental data
represents an instantaneous snapshot of the velocity field.
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Figure 9. Comparison of computed longitudinal velocity with experimental Vecity
data (Wang and Falconer 1998)

3.3.3 Solution of the advection-diffusion equation
In ANSYS FLUENT 13.0, the steady state-solutions to the RANStieqsavere
calculated until all residuals converged below 1 X.10he steady-state solutions to the

RANS equations were then utilized in Eq. (5) to solve the time-depesaeulation of
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tracer flow through the baffle tank. An area-averaged monittireo§calar concentration
at the outlet was implemented in order to create the RTD andcEi@s. A sensitivity
study using time steps of 1, 2.5, and 5 seconds showed that a time Stegeadnds
yielded accurate and stable results at low computational ciggtr¢F10). Combined
computation time for both steps of the benchmark case where tiseetrasolution ran
for 2.5TDT with a time step of 5 seconds was 45 minutes using a CPU withh an

processor and 8 GB of RAM.
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Figure 10. Comparison of FTCs generated with 5s, 2.5s, and 1s time steps and FTC
from experimental data (Khan et al. 2006)

3.3.4 Dependence oBF on flow rate

The flow rate used for the benchmark geometry validation wasdbe flow rate
from the scaled model of Shioms al. (1991). In order to ensure that the hydrodynamic
characteristics in the tank were relatively independent of ltve fate, the benchmark
case was modeled with flow rates of @,%, 2Q, and 4Q, whereQ = 1.17x10° m’/s.

The inlet velocity was set based on the flow rate, and the turbkitestic energy and
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turbulent dissipation rate at the inlet were adjusted accorditigetmlet velocity. Tio
and the length of the RTD curve increased at higher flow ratgéslacreased at @5
(Figure 11), but the RTD curves normalized YT, and thus thdF, were relatively

independent of the flow rate (Figure 12).
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Figure 11. Comparison of RTD curves for different flow rates in the berfumark
tank
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Figure 12. Comparison of RTD curves normalized byDT for different flow rates in
the benchmark tank
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Since the flow rate of 1.17xT0m*s represents a realistic scaled flow rate for a
disinfection system and tank efficiency does not depend on flow ratel.Q7x10° m*/s
was used for all the models in the parametric study.

3.4 Parametric Study

Using CFD to study changes BF caused by changes in tank configuration is
more time-effective and cost-effective than building and tegtingical models of new
tank configurations. Now that 3-D CFD models have been convinciradigiated to
experimental results by Khaat al. (2006), Shiono and Teixeira (2000), and Wang and
Falconer (1998), researchers are using CFD to attempt to opbafike configurations.
Previous studies have analyzed only the effect of the number tésbai the tank
(Amini, 2001, Wenjun, 2007). These studies have assumed that the widthirdéttie
the tank Winet) was equal to the width of the channék() and have kept the length of
the baffle openingl{,) constant. In real design situatioM,e: will most likely be
fixed, the footprint will be governed by space considerationtiserwater treatment plant,
and the baffle configuration will be determined by the designdre gurpose of this
study was to discover general guidelines for designing contac taven fixed inlet and
footprint configurations. We hypothesized that the optimal bafibedact tank would be
defined by one or more of the following relationshifgey/Wen, L1/Weh, Loo/Wen, and
Loo/Wihiet.  The relationship between the length of the baffle openings andrnbe of
the tank [po/Lt) will be discussed, but its relevance may be limited to taniis w
geometries similar to the one used in this study.

In order to determine which of these relationships most aff¢tshe length and

number of the baffles in a tank were set as parameters, ananagbac study with thirty-
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six configurations was performed. The plan view of the 7 baffid & baffle
configurations are shown without the inlet configuration in Figure(d)3and (b),
respectively. The number of baffles was varied from 0 to 7,Lgpdvas set at 100%,
80%, 60%, 40%, 20%, or 10% &fr. Lt and the width of the tank\f) were held
constant. The width of the baffl&®asme) Was fixed at 0.045 m, and,e; was fixed at
0.21 m. The dependent variables in the four proposed relationshipéeaadLy, and

are defined, respectively, as

_ Wr—#bafflesxWpg

Wen #baffles+1 ~ (7)

Lyo =Lr—Lp. (8)

The depth of the tank and the outlet widW, () were held constant. Here we
iterate that the purpose of studying tanks with different numbebaffies was not to
optimize the number of baffles for this tank, but to find relationshipsd®sn geometric
dimensions in this tank that depend on the number of baffles (as i(¥)}tguch that
these relationships can be applicable to other tanks.
3.5 Parametric Study Results

The results of the parametric study indicate that expansions @archations
along the direction of flow through the contact tank should be avoided,denesd by
the non-dimensional relationships described in the following sectidhg parametric
study reveals new information about the dynamics of baffle tasggecially through the
relationship ofLyo/Winet. The 7-baffle tank performed the best, and in order to better
understand the dynamics in a practical tank design, additional moeledsun using the
7-baffle set-up with smaller variationslig,. The design parameters and efficiencies of

the thirty-six configurations tested in the parametric stugydisplayed in Tables 2-6.
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Tables 2, 3, 4, 5, and 6 show the configurations Wit = 0.8, 0.6, 0.4, 0.2, and 0.1,

respectively. The case with no baffles (case #1) is shown in Table 2.
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Figure 13. (a) Profile view of 7 baffle configuration and (b) profile view ol baffle
configuration
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Table 2. Design parameters and efficiency ratings of Cases 1-8

Independent Variable

S

Design Parameters

Efficiency

Case # Tank
# baffles oLt | Winet /Wen L1/ Wen Loo/ Wen Lo/ Winjet V(()Iu3r)ne TDT (s) Tiwo(s) BF Too(s) TidTeo
m
1 0 N/A 0.11 0.47 0.47 4.48 1.03 882 321 0.36 1693 0.19
2 1 0.8 0.22 0.96 0.77 3.58 1.03 878 307 0.3%98 0.18
3 2 0.8 0.33 1.48 1.18 3.58 1.02 874 379 0.4%93 0.24
4 3 0.8 0.45 2.02 1.62 3.58 1.02 870 373 0.4%99 0.23
5 4 0.8 0.58 2.59 2.07 3.58 1.01 866 392 0.4%53 0.25
6 5 0.8 0.71 3.19 2.55 3.58 1.01 862 367 0.4%46 0.24
7 6 0.8 0.85 3.81 3.05 3.58 1.00 859 378 0.4611 0.25
8 7 0.8 1.00 4.48 3.58 3.58 1.00 855 389 0.4%30 0.25
Table 3. Design parameters and efficiency ratings of Cases 9-15
Independent Variables Design Parameters Efficiency
Case # Tank
# baffles /Lt | Wintet 'Wen Lt/ Wen Lpo/ Wen Lbo / Winiet V(()Iu3r)ne TDT (S) Tio(S) BF  Too(S) Tid/Teo
m

9 1 0.6 0.22 0.96 0.58 2.69 1.02 874 334 0.38 1654 0.20
10 2 0.6 0.33 1.48 0.89 2.69 1.01 866 347 0.40630 0.21
11 3 0.6 0.45 2.02 1.21 2.69 1.00 859 410 0.48495 0.27
12 4 0.6 0.58 2.59 1.55 2.69 1.00 851 446 0.52404 0.32
13 5 0.6 0.71 3.19 1.91 2.69 0.99 843 501 0.59300 0.39
14 6 0.6 0.85 3.81 2.29 2.69 0.98 835 441 0.53448 0.30
15 7 0.6 1.00 4.48 2.69 2.69 0.97 828 382 0.4%637 0.25
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Table 4. Design parameters and efficiency ratings of Cases 16-22

Independent Variables Design Parameters Efficiency
Case # Tank
# baffles oLt | Winet/Wen L1/ Wen  Lbo/ Wen  Lbo / Winlet V(()Iugr)ne TDT (s) Tiwo(s) BF Too(S) TidTeo
m
16 1 0.4 0.22 0.96 0.39 1.79 1.02 870 285 0.33 1786 0.16
17 2 0.4 0.33 1.48 0.59 1.79 1.00 859 327 0.38623 0.20
18 3 0.4 0.45 2.02 0.81 1.79 0.99 847 411 0.49470 0.28
19 4 0.4 0.58 2.59 1.04 1.79 0.98 835 443 0.53386  0.32
20 5 0.4 0.71 3.19 1.27 1.79 0.96 824 455 0.53318 0.34
21 6 0.4 0.85 3.81 1.53 1.79 0.95 812 473 0.58270 0.37
22 7 0.4 1.00 4.48 1.79 1.79 0.94 800 487 0.4223 0.40
Table 5. Design parameters and efficiency ratings of Cases 23-29
Independent Variables Design Parameters Efficiency
Case # Tank
# baffles oLt | Winet/Wen L1/ Wen  Lbo/ Wen  Lbo / Winet V(()Iugr)ne TDT (s) Tiwo(s) BF Too(S) TidTeo
m

