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Chapter 1. | rbtarcdkagu cotuinaln

Il ntroducti on

Wastewatebi breatmens s ucar ease mwitriovnameendt ss | eun

—

to be attractivecotommuhetBgeshdedsmaodobigahow t
form, both in tertnisame wipmpoy pat aond pdvhgedbsal st
particle sizes and shapes), we can develop be

Sso more edécewheenntdtyi c Al understanding of ¢ ommt

operational sdegmi girmrcse samd e d e awnadneedngtgabl hd i n g

forces physically shaping flocs would ehabl e
f | pbcustl sbhefeffectfsl ood erhwi rnmimcmeont . Al tdef thos
the goal sdektpprovipdiopgtbms bretdoer predictive to

Mi crobial population structures arifde from
based on the ,| oicnadli veindvuiarlo nnmecnrtobi al traits, an

whi ch a

7]

sembly processes are dominant within
operati onal choices to drive the pampdl ati on t
functi on

Li kewmasng, factors determine the physical st
treatment plants. Par t ircelaecp morifsgdn onlamgiee $ ndiatt e ¢
ways. | &rgpgaind particl empr scetatref i gcwhitci kolme, Secon
mi croenvironment of these particles is determ
mi croenvironment, not bulk | iquifamcdntdius ons,

determine which organisms can dominat e.



Better undewodiahdicogomminecty and physical st

uni fies the research comprising this disserta

9 devel oped and published a method for | arge

measur ement

T demonstr atled heerdd tphiat abi otic particle size

shear, but by itsanddpetciifbetwaildry in a reactor

f demonstrated that rotating wall Couette bio

over fl oc andsshear di stributio

T used 16S molecul ar methods to monitor micro
and determined not only the dominating comm
analysis method to differentiateitahe domina

functional gui l ds

T i mplemented a noatilblc@imdi chyemda mioenput CFD) and

whiicrhcor porates fl oc sdfilzoec eemdvitrloen meenssul ti ng

Background

Each of the four research activities |liste
chapter s.chTawetleorfisaty gpepludbdn shed as peer reviewed
reproduced as such. Because pebéxtshrtd lairt é cate

section has been developed to give additional
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whi

(di

ticle size and shape measurement in activa

When an analysis incorporates biological p
tialabhntlicstucstep. Despite its importance,
heulrdlslt ilkcn oW ot Wiwdenqluaseiet ative metrics &

en done arbitrar idleyf i annedd amhelttyr ri hcasimpeneoftaicoe pr & d
are also inherently subjective and prone
As a specific example, consider differenti
ivated sludge. Fungal and bdcter pyachtn athhges e g
gal masses are often significantly | arger,
often urPstabbenowemnppament that inconsi st
ticles allgbamnmige $ @ einftiigfdreedIFiatse Hdtadr &€ e@s on
e been made to define granules, with the m
AGranul es making up aerobic granular actiywv
regates of enhcdobnalt ooagulhatwdiunder reduc:
ch settle significantlfy faster than activa
The above definition mentions neither size

rectly influenced by morphol ogy) .



b) (d)

FigaNVarying particle morphol ogies alal) dat her
Fungal and bacterial granul es pi(aducSenb oltyh paH
fluffy purported bacteri al gr anagil esn dri ven

Mor phol ogi cal metrics

Al t hougmesaastutrldimeg@tsl yv quantify a desired s
are a few drawbacks when compared to measurin
data, unli ke morphologitctel i mesaghtemenbsi hpr dy
l'iterally shvpdegtt hegstiattgemay descri be how
useful for determining why the reactor works

Anot her drawback of setttcomgomegspeemenmsd

sludge, producing I|ittle information about th



actor. Wi thout resorting to complicated fr a

asurement to expl ase hybch dphememors or reac

One final disadvantage is that settt% ng me
| east 5uOmet inneeesd etdh ef ovro Imo r p'ATohleo gsintad Il eme assaunrpéd
guirement for morphol ogi cal measurements me
rfegmeiht |l y and accurately, but that automat
Mor phol ogi cal metrics are based on the ide
ttle more rapidly. However, thassred,thndshk:
e definition of O0diametero vatysbdtweenrcek:

at | east 0.6 and an area at | east equivale
assifying granul es.

Measurement methods are geneaggad |Ma sbtaesresdi zoenr

direct image analysis. Although | ight scat
d poteht mal mgaslkeamempl, oy expensive equi pme

ape data in additiyem st oneéentbsle mnsipDa crieaclti zi enda geeq L

ovides asnldapenedadtada,a produced (micrographs) ¢
i t erregau iar®eece maj or drawback is that the i mag
sear cher se xwheorstei saer eias onfot i n computer Vvisior
Chapter 2 of this di swhiehd toavt imamgnprfe canti L na m
activated sludge particles i mmobilized iIn
asur emerndtay gfe number of particles rapidly an
eely available software, includes exampl e a
or practice i n bothamigcerncegraapnsy. and eval uat.



Hydrodynamiictshedarnti on and particle si ze

Hydrodynamic shear controls many factors a
reactors. |t drives partil@lde faegcgrse gecahteinoinc,ale rtor
bot h t haen dnaremeorior oltamechtcsan directdtlyy gird lgaegirc ari
respohses

Despite shear sod%somet i emep e diessmedinfafiiactuwlintt.r ol

Specificallytiagcahat ehgapr edi dfofrf incewlhta,nivwhadt

mi xPRgrther, the existing estimators only pre
distribution in react@nmd s@anh bearixabielmet y may
the mean value in predsuwhddnigstpreirbtutcil oen.!faott pthhoel

The major challenges are threefold: 1) pre

rate rweacBioimar acterizing the shear rate distri

relationship between.shear and biol ogical par
Experimentally controlling shear rates
Experi ment al control of shear typically in

Bubble column and ragad(tiSdBiRssd eqoenmoinhy hatclaer a
continuous stirred reactors (CSTRisngempPpheynot:
alternative mechanical met hdaypoodaicesys yhaar o

reactor wall (s). Each of these systems are de



Bubble column and airlift sequencing batch re

Aeration ratesydroedysadi tosbeatroh bhhese s

rate is

]

elated to the gas flow rate by a num
equations

Al t hough used frequently to study shear r a
various shear rate estimators can hdisf feerr ory ims
compounded when these estimators are applied

which they w®re developed

Stirred reactor s

Mechanical mixing can al’yenke a¢iy!l o he @ utgd
of rotati nogc caagsiitoantadrl yanbdy 2dsing oscillating gr

Al t hough t he equataino nssh euasre dr attoe se sitnidmuacteed nbey

propellers, and paddles appear moiredacedr saheal
they are stil] rough estimators and their acc
agi tQttor

The most i mportamdsed smiexiwng hi ;agti h att overy |

introduced at a%ifthaet ourt ieldigoeys oafnda tmepasn shear r
situation, since it woul duhe oali Bihgo@anafsescutmi n g

particles identically.
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An alternative mechandifTagl omeBhodeampboygs (C
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a | ong Famgm@uwleuBly dr odynamic shear is produced b

i nducing fluid motion.
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Ry

-ttt T ------ Hlagl=2]- - - - - Outer wall

h Inner wall

(a) (b)

Fig@isSede (adovwmd( k)opvi ews of a general.
When rotating either the inner or outer wa
speed of thei d@dv, nags wadlll a¥%an¥)e, wdadnlee rtnhai i (

hydrodynamic shearP ' g&tenwHHhbani ohe reactor

0 — — "

The flow witmhktao bhe m€dM8 seadle than within
i CT’PA n both casedienhebeeweentyhgrwal |l s of the
|l inear, analogous to Couette fl ow between two
uni form shear rate throughout the reactor. Ev
higlhémti M s esdedmict ured nature of the flow is

dits i baist h eoar rates th%An in similar SBRs



Measuring and estimating hydrodynamic shear

Hydrodynamic shear rates can beeguénbiafdi ed

categories: theoretical, empirical, and numer
Theoretical estimates
Theoretical shear rate estimates are eithe
determining fluid motion or indiaéeedl|l pgbhntsoh
The direct case is employed when it is pos

velocitiesiismaoltvhe-Shvapkieesrmafd continuity equat.
gradients can then serwve Assampéstiimhustobhtih
calculating the fluid shear rate between two
The indirect case is employed when an anal
true for reactor systerhs icf tiontderrd svte. aThh e qouean
the shear rate using other pruppagfdiscagaellodcit hg
bubbl e column SBR can be related to the speci
di ssipationtmuate dbEeypdrday eamit or athe. When comb
arrive with tehgeuifvadd! éfwiijedb gt [t rwipd seeatchcee | duat i on
to groawi ttyhe fUjusdttengappey ¢ YWl yes gheci fic
enedipysirpatliesorn he s h éYstheshdarrat@tsat arnell ati on was

derive-basedlV@sti mated of hydrodyna?mi3 shear w
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Empirical measurements

Empirical moddeins aamé ykasng actual reactors
through direct observation of fluid veloci e
measurement s.

Directly observing the velocity of fI e
positions of tracers over time and cal cul n
There are a number of variations of this h
probably the most recogni zpepdl.erOtvheelro ctiencehtnriyg,u en
tagging velocimetry, and photon Doppl er ocC
considered to be a gold standard and have e
systems, includings$SBRYeweneai nthg grxperobar e
amount of | abor required combined with t e
measurement | imit thRhadiviances. iMotso |l hadweuvart et red
power, and image analysis algoritfhms are ncr

| ndi r eactti oensteimmp | oys observations of mechani
through a system of equations. For exampl e, t
mechani cal mi xXing device can be used t.o nfer
Ot her measurements, such as drops in pressure

was how G.I. Taylor estimated the effects

shear rate&d ®#Within CTBs
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Numeri cal simul ati on

Comput altuiodnady fami cs (CFD) has become popul

power, the development of mult-fiplendhysbBoft ma
CFD directly predicts velocities by incorpora
mechanipecevamds observations. As such, numeric

theory and empiricism.

Numerical simulation has many advantages:
equations, rapid iteration, deoewreasedtbest, aa
di sadvantages: models may not converge, deep
model s, solution times may take days to weeks
| arge.

Perhaps the most | mphoer tdagnanr/ hiasgsdo &g ephr mvbd eenr. ,

entirely possible that a poorly defined CFD m

real i ty. Fol |l Yiws nigmperstt a ptr aaznd cersacti ti oners ¢
for such pitfalls as mesh deyemdalemasee athlde inru mrac
results for review, and, when possible, valid

Analyzing the effects of hydrodynamic shear

Setting aside the numerous issues associ at

basic gadeswi dmes$ sshear rate affect the particl

By far, much of | iterature currently attem
mearrashrates to particle sizes. While particl
also common to see experiment al designs in wh

12



granul ation stpadires chmay asdrag@tienbhbeedr onosi z
criteria, rather e h aabliowmigge wai nsgp epcatretsismol.oefs Oagsr a n u

Notably, both CFD and direct empirical met
Meanwhile, particle anaé¢éybBbasedhmathedspdeychetskte
particle size and shape distributions. Furthe
di strfbutti beist®xmostenand are available-to the 8
extraordinary computing power.

Chapter 3 of this dissertation compares pa
and CTBs which were shdarctBhlde manadl yptliecadlelve | &
rates for both systems were compared to the m
al so provided shear rate distributions. As pr

so than i nch hhea SBRisgghwhasilpiafh®@ay |l ess variabl e she

CTBS translated to |l ess variable particle siz
novel experimental met hod for controlling flo
Mi crobi al community assembly

Bi ol ogi cal particles in activated sl udge «coc
shaped not only by the macroenvironment, but
example, the communities withindakky otbhei rgrraadi
depth into the granule due to dJd®¥fusion | i mit

There are numerous metagenomic and other m
wiitdncti vated sl udge. Even when conaéerabned to

granul ar thleusdges no d%Pespi b bheserbaunpbpsof

13



performed studies, the forces driving communi
Because wastewater treatment fundamentally de
the methods kynbwli antayt raé y oavsauus t o deter mine n

shaped, but also how to moweterfficiently and

Forces shaping community assembly

OQur fundament al understanding of community
deecde. The tradit-basealtl BPel ecidiecamermaddcbBest(i c) ha:
chall enged by a different framework of neutra
60fitness6 i s not paramount |i8steady sbmmbastlic.
domi nate, with mempudrag i fornomianprhegt a andoml y f il
community me‘mb*¢rs die off

Whil e originalelpyt iwiieswed tviet mesutral assembl
a complementary rather than competitive fr ame
bot h -bnaiscehdke and neutral processes cPei%bi st and s

The process which dominates assembly diffe

extentchoowé process is occurring can now be
purely neutral mo d el and then incorporating e
assembly in a wastewater treat mendaf fot&stilsne rwa s,
ecol ogi cal model s, suclal daoswthhesseodevehopsed i mp

which an assembly process dominates.
Two associated devel opments support such a
rigoroustwawxaowri éhatcte bmumraidtayptecmgngles ferenti al

originally used to def®etontbdangbse davgkeopmenrp
14



(Microbial Databad®%iébd gotdeapedvbBbdedga) dat a
mi crobi al met abolic functions related to taxa
anal yze assembly patterns based omnprfounnect i onal

met agenome pwv déiSctiuowveyfsr o

|l ncorporating these advances in understand
to start answering some the following questio
Y9 Do the microbial communities associated wit
assemble in a stochastic or deterministic m
f What taxa are driving compositional differe

T When split by function rather than phyl ogen

T To what extent does i mmilgyg7ati on via influen
f How do the answers to all of those relate t

|l deally, we could make a statistically tes:
domi nate during early startup, but esentually
determined stochastically, save in the case o
strongly -ha®eaedtoelne cthieon and are insensitive

Chapter 4 of this dissertatioyn icohenptaireasl t h
mi crobial communities of two full scale waste
with 16S rRNA mol ecul ar met hods, in both plan
by stochastic assembly pweircee sassessi.g Whde nf urheet iodr
appeared that specialists may be more strongl

overall community.
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Coupledbi ©kbnetic model s

Computational fluid dynamics @@PpbDpaemesmpa

sol ve

a

system of equations describing fluid

incorporate other equations of state to model

bi ol ogical gmagu et i ©rp atsemtgital sf.asltncrpear al |l el ,

compu
use.
| n
(subs
react
bi oki
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l eadi
par al
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field
fl occ
evolu
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compu

ting power combined with refined solutio
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e
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e
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nvironment al engineering, it is believ
ate removand folxyggesni aplt akreabl es better
s behave and cafinl padticuddvandceésiisndt
tic eqgeatioom,tbechcasvahed sludge mod
OFDkinetic simulations.

nding models beyond hky ciruanbleirc 9 fq it @k ley
troalcloynppunt @ahiimi ti ve sol upeohsr mamer i n
I computing.-bbekehepiongmadébet her éf GFP
ucing accurate models but also ensurin
mommon additional stated variables mod
with a subset incorporating bubbl e si
t@Gfantbepbewte floc size HUgvébopmenh, a
ation, sedi mentation, or sludge concen
on and effect o®®floc size on substrat

remai nder of this background section f

tation and then describes methods used t
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| mproved computati on

There are a number of approachidas nwhipalo bd tetm
beyond relying upon Mooreb6s | aw. Al though the
combinations of two broad strategies:

T Use computationally simpler models which es
especially dmobmpbobenngntbel ebsely coupled d
T Use computationally more efficient models w
either improved in efficiency or represent

To illustrate this diffiemgntclee nuwmalgemeot hm:

ManhattahigBso@metra@an map and a suite of basic
simplification might wuse the default software
manhol es per bl dok,alarmdseal owl &dthee tntuenber of b
i mprovement might instead analyze the entire
identifying manholes and works orders of magn
Simplifying model s

Spatoraltegmporally simplifyidreg canpecddle oins r «
utility of decomposition |ies in that it can
phenomehnea :r ell)evant spatial scale bhat hef hylhe aa

par amedgiemisl &2nl y, t he
bet ween components ar
removal, but COD conc

tempormany cafl etshe eil etveamac

e essentially wunidirectd.i

e mtyrda toidoymsanmd @ snot direct
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Le Macfdesecri bes ategefrilessdtorofspati al decot
by many researchers. These categories, in ord
CFD, Compartmental, and Systemic. | n-Sa ofkelsl y
equati obke Busbutance modetlheraendi sa rba oskp anteita lc
At the other end, a Systemic model i ncorporat
Tanks in Series (TIS) of contintoosbkyo$tiLered
Moul |l ecds work, is the Compartmental approach
spatially localized functional sections much
treodd between these systiams ics mphuatatd eocnaarhp s ir
expense of modedbffeapbpsmr sThdsantadeous in co
wherein a modest reduction in realism can pro
compl exi ty.

The major chlaldeaogmposi sipamiias i n s-el ecting

appropriate residence time distributions need

compart ment al model s require that spatially h
bet ween sératrmealntc ofmppces can be estimated. Empir
process knowledge, and purely hydraulic CFD s
chall enges.
Approaches to tempor al decoupling can be s
whet her the solution is transient or static.
Transient tempor al decoupling takes advant

bet ween phenomenabi dkni nentei cc ansoed eolfs ,CFtDhi s woul ¢

hydraulics at ithme satpep.opbutatenlIfy neoltving the ¢

18
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nettcmmeestepgs, with the Brekobndeusceadad!| vt
g ipme Shmipafr ti mestepsen constant, but int
rmed using ¢basadamptni ¢ déce apa rbired lwmld el tolwaetd t o

reactant concentratiofns (and thus reacti

atic temporal decoupling takes advantage
mul taneously solve equations. Fatierampl
hemi cal concentration does not often aff
ciably alter solution times for any give
d it can be computbeaet irercalmpwtehla mihedhd saon dv
al boundary conditions which do not affe
il e model decomposition methods are majo

Il s which can al sot-tmedsl| mph s fesse, d Aassoséuknai nmpgb
ant dissolved oxygen |l evel, oxygen trans
I bution are all different | evels of deta
horoughly revieweandrtrragy dcitsuirdmulteam crao drx
p hpahsaes, e ,mud rt ia mi xstiumpel inioidcealt.i-@Anlfsls isnuvabhl v e

d be based o simulation objectives

efficient model s

t he wolbrdgded fCHie,s htmag oot vari ants are the
em domains are discretized and by which
ions are solved. This category involves

s h aspceh)eemege(t waed order ), and |l inear system
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wastewater treatment, it appears that most pr

solution scheme based upon the defaults provi

CFDnios, however;balsiedi tmed htoa sme Of t hese, s
hydrodynamics (SPH) is the most common altern
model ing to Lagrangian based tracking of disc
conti nuum. Additional particle properties, suc
tracked

Specific algorithmic improvements are al so
moments (QMOM) is a method which attempts to

by tracking its momentsel Whi QBMORNndoenpr bbaeeamean
iterative step which was recentl ymomenoéged in
( EQMOM) model, with a r®%duced runtime of 65 t

Particle popul ati omapebaon&i allt i gar, ametder $ o)
to a simulation objective. Particle populatio
subjected to improved efficiency. The introdu
them far moE®MOBassbheprnoti sing devel opment t

Bi okinetics has actually been subjected to

increased real iAstn) vSh 8§ dMpedred sd g tAsSiMsed ar e produc

beenelfiftortet owards i mproving the solution of
from ASM (or other) biokinetic models in the
met abolic models have been used intohamwehl e

studied andrgédniessmsi ngl e
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FIl oc shape, while modelled in simulations

simulations as a factor affecting biokinetic

entail s al son iogfn osruibnsgt rdaitfefsusiinot o t he bi ol ogi c a
reactor performance. A model which incorporat
realistic, or at | east more bounded, predictd.i

The conference pape®@ipradhecddcluys 9dbrt dimiss av
incorporated CFD, biokineticdg,edamdd f(fiursia nn o vlé
received some attention, with multiple citat:i
validation and rei mplementation.

Fewt her papers haveasisnucnoerdp ournaitfeodr nillyo cdsi s(tvrsi
CFbiokindels mf aerobic wastewater treatment.
from that of Sobremisana %nidS ed oa nnout! tsiupphearssee daep
and are computationally expensive. Il n one cas
is unclear i f floc size changed durhngfssmmeka
was moXeHd eadt.her study tlriecauied o@Wwicisd mpsh as @ sma
expensive and tightly coupled approach than t
compl etely alternative approach models the sy

hydrodynami c83% (S®WH) chickamh particle contains

Using wundipfafrer endteisattedcat ed as both | iquid and
' i miting iIssue.
Il n the context of the extant work, the Sob

be both more efficient and flexiallky WYHaWwedart e
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With the exception of the SPH scheme, the
avail able and encumbered by commercial softwa
Chapter 5 of this di ssebritoaktiinoent ipcr ensoednetls tah a
i ncorpor atfd 0 ct regewntirortohat i s experimentally va
i mpl emented in publicly,anwda pfsab metveed e m nsdo wrsceef

addition to the field.

Summary

This dissertation presents r eseamerdc hati rnbeftaue
understanding how microbial systems treating
physical sense of floc morphology and the eco
By understanding those pr doxssaed iwd | ea moareac KN
they jusvyardd | mfcls®dcs twmiet h a si ze distributioné.
Owast ewater degrading bacteriaé, it is a basi
wi speccammahi ti e dedetiaromnmeéndd 8y ©Hachgr so we ca
our descriptive and predictive understanding

our ability to design and operate them effect
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Chapter 2. Measuring th
acti svadauede particles 17
agar with an open sourc

J. E. Weaver, J. C. W ldelalimts RBEgdsumDurmgst e d
of activated sludge particles I mmpkeilldon2Ed i n

(Journal of Visuyualb80®dEX AN BNt/ 58963
Summary

The size and shape of particles in activat

measured using varying medt+lkepdesemnmlatcgeaciaes

subopti mal i mages, and subjective analysis pa
measurement, we present a protocol specifying
pipeline.