23 1 0.20 0.22 0.96 0.19 0.90 1.01 866 284 0.33 1733 0.16
24 2 0.20 0.33 1.48 0.30 0.90 1.00 851 360 0.42568 0.23
25 3 0.20 0.45 2.02 0.41 0.90 0.98 835 409 0.49428 0.29
26 4 0.20 0.58 2.59 0.52 0.90 0.96 820 421 051341 0.31
27 5 0.20 0.71 3.19 0.64 0.90 0.94 805 488 0.61239 0.39
28 6 0.20 0.85 3.81 0.77 0.90 0.92 789 522 0.66158 0.45
29 7 0.20 1.00 4.48 0.90 0.90 0.91 774 550 0.7088 0.51

41




Table 6. Design parameters and efficiency ratings of Cases 30-36

Independent Variables Design Parameters Efficiency
Case # Tank
# baffles oLt | Winet/Wen L1/ Wen  Lbo/ Weh  Lbo / Winlet V(()Iu3r)ne TDT (s) Tiwo(s) BF Too(s) TidTeo
m

30 1 0.1 0.22 0.96 0.10 0.45 1.01 864 294 0.34 1687 0.17
31 2 0.1 0.33 1.48 0.15 0.45 0.99 847 304 0.36606 0.19
32 3 0.1 0.45 2.02 0.20 0.45 0.97 830 342 041481 0.23
33 4 0.1 0.58 2.59 0.26 0.45 0.95 812 403 0.50353 0.30
34 5 0.1 0.71 3.19 0.32 0.45 0.93 795 432 0.54257 0.34
35 6 0.1 0.85 3.81 0.38 0.45 0.91 777 475 0.61163 041
36 7 0.1 1.00 4.48 0.45 0.45 0.89 760 513 0.6877 0.48
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3.5.1 Baffle opening length vs. Tank Length (Lo/LT)

The optimallL,, for the 3, 5, 6, and 7 baffle tanks was 0.19 m, ot{).as
displayed in Figure 14. The optimgl, for the 1, 2, and 4 baffle tanks was less than or
equal to 0.4r. For tanks with any number of bafflds,, = 0.1Ly was not optimal
because of flow separation caused by the sharp contractions around the baffles

In the 7 baffle tank, there is a sharp increasBrrwhenLy /Lt decreases from
60% to 40%. In order to better illustrate the effects of diffeltg, on the 7 baffle tank,
additional models were run with,, = 0.9y, 0.1y, 0.59.+; 0.9+, and 0.8t
Interestingly, the largest increaseBR occurs wher, /Lt decreases from 55% to 50%.
The increase iBF whenLy/Lt decreases from 55% to 50% accounts for 26% of the total
increase irBF aslLyo/Lt decreases from 100% to 20%. Whep> 0.9 1, the flow is not
forced to change directions as it passes around the bafflen @wine cases the baffles
actually create a channel that allows the flow to pass betwee baffle tips, creating
dead zones between the baffles, as illustrated in the mid-deptityetmaours in Figure
15.

Because the optimék/Lt is highly dependent on the number of baffles padt
is not a desirable design variable. The merit in this varialileat it illustrates that sharp
contractions around baffle tips occur wheg/L+ =0.1, which causes a decreaseBhR,
and that it is important for tanks to be designed Wi/l < 0.50 to ensure that the flow
through the tank is prevented from channeling between the bafftesraating large
short circuits. In other words, it is recommended to have baffle mpéangths in the

range of 0.K Ly/L+<0.5.
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Figure 14. BF as a function of Ly/L 1 for tanks with baffle numbers from 1 to 7
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Figure 15. Velocity contours (m/s) at mid-depth of tank where (a) flow ishanneled

between baffle tips creating large dead zones whendl 1 = 0.6 for the 7-baffle tank

and (b) flow is directed for optimal use of tank volume when go/Lt = 0.2 for the 7-
baffle tank. Color range is limited to allow resolution near the baffles.
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3.5.2 Number of Baffles and Tank Length vs. Channel Width (/W)

The number of baffles in a tank is an important variable that tsm lze
illustrated by /W, since W, is determined by the number of baffled /W,
represents the length to width ratio in each compartment ofadh&aat tank. When
length to width ratio in each compartment is high, the flow in eachpartment can
approach plug flow before it reaches the next wall of thke. ta his is the primary reason
why tanks with more baffles generally perform better.

In the cases whellg,, = 0.8.1 andLy, = 0.6, BF was not directly related to the
number of baffles. In these cases, the ldigeallowed a channel to form through the
center of the tank, making the effect of the number of bafflesridevant. As shown in
Figure 16, with the exceptions df,, = 0.8t and L,, = 0.6y, all baffle length
configurations performed best with 7 baffles, whier@\..= 4.476, andBF increased as
the ratio of /W, increased. Even in the tanks whégg = 0.1y, which caused the
most flow separation for any baffle length, 8 is best when there are 7 baffles. This
indicates that the increase in flow separation caused by additigea bend is less than
the decrease in flow separation caused by increasing thé lengtdth ratio within each
baffle chamber.

Figure 17 illustrates the effect of increasing the ratib#\;, in the tank where
Loo/Lt = 0.2.L1/Wenis increased as the number of baffles is increased. The RTB is
approximately the same for 0, 1, and 2 baffles. As the numberfftdsbes increased
from 3 to 7,Typ is increased] g is decreased, and the shape of the RTD curve becomes

closer to the square wave RTD curve seen in plug flow conditions.
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Figure 16. BF as a function of Lt/W, for 7-baffle tank with (a) Lpo = 0.8Ly (b) Lpo =
0.6L+ (C) Lyo = 0.4L+ (d) Lpo = 0.2L¢ (E) Lo = 0.1+
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Figure 17. RTD Curves of normalized tracer concentration at the outlet v baffle
numbers of 0 to 7 with Lyo/LT = 0.2
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3.5.3 Inlet Width vs. Channel Width (W inet/Wcp)

Flow separation related w,/Wh, is caused by an expansion as the flow passes
from the inlet into the first chamber of the tank. In a tank wN&ke: = W, there will
be no horizontal separation caused by the inlet expansion. Againgweasdor tanks
with Ly, = 0.81 andLp, = 0.1, the ratio ofWined/Wen Shows inconsistent patterns in
relation toBF. These cases do not influence design criteria because wathkky, =
0.8t and Ly, = 0.6.1 have been shown by this study to be poor designs because of
channeling between baffle tips as seen in Figure 15(a)thEarases whetlg,, = 0.4,
0.2+, and 0.1+, Figure 18 clearly illustrates that the best tank configuration occues wh

Winied Wen = 1.

0.751 N

0.7

0.65

0.6

0.55

BF

0.5

0.45

0.4

0.35

1 |
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 11

03 | | |

Winlet/Wch

Figure 18. BF as a function of Whjet/Wcn for L o= 0.8Ly to 0.1Ly
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In order to approximate plug flow and maximBE, designers should design tanks with
Wiie Weh = 1. This design ensures that there is no flow separatioedéysexpansions
or contractions as the flow passes from the inlet into the first baffle chambe
3.5.4 Length of baffle opening vs. width of channel (bo/Wcn)

The relationship ofLy,, and W, provides an indicator of the extent of
expansion/contraction that the flow in the contact tank experierscéspasses from a
channel width oW, to Ly, at the baffle tips. The tanks designed with 4, 5, 6, and 7

baffles achieve the beBF whenLy,/Wn~ 1 (Figure 19).
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Figure 19. BF as a function of L,o/W, with baffle numbers of 1 to 7

The tanks with 2 or 3 baffles do well, but not the best whgh\i.,, = 1, and the tank with

1 baffle cannot have,/W., = 1. This parameter provides more insight into the hydraulic
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processes in the tank thap/Ly because there is a pattern that holds for tanks with any
number of baffles. The results of the parametric study irelitett flow separation is
minimized when\., = Lo, SO engineers should design tanks Wit ~ L, to maximize
hydraulic efficiency.