Abstract

Experi ment al bi or e acwacsrtse,wastuecrh aso ntt haa sne ptarr
and shape are important parameters. For examp
can indicate the conditions at the microscale

in a clarifier.
Pairdl e si ze and shape are both misleadingl.y
often unaddressed in i nfor mal protocol s, can

particles. Sampling methods may beTha assemnmp loas

23



themsel ves may be poorly preserved or undergo

not be of sufficient quality,; overlapping par
noi se can all pr oduceed paonoarl yrseissu lctasn. iPnotorroldyu csep
produced by manual i mage thresholding and seg

Af fordability and throughput are desirabl e

throughput method can enable more frequent pa
containing thousands of particlesomAhkomet hod wl
di ssecting micawasicloplel,e amperd reedryce anal ysi s ¢

accessi bl e, r epraoudtuocmabt|eed, eaxnpde rpiametnitaalll yr esul t s

Further, the product-foff mau ecdeedfai nveed yh oadn ¢ aena s

understood by data anal-Yyabsasafywaseandadahg

| abs.

We present a protocol which details the st
including: sampling, sampl e praelpairnaatgieo na cagnudi sii
digital i mage analysi-speainfdi exfaimples goénexati
results. We havesalusoeidatadaedabhwnsiopepi peline

l ntroducti on

The purpose ofo phiovideeti mediel ¥ epeatabl e, an
automated method for determining size and sha
particularly those containingfathevmaridosalueg

behind this method were to enhance atthadidfiftor d

24



our exihouisegpirthsxolpsarti cle measurement for o
and comparison of dat a.

Ther ewar broad categories ofdipragdti cil magnermag u:
inferenti al met hods usi nmrgl shobghuahferentnall
automated and have | arge throughput, the equi

met hods can accurately det eStnhienye dtoh en oetq upirvoavlieo

shape inmPormation.

Because of the need for shape data, we hav
some -thhirgphughput i maging methods exist, they ha
commercial hardwarefv@ucumeéeomotbuhas bBeécnmtdeoewns
common, affordable hardware and software that
throughput, pr odiumage d atrh ano rteh @ amitricrhiem needec

Existing protocols may not specify importa

Ot her protocols may specifybmasudasdushtoecas t hat
t hr e sgh¥o.l dAdnevei hed met hod whichi Epratfomrsasdmph
acquisition steps combined with freel-yahvail a
i mage analysis and comparisons between | abs.

wor kfl ow and tool s whbilceh rselsaud Itds |feraodn tda frfeeprem
sampl e.

Apart from normalizing the image analysis

recor deddeifni naefde e mbetft$aud tfaibllee f or use by popul a
packagasi ng experi ment specific analyses (sucl

facilitating data sharing between | abs.

25



suggested

This protocol is especially
not have access ;taoi mfoer evntsihalt omatelved 0 p
and wish to share their data

Protocol

1. Coll ect samples for particle analysis
1. Determine the sample vol ume fsourf fsipce ceinfti c

partistaspvphédt ysisl10 (> 500) while avoi di

1. Assume t haQQ. 3 trme@nepnlloef of mi xed | i quor
for activat ewi tsHh uad gnei xednplliegsuor susper
bet ween 250 .and 5000 mg/ L

2. Otherwi seeepteparagahrplates using 0.
(steps 1.2 through 2.7)

3. Visually estimate which (i f any) samp
in step 1. 1.

4. |I'f particles still overlap for the 0.
wi thitr ete 0.5 mL samples diluted with an
phosphate buffered sal ne to deter min
must be diluted prior o step 2. 1.

NOTE: Steps 1.1 thru 1.1.4 need onlcyt ore pe
contents changes such that subsequent meas

step 1. 1.

easily

wi t h

26
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2.

Acqguai rree pr essaemnmftrae m veei wed | porti oony of the r
grabbing ~40 mL in a beaker or 50 mL cen
i mendi at eltyhe@odieti mrgmi nedf s & mpil xedd Vgrl aubmei n't

15 mL centDiilfustgee tthuebes.ampl e, i f necessary

NOTE: The protocodndnatyhdéd es praplsedmayeriee st or

refrigeration (4 C) for wup to 48 hours. Do

CAUTI ON: Common predgormat demymdedif @ar mami de)

suitabhe | arge surface area of taheepl athe,at
from t he | ipgohtte nptoiocaritilgy, veand i | atpea d dmiceer oscop
unnecessarily hazardous conditions for it
Prepare agar plates of stained, i mmobilized
1. AdB OL of 1% (w/tvgaanetshaymmine, bil men nvap t ar

l east 3 times to mix. Allow samples to s
mi nutes at room temperatures. .

Prepare approximately 10 mL per sample o
NOTBRgar may be produced ahead of time an
Agar ose may ,bouet sdudbesst intautt esdubst anti al l y in
Mel t agar wusing a microwave or water bat
Ensure the hgamel sedompdapagudrodud &si loyf. ag
stain differently, producing poor qualit"
Transf ermelutfdd cidaegetsr (twd viyhe centri fuge tu
tube volume to between 6.5 and 9 mL.

Recap centr idrutgley tiurbwer tanadt gl east 3 ti me
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3.

Acq

Whil e pointing thercdm cgvaeno dfds,@mc dofme sted b

contents into a 100 mm plastic Petri dis
full, smooth coating

All ow the plaamst e opernatturae for at | ast !
solidifies.

CAUTI ON: The heat from the agar may prod

Whil e this has not yet been a serious pr
Pointing theneseldwgynfdr@mmhers) is a saf
method is to open the tube within a vent

NOTE: The protocol may be paused here. P
(eig.a sealing plastic bag ordewith paraf
refrigeration (4 C).

uire particle i magedi gdasdmadggr aa stereomicro
Pl ace the uncovered plate face up on the

capable of 10x tblamknmbagnt hecaamphe fro

dfif use | ight wusing equipment such as an |
Open the image capture software, ensure
and click on the appropriate camera from

Adjust the micrloscpapret isol eahadppnaudrnt iipn t he
we-defi netls edgeam.f i c a2t0ixont oo fmelabsur e parti cl

mai ntain a relatively deep focal pl ane.

28



Temporarily remode pil laeeagare miatremet e
Adjust the fine focus wuntil the gradu
focused in the image capture software
|l f not previously calibrated, record
magni fication.
1. Sete tzhbom t o 100% -byActiualki $iigz && ocoaom
00pt+HoRkal i brated. Then align the r
vi ewport along the | ong axis of th
centered on the 0 and QalI0i b xtreodh ¢
di al ogntoeemr , current magni fication |
200 microns.
| f already cali brated, select &6Magni f
current magnification | evel, and conf
1. Sel ected O Meids®m r eMrebnittsr ary Lined. C
i ntersection of the 0O graduation a
Click again on the intersection at
calibration should display approxi
by clickjnpgpreasing delete, and pre
confirmation box.
NOTE: The instructions given for sel
specific to the software used for th
avail abl e i n ot hegroailmaigsi ntgo sdoefttewanien.e
mi cron ratio of the i mage for accur a

29



4.

5.

Replace the agar plate and, i f necessary

det ai | in the imaging software.

Adjust the 1 maginagmsofmawar e usaad itttyati smaxih
1. | ncetehaes bitto d eéaet maxi mum value all owed

button in the oO0Bit depthé panel of th

acquire grayscale i mages by selecting
6Col or/ Grayd panel of the O06Camerad si i
2. Coll apse an open sidebar panels betwe
the gain to 1.0 and increase the expo
vi ewport and wuntil the hissogoamchppe

by either end of the histogram box.

3. Adjust the histogram to avoid over an
panel of the camera side bar, slide t
outside the | owest valwuwesutanidde htehe ilyi

val ues.

Save the umragmp raess,saedn cTlludi ng magni ficat.

the i mage umeitmngathaveFas e di al og box, sel
format, and ensuring that tkeiédSawecwiedh
NOTE: Saving image metadata, including s

acquisitionlpthger amsierFlying software use
understands most common variants. The i m

pi xel heidhasswcdabhedauaonit (s).
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4.

Using either a mobil e stagel eocrt naannoutah ery a
which does not ovefbapowregi aupait magv@ds ch
| etfdai ght -adbheé&frnri qaqlst one movesodowasthe pl a
0l awnmower search patterno. Repeat step
capture at | east 500 visually estimated
NOTHBI1 ternatievegipactutlearrnsor( random) are acec
reporctgeudi.r iAng mul ti pl e overl apping i mages
digital stitching produces a resulting f
processing and artifacts from stitching
recommended.

Reitml at easf tuenrt iilmage auwnpaliymagi Mg rorf oil hnoen i

di scarded as appropriate for biological

Measure and analyze particle silhouettes

1.

Il nstall itha&ge egudltwaEdleages
1. I nstall FI'Jl (an enhanced version of
|l maged vl1.52e) following the instruct
https://imagej.net/ Fiji/ Downl oads
2. Il nstall git, if not alreadyhtpgrpssdntg, t

scm. com/ down!l oads

w

Agquire the particle analy$%s code by
1. At the command | ine, retrieve the
typing: git clone https:-$l/gddgeub. c

Par tMoalpeholl onpieeal ysi s. gi t

31



NOTE: Using git is preferred, as i
| at est tvlee scowdhe .ofl f git is not avai
downl oad the code as a zip file on
https:// github. co-Bl p®geeacéeée/ SPar M
Mor phollonpiyeal ysi s/ rel eases

2. I nsttrad lanal ysis codenéol hotwhaeg the
OREADME. mddé text file found in the
repository.

4. Edit a text file |Iisting the director
par ameters. Refer to the d6dexampl es/ an
par ameteexrasnpd recs .

Run the analysis on the command | ine by
<FlJI - PATH¥ImageJ- win64.exe -- console -macro SParMorlA -
SludgeParticle_Morphological _Image_Analysis <paramsfile>

wh edqFidl -path>i s t he di r BnageJowingdexen swhHioxchht ed an:«

<paramsfile> t he | ocation of the text file desc

NOTE: The name of the executable may di f

system FIJIl is installed on. Depending o

anal ysis may takearad fwiwl Imi mwn easutt @amatoiua &l

Perform a quality control check.

1. Examine the quality control files | oc
specified output directory. Note | mag
captured particlésoutlinappahieah ds B
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backgr ounHi. g Rreédfrere xtaompl es of such. The

now ready f-ope eixfpiea iamrealtytsieanand fi gur
4. Reject either whole plates or individual
the noted files and/ or particle I Ds to b

repository for relevant R and Python cod
5. Generate experriesenus ismpge ctihfe ci maggeu anal ysi
each i mage Talrktemmaesdseparated text file
subdirectory of the specified output dir
6examples/ figures/ Pythond subdirectories

files.