3.5.5 Length of baffle opening vs. width of inlet (Lyo/Winiet)

Regardless of the flow separation caused by disparity oésstatween channel
and inlet widths as well as between channel width and baffle optmgth, additional
separation can be caused whep# Wi, Here, we must define a difference between
the width of flow in each channel, and the width of the dominant fleld.fi If W is not
equal toLp, or Winer, there will be an expansion or contraction in the total width of the
flow, but if Lpo = Winier, there will not be an expansion or contraction in the width of the
dominant flow field. In the CFD models, vertical mixing in thetftompartment makes
it difficult to identify the dominant width of the horizontal flow lie In later
compartments, however, the flow becomes primarily two-dimensiondlaadominant
horizontal flow field becomes apparent. Figure 20 illustratestttfgabptimal ratio of
Lood/Winet = 1 for most cases. However, from this plot, it is not clear whdthe is
caused by the physics relatedLig/Wi et Or Lg/Lt. Velocity contours taken at the mid-
depth of the 3 and 7 baffle tanks illustrate thay/We: has an effect on the flow
dynamics regardless M/, or Lg/Lt (Figure 21). Figure 21(a) shows the 7 baffle tank
wherelLp, ® Wen = Wher. The dominant flow field width in this case is approximately
equal toWnet, but it is also approximately equal\¥gy,. Figure 21(b) shows the 3 baffle
tank wherelLy, = Winet # Wen.  In this case, the dominant flow field width is

approximately equal t¥\i e, even thoughWen = 2Wier.  Figure 21(a) and Figure 21(b)
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illustrate that_,/Wnet affects flow separation regardlessvidf,. Figure 21(b) and Figure
21(c) show cases wheMfe: # Ly, and the width of the dominant flow field is
approximatelyWi,et. Even in Figure 21(d), wheM, = Lo, the dominant flow field

width in the later channels is approximately equaMo
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Figure 20. BF as a function of L,o/Winet With baffle numbers from 1 to 7
This is the first study in which the relationship bfy/Wnet is addressed.
Intuitively, it would seem that the 3-dimensional mixing in the Besveral chambers of a
baffle tank would eliminate the effects . However, the velocity contours in Figure
21 demonstrate that the width of flow at the inlet to the tank Hastiag effect on the
dominant flow field width. Designing the tank such thg is the same width as the

dominant flow field width, i.e Winet, Will decrease separation and maxing#e
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The results of the parametric study show tB&t is inversely related to the
amount of flow separation in the tank. In a pipe loop, the only significant flow separa
is caused by bends. In contrast, flow separation in a contact aankec caused by:
expansion from the inlet to the tank, expansions/contractions betwasmethand baffle

openings, contraction from the tank to the outlet, and flow around bends.
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Figure 21. Dominant flow structures shown by velocity contours (m/s) ahid-depth
of (a) 7 baffle tank with Lyo= Wcn = Winet, (b) 3 baffle tank with Lyo = Winiet # Wen,
(c) 7 baffle tank with Wep = Winet # Lo , @and (d) 3 baffle tank with Ly, = Wen #
Winlet-

Contours of Velocity Magnitude (m/s)

We propose that the best contact tanks will resemble pipe loogimplan view;
irrespective oLt andWr, the most efficient tanks will hawt&jet = Wen = Lpo = Wour, SO
that the only flow separation will be caused by bends.
3.6 Additional Tank Configurations

The results of the parametric study have yielded some guidébnekesigning
baffled contact tanks with maximum hydraulic efficiency. Dlest configuration in the

parametric study was the benchmark case, which had 7 baffldsand.2.r. TheBF
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for this design was 0.71. The guidelines from the parametric shaly that the optimal
BF will be achieved when a contact tank is designed WMh~ W = Lpo. The
configuration of the benchmark case was consistent with thesgligagl Thus, the only
way to improve upon the benchmark configuration without alteringdbgpifint or inlet
conditions would be to change the direction and/or geometry of the shaifie the
configuration of the baffle turns. Four new configurations weresldged, and their
design parameters and efficiency ratings are displayed in Table 7.

The possibilities for baffle layout for any given tank footprirg afinite, and
since the purpose of this study was to define general guidélinésiffled contact tank
design, we avoided incorporating complex geometries such asirgpial rounded
baffles. Wenjuret al. (2007) claim that the maximuBF is achieved when the number
of turns in a tank is minimized. In order to minimize the numbeuristin a tank with
the benchmark footprint, we developed the long chamber geometry shovwguia E2.

In this configurationW, = Weh = Lyo, and there are three turns rather than seven as in the
benchmark case. The width of the baffles was decreased by mpatey half in order
to keep the tank to the same footprint, &a\;, was increased.

Contrary to our expectations, tH&F of the long chamber model was not
significantly different than that of the benchmark case. The lbagiber model had a
BF of 0.69, which when considering the accuracy of RANS models, isigioificantly
different than thd8F of 0.71 of the benchmark case. The reduction in flow separation in
the long chamber model caused by the reduction in the number of tams &ebe less
than the increase in separation caused by narrowing the widthe dbaffles, which

increased the sharpness (curvature) of the turns.
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Table 7. Design parameters and efficiency ratings of additional tankoafigurations

Independent Efficiency
Variables Design Parameters
Case Name # Winet / L/ Lo/ Lo/ DT T T

L L inlet T bo bo Volume 10 BF 90 T T
baffles "7 | We  Wer W Wi | md)  ©)  (9) (55 T

Long Tank 3 0.1 1.00 9.50 1.00 1.00 0.94 800 553 0.69 1157 0.48
Clubbed Baffles 6 0.2 1.00 4.48 1.00 1.00 0.85 727 570 @081 0.55
Short Pipe 0 - 1.00 4.48 - - 0.06 54 40 0.741 0.56
Long Pipe 0 - 1.00 238 - - 1.00 855 779 0.9970 0.80

54




e
s
st Fo o T b=l o
Bl ool e IS e T T

e ._-lp-_,._-:.:-:$ =" e u el gkt e

ol

0.000 0.500 L00 {m)
B .

0.250 0.750
Figure 22. Long chamber model geometry and me:

In order to explore the effect of the sharpnestuofs onBF, we designed a tar
that is illustrated inFigure 23 with “clubbed baffles.” It has seventeen corners as
opposed to the seven 1 corners in the benchmark case. Bteof the configuratior
with clubbed baffles was 0.78, which representd10% increase inBF over the
benchmark case. This demonstrates that the skarprfeturns around baffles in
contact tank can have a more significant effeat tine number cturns in the tank. Th
“clubbed baffle” tank had the beBF of the tanks modeled in this study, &

demonstrates the use of the design guidelines we developec
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3.7 Tank Efficiency

The primary quantification of tank efficiency usdny water systems ar
regulatory systems iBF. In this section, we will address a quantificatiaf efficiency
based orTgg, which is the time it takes for 90% of a scalan@entration releied at the
tank inlet to reach the outlet, in addition to dissing the relationship between ene
loss and hydraulic efficiency
3.7.1 Tank Efficiency Rating

Currently, EPA guidelines regulate chlorine doswscbntact tanks based Tiy,
and the efficiencyof tanks is described bBF. In this section, we will discuss t
differences between required -inactivation based on detention time, efficiencirck

by TDT, and efficiency defined by the relationship betweghort circuiting an
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recirculation. EPA concerns about tank efficiency are limitef,gowhile a designer or
owner of a contact tank should be concerned about the behavior of thér@ii@rve.
As we will illustrate, contact tanks can achieve hifh with low To values, highTyg
values with lowBF, or ideally, highBF and highT;o values. Designers should be aware
of the implications of each of these possibilities. Table 8 shiogvefficiency ratings of
four tanks, as well the chlorine doses that would be necessaryldgridactivation of
viruses in these tanks according to EPA guidelines for watdedred 7° C with a pH
between 6 and 9T, as shown in Table 8 is the time requif@d90 percent of the inlet
concentration to travel through the tank to the residual sampling oidt,will be
introduced as a measure of efficiency.

Table 8. Tank efficiency ratings and required chlorine doses

Chlorine
Dose for 4-
Tank Islg’ T([S))T 2;) BF  Tud Teo log
inactivation
(mg/L)
(a.) Clubbed Baffle Tank 570 727 1041 0.78 0.55 182
(b.) Short Pipe 40 54 71 0.74 0.56 2615
(c.) Un-baffled Benchmark
Tank 321 882 1693 0.36 0.19 322
(d.) Long Pipe 779 855 970 0.91 0.80 133

The tanks in Table 8 were chosen because they illustrate themes of
efficiency in baffle tanks. The clubbed baffle tank (Figure 23) the besBF of the
tanks in this study that fit in the benchmark footprint. The “short’pgrek (Figure 24)
represents a tank in which the second section of the inlet conftguratextended for
1.995 m across the long dimension of the benchmark footprint. The un-baffled
benchmark tank is simply the benchmark tank without any baffles.“|dihg pipe” tank

is the only tank from Table 8 that does not fit in the benchmark footprint. The “long pipe”
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tank represents a configuration in which the “sipgpe” tank is extended 50 m such t

the tank volume isimilar to the tank volumes in this stu1nr).

Outlet

Inlet

0.000 0500 1000 (m)
I |
J X ¥
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Figure 24. “Short Pipe” model geometry and mesh

Clearly, from a disinfection standpoint, the “long pipe” kawould be the be:
choice because it has the highTo, the highesBF, the highest ratio cTyo to Tgo, and
the lowest required chlorine dose, which correspdodhe lowest DBP risk. Howevt
when you consider that the model is 1.8 scalegetbines clear that the “long pipe” ta
is an impractical choice becadif built in full scale it would be 0.4 km lol. The best
practical configuration for disinfection is the bhed baffle tank because it requires
lowest chlorine dosef the tanks that could be built practici. It is also has the be
BF of the tanksthat fit in the benchmark footprint. The “shortpei configuration
shown in Figure 24fits in the benchmark footprint and was modetedhow that addin
too much baffling can decrease the disinfectiorabdjies of a tank by decreasiiTyg,

even while making thBF increase. The ubaffled benchmark case has a loBF than
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the “short pipe” tank, but a highdio, which shows that a lower chlorine dose can in
some cases be used for tanks with loBier

T10/Too Is an efficiency rating introduced by Wilson and Venayagamod¢2bi0)
to illustrate the total efficiency of the tankl;o/TDT is a good efficiency rating when
considering disinfection, but since it does not reflect the uppeohé#ile RTD curve, it
neglects the full hydrodynamic behavior of the tafikg/ TDT can be seen as a measure
of short-circuiting because it shows the relationship betweetintes it takes the first
10% of fluid to pass through the tank compared to the amount of timepldgaflow
would take to travel through the tank. In the same ligh#,TDT can be seen as a
measure of recirculation.T1o/Tg, then, is an indicator of both short circuiting and
recirculation, which is useful for designers and operators. Aouprto USEPA, two
tanks with the sam&;o should be treated with the same dose of chlorine. The USEPA
regulations are designed for disinfection, not for operational costhgaicbdynamic
efficiency. If one of the tanks with identic&y has a much highélrgg, the last 10% of
treated water on the RTD curve in that tank will have a muctehiglg-inactivation than
needed. This costly inefficiency is not apparent fromBReso we suggest thatyToo
be used along with;o/ TDT to show the efficiency of contact tanks.