Representative resul ts

Files generated
The procesdgiigldwies i r preoed uice two files per i
file is a comma separated value (CSV) text fi

particle and theusolpamns$ chlhess ecnirleégacsasiuc ul ar it
and are defined. /fExampée el @8Yed i masualre include

information and in the examples/ data director
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/Sampfe Collection
40" m

S

\\\;

B

Plate Preparahon

e5 L

Particle Analysis

& macm

(]
L]
—

Fi gdiGe aphical wor k

he f ou

flow describing t

intended

f

or

us e

n

qua

The second file is
overl ays the or rogiangaule
Fi gbreThe quality of
evaluated. Al though no

irneagg eo nwgi itrfhe msrceenpp@anm ttii cd eisd

particle

identificati on

p atf XFii gl6e ®t presbkolt ddngs
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exampl e of an acucealpittaypliemagessul dan Poiotrher be r ¢
avail able, simply removed from further proces
¢ 4 A @ G,,

| & B s i1 -

Q 3 o : ,—":— |

“in I

e I

v oo Pomcn o 5 | @:

g - I = | |

2 ® . @ : :

r ‘ ‘2 i ' [

“ @ : , l

v e ! I

@ e 8 L | & |

‘ o i :@ !

i I

f = 0\‘\ ' @ |

. ~ ST a

v
e . ﬁ_\ "-‘“

FigbExampl e of a Quality Control (QC) gi f ge
Magni fication of main i magehbb .nuBvbeerspti diest

i ndividual particles in the i mag
When evalwuating QC i magreosr,s tfhoeurned :ar e t hr ee
1. failure to accurately conform to the par
2. failure to identify particles
3. afftact inclusiopadtutecéeiet bempthd eerst)g n (0. g.r r

threshol ding

Exampl es of

and segmentation

il lumination can

artefact

bet weendpangi c Fe g EnPo0ir §

| ead

fFa lgsBl;, epraerdt idcalsehspd(r ¢iicd¢lee mat Nemn ,

t heseFieg®6oePsooar epairltliucslter abtoeudn dia

a

t Bi 6ot &8 bt alel soéidoci deh

such
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protozoa, fungi, and mehRagéccan, ad soh baes stphue ito

identified as particles.

’ tar i;\rade
L N | ' ? - *
(b) (c)

FigegCemmon errdusi agt QCt adal ysi s. (a) Poor pa
spurious particles (red dashed ellipse) and u
nomarticle object. Magni fication 1

It i s easiest to rejestpbbsesiéheite umagehe
in the ®GCgHbmaget() to reject individual partic
useful when there are a handful of issfues in
nomar t,Fict)8cse Exampl es of doing so in a reprod:U
included in the exampGietsiHeposotong. directory

When a small mi ni mum di ameter masy slpeeci fi ed
spuriously identified as a particle. I n those
downstream analysis removes their presence. A

skepticism when partickee gPretoemposed of | es

Figure generation

The CSWesulebng fromrteh €hindiyamay amal gasisl y
and analyzed in the resedrsultdr é$ mredfbarrmmed so
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Pyt hon "&r dapfilny.rRHo wtelveerexact figure type requi
with research questions and result . FiAnirex ampl

and the correspondi ngg C9\ef itloe g eine'favai lidablfe oc

Day: 0 Day:4 Day:7 Day: 11 Day: 14 Day: 18 Day: 21 Day: 25 Day: 27

el

log Diameter (um)
vinegary

Reactor
FiguiEgampéepeoerfrsmeanitfi c figure generated from
i mage pipeline. I n this example, the particl
over time are displayed and combinesewaree hegua

examples/ figures/ R for the generatin

Di scussi on

Al t hough the image analysis system is fair
i mages are removed, proper attention to speci
agui sition can i mprove both the accuracy of t|
Sampling concentration

Assumraeapgresseamplte vkas been taken, the most

that sufficient partiveéthed afti presenanbébystisep

concentrated that particles overl ap.
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This has corresponded to approxi mately 0.5
t ot al ssuwslpednsdedisstpeexperci menter mi nati on may be
overly conceditlruatteedd,, arvderapypr opr i at eFipgabrrtei cl e
as a reference.

Staining is al so afafte cotigeid Ooye prarcta nc | ree scwlntc
stained, blurrydiplauttiicn emawhnadte pmadcuce parti

for optimum threshol ding.

— g

B SR | ol
™~ -

X Too cgncgwltrated @Acceptgble D l@ Too diluted g

(a) (b) (c)

FigB8Reference images showiaolpy prett cdbecanonnemt
acceptabl @, laandk davevwalgymni fi cati on 15x.

Dye concentration

The ametmmidomWefd to the sample is crucial and
bet ween sludges. Approxi mately 5 @®Uf osfanip%h e( w/
provides sufficient contrast for thresholding

particlebds shape.

There is no single ideal concentration; a
chodemg@irlel ustrates this tradeoff in three sam
met hyl ene bl ue per 2 mL of sludge. When weigh

contrast iFn g 9@ &ritsi plreef(err ed oovbebri gp9doer 'y resol v
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. 5  ® o | = k i 1 - g
- N _ ‘ W » ‘:: ‘ : ‘ .
- . : S ., » . i v . e .1
B ¢ . . s .8 :
TR . b ;™ |
@ 5 uL - Acceptable ) CZS UL - Some b‘I@

¥ 50 L - Overdyed
(a) (b) (c)

Fig@daecreased stain concentration I mproves pa
boundary. Magni fication 15x.

Pl ate storage

Af ter i mmobilizati onr,efprliageersatciann b(e4 s@)o rfear
This is a conservative period during which it
di ffusion will occur. Plates not showing any

after 3 days.

Wh et ofredt oo | ong, existing particles may c
focal pl ane of other particles wRibag@eetainin

Surface contaminants, such |asngf wregalo dssp oorfe
These generally wild.l not take up the color of
as can begabBen in

Il n some cases, it is wunclear whether overg

such as inFith@&bDadrod t oefitgdirb.Boefgar dl ess of t he ca

such as t hosleatien chiacsataggetdhebeyond its useful I i
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(b)

Fi gabRef erence images il lustrating overgrowt
beyond its wuseful i feti me. Magni fi

Pl ate preparation

Ther ewiags®ues dawsadhi ptheg si callyipvephyi i th
agar and excessive Fswianleitrhg. plam ttilte efsi hetc oanaes

various depths, making i1t difficuwlt ntdoaxawpuir

Figadafiksi ng excessive amounts of agar will ©pro
resulting in blurry particles. Maghn
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I n the second caseynisfdoimsmirndpupadéthgoaeesa(no
138, biasing results frdmgdiBgfdfceGenér akky) ome ©
7 mL of agaroviesr rae qquiOr erdm tPoeta i di sh and only

to evenly cover the dish.

Figae@vewligorous swirling during -phiaft@er mrgagrat i
di stributions (a&),plhlitesitrogvagact ilamrgeaf (thh a

di stributions. Plate is 100 mm di ameter,

Mi croscopic i maging
There are two major i mage acquisition issu
t hat the majcodrist mref iman he f ocal pl ane. Even
activated sludge particles is such that witho
will be slightly out of focus, interaowdddi rcgnitma

100% perfectl yFif pausdte d Blwamret ircelsepse;ct i ve exampl e

acceptable focus.
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Exposure | evels constitute the second majo
data and poor segmentation. Further, the high
hi stogram, reducing the effectivebdymdsmiof rahni
hi stogram may be adjusted prior to capturing
increase the dynamic range. Examples of over,

bel ofwi g mBe

L ] % ‘. ",_ o & - .'—
C r o C &
)" . L ] “ % »
L . ey * .. . b - s *
¥ Underexposed C\_/\,Acceptable D @ Overe>'<posed )

(a) (b) (c)

Fi gaBRef erence i mages showing poor and ac«
This methodébés advantages are that it provi
process. Further, we have pr-bab dendadaysnodttianagl e
compar ablleabb dasteagnaj or | i mitation of this meth
al |l particles focused prevents high magnifica
mi nor diimensaibdrys f i | anmfewmttwrues ditrreuccttiuanmess .of t hi
i ncorporate advanced i mage anal §sfsghedyZmamiue

range imagindg®&hdcmdchtrmneknigngg,ssi sted threshol
and cl ad¥hfei cmafiooni mage acqui sition i mproveme

conmechanical stages8 and produce o6whol e pl at
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Chapter 3. Controlling
Si ze uUusi-lMgy Cawralcittae r s

J. E. Weaver, H..LHodeg, Il&sl ,Rely(Bosnctorsotlel,i nig aer ob
Si ze Cos éTatyd or b i Wateearc t Riexel@ ) )c.hl1 8 3 7

https://doi.org/10.1016/j.watres. 2018.09.060

Abstract

Bi ol ogiscd &le filso@an i mportant reactor microen
experimentally controlled due to a | ack of su
Tayl or bioreactor (CTB) as an i mpr ovaeldl yt oaosl f

compar ed wiotlhumnultlstkelgaaenci ng batch reactors (SB
concentric walls, either of which may be rota
produces hydrodynamic shear whi cghh iase rnactrieo nu niin
SBRs. Because hydrodynamic shear is a major p
the ability to better control -comdarolr atde d | wict
test this hypothesisd,zewa imdadwrudad otnlse o aratcitad lv
CTBs with either inner (i CTB) or outer (0CTB)
height to diameter ratios (0.5, 1.1, and 9. 4)
the SBRsi ewerteo warroduce predictedl. mEantabeart ha
rate distributions for each experiment were e
Il n all SBR experiments, the fl ogshaarstratbatoron

geometry, |l i kely because shear rates (esti mat

4 4



predicted t h

by

with increased

coefficients of

I ntroducti on

Activated sl

ough microbi

separate fro

roen

ch contr

o i nf8fue

ver, pre

The most common

b | nd mean

edg af f etttafpe

sup ci al gas

at an vary

cho and may

s theref

part.i larly i1f

met hod i s

enclosing the

viDespme et i

tttdba yilser

eory. I n the CTB exp

hydrodynamicacl|l es heiaz e

\

ud wastewater

al oesenYl ponmaut s

m water effectiywv

mportance, f|

ol i desired, ynamis

nc oc Si ze

Ci ntrol of t he

rate control

(@]

S ate is well e

Ci taneous shear

of t he

y

b der of magni

approptiate

ore desirable to dev

such a method resul

abiConmeactor (CTB),

ea

api-&td,onr @ shmerc toiCVleBlsy )(.0. 3

treat ment

ocC

®leonft hendien @t fi

react

ct cfRdboatéengsei hhan

eri ment s,
dinglt n iICOAWBtsi

vV S .

syst

onmbatsol e

ar e

el vy,

size 1is

ehean, atvh

spati al di

met hods (m

datsdn . b

stablished

rates can

or .

tude depen

for t he ac

el ot her

op

ts in pred

whi ch con

dheul at e

4 5

(

a:

Howe

«
p



walls induces a circul ar fl ow wit hisnhetahre rraetaec

(Q .
Equation 2 is frequently used to esfO mate
for a CTB operated at RPMargred wiothRhtoownal asmpe

and R2, r%®sPectively)

0 — — @

Equation 2 ibelmwsta adawrsehtod d r ot ati on spee
is rotating and tuhaet is@&badSeu popfo rtth ghddd el anct hogr rnmalit B cohn
flow is | aminar and the shear rate i s essenti
operatdadchaadbdvwieeesholwdtransCbuenset oeghemeTawnldoi
characterizradkbd, stabhéejng toroDaspiktne winhias, T
rates are often estimated using Equation 2 wh
vortices.

To achieve sHheawhircaht easr eofsidmi Isar to those o
pl a®fat sbench scwailteh CaTBv o(liunee on the order of 2

be operated at speeds abowethlkRecciitiicahl sperees

reacteod $abdisFurther, Equati on rRatpe cayndledo®nl ryc
any information regarding the shear distribut
fl ow within an oCTB (where the outer wall 1is

within an equivalentl growat at?¢#hir 6ERABEENSr s h
produce more consistent shear, several quest:.i

|l iterature. These include the foll owing:
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1. Can biologic

di stribution

2. What i mpact

bi ol ogical f

To answer t

|l oaded with di

di fferent spee

computational

compared to th

same range of

particle siezdi

mean fl oc si ze

We ot hes

hyp

closely correl

rel at eldi o¢loogiomnall

efficiency, in

Those factors
precipitates i

hydrodynamic s

bi ol ogi caladfolpa

al fl oc aggrkedacCT Bse drastpidcealn cd Hae

s ?

do shear rates produced by the

|l ocs compared to an equivalent|

hese questions, we frheoacssuriend CThBes

saggregated biosolids and oper a

ds . We then estimated the shear

fluid dyramice @@ED)s.heBot h att lee d

ose produced by SBRs with varyi

predicted average shear rates.

andibheaonsat includi AiYoarebmpar

wi th mean shear rate.
ized that the particle size dis-
ated with rexatiooeal aspeéeend ] alPr &
f | 0% oevi ef veecrt,s fianc taonr si GsTuBc h a's
itial particle size disfributio
are | ieldeliybi dibfofga rcearit rfecsre agpearht,i cs
n water, compared to activated
hear conditions within CTBs do,
¢ ngbaefhersee bi oreactors as i mprov
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Materials and met hods

Experi ment al pl an

To determine the relationship between shea

and i CTB were | oaded wi taht snoena nc astheeda rs | ruadtgees acnc
varying the rot atTiadbheel speed as shown in
TablExperi ment al Parameter s: Rotating wall s

Cou eTtatyd or Bioreactors (CTB) with outer and

Rotation ( Mean shedPA
Reac Run Run Run Run Run Run
oCTB 50 100 200 25 50 100
i CTB 45 120 240 45 118 237

A. Predicted from E

Additionally, three SBRs of equal volume (
(H/D = 0.5, 1.1, anda®era4a)i waere acachespe mat ed
rates spanning thosdab3perMihentddelry H/ Der@TB® s
exper ifnecnttoarl i n SBR studies, were selected to

and are similar to H/ D ratio%$' U ed in aerobic

Tab2@as flow rates (L/min) wused in SB

Desired meand)Ashea
SBR H 25 50 100 200 250
(Squalo0.1 0.4 1.7 6.9 10.c¢
(Med) 0.C 0.2 1.0 4.1 6.5
(Tall)0.C 0.0 0.2 1.0 1.5

A. Predicted from |

4 8



After operating for 2 hours at @6A€r mbampl
the particle size distributions of the fl ocs.

estimated using CFD simulations.
Reactor construction

The CTBs were constructed with two concent
cyl i ndree smomunt ed on fl at bases while the inner
(Figafteusing thespeecnffi gudatm@ersi ons i n

Tab3dfBummary offayloarethtieor eact or db mempIiR®Ms ( a
Bol df ace indicates aFipprthemet er corr espyp

Parameter i CTE oCTE
Out er Rad

(Rout)er 9. 4 8.5
l nner Rad

(Ri n e 8.5 6.9
Annul ar g 0.9 1.6
Wor kinghH 33.¢¢ 38. .
Annual ga 0.9 1.6
Reactor v 1. 7 3.
Critical 1.2 0.8

A. Predicted-f,rom
Supporting I nfor ma
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=

(a) (b)

Fi gadad@oueltatyd or Bi oreactor (CTB) geome

The i CTB inner wall was rotated using a | a
shaft. Rod@TB onutodr twael | was accomplished by
potterds wheel (Artista model, Speedball Art,

kept stationary by attaching its shafgt ato a f
handhel d tachometer.

Il n both cases, flat polytetrafluoroethyl en
and outer base plates to reduce friction. Aluwu

were fit around t he rceeancttroarls sthoafrma iantt atihne etvoepn
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reactor walls. Water was added to the inner ¢

solely ballast and did not mix with the actiyv
I n the CTBs, influent b nesftfalluleendt ,o na ntdh ea esrtaatt
reactor. Aeration was providedAhyametcdi medelaq!

BO1N1KQGBG, CLL Pet Swhppclhi e€fse,d Madi sfam,m Wlh)e ou
pump at rates of 1.8 nlg amd sQ.p7es fL cpiearl nuipnf,l orwe
and 0.3y tdhhmns the oCTB and i CTB, respectively.
peristaltic pumps.

The SBRs were constructed from cast acryl.
aerati onl epdornte airnstthael bott om wal |l . Alemaaxt ipoonr ewa s
size 80fendcaiomsfyrom the output of a vacuum pul
val uEabdiuesi ng cali brated rotameters to provide
(0.16, 0.23, O) 3@stiOmatced Ot ®Oprcondisce mean she:

and 250 espectivel y.

Slugpggeparation and reactor medi a

The oCTBs were tested using activated sl ud
mg ). from the aeration basin at the North Car
Cary, NC)Phoa pBioxRersi d exsliQg ndkady Fti v et rhesantd r &% mi | |
settled sludge were collected and sonicated f
its constituenptr onviicdrioncgo Isoinmielsar starting part:.
exper iFmegnBtdse Supporti hwgi t md wtr méit s dpti ng cel | w

The sonicated sludge was I mmediately added

of deionized water with a 10 mM potabkeilhm pho
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calcium and magaedi MmS Olohnes d(iCvaadlent | ons wer e
i mproved floccdwlFa@fPion environment

The i CTBs and SBRs were also tested using
both cases, sldudge odewerre beanifoat @ he oCTB, wit
mi nutes, and added to a buffer of the same co
compared to the CTB sonication times to reduc
essent i ad Inye dihaen® JFfalnmc coinmo dat e the diféerent
SBRs, 100 mL of sludge was added to 1600 mL o

was added to 2200 mL of buf fer i n each SBR.
Reaction ti me

The two hour reaction time was estimated b
deter mi ned bsy eavaekriyngl Os ammipnvet es over the cour se
at 50 and 100 RPM (Fig.clibeli.c &Me nmreaggreegathiadn

mi crobial growth over this timescale.

Reactor shear rate distributions

The mean '§hearc hr ateeac(t or was esti mated usin
Al t hough the aeration shear rate contributes

bet ween different runs and the main differenc

attedbud rotation. Further, the shear caused |
fraction of that attributable to rotation; es
ratdditional i mpacts of the rotating flow re
vertiacali sttomg spiral and altered bubble size d
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breakup. All of those effects are complex to
mi x tswrbemodel within the CFD.

Shear within the SBR was cltéelmateug?utso naye rE

wher e g tiisomcduwd)etsa dgermasviittyy,, Ug i s superficial
Newt onian fluids, n =We ahnadv eO aisss udnyenda nN ecw tvoi nsi caon
dilution of the reactor contents.
" CAY &
The spati al di stribution of shear rates wi

The CFD data was exported and c@hvleen efdur tnh er
analyzed in R using t.heWey gus eod 2Meamndde |depyl ytro pnaack

model s and dat 4Gp tbh’Viacs| ysadatbabltétle the anal

FIl oc particle size distributions

FI par twerleesi mmobi lized in agarose gel and i
The CTB particles were i maged u<LiDng aaneP o t( Rroe
Technol ogies, Sarasot a, FL) and the SBR part.
megapi xel CCD camera (OMAX, Bucheon; South Ko
overl apping images were takemplte. aTlgeii p ar taitc Il e
the CTBs were then measured using Metamorph v
MI) as previchnmsl pareéegcvielne @ se qtuh ev ad ieanme tce rrsc | oefs

from the B&B8Rpgzevedresiang a similar pirpeline i mpl
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resulting particle data for the CTBs and SBRs

dadawaail abl ®'on github.

Numeri cal met hods

Al |l CFD model s were i mplementCOMSIiB,COMSOL
Stock&8wédnen TBe Wdre simulated using the turbul
def aul tTasbelte Suigmsgp (| nf or mati on) . The rloytiantgi nag W
constant velocity boundary condition, calcul a
from tstpeecridn ¢ angul ar velocity.

The SBRs were simulated using the mixture
was deter mi nedelsibredds ome 1t hieci al gas velocity.
condition on a circular section of the SBR f|
augenerated meshes were created with a settin
@pproxi madoekyebOment s and 150k el ements, resp
S 8.

For all simulations, a transient solution
COMSOTLal?d e Supporting Information). A9l asdl ut i
were taken from the 10s t isntee apdoyi nftl,o ww hdi ecvhe | woapse

(approxbmately 2

1
>
o
: >:
X
>
(@}

(4)

2|
c
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The shear rate, as well as other wvariabl es
physics module for the CTB. Shear rate was es
calcul ated as t hreommaalnid ardEeo mdnttd eo fndHtnh eT hset r e ¢
cell volume was calcul ated based on the cell
volume fraction of each cell. The fractional

shear rate distributions for each simul ation.

Resul tds s@zmud si on

Shear rate and particle size distributions

Rot adgiitihipeer o CTB or i CTB faster produced gre
| ower mean kiagadbeaellet sapepesanNs, however,eatrhat Ec¢
rates greater than either the mean or mode sh
exampl e, Equation 2 predicted the mean shear
L but the CFD simulation s‘tanwe chatdh e “drie@tmeiolf u t
medi an, modal, and predicted mean shear rates

Tabd4(eSupmortnifror mati on) alongside the first f ol
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051 (a) iICTE — Shear by RPM 0.3 (b} iICTB — Particle Size by RPM
0.4
0.2 “A120 45
os XYA
oz II"H'
45 0.1 .
A

5 01 I\ 120 240 =

2 0.5{ (c) oCTB - Shear by RFM 20.3

Soa| % 2

I 100 0.2
0.3 (I
I ow
92§ 200 0.1
o1l it
| L
oo 0.0
a 20 40 &0 o 100 200 30,
Shear rate (1/2) Particle Equivalent Diameter {jum)
Figab®hear rate determined using CFD (a, c¢) a
CTB, by RPM.