To illustrate the relationships betweg, TDT, andTy and their influence oBF
and T19/Tgo, RTD curves were generated where the transient scalampdransas
monitored in the benchmark 7-baffle model at each of the baffle mgenmivhich are
illustrated in white in Figure 25. The RTD curves measuretieabaffle openings are
shown in Figure 26. As the flow passes through each chamber mithkle tank, the

time it takes to reachg, TDT, andTgg increases in consecutive baffles, as demonstrated
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in Figure 27. TDT increases linearly throughout the compartments becauseait is
theoretical value based on the volume of the tank and the flow rateeases i
through consecutive compartments of the tank are accompaniedrbgreager increases
in Tgo (Figure 28). This explains why the increase$:gplateau and the increasesBR
flatten out in later compartments, as shown in Figure 29. Theityetmntour in Figure
15 (b) shows that in early compartments the velocity profilesatreiniform and there
are few areas of recirculation. In later compartments, domfleamtstructures develop
along with large recirculating areas represented by dead.zofes volume taken by
these dead zones reduces the useable volume in each compartmeaetitesdan upper

limit for the BF of the tank.

Figure 25. 7 baffle tank with baffle openings illustrated in white
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Figure 26. RTD curves measured at baffle compartment openings in 7 baffi@nk
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Figure 27. Comparison ofTy, TDT, and Tgo measured at compartment openings
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Figure 29. Comparison ofBF and T1o/Tg as efficiency ratings at compartment
openings
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3.7.2 Energy Loss

The energy losses in a baffled contact tank will be primachused by
contractions, expansions, bends, and friction losses. It seems thaf balflies to a tank
will cause increases in energy loss due to friction and turnsthabhdhe most efficient
tanks will have high energy losses. In reality, adding bafflemtanbaffled tank will
increase losses from bends and friction, but also decrease lomsesxpansions and
contractions from the inlet to the first baffle chamber and fiteenlast baffle chamber to
the outlet. We find that there is no relationship between mimignibr maximizing
energy loss and minimizing or maximizilg. As illustrated in Figure 30, energy loss,
represented by total pressure loss between the inlet and outlet tdnk, is actually
minimized for the 7 baffle tank wheln,/L+ = 0.3, whereBF is good, but not at the

maximum. Our results do not clearly indicate a direct wratip betweerBF and

energy loss.
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Figure 30. BF and total pressure loss as functions ofge/L 1 for the 7-baffle tank
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3.8 Conclusion

We have presented results from highly resolved three-dimensional CFD
simulations of the flow dynamics and passive scalar transportfiledalisinfection
contact tanks. The model of the benchmark tank configuration wiiedersing a FTC
and a depth-averaged cross-sectional velocity profile from phyestgeeriments. Our
results indicate that the physical phenomena by which the flmentact tanks deviates
from plug flow are short circuiting, recirculation, and dead zones, that these
phenomena are caused by flow separation. The purpose of this sttty antify the
characteristics of the most hydraulically efficient tattinks and define guidelines based
on dimensional relationships for the design of the most efficidfie hank configuration
given a fixed inlet size and a fixed footprint.

The results of our parametric study show that the major cafigkesv separation
in contact tanks are the turns around the baffles and the expansioastommr
occurring at the inlet, baffle openings, and outlet. The dimensretalonships from
this study that most affected hydraulic efficiency Wetge/Wen, Loo/Winiet, @ndLpo/Wen,
and these relationships were approximately equal to one in the efficgnt tanks.
Tanks with higher baffle numbers had higBéts, which can be attributed to the higher
length to width ratio of baffle chambers in tanks with higher numbiebsiffles. BF was
shown to increase as flow passed through each compartment of tfike Tao&. In later
compartments of the 7 baffle tar& showed diminished increases, suggesting an upper
limit to BF that will be dependent on tank configuration. The optimum valugJfr
will depend on the footprint of the tank aNd,, but for any serpentine baffle tank,

Luod/Lt should be less than 0.5 to prevent large dead zones between bafflesesults
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show that tank dimensions should be designed to safikfyt = Wen = Lpo, SO that
expansions and contractions in the direction of flow will be minimied plug flow
conditions will be approximated. Baffle geometry should be designedHhi®ve an
optimum balance between the sharpness and the number of turns. Wedsawtepra
new baffle tank design with “clubbed baffles” that is based on thdehoes developed
from this study. The “clubbed baffle” tank fits in the benchnfadtprint and has 8F

of 0.78, which is 10% greater than tBE of the scaled model of the Embsay Chlorine
Contact Tank.

Additional research concerning the size and orientation of intetsoatlets to
baffle tanks and appropriate baffle configurations for cylindrisad other non-
rectangular cuboid tanks is needed in order to more fully definehthecteristics of
optimal baffle tank design. Inlet configuration and the hydraafficiency of cylindrical

tanks will be investigated in Chapter 4.
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CHAPTER 4. MODIFIED STORAGE TANKS
4.1 Introduction

Chapter 3 showed that serpentine baffle tanks with the proper c@iogucan
achieveBFs of 0.7. Serpentine baffle tanks are more economical than pipe loops, but
they are usually still expensive. The cheapest contact tankeffafee-shelf water
storage tanks. They are usually only used by very small wattenss because théiFs
are on the order of 0.1. The purpose of the research in this chapt@ragpose and test
modifications for storage tanks that significantly incre&e by altering the inlet
conditions so that the flow in the tank is approximately uniform. &®ek the
configuration that optimizes the area of flow such that the flow becomes uméstynon
in the tank, i.e., close to the bottom. Uniform flow occurs when ikare separation or
recirculation. The proposed modifications must be relatively inexpgered easy to
implement.

In serpentine baffled contact tanks, hydraulic efficiency is eaisbly dividing the
tank into compartments, where the tank is configured so that plug flapp®ximated
in each chamber of the tank. In this chapter, we use storagentalied to serve as
contact tanks to illustrate that inlet conditions can be configured twat velocity
profiles near the inlet are close to uniform. Since there absitouctions in the tank,
uniform flow at the bottom of the tank will lead to uniform flowdbhghout the tank.
Thus, inlet modifications can serve as an alternative to baffdés propose two types of
modified inlets: diffusers and manifolds.

The storage tank used in this analysis is shown in Figure 31. Etesihbcated

in the sidewall of the tank, close to the bottom. The tank outleeipipe oriented in the
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negativex-direction at the top of the tank. The general direction of flotheéntank, then,

is upwards (in the positivedirection). The problem with the standard single inlet is that
it creates large recirculating flows in the tank thatl lmashort-circuiting and dead zones.
The goal of the inlet manifold and inlet diffuser is to spreadiibenentum of the water
coming from the inlets across the horizontal plane of the tank, andstoeethat the
velocity distributions across horizontal cross-sections at ajhkein the tank are more
uniform than the horizontal velocity distribution measured at the inlet height.

The design parameters for the inlet diffuser and inlet ralhtill be the number
of inlets, the distribution of the inlets, and the height of thasntd)) compared to the
height of the water in the tanklf). H, andHr are illustrated in Figure 31, where the
inlet has been pointed down and extended to the center of the tank. withtlestested
with 1, 4, 8, and 16 inlets &, = 0.03r, 0.1Hy, 0.2Hy, 0.4Hy, and 0.78lr. These
configurations will be tested at several flow rates in ordeerisure that inlet design

configurations can distribute flow evenly regardless of flow rate.
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Figure 31. Tank geometry and definitions of height dimensions
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The inlet diffuser and inlet manifold concepts are illustrateBigure 32(a) and
Figure 32(b), respectively. The layout of this chapter is &wsl Section 4.2 describes
the CFD model development and validation for the study and the numerthbds
used, Section 4.3 explains the configurations of the various tank deseg®ns4.4
illustrates the results of the parametric study of inletigarhtions, Section 4.5 describes
the effects of flow rate on hydraulic efficiency in modif&drage tanks, and Section 4.6

summarizes the findings.

(@) (b)

Figure 32. (@) Inlet diffuser, where flow enters the tank through holedrilled in the
bottom of the circular pipe, and (b) 16-inlet manifold
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4.2 Model Development and Numerical Methodology
4.2.1 Numerical Methodology

The setup in ANSYS FLUENT used to model the serpentine bafiks tésee
Chapter 3) was also used to model the modified storage tanks. Fhéifterence was
that thex-e RNG turbulence model was used to model the turbulence in the modified
storage tanks. Thee RNG turbulence model was chosen based on a parametric study of
turbulence models. It was chosen because it had the fastegirstlae of the models
that provided solutions that matched the validation study.
4.2.2 Single-Phase Modeling vs. Multi-Phase Modeling

Although there is a free-surface in the storage tank because ke mpée is
below the top of the tank, the parametric study of inlet manifolds @one using a
single-phase model with a wall boundary condition representinfrébesurface of the
water. An accurate multi-phase model for the momentum in tthewas developed for
the study, but the scalar transport solution time was 100 times lfoxgbe multi-phase
model than for the single-phase models and was inaccurate, so the multi-phaseasodel
not used to calculate scalar transport. The multi-phase madeuged without scalar
transport to calculate the height of the free-surface of therwathe tank at the modeled
flow rate. The free-surface height from the multi-phase medslthen used to delineate
the free-surface in the single-phase model using a wall boundadjtion, as shown in
Figure 33 (a) and (b). The calculated free-surface heighieofvater in the tank was 1.7
m. Validations showed that the steady-state velocity fieltuleded using the multi-
phase model, a single-phase model with a wall boundary conditiohefdree-surface,

and a single-phase model with a symmetry boundary condition fdrethesurface were
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all very similar. The solvers in FLUENT converged more quickigh the wall
boundary condition than with the symmetry boundary condition, so the wall bgundar

condition was used in the parametric study of inlet configurations.
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Figure 33. (a) Modified tank configuration (b) modified tank configuration with
free-surface set as a rigid-lid.

4.2.3 Geometry and Grid Generation

The validation case used in this study was based on the physicadige of the
vertical cylindrical modified storage tank modeled by Wilson &shayagamoorthy
(2010). The diameter of the validation tank was 1.22 m and the heitfn tdnk,Hr,
was 1.83 m. The center of the inlet pipe was 0.11 m above the bottiw taihk. The
inlet pipe extended 10 cm into the tank, turned 45 degrees downwaddbea extended
10 cm. The center of the outlet pipe was 1.67 m above the bottom ohkhe Tae
validation tank, which hereafter will be referred to as thecbmark tank because it

represents a typical inlet configuration for tanks currently & issshown in Figure 34.
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The side wall of the tank, shown in blue, is shown as transparent sthehatlet is
visible.

The geometry of the benchmark case was used for the waltsilatiof all cases
in the parametric study of tank designs. VariationdHjnand the number of inlet

manifolds were the only changes made to the benchmark geometry.

Outlet

Hr=17m

Inlet

;% D=12m ﬁ\
Figure 34. Tank geometry for validation (benchmark) case
4.2.4 Time Step Selection
Implicit solvers, which are computationally stable at any tgtep, were used in
FLUENT to simulate the modified storage tanks. The time sédgction then had no
effect on the stability of the solutions, but only affected thepteal resolution of the
transient scalar transport. A parametric study of timassier the verification CFD case

was performed using time steps of 0.1, 1, and 10 seconds. All tipsepstdormed well,
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but the 10-second time step skipped over some of the small easiain scalar
concentration measured at the outlet. The 0.1 and 1-second time stepshdetd
sufficient resolution of the scalar variation at the outlet. Sooreputational time was a
constraint in this study, and the 1-second time step tooK' H#4@ong as the 0.1-second
time step to compute the solution, the 1-second time step was chosen for the study.
4.2.5 Mesh Development and ¥

Since the parametric study of inlet configurations involved marfferent
geometries, it was important to discover a mesh setup that woelldl gppropriate
skewness, orthogonal quality, ayidvalues for the meshes of all of the geometries. The
enhanced wall function was used in FLUENT, soythgalues needed to be less than 5.
Inflation layers were used in ANSYS Mesh to place points etrge to the walls. The
first inflation layer was 1 mm thick. There were a total5oinflation layers with a
growth rate of 1.1. Meshes ranged in size from 260,000 cells for lidatien case to
2.5 million cells for the 16-inlet configuration. The inflation la/egnsured that
appropriatey” values were seen in all cases.
4.2.6 Model Validation

The model was validated using experimental data from Wilson and
Venayagamoorthy (2010). The steady-state velocity fieldhm dgeometry of the
validation case was modeled at a flow rate of 0.0009%$ (h5 gpm). Once the solution
of the steady-state velocity field converged, a scalar comtiemtrof 1 was introduced at
the inlet and the outlet concentration was monitored. The model umafor 10,000
seconds. Th&DT of the tank at the modeled flow rate was 2050 secorids.was

measured as 324 seconds, yieldirgfeof 0.16. As seen in Figure 35, the RTD curve of
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the physical model and the validation CFD model match very closelglocity
measurements were not used in this validation because thene asailable velocity
data from the physical experiment.

Mesh refinement was not possible because of computational tresgiand was
not necessary due to the very lowwalues at the walls. Mesh independence was tested
using a coarser mesh with no inflation layers. The CFD model ithrtlve coarse mesh
yielded an RTD curve that almost exactly matches the CFD Imaittethe inflated mesh
(Figure 35). Computational time could have been decreased by usingeshewithout
inflation layers, but because the inlet configuration was altergdificantly in the
parametric study of inlet manifolds, we deemed it prudent to keemflation layers to
avoid any numerical errors caused by inappropridteajues in cases where the inlet

configuration changed the velocity magnitude near the walls.
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Figure 35. RTD curves of physical and CFD models of the validation case
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4.3 Tank Design

The goal of contact tank design for any system is to crdate flow. In pipe
loops, this is achieved by ensuring that the pipe length betweenisusignificantly
larger than the pipe diameter. In serpentine baffle tanks, plugisi@approached when
the length to width ratio in each baffle chamber is much gréhn 1 and when
contractions and expansions are minimized by setting the indéh whe baffle opening
length, and the width of the baffle chambers to the same dimension.

The approach we will take to create plug flow in the storage tanks is to nioelify
inlet conditions so that the velocity distribution is close to unifagnoss the entire
diameter of the tank as soon as the flow leaves the inlebisprder to illustrate the
conditions we are trying to create at the inlet of the tankpmgsent a design that could
be utilized to create near perfect plug flow at the inlet. demsgn is impractical, and
only serves to represent the conditions we are trying to create.

A typical water supply pipe used for the tank sizes we aretigaéiag is 5 cm in
diameter. The tank diameter is 1.2 m. To create conditions irhwnécflow would be
truly uniform at the tank inlet, pipe expansions could be used to expabdthepipe to
1.2 m in diameter. This would require a large number of expansions.l.Zha inlet
pipe would then have to be long enough to allow the turbulent mixing caystt b
expansions to subside. The uniform flow in the 1.2 m pipe could then be intlddtece
the contact tank through the tank bottom, which would serve at the rbettop of the
tank would serve as the outlet and release into another pipe that is 1.2 m irdiarhet

diameter of this pipe would then be contracted from 1.2 mto 5 cm.

74



The expansion joints, contraction joints, and length of extra pipe reduoirdis
setup would cost many times the cost of the actual tank, makinglekign totally
impractical. The idea of this setup is not a consideration rfoaciual design, but it
serves to show the configuration of an idealized modified storagebtcause it allows
plug flow at the inlet of the tank. This setup was modeled in FLUENorder to show
the best possible scenario for a modified storage tank. The expaastsntractions
were not necessary in the model because the bottom of the tanktveassas inlet with
uniform velocity distribution and the top of the tank was set as aptpaf shown in
Figure 36. TheBF was 0.78, which shows that even with ideal inlet conditions, the low

length to width ratio of the storage tank limits the hydraulic efficiency.

Outlet

b

Inlet

Figure 36. Ideal configuration,BF = 0.78
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We suggest that the practical approach to attempt to re¢cheatenditions in the
idealized tank is to use many inlets to the tank at the bottohedaéhk. We hypothesize
that outlet conditions will be less critical to plug flow than thiet conditions, so the
outlet used in our study will be the same as the one used inrtblerbark case. In order
to set a benchmark for the best possible inlet configuration, vegltagank with the inlet
set as the bottom of the tank with uniform velocity and the outletheesame as the
benchmark tank. ThBF for this configuration was 0.63, which serves as the practical
limit of the hydraulic efficiency of the benchmark tank with inheodifications. The
addition of the benchmark outlet to the idealized configuration decré&sdy 0.15,
which is significant. However, the addition of the benchmark inlet arttbt to the
idealized configuration decreased tBE by 0.62, showing that inlet conditions have a
greater effect oiBF. Outlet conditions are important and present a subject for further
research, but were outside the scope of this work.