The coefficient ofr aversi atnicarelis@®&¥.e)i tohf RsPhMe
indicating that faster rotation 6spreads outd
means. As expected, this effect was | ess pron:
(Fi gaBe which we attribute to the | ack of mul t|
the I ower CV in an oCTB corr eshioghddbehteon t he na
compatre @ athe

The C.V. of most particle distributions, wu
affected by RPM. The only exceptilom ¢hrer eCgdn
at 50 RPM), suggesting a tChneshkhbhladgeBeoanl yateé
16). Contrary to our initial prediction, the i
t han t he o GvliBl edre ssphietaerF idgi @sbtarnflb gti@8)ens (
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(a) C.V. Shear rate vs RPM

1.2 SNCTB
- -
-
<X 10 » _00CTB
<6 0.8 //
o'
e
0.6 oL

0 100 200
RPM

(b) C.V Particle Size vs RPM

0.8 oCTB
0.6
<K Osnun. o
= 04 A
<b CTBpp = A= = = D
02
0

Figabeoefficients of variation for both shear
increasing RPM

These unexpected results may be due to the
reackiogsfye The i CTBs contained many tightly de¢
much faster than the sihgl escipossi &t eonhhatel As
upward through multiple vortices in the i CTB,
homogeni zes the particle sizes

, resulting in

RP MFi(g a B)e.
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(a) oCTB Z-velocity (b) ICTB Z-Velocity
50 RPM 100 RPM 200 RPM 45 RPM 120 RPM 240 RPM
0.025 || §0.03 floos
| :.' Il §0.15
0.004 0.01 - 1; 0.02 4 10.06 !:
|
S " ;: 0.04 @ 0c
- N 10.01 L "
0.002 0.005 " fl10.02 #1005
| 10.005 " " 10 "
4 " || | il
0 0 0 2 io EW E"O
‘ i il |
-0.005 iloo1 | 0:.02 i |-0.05
X | .
0.002 .0.005 \ ;: 0.04 ;: 01
I §-0.02 U 1-0.06 W
I -0.004 N 0.015 i ! i Lo.1s
m's | s mis W E s 8 mis l' mis
Figarvortex flows in (a) oCTB anvdel(obc)i tiyC TrBa n gN
Comparison with SBR shear rate and particle s
Unl i ke CTBs, SBRs arappopuwmleatlay eswmplteynsd fa
treatment. Consequently, we explored the shea
provide a basis for comparison.
A mixture model simulating bubbéi-tgpdyt of air
di ametleirl)ofat a rate predicted pooduoddce a me
unsurprising flow patterns. As expected, regi

|l ocali zed to re

showed similar

|l nf ormati on) .

actor

flow p&itgS8mHOES g8

b oRuingdda P dat é@& r n SBIR

rgeoimed u li

Rd Ssppartliogali
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A 116.27

40
5 20
‘(y
X
¥ 6.2767x107°

e ~

FigaBrkl ow patterns and shead. Wi ithinAt hewmedl
proportional velocity. ColorY)scale indic

A | arge portion of the SBR reactor vol ume
from the dFegabéAl sossbhabl eehil e the peak she
to those predicted by Equation 3, the mean sh
| owBab3(e Supporting I nformation), correspondin

shear from supéficial gas velocity.
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1enbs

Volume fraction
winipaw

o
b
1=

D.D'..k
0 5 10 15
Velocity gradient (1/s)
Figa®®hear distributions within three bubble

a predicted mealnX-asxhiesari sr attréy notfh €1e0d0i ssbr L Busi on
tails with small afmounts of shear u
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The particle size distributions recovered
geometry, adigdanmaaebda b@(eempponrting I nformation).
style of CTB, a bubble column SBR does not ap

fl oc size.

=1 1

50 s 100 g™ 200 g~ 250 g7"

100 1

Yo LM LU Ll

MED SQUAT TALL  MED SQUAT TALL  MED SQUAT TALL  MED SOUAT TALL
Feactors, grouped by target mean shear rate

Equivalent Diameter {pr)
=]

FigaorRarticle size distributions within three
produce various preaxicd eids merann sadhtead tratke&GQ Q)

l ong tail spavittihclves yoff ewp t o OMmOweme PBPact udke
avoid false positives detected by the threshc
background il l uminati on.

Rel ati onshi ps -ibnedtuweeedn srhoetaart iaonnd f |l oc si ze

Experimgnt &l oc size within a CTB should be
RPM. Mechanically, the rotational speed alter
particle size distribution. Pr aattii oanl lcyo,u | tdh ibse
targeted by calculating an appropriate RPM (o0
predicted from a desired RPM). Ildeally, the r
|l inear and pr oducer aan gues edffulp rraecstpiocnasle roovteart iao n

overly sensitive to small changes i n RPM.
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As can be g¥dlern hien mean particle size is r1el
both the I CTB and oQ@&aBt! i Wd ehasveealdsad ap If gtotme d n
dat &8%kthough the relationship between shear al
additional study, they did use an I CTB and th
to shear lappearhse 4Aiimiference in intercept betw
and may be due to any combination of factors,

met hod of determining particle size,r andd dtglee

150 . R
— 0. iCTB Evans & Liu (2003)
%_ o
@ 100{ AicTs .
[ |
7y ny
L A .
O 507 o
DE? o
01, . . .
0 200 400 600

Shear Rate (1/s)

FigadrRel ati onship between shear rate and par

Whil e the mean particle size and mean shea
respective distribaveloonpsi ng tmhoire nelvat iverns hi p
fitting the empirical distributions to a rele
parameters from each distribution using some
the dahart oraidi ti onlaolg ndoirsntarli)b uotri onmosr e( ea.dgv.anc e C
(eggneralized | ambda and ext’énéfladl gdnéeopabipdd
statistically 6goodé fits within the accepted

attempts to correlate the parameters from eve
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toropduce significant, parsimonious empirical n
regressions was affected by the amount of dat
relationship between shear rateiasddebetmchat

requires a more extensive range of experi ment

Concl usi ons

It appears that the mean shear rates estim
di ffer from what would be expected fotohm equat
cases, the mean shear rates derived from the
by Equations 2 and-iBdutedthbheaansethé peahkht sba
simul ation approached the2medhevdlisesepraadiychb
simulation and estimation waedmoeld gheater Thn:
di screpancy may be because Equation 3, while

mat es .!0Fo thhy dB goudaytniaomii snals daenadvi 3 har e e s

| arge est

acknowledged Iimitations and we suggest that
i nstead. Direct experimental validation of th
needed to confirm its accuracy.

Wi t hin CTBst hteh ecnbsoeilcvee sof rotating wall affe
while the appearance of Taylor vortices in th

shear rate di stprrioldwtcieorp,aritti cdppearzse tdcesri but
relative to their mean. Such narrow, predicta

wi shed to produce.
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Al t hough we cannot yet empirically relate
to the particle skeetdosgenbuai ost atvemenans ma

1. The relatively more uniform shear rates wit

SBR, |l ead to particle size distributions wh
2. The mean particle size witnhisnheaarCTrBaties. i nve
By virtue of providing a |linear particle s
available and by minimizing the sprfrfaygdorin pa

bi oreactor with a rotatitrhge ibrersdr owaltlhe( isGBR)em
experiment al control of biological floc sizes
specific i CTB geometry and RPM must be determ

Further work shoul d f oc ubsetowe:e na)s hreeasro |rvaitneg
met hods, particularly for aerated SBRs, b) pr
shear distributions with resulting particle s

parameters wi€ChBvgeomeéioypysanda rotation speed.
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Tab4dRBescriptive

statistics

(vol ume weighted

di stributions in CTBs.
Reactor i CTB oCTB
RPM 45 12C 240 50 10C 200
Parti ¢meaam)( 96 76 61 140 62 4 3
Si ze std. de 25 21 20 96 30 19
Distrimode (€10 75 55 55 55 35
medi an® 95 75 6 5 85 6 5 45
kurtosi -0. -0. -0. 7 1.2 -0. -0. 9
skew 0. 0.1 0. 4 0.5 0.7 0. 4
Cvi(e) 0. 0.¢ 0.2 0.70.t 0.5
‘Shear Predict T
45 118 237 25 50 100
Di strimean
me an 16 53 126 11 22 47
mode )’ 9 18 37 7 14 28
medi dn 11 26 49 8 15 29
std. de 10 52 148 5. € 15 4 4
kurtosi 1. 2.2 3.1 4.4 10 16
skew 1. 1.7 1. ¢ 2.2 2.¢ 3.3
cCve(G) 0. 1.C 1.2 0.5 0.7 0.9
* Using Equation 2

*

*

Gener at ed

from weighted

hi stogr ams,
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Determining critical -frlootwa ttiroann ssiptBieegdiBdiradrr @ caudeitnbeer s ( CT B

For a CTB with @& hmeiontiamhu m gc roiuttiecalwarldt,at i on

when the Taylor number ft/asacdesebei wednby6&Hua

Y Y Y
uY I'I'I (5)
t
WhefTda:s t he TaRboRame mble ,radi i (c

i nner waild st,heanalngul ar sivse | tolce tkyi n e nadt

(stokes).

For a CTB with a rotating inner wal/l, t he

Equation 6, which incorpetabebiPay emptercahly

“ Y oY
L] — — (6)
¢Y'Y Y ¢'Y Y

WhemrPess the criterion calculated \

as defined for Equation 5.
(7

- Y Y
O T8TU X P T@U{T TBITITTL @

WhePe:s the criterion used i

vari ables are as defined for Ec
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Tab3RBescriptive statistics (diodtumieb wteii @grmg eidn

Reactor Squ Med Tall

std. de 11 6 5

kurtosi 63 111 12

skew 7 9 3

cva({e) 2 2 1

Tab@®Bescriptive

*Using Equation 3

statistics (volume weighted
variou.s shears

Predi

Shear 50 100 200 250

Rat e

(9~

H/ D 0o. 1. 9. 0. "1 9 0 1. 9 0 1 9

En;)an 31 42 37 32 30 39 32 41 29 33 25 25

Enl;)dlal4 14 14 14 14 14 13 14 14 13 13 13

std. 18 36 27 21 14 27 21 31 15 22 12 12

kutrosi -0. 0. O. 3.:¢-0. 1 0 0.

S e o 1. 1. 1.¢0. 1. 0.1 0.¢1.
__________ 0. 0. '_E)__ _6_____6_._' _(_)__ 0.'!'0.

CVe/ 4G 0. 0. O.

* Using Equation 3
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Tab®Rar ameter s

Par amet er

oCTB (3d
Gl obafini RPM
Study Full Annul
Turbul ent
Mesh Sele 6Finer 6
Ti mes Range (0, 0.
Physics Tur bul erl)

Sol ver s

Par amet er

( l'terative

|l terative

for COMSQL 4. 3 a

Par ameter Val ue( s

siloiCdriBn gnpvig | |

50,100, 200
Generalized Mini
met hod ( GMRES)
GMRES

i CTB (3d gsiicCdBngpwal I
Gl obal DerotPM 45,120, 240
Mesh Sele 6Finer 6
Ti mes Range (0, 0.
Physics Tur bul ersl)
Solvers (lterative GMRES

Directl PARal | el sparse I

( PARDI SO)
SBR (Mi xture | aminar fl or f

Gl obal De I D sqguat _id, med i d,
Gl obal De H sqguat _h, med h, t

6 8
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Tab®continued).

Gl obal De Svg svg_25, svg_ 50, =
svg_250
Study Laminar St
Mesh Sele 0Finebd
Ti mes Range (0, 0.
Physics Mi xture me
Laminar FI
Solvers (Il terative GMRES
|l terative PARDI SO
* For compl eGMRBSR tprienagsn diet.igaoni ng, | i st of

pl ease refer to the COMSOL dma d €ellOs. larr6c3Ri/ wends t oprng

50 RPM 100 RPM

Q0
o

Diameter (um)
(o)}
o
—
—
—

w
o

[

0 50 100 150 0 50 100 150
Elapsed Time (min)

Figae@@hanges in particle diameterst i®n0 oLl MdBsl dC
RP M. Used to determine sampling time f
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FigaB®esh for 1 CTB CFD simulati.on, 517999

501073

4 x

FigadMesh for oCTB CFDelsemantag.i o9¢c al8eé 2i5mM 1n
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6Squat 6 SBR mesh. Scale

of
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Chapter 4. Comparing mi
assembly between two fu
basins and deter milny ng
processes

Abstract

The startup of a newly constructed wastewa
from a nearby,popei deidoaal oppant unity for a na
initially identical miecdr osMi itahl 1c6oSmnmuon ietciud sa rw enre
course of half a year. Bottheadpammuandi 86 dbbhang
strongly influenced by the differimogdiehfl uent
comparison, Bhbepcoommenityis¢éso&Mh%)st i cally assemb
potenti al mi crobial drivers of community diff

it was hypothesized that much of the random a

gprerali st .Whedarrtoh e oipchhesnt i fi able functional gui
were inferred, it became apparent that the re
were stable. The otamdgdmct urarkxcav ere s@fi theettenre f un

mas kdetger mi ni stic effectcommaripean adfi stt h € omenlua

of denitrifiers suggests deterministic assemb

l ntroducti on

Mol ecul ar met hods heaveeo mmu miweide su sa st soo cdieastce ¢
environment s, including those within wastewat
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determine caus aftummt iionn stfee?Pabteir conbssheirpg ed cor r el
all owed us to understand how microbial commun
processed?Ha®y form

The unmet chall engegi segenanar atpaierdta,p yveed t aarte
unabl etthe daricve bt awapdpubat aobiFi g8by dedierdd
it is difficult to even predict the resulting
challenge maiyndpeapmernodyhas gr ou'edeecinl gok bot

concerned with community assembly.

FigB8be gener al model for predicting the final
basin given an arbitrary stparstsiirbd ecommuni

Community assembly theoretical frameworks
communities f obldlraw ecnl asseslieccali omi cpreocesses or a
stochastically assemblderd vbeyn nseeu tercaln oporf o dséhstshees
fittestdo model and which gave risg!'thathe say

@verything timse eevrewriyrwhremeent sel ects. 6 Stochast.|
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the pool of possible organisms (the nodeytianpg pul
members through an a%encdaades anfeti egrh tietds |iortitteirayl
introduction, many ecologists now believe tha
in coexistence witiDedetr eni mi migs wihe¢ chelt g ptei ofi p
community assembly is the first step in | earn

towards a spe

(@]

i fecmcompgsitiobohat ogodke i s even
There has been some work towards under st an

is no cl ear consensus. A neutr

_.=
(¢

wastelwvat et he
processes have ghoeoedn faddetdo wsahrodwss taaxa turnover
wastewater treatment basins are | ar-gpegi toch
ef f e'#leanwhil e, another study using a similar
current work suggests that bW&iwasnathel widely
biodswvey of t¥'Bagmenaxrpelsamlttsionvgeri n rel atively
commu nitftunecst,i onal r e d u, n dpahnecnyo t byeptiwce epnl atsatxiac i t y
and the ability of external fldotarld,ersuwomiasat
procgfded s unsurprising that no clear answer
OQur contribution otnofwaircdts irse scoelnvtienrge dt hoins tca k
opportunity to perform a natur al experi ment,
to recently deves$ dredn sthaet ipstrispakd anseetedh ood no't
di fferences but also from!tYHakvihnewapovathetdad e mo
mi crobial database fo®u'€ing on wastewater eco
Nat ur al experiments have |l ong been a poten

example being the rlétEbnugsatsoohodnKopgataun
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serendi pitously when a nearby wastewater trea

plna was inocul ated with -esdtuadbglei sim@mbawu galnaott thtehre nt

of i nocul athiaodmi b o tath | yl amtesit i c al mi crobi al com
di ffered in that they receidsaed waetdewatidrerfema
proessBhe donor is a 45 million |Iiter per day

a 68 MLD VFhRg@Ebocd®dus, n@g the firasgsdi8dediays of

mi crobi al esommumiot h basins, as well as the in
goal was to observed shifts within communitie
processes drove community changes, and attemp

Sludge DONOR

Phase A Phase B
§ AR R TP
L. ! b

Sludge RECIPIENT

P
Oxygen Condition:‘ Anaerobic H Anoxic H Aerobic ‘
Fiug3®6Si mpl i fied operational schematics of the
study.

Materials and met hods

Donor and recipient plants

The receiver plant treats 68 MLD of wastew

reonval , sterceoantdsaerpye rusingtheéde d gi ni a I nitiative Proc
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bi ol ogical oxygenddpmasgdhonusr ofemr fturldi csa parc
but only the first train was uMleDdi dbhr pngmatar
treatment similar to the receil¥ferrac S omidas e n
characteristic isval pmeé r oy itsdtayolinen ebcatiseidncse giuna lwh i
is alternately turned yonmadamowinreg aklmido loddi dall tdx

t he goal is to enbaomserembvagen and phosph

Sampling

Triplicate grab samples of approxi mately 5
were taken 3 times weekly from each plant, re
stor2@8 degreesi @¢élwsaesn ssch nBplwet he headwor ks of e
samples from the donortpkeantctidkeniegihgrtcieng o

wasteMaxed | iquor was sampl ed adoresaicht endtalny fr

oMWk O
BlUoLlwLy

1
alemN

10+
5-
0

0 25 50 75 100
Day

Concentration (mg/L)

= (3%}
aInIN

FigBreer age donor basin Nitrogen species du

Subsamples from the donor basin were init.i

in the startupnplkt a(@ipéet imanwe g8 goeet haarsiinnf | uent
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concentrations ar e AcFhiagr8apodtdelri it 2 eoch ail n sAaprpd redsi xh a
DNA extraction and have been submitted to the
samples have been selected WwWorofsegwemicapmi n®

observati ons Dbee.tgwereen deoancohr pblaasnitie dpa mplaes ainm tmh

recipient basin samples as well-Dasemhé&élt pents

Treatment Plant @ Donor A Newly Constructed

\)\\}((\' (@
ol @ e o
O \\)0
&l @ e o o | B B BN @
\%'a‘%\
\©
P@‘O !\\\)6(\\; A A
¢ &0 A ALMAMMA A AA A
-l ; : . :
v Aug Sep Oct Nov
?‘e‘ Month
Fi g@BTi mel i nes osegwaenpded from the donor and r

DNA extraction and seqguencing

Bi omass 50 osnhmpalwes was concentrated by cent
mi nutes. DNA was extracted from t hecirgistudttii oy
met hod, whi ch r emaivnehsi btihtei npgr ehvuanhiecnta cFRGRs i n ac
A) . Extracted DNA was prepared for Mi Seq sequ
Genomic Sciences Laboratomorkdilmgv tamaed sutna nwvcears

prokaryotic-VB6 $ emgmRiNmila(bg)3?5 126
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Tab8&korward and reverse primers used to ampl:.
community survey.
NamSequern&8'e) (5

341TCG T&AQOXA GCG TCA GAT GTG TAT AAG
GGR BGC ASC AG

806GTC TCG TGG GCT CGG AGA TGT GTA
ACN NGG GTA TCT AAT

Bi oinformatics and community anal ysi s

Raw sequences were processed intQoélO®EU t abl
1. 92A1 shell script containing the full pipelin
https: // eimtelawbe.rd gm/ojcee s _ s e grse fgaeriemmec)e fBrramede | QT U
was used-end peadsd with chimera removal. The
S| LMAer tAaMe dAS dat abas'éWwhieclsi omntailn8,annotatio
wastewater. Downstream analysis, such as ordi
was perfor med Viegiladmo dP gEPSesgepqo @ lpé d c at e s .

Community assembly processes wewhiahalyzed
compares the shimeanvededr 8 HIMNTaX)o nb edti véee eam cael I( ¢
sampl es ewivtihriqen.pgebnet donor basin) to those betw

assembled from the metapopul ation (via tip sh

iterataadsmobhssemblies. The bmeahthegresmphtaxk
i nd@wN T(which, i f within 2 standard deviations of
communitieisn as smammler indistingufshable from r

Functional attribution in 16S surveys is |

search for each wpcrciifnfcertraixmgn tolre rredti a&ege n o me

closely related taxa for which such data is a
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i naccuracies associated with metagenome predi
than humparobi stl%nsdamploesse published concerns are
met agenomics workshops and conferences within
| abor i epurso,neerpreosrc pesf or med usguwiflhe bar Mt PASd At 6
associated microbes found in wastewater commu
reviewedl hi tenattygptét cwieriatanree us aeirdEASt dieat abas e
providedefanpgde seenadd cthhescRhpceode used to search t
documented, repadéasalwi ehwodkhtowi able affiliat
assigned to a functionalMigDASu pf iiel,d bguiedde oda tte
having a positive identification for that fun

By its nature, the database is unable to a
survey. The i rnhe¢ovaer ageewawalsd t hradtf u rcd amtt | QT Wsy ¢
gener al and also with rarer OTUs correspondin
covel(dddl out of 339Wads thoottals uOTUsci(endt%)t o supp

All data and scripts Iwicl Iv ebres inoand ec ;darivtari ol | al bel d

raw sequences andi bbsbei dGepdB8amkeddat a

Results and discussi on

Gener al patterns over ti me

The | ocations of the 95Pb gcGofneal g g & s td ehteln abtaesri \n
communities, which wedeévei genlfdiuleatt sf iorfs th,otdi d
di stinct from each other. I f the influent has

expect the relevantflbasemntih. tDhidsiwoult odwae dsi ¢ ihl
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of the recipient basin, whose microbial c¢commu
with the new iQ@QVdmdays cofmmmeen idtponroirn go,asti n di d
its i mfill eenthewreceiver basin did not. However
similar to eiachl|l oéehes. tAhamosdhobl| ehedapidas at i on
inoculum, as a high abundance ptohpenf anhe ocbh siosur
a | ow abun,dasnucgeg essotuirncge strong priorfdtmilkdfecods
the strong influence of i!#%cula shown in anae
(A) Environment
Stress = 0.059 z -4 Donor Basin
w7 Donor Influent
o~ 0.14 - T D @ Inoculum
N L " -+ Receiver Basin
o8 2 5%2 . ®
S L 3 Influents | .o. Receiver Influent
Z 0.0 ' 3%,
Plant
& Donor
03 *® Receiver
(B)
Stress = 0.041
) %0'1_ @
) | 3g $%
= = J
z Z 0.0 y 3%
' 4
\ A
: . : . 01+, 3
-02 00 02 04 -0.2-0.10.00.10.20.3
NMDS1 NMDS1
Fi g3BeMDS ordi nathicens cofmmuenque es from the don
the (A) entire set of sampl es, (B) samples t a
taken after 2 Emdntplses( a6k ddyYs confi denc

8
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Potenti al environment al effects

Aconstecai nesspondég@Coaanpbysosmed to analyzce
environmental drivers (treatment plant, sampl
concentrationsijfFigMpethetbemmiipbuoyny COD and tre

pl ant were significantly efp e<s®@o®di) hags dadiea twa

marginal .( At=md.re0E)peci fic enauxso nloenviecl ,r asnaknsp |uipr
becognegni ficant, but The adaremlti ppd achdt e ,s @OD co
type all become significant at the genus | eve
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FigdbGonstcarnedpondence

anal ysi s

of

treatm

ronment al

envi factors

(treat ment

pl ant,

sampl

obseowvgani spisyrdatl atnteel t ho s e

whi

c h

e

greater

awaryorh t he ori giTnhearaer rhoiwg hfloirg httheed .6 Pl ant Ty pe
| egi biilsi tpyerbpwetndi cul ar to the clear dividing

Of the eleven phyla most strongliys,coonmley at
Woesearchaeota and Graciliabacteria are more
Woesear cnnnaehtazeathphgtueri zed by anaerobic het
obl i gat e!?futtdtsa laibssamdant in in the receiver bas
during September, with a maxi mum abundance of
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phyl um which appears to cb®@eaidshasf bekehi auady
mammal i'dmagudabundant (>0.9%) in the receiver |
during August, with a maxi mum abundance of 6%
phyla, the relatively eairtly theneg wear ¢ hpr expret,
|l ocation in the receiver basin, it may be tha
startup.