Two methods will be used to separate the flow from the inletqoghat it comes
into the tank through many different inlets. First, a diffuselt @ designed and
modeled based on sewage outfall manifolds. The diffuser willgppeathat is the same
diameter as the supply pipe and that has holes drilled into & waker will flow into the
tank through this pipe and enter the interior of the tank throughdies in the pipe. A
design criterion will be followed such that the same magnitudéoaf ¢omes through
each hole in the pipe. The second design technique will utilize einnr@nifold. The
inlet manifold will create multiple inlets by using T-jointscdor 4-way junctions inside
the modified storage tank to divide the flow from the water supply pipe into multipte inl

pipes. The diameter of the supply pipe and the inlet pipes in the manifolds will be 5 cm.
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4.3.1 Inlet Diffuser

A prototype design for an inlet diffuser was developed with 8 inleispofhe
inlet height was 0.11 m. In order to ensure that the same flewcaate from each of the
8 holes in the pipe, the holes had to be 1 cm in diameter (easalt Robersoet al.
(1998) for the design protocol used to determine that 1cm holes woutd epal flow
rates from the 8 inlet ports at the modeled flow rate). désgn caused the velocity of
the water leaving each of the holes to be very high (1.7 mighved to short circuiting
in the tank. TheBF of the prototype design tested in FLUENT was 0.13, which was

lower than that of the benchmark case.
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Figure 37. Inlet diffuser (a) shown through the side wall of the tank andb shown
from underneath

The inlet diffuser worked as designed because equal flow rates cut of each

hole in the pipe, as seen in Figure 38, but the high velocities mtle¢te caused the inlet
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diffuser design to be inefficient even though the inlet locatwase fairly evenly spread
throughout the tank. The inlet diffuser design was not refined or tested foeiterse of
its poor performance in comparison with successful initial testfrtge inlet manifolds.
In hindsight, this is not surprising, since such diffusers enhance/pronare mixing.

On the other hand, the use of inlet manifolds with dividing flows wilVs to reduce the

turbulent mixing and promote plug flow.
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Figure 38. Equal flow entering tank from each of 8 inlets
4.3.2 Inlet Manifold
We hypothesize that two parameters, number of inletsHanavill control the
efficiency of scalar transport in a tank with an inlet manifold.
4.3.2.1 Number of Inlets
The number of inlets was set to 1, 4, 8, and 16. The purpose of the amiéblch
is to reduce the cross-sectional average velocity at the iflet.inlet diameter and pipe

diameter throughout the manifold were kept constant so that the numh&tsfand the
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inlet velocity at each inlet would be inversely related. distribution of the inlets
across the horizontal plane of the tank was accomplished wiffeeedt inlet manifold
configuration for each number of inlets.
4.3.2.2 Flow Rate

In the serpentine contact tank benchmark case discussed in ChapéeBRBwas
independent of flow rate. We hypothesize that in the modified stoaags, flow rate
will affect BF because the inlet diameter(s) are much smaller thamankedtameter and
the momentum at the inlet will affect the flow patterns intdrk. In order to test how
large the effect of flow rate dBF will be, two flow rates will be used in this study; one
flow rate will be a typical flow rate and the other will behigher flow rate. The
validation tank has a volume of two cubic meters (approximately 9@hgpa A typical
flow rate through a tank this size is 0.00094%sn(15 gpm). The high-end flow rate seen
in a tank this size is 0.001892%% (30 gpm). The flow rate€{a) used in the study of
inlet manifolds will beQ = 0.000946 rils and2Q = 0.001892 ris.
4.3.2.3 Inlet Boundary Conditions

The turbulent kinetic energ) and turbulent dissipatiorz)(are specified at the
inlet based on the turbulence intensifygnd turbulence length scalg. (1 is calculated
as

I =0.16 * Re” /8, (9)

whereRe = Viniet*D inetVwaten Diniet = inlet diameter = 5 cMiyaer = 10° mf/s, and Vinlet

is calculated as

Q Q ota
Vintet = N = ———~fofal__ (]0)

T Ajper+#inlets

Turbulence length scale is calculated as
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1 = 0.07 * Djpor - (11)
k is calculated as

3
K = 2 (Vinlet * I)2~ (12)

¢ is calculated as

3/4 K3/2
Cu' * =~

€= (13)
The inlet velocities and turbulent kinetic energy and dissipatiocifsak at the
inlet for each manifold configuration for flow rates@fand Z) are shown in Table 9 and
Table 10, respectively. The equations used to calculate the turbWeratic energy,
turbulence dissipation, turbulence intensity, and turbulence lengthasedi®m ANSYS

Inc. (2010).

Table 9. Inlet variables for models run atQ (Qiota = 0.000946 m3/s)

#Inlets V(m/s) «(ms) e (M%SY)
1 0.4688  0.0006796  0.0008202
4 0.1172  6.007E-05 2.155E-05
8 0.0586  1.786E-05  3.494E-06
16 0.0293  5.309E-06 5.664E-07

Table 10. Inlet variables for models run aQ (Qiota = 0.001892 m3/s)

#Inlets V(m/s) «(ms) e (M?SY)
1 0.9375 0.0022858  0.0050598
4 0.2344  2.020E-04  1.330E-04
8 0.1172  6.007E-05  2.155E-05
16  0.0586 1.786E-05 3.494E-06

4.3.2.4 Inlet Manifold Configurations
We hypothesized that the hydraulic efficiency of the modifiecag®tank would
be best when the inlet or inlet manifold was pointed down and was e@imethe tank.

For each number of inlets, the distribution of the inlets acrossatizontal plane of the
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tank needed to be different in order to maximize the distributidlowffrom the inlets
across the tank. The approach taken in this study to ensurbdlsgtrme flow rate came
out of each inlet in the manifold was to ensure that the distaaceldéd between the
water supply pipe and the inlet at the end of every manifold wasatie, and that the
number of pipe bends and the distances between pipe bends along the pht trave
through each section of the manifold was the same.

For the case with 1 inlet, the inlet was placed in the center of the tank, as shown in
Figure 39. For the case with 4 inlets, a four-way junction added to the 1-inlet
configuration. The pipes that led radially outwards from the jonatere half the radius
of the tank in length. At the end of these pipes, there was a 9€edéggwnwards bend
that led into a 10 cm section of pipe that opened into the tank4-irfiet configuration
is shown in Figure 40.

The goal of the inlet manifold was to spread the flow from the amreund the
diameter of the tank so that the flow approaches plug flow. Heofd tinlet and 4-inlet
configurations, the optimal distribution of the inlets across theplage was fairly self-
suggestive, but the ideal distribution of inlets for the 8-inlet goméition was more
difficult to design.

The design that was chosen for the 8-inlet configuration meets btk désign
criteria in that equal flow should come from all inlets and sbatistribution is
maximized. As seen in Figure 41, if the jets coming frowhealet section spread
equally, the distance between each jet and the closest obstitodtiobe it another jet or
a wall, will be equal. The 8-inlet manifold design was gendrate adding two-way

branches to each of the outlets of the 4-inlet manifold. The twokhs@nches were
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rotated 45 degrees in the x-y plane. The pipes coming out of ediod fwfur two-way

branches were 16.3 cm long.

/
z
0.000 0.500 L000{m) XA v
X B B
0.250 0.750

(b)

Figure 39. 1 inlet configuration (a) top view with inlet in blue (b) view ofnlet with
the side wall of the tank hidden

(a

z

0.000 0.500 1.000 () X/I\ ¥

I 20O .00

0.250 0.750
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Figure 40. 4 inlet configuration (a) top view with inlets in blue (b) view ofmanifold
with the side wall of the tank hidden
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Figure 41. 8 inlet configuration (a) top view with inlets in blue (b) view ofmanifold
with the side wall of the tank hidden

The coordinates of the center of each of the inlets in dinéeBconfiguration in
the x-y plane are shown in Table 11.

Table 11. Coordinates of the center of the inlets in the x-y plane for theiglet
configuration

Inlet x(m) y(m)

1 -0.446  0.000
2 -0.163 -0.163
3 -0.163  0.163
4 0.000 0.446
5 0.000 -0.446
6 0.163 -0.163
7 0.163 0.163
8 0.446  0.000

The 16-inlet manifold, displayed in Figure 42, was generateddolyng 4-way
branches to each of the outlets of the 4-inlet manifold. The pifEehat! to the 4-way

branches were one quarter of the radius of the tank in lengt0 degree downward
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bend at the end of each of these pipes led to a 10 cm pipe that giscihdo the main

volume of the tank.

I

X 0.000 0.500 1.000 () X‘/I\ v
I .

0.250 0750

(a) (b)

Figure 42. 16 inlet configuration (a) top view with inlets in blue (b) view ahlets
with the side wall of the tank hidden

The coordinates of the center of each of the inlets in the 16-onéigaration in
the x-y plane are shown in Table 12.

Table 12. Coordinates of the center of the inlets in the x-y plane for the llet

configuration
Inlet x(m) y(m) Inlet x(m) y(m)
1 -0.457 0.000 9 0.000 -0.152

-0.305 -0.152 10 0.000 -0.457
-0.305 0.152 11 0.152  0.000
-0.152 0.000 12 0.152 -0.305
-0.152 -0.305 13 0.152 0.305
-0.152 0.305 14 0.305 -0.152
0.000 0.457 15 0.305 0.152
0.000 0.152 16 0.457  0.000

0N OB WN
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4.3.2.5 Height of Inlet(s)(H))

The height of the inlet in the tank should affect how far the jetirapiinom the
inlet can spread horizontally before it hits the bottom of the tallk. hypothesize that
there will be an ideal inlet height that allows the jets cgnfrom the inlet manifold to
spread laterally until they intersect adjacent jets or appribechkidewall of the tank just
as they reach the bottom of the tani,; will be modeled at five locations: 5%, 10%,
20%, 40%, and 75%.

4.4 Inlet Manifold Parametric Study Results

The results of the parametric study show that at the nomebh&h operating
flow rates,Q and 2Q the BF of the modified storage tank was best with the 16-inlet
configuration. At both the normal and high flow ral®sand2Q, theBF is best wheii,
is between OHr and 0.Hy. As predicted, th&F was dependent on flow rate, but in
most cases the difference betw®dts at different flow rates was less than 0.1.

4.4.1 Results atQg = Q

The contact tank modeled with a 16-inlet manifold configuration withothkets
located aH,/Ht = 0.1 had &BF of 0.51, which was the higheBE measured in the study
whenQua = Q, and was 220% more efficient than the benchmark case. For the 1-inle
configuration, theBF whenH, = 0.2Ht was 42% higher than tH&F for the benchmark
case. This validates our assumption that moving the inlet to ther adrthe tank and
pointing it downwards causes more hydraulically efficient flowtguas in the tank than

the setup of the benchmark case. BRafor all cases are shown in Table 13.
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Table 13. BFsfor Qi = Q

BF (Q = 0.000946 m3/s)
H/Hw(%) 1Inlet 4 Inlets 8 Inlets 16 Inlets

5 0.21 0.18 0.19 0.37
10 0.18 0.26 0.17 0.51
20 0.23 0.17 0.34 0.37
40 0.10 0.12 0.27 0.29
75 0.15 0.22 0.15 0.11

TheBFsfor all cases are also plotted in Figure 43. BFReof the validation case
with the standard inletBF = 0.16) and the idealized case with the optimal but
impossible-to-construct inlet conditioBE = 0.63) are shown as benchmarks in Figure
43. The results of the models runtadi = Q show that an inlet manifold with 16 inlets

can create flow conditions that yieldB& that is close to that of an idealized inlet.

0.6+ E
®E 16 Inlet Manifold
05. = © 8 Inlet Manifold i
' X 4 Inlet Manifold
v 1 Inlet Manifold
0.4+ . —— — |dealized Case a
]
';-'5 o —— — Benchmark Case
0.3F . .
(@)
X
v X
0.2F ; -
., - £ x|
¥
0.1- § =
0 | | | | | | |
0 10 20 30 40 50 60 70 80

H/H, (%)

Figure 43. BF for Q (Qiota = 0.000946 m3/s)
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When the inlet manifold has 16 inlets, ddd= 0.1H, theBF is 0.51, which is
81% as efficient as the case with the idealized inlet wBérés 0.63. For each inlet
configuration tested, there was an inlet height at whiclBthevas worse than thBF of
the benchmark case, as illustrated in Figure 43 by the cade8kst below the line
showing theBF of the benchmark case.
4411 Hy/Hrtat Qo =Q

As shown in Table 14, thBF for each manifold configuration is best whenis
between 0.H and 0.Hr. The 1-inlet and 8-inlet manifold configurations perform best at
H, = 0.H+, whereas the 4-inlet and 16-inlet manifold configurations performabek =
0.1Hy. The 8-inlet and 16-inlet manifold configurations perform wordtlat 0.75H.
The l-inlet and 4-inlet manifold configurations perform wordtiat 0.4Hy. The degree
of uniformity of flow in the modified storage tanks with differantmbers of inlets is
highly dependent oRl,. The results of this study show thaté. = Q, the ideal inlet
height is between Ok to 0.+ for all inlet configurations.

Table 14. OptimalBF and H,

Best H, at BestBF

# Inlets BE (%6H7)
1 0.227 20
4 0.255 10
8 0.337 20
16 0.510 10

Similar changes in flow pattern were seen in the 1-inlet andeti-tanks at
differentH,. The flow patterns that develop in tanks with 1-inlet at diffenalet heights
are shown in Figure 44 (a)-(e). As seen for the 1-inlet takigure 44, when the inlet is

located below the ideal inlet height, dead zones are induced at tbkett@ptank. AtH,
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= 0.4 there is short-circuiting in the middle of the tank, which deedws/draulic
efficiency and lower8F. WhenH, = 0.75+, there is enough momentum from the inlet
to push most of the flow to the bottom of the tank before it ciresilaack to the top.
This essentially makes the distance of the average flow paitie itank longer in the tank
with H, = 0.7+ than in the tank with, = 0.4H.

Flow is far from uniform wherH, = 0.79, but the flow separation actually
serves to increase hydraulic efficiency because it cahseffow patterns in the tank to
represent those that might be created by a baffle. The short ogaduitihe middle of the
tank atH, = 0.+ is visible in Figure 44 (d). Figure 44 (e) shows the jet ¢hedites a
longer flow path wherH, = 0.794y. The general pattern shown by the results of the
tanks with 8 and 16 inlets is that when the inlets are located ltbiwdeal inlet height,
dead zones are induced at the top of the tank. When the inlets &e€ lalcave the ideal
inlet height, there is short-circuiting at the top of thektand dead zones form at the
bottom of the tank. Unlike the tanks with 1 and 4 inlet(s), the tanks8xéind 16 inlets
do not have highdBFs atH, = 0.7y than atH, = 0.4Hy. Rather, thdFsof the tanks

with 8 and 16 inlets decreasekhss raised above the ideal inlet height.
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Figure 44. Velocity contours showing flow patterns in modified storage tds at
Qtota = Q for 1-inlet configurations with (a) H, = 0.08H+, (b) H, = 0.1H+, (c)H, =
0.2H-, (d) H, = 0.4, and (E)H| =0.7H+
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The flow patterns that develop in tanks with 16 inlets at diffare are shown in
Figure 45 (a)-(e). In Figure 45 (a), there is a visible dead abtie top left of the tank
whenH, = 0.08+. In Figure 45 (b), which shows the case whdére 0.1Ht and where
BF is maximized, flow velocity is relatively uniform throughout tl@k. In Figure 45
(c), which shows the case whéile= 0.Hr, the velocity is relatively uniform above the
inlets, but dead zones form at the bottom of the tank. In Figure 4n¢dje), which
show the cases wherg = 0.4+ andH, = 0.7+, respectively, short circuiting at the top
of the tank and dead zones at the bottom of the tank cause largeodsviam uniform
flow. The high degree of short circuiting whidn= 0.75H~ illustrates why the tank with

16 inlets can have a lowBF than the benchmark case.
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Contours of Velocity Magnitude (m/s)
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Figure 45. Velocity contours showing flow patterns in modified storage tds at
Quta = Q for 16-inlet configurations with (a) H; = 0.05Hr, (b) H, = 0.1H, (c) Hy =
0.2Hr, (d) H; = 0.4Hr, and (e) H = 0.75Hr

91



Confirmation of the design technique used for the 8-inlet manifold anthéor
soundness of the use of inlet manifolds to create a more uniformc@iadition in the
modified storage tank is displayed in Figure 46. Figure 46 (c) showsss-section of
velocity magnitude taken at 2, which is the height of the inlet. At the inlet locations,
the velocity is downwards and is the magnitude of the inlet veloéitpund the inlets,
the velocity is predominantly upwards and of much lower magnitude thie anlets.
The cross-sections taken atl@¢land 0.05lr show progressively more uniform velocity
distributions and illustrate that the jets created by the downviacdg) inlets spread in a
fairly uniform fashion. At 0.Hlr, the velocity distribution is very uniform compared with
the velocity distribution at the other locations. Since the velatiributions in the
bottom and middle of the tank are more uniform than the distributioe atlgt, the inlet
configuration has successfully spread the momentum of the watertlfre inlet across

the horizontal plane of the tank.
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Figure 46. Velocity contours of the tank with 8-inlets andd, = 0.2Hr at horizontal
cross-sections taken at heights of (a) 0.5, (b) 0.1Ht (c) 0.H+, and (d) 0.54+

4.4.1.2 Number of Inlets

In general, increasing the number of inlets to the tank ddme patterns in the
tank that were closer to plug flow. As shown in Table 14Bt& of the tanks with 1, 4,
8, and 16 inlets at their respective ideal inlet heights increasd¢le number of inlets
increased. The relationship between the increase in the numbestsfand the increase

in BFis nearly linear, as displayed in Figure 47.
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The maximum limit ofBF for a modified storage tank with height to diameter
ratio and outlet conditions used in this study is 0.63, based on theetstald with the
idealized inlet condition. We hypothesize that increasing the nuoflodets beyond the
numbers tested would eventually lead to decreasing returns, antheHgfs of tanks
with increasing numbers of inlets would approach the maximum possdile
asymptotically rather than linearly. The equation of thdidg shown in Figure 47
indicates thaBF would reach 0.63 if 23 inlets were used. We acknowledge that this is
probably unreasonable and that the linear increagim relation to the number of

inlets probably only applies to a certain range of inlet numbers.

0.5F = 4
0.4+ y = 0.0195x+0.1911 -
RZ = 0.987
L 0.3} §
(]
0.2+ §
0.1+ §
0 [ | | [ [ [ | [
0 2 4 6 8 10 12 14 16 18

# Inlets

Figure 47. Relation ofBF and number of inlets atQa = Q
4.4.2 Results atQoa = 2Q
The contact tank tested @toia = 2Q with a 16-inlet manifold configuration with

the inlets located at,/Hr = 0.1 had &BF of 0.61, which was the higheBF measured in
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the study whem@a = 2Q and was 280% more efficient than the benchmark case. The
BFs for all cases aQa = 2Q are shown in Table 15. Due to computational time
constraints, the 8-inlet configuration was not teste@.af = 2Q.

Table 15. BFsfor Qoa = 2Q

BF (Q = 0.001892 m3/s)
H/Hw(%) 1lInlet 4 Inlets 16 Inlets

5 0.15 0.16 0.42
10 0.21 0.15 0.61
20 0.15 0.14 0.34
40 0.12 0.15 0.41
75 0.19 0.23 0.14

TheBFsfor all cases a1 = 2Q are plotted in Figure 48.
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Figure 48. BF for 2Q (Qota = 0.001892 m3/s)
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4421 H/Htat Qoa =2Q

The BF for the 1-inlet and 16-inlet manifold configurations teste@@at = 2Q
was best wherl, = 0.1H+, as shown in Table 16. The 4-inlet manifold configuration had
the bestBF whenH, = 0.79y. The fact that the highe&F tested for the 4-inlet
configuration tested at arty; for Qua = 2Q was near the top of the tank is interesting
because it shows that the internal hydraulics of the tank aendept onH, and the
number of inlets. However, the fact that the 4-inlet manifolttigokthe highedBF atH,
= 0.7%7 does not indicate thdd, should be set abowe2H: for certain cases. The
difference in the best and woBBFEs at different heights for the 4-inlet configuration is
small (0.08) when compared to the difference in the best and ®bssat different
heights for the 16-inlet configuration (0.48). Like ®iés of the models tested &t =
Q, the BFs of the models tested @ty = 2Q show that, in general, the optimuth for
the tested tank is betwe8rlHr and0.2H.

Table 16. OptimalBF and H,

Best H, at BestBF

# Inlets BE (%H7)
1 0.207 10
4 0.229 75
16 0.608 10

4.42.1 Number of Inlets

The increase iBF is linearly related to the increase in the number of snias
displayed in Figure 49. We recognize that 3 points is not a suffioumber to indicate
a linear relationship; the line and r-square value are simply wssshow that for the

configurations testedF increased relatively linearly with an increase in the number of
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inlets. This increase is similar to that seen is the madsied aty = Q. This shows

that increasing the number of inlets can increas8ki@ a tank regardless of flow rate.

0.6
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# Inlets

Figure 49. Relation ofBF and number of inlets atQoa = 2Q

4.5 The Effect of Flow Rate onBF

As predicted, the flow rate affected tB& in the modified storage tanks. The
change inBF caused by doubling the flow ratéBF) was significant, but for all of the
geometries tested|BF < 0.12 Table 17 and Table 18 sho#BF directly and as a
percentage, respectively, for all the tested cases. Thenmaxdecrease iBF when Q
was increased to 2Q was -0.11 and was seen in the 4-inlet maniféjdOaiHr. The
maximum increase iBF when Q was increased to 2Q was 0.12 and was seen in the 16-

inlet manifold atH,=0.4H.
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Table 17. Change irBF when Qi IS increased fromQ to 2Q

ABF from Q to 2Q
H/Hw(%) 1lnlet 4 Inlets 16 Inlets
5 -0.06  -0.03 0.04
10 0.03 -0.11 0.10
20 -0.07  -0.03 -0.03
40 0.02 0.03 0.12
75 0.04 0.01 0.03

Table 18. Percent change iBF when Qg is increased fromQ to 2Q

% change iBF from Q to 2Q
H/Hw(%) 1lnlet 4 Inlets 16 Inlets

5 -28%  -15% 12%
10 18%  -43% 19%
20 -33%  -19% -1%
40 15% 25% 42%
75 26% 5% 24%

4.6 Conclusion

In this study, we have developed designs for inlet manifolds drestically
increase the hydraulic efficiency of modified storage tanks. hiaulic efficiency,
which was quantified byBF, was increased by utilizing multiple inlets across the
horizontal plane of the tank. Inlet manifolds had 1, 4, 8, or 16 inletblawds tested at
0.0H+, 0.1Ht, 0.H+, 0.4+, and 0.78lr. The optimumH, was found to be between
0.1Hr and 0.+, and theBF was found to be approximately linearly related to the
number of inlets in the models tested.

The 16-inlet configuration tested ldt = 0.1H+ had aBF of 0.51, which is 81% as
efficient as the ideal modified contact tank. This designeam@dBF in the modified

tank by 220% in comparison to tanks utilizing standard inlets. Inoge#se number of
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inlets further beyond 16 would result in meshes too large for @ec@FD modeling.
Increasing the number of inlets would also result in an inletfoidrthat would be more
difficult and costly to build. We propose that the 16-inlet manifslthe best practical
inlet design configuration for the modified storage tank tested.

Water systems that use modified storage tanks as contact tanks should be aware of
the changes iBF caused by changes in flow ratBF was dependent on flow rate in the
models run for this study, but the changeBknat different flow rates were much smaller

than the changes BF that occurred by modifying the inlet configuration.
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CHAPTER 5. CONCLUSION
5.1 Summary of Research

The literature review performed in this thesis illustrated #filnough there have
been many publications about hydraulic efficiency in serpentinechiaffiks, there were
none that universally modeled the independent and aggregate effectdatibiarin
baffle number and baffle length in tanks with fixed footprints. [eeature review also
showed that small water systems currently use storage tardantt tanks, and that
these storage tanks have very low hydraulic efficiency.

Chapter 3 of this thesis presented a parametric study o€ lffifigurations in
serpentine baffled contact tanks. The parametric study irtlhagly resolved 3-D
CFD model studies of forty serpentine baffle tank configurationsapter 4 presented
original designs for inlet manifolds that increase hydradficiency in modified storage
tanks to the level seen in typical serpentine baffled contact.tahkaty-six different
inlet manifold configurations were tested using highly resolv&l GFD models. The
results provide new insights into the effects on hydraulic effftgieof inlet number and
vertical and horizontal inlet placement in storage tanks.

5.2 Major Conclusions

We find that in a serpentine baffled contact tank with a fixdet iconfiguration
and footprint, the hydraulic efficiency is maximized when the tlerig width ratio in
each baffle compartment is maximized and when the inlet widtlghiéwenel width, and
the baffle opening length have the same dimension. Flow separalicaceour at the
turns around the baffles in the tank, but the degree of flow separation is a function of both

the angle and width of the turn. A “clubbed baffle” configuration waoduced to
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modify the benchmark serpentine baffle tank. The “clubbed bafflssedsed the angle
of the turns in the tank from 180 degrees to 90 degrees and increasedther of turns
from seven to seventeen. The addition of the “clubbed baffles” sextetheBF by
10%, illustrating that the cumulative flow separation caused ing taround baffles can
be decreased when the angle of the turns is decreased, everhe/hnember of turns is
more than doubled.

The inlet manifolds designed to modify vertical storage tanks feragscontact
tanks increased the hydraulic efficiency of the tanks by 220%is was achieved by
spreading the inlets from the manifold evenly across the horizolatad of the tank and
setting the height of the inlets such that when the flow lheftitlets, there was minimal
short-circuiting and dead zones at the top and bottom of the tank.nl&hpipe size for
all manifold configurations was kept constant, so the total imét was proportional to
the number of inlets. The relationship between the number of inldtsharBF was
linear.

The height to width ratio of the tank modeled was low, which prohibits fldug
even with ideal inlet and outlet conditions. To provide a realisticrdppi of hydraulic
efficiency for the benchmark tank, an idealized case was ntbdatle the bottom of the

tank set as the inlet with uniform velocity. TB& observed in the tank modified with

the 16—-inlet manifold was 81% of tiisF seen in the idealized case, which shows that

practical inlet manifolds can be used to increBBen storage tanks to values close to the

BF seen in idealized tanks that represent the limit of plug flow.
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5.3 Recommendations for Further Work

The contact tanks in this study were modeled as steady gihgte systems. In
real operating conditions, outlet flow rates can be variable aaestndace elevations are
not fixed in time. In order to capture the real-time disinéecefficiency in a tank with
varied outlet flow rates and variable free-surface elevationdj-ph#se models need to

be utilized in conjunction with scalar transport models.
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APPENDIX I. USER DEFINED FUNCTION FOR DIFFUSIVITY
The user defined diffusivity was solved using the code shown urd-§0. The

code was written in the C language.

#include "udf.h"
DEFINE_DIFFUSIVITY (diff_coeff,c,t,i)

return C_MU_T{c,t) / 0.7+0.001;

Figure 50. User defined function for diffusivity

The molecular diffusivity used in the user defined function is theecutdr

diffusivity of water.

105