The other phyla with at | eastSyonneer gdiasyt ewietsh,
TM6, Ar mat i moeraided ,e s uaQyad rdd deatevedre, raalrla ea)bundan:
sameti vateampll a,dgtedlay of tolperhti on from the
of the associated phyla are assoXt¥%Mhed hwintahy e

explain theirnfanl aereeobocpBeempbeathbi bawana ea

experiment, one explanation for their presenc
aggregating in the sewer collection system, w
heawdr ks were turned on. None of the I|listed ph
sampl es, which were taken | ater. I f the sampl

| argely the same, except that itfthe ahaongith) trflge d a

phyl um | evel
The remaining phyla (Defferibacteres, Parc
abundant (<< 1%) in any sampl e.

Assembl vy

Whesnubj eot adondud Il anal ysis, the observed bas
signtfycdnffer from randomly assembled commun

met apopul ati on, suggesting bothlskalsioms tdre rmd
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pairwise comparisons withing two sbhaedaby dev

stochasti(ci gpdlloec es s e s

All Basin Samples

’[

Donor Receiver

Fi gddRrera OMNTI di stri buoimousi t yomomplalr i sons.
falling within 2 standard deviiadeoad ¢stdachas

Stochastic

Standard Qeviations from Null Communities
N ()

S

The distributions resulting from the above
comparisons of all samples within a particul a

show the community tdiimseg amectew eaen sadmnase € onh atf

overall stocha$SftpgpdpB8ampdespaitshwhdsesh(were te
ot her appeared just as randomly asseimbined as
scale determinism was not masked by the | onge
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Donor Basin

[
=] .
} 1%} & L y O
o 0 o] s
E =1 . ] = |
w g g o
2 . = @ g [ ]y}
-3 [+
Reciever Basin
2 . i
1 " . eQ -] q
X Bopo8o o ,
O 8 a J o B8
o
in -2
] s ® a s ™ o
- [ ]
0 20 40 60

Days between pairs
Figdeeempor abwhrefaktdhe pairwise comparisons us

pairwise comparisdnst dmdanochgdedeit avteieoans/are co
from a comparison between randomly asse

A differentiadlysabBusdggestanwhy stochastic
overall popul ati emasiln dipfpfeearresn ctehsatarwa tshubnj ect
change > 10) tur noveart atnhoen ggsetn uagF vagnddB ectl yahsesf |teav
| arge nRsebwedosoygimas stood out and the fact that
generalist heterotrophs suggested heterotroph
assembly processes. The fumrdt wemse® cohfeercikizeéddl gt he
theMi DAS field guide and all those found were a
gener a wiftun onwoi tdni it ¢the database were individu
contain apparSeonrta nisgg,bidhramtt hmo mod @(€)2 eorri uvomb | i gat e

intraparhbh®iefesdispadpt@eaendi Ay uspf)d t is not surpri
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an environment full of gener alslhy fhii mdyeagirogpdud kalt

heterotrophs.

Differential Abundance: Mid vs Late Experiment Receiver Basin Differential Abundance: Proteobacteria Only
= @ Firmicutes @ Protecbacteria @ Saccharibacteria ‘.-Ch\wubl (Late vs Mid Receiver, log2Fold >5)
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2 & § & 8 “ g & 2 ’ 2
2 3 2 8 T 5 G
- § B ] 3 g
Clase Genr'ms
. . . .
FigdBe di fferential abundance analysis (deseq:?:
samples to | arge fold changes when viewed at
among genermhs sfudmretaes oRs@wudomonas.
Specialists

Heterotroph turnover may be ssitcthiclasttirong

assembly processes associated with more speci

phosphate ,acasudhld®Td omemove this effect, we ne
the microbes by functional ability rather tha
infer the abundance of different functional g

dat a(bMisR2AS) .

Of the 33924 total OTUs, 5171 (34% ,10% st
| east one function in the fieldad8gwud d@T Us pwmerrne
assigned a function and wermniasg o028 aft 2mi Iwii & $.

additional 13 families with no identified gen
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relative abundance, per saswase,340% (fludn% tsitodn.ald
of each sampl e.

|l denti fi ed hoesed oamloy hls6 % o(mp% st d. devi ati c
attributions, much | ower than would be expect
evenly represented.

It is both tempting and possible to perfor
i che i fied functional subsets. However, the | ow
representation suggests those approaches woul
may still be useful so |l ong as those | imitatd.i

Thegroportions of identified heterotrophs at
identifications rema(Fnegd iEdierley wasen stoaret ov\eea i
OTU&14 of the 2629 relevant pQGTrikse nt( aocfc otuonttailn gr
abundance inideyasdibelld) aathet erotroph and aut
OTUs are composed ofsThaoispiFadti ve genera such

The apparestaliisnidtny caroanlt r a-shanhgeshéenl amga f
i Il umi naterdentni dlheallludfdance analysis and, ever
identification, suggests that whil éatslreed basin
perspective, the functional composition was f
bet ween basins. Strong functional consistency

in other sandi magymbet attributab®® to functiona
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Figddrel ati ve abundances (in proportion to al
both basins were relatively consi st

Nitrogen metabolisms also appeared relatiyv
more varied than wit(rihgeltBer oT hatp hpatotreranut oft r ot
hold for either niwiththedy@mo meh adbion i sor wli arhi anaer
within e(Ftbdbebaaslitnhough the absolute percent

repred3xnnel2ati ve changes, which may be ecol ogi
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Donor | |Receiver ... |_Donor | Receiver
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Day
(a)
Fi gdbrRel ati ve abundances (in proportion to al
(AOBs), denitrifiers (N. reducers), nitrite o
sul fate reducing bacteria (SRBs)

Examinregathee abundances of denitrifying
deterministic asseasmpicyRpgesidbsetfesy tbeaf hecul um
enri cheldf umppal wath respect t dNidtrlsspppi.da@nn tan f i
abundwmaenicecht ed stochastic assembly process, 't he
remain do®ulInfad,reidd dbdyetahi s i s case with the dono
reci pi eNtt bedsepcrarnee domi nant. This result is not
assembly but 1is | ess |istkaethege gendra aranottomyrlimiedto v e e
denitrificationand their participation in other procesggsch as nitrite oxidatiorgan affe¢their

abundanceAl t hough certainly not definitive, the al
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deterministic assembly within at | east one sp

obser vedsreidcome bécobhvegenng consorgtf®atl®>tincl ud

Basin Influent Inoculum
0.06
)
0.041 g
go.oz- o
g 0.001— i . _--_-_. _-—_._—
£ 0.061
=
3 &
< 0.041 o
0.021 I_ s
oool—tum N W e . .
o208 s, . 0 ey,
b, 0,26, D6y RN K % 6 q’i@ % 8, q,c_'%@ % ‘0 By
%2 T T %0 R T e Ty e R,
Q'%‘ ] Q'%_ ] 045,0 )
% % %
Genus
Fi gdbrRel ati veeabusdtaaot al OTUS over all sampl e:
basins, the individual plant influents
Operational i mplications
It appears that the community assembly in

stochassges pmodclkeadasin communities drifted sl owl
based on a differenti aPf sabdirmidwenrc eb ( DEeSteeqr2g t ramy
organi zed by function rather than phyl ogeny,

selection than the population as a whol e. Pr a
matters, the focus should be on function, and

affected by altering the environment.
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We expect that basins seeded with a 6goodbd
attributabl e tboo xdds touff fai nrga ntdhoem bl aoltltoetr y . Howeve
environmentaldi seloé¢oveidoowxffgen | evels, retentio

certainly affects plant performance and the wu

appaccecmtdr citsi oenx pl ai ned by the overall stochast
taxa, especially generalist heterotrophs, occ
specialists.
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ChaptAeknm i5ntegrated ASM
Computati onal FIDUi1 dnolyen
corrects for the effect
bi oki neti ¢ rates I n act
bi oreactor s

Il ntroducti on

Computational model s of biological wastewa
focus efforts on t he -imotsaa sppreoeminseinntgs .| aSbuocrh amodd
become an essential tool in the arsenal of ap
meet increasingly ehabdmewndl dofschawgeonht amit sar
greater demands ¥H%#opraetifodaweaedyi | itesemeédsatc wi d:e
bi ol ogi cal modcelr §p wmm@ie tka il ok i neti cs and si mpl i
dynamics, an approach that while computationa
fi-oeaispad giad tainaln shil orco scal e di ffusion effects.

Computational( CFibidee | dy cami cepresent phenom
granul ar tihsaenr itehse adranbtkassi n scal e approximati or
| ncorporating biological processes into CFD m
forwand such integrations patveRf@ail alemas@BEBeenons
appr owmltihels 1 nbcioorlpoogriactael reactions hawe been us
LED disinfePdligal fydodwniunt,ant degr ad®atnidon wi t hi

biofilms in a?'f% at plate bioreactor.
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| mportant bi okanneacitci vpartoecde sssleusdgen bi oreact o
growth, death, soluble substrate uptake, part
chemical species from both metabolism and bio
model | edot $senighetineefvat ed HIASIMpASMBRdAEM2d, and
ASM3!

Despite theiwmeitgei tmodefil I bingk using ASM and
informed CFD model s, few autfiuatd s ghatEMaCFéOmpt
modefl suspended growthfwawerewatver valt eadatamendt t h
against expéegrsiememt dleweeshave @meid atyiean avli ded ryd
and ofhwpsoaet epnlpit ®idt Ity iexcor porate particle si
rates.

The epetebesetivady our KmmpwlreddSgMd i nt o a ¢ omme
(Fl ueAnsys, @®ammoen)d bGHm afodfé | t i pl e reactor s,
pikcbbsed | oop oxidation ditch operated as an
measur ement s!3Weree expairli antelnd tulseetdh it @0 aperead ciebsrsat e
onmpdel ( wBs3Tr,s fpDoHDeen maCkPSMIhenodel valasat @én e
based on the eprudamplaingdbrdteib athégp imi aedscal e r eac
a pbante close@htoops SBRBMI1o modiedd mp@FPd agains
WEST procesisms| asmbeeé |l edach system.

Compari-AGMCFMDodel s adbaisexdse ps olcessiesst ead
experimental data is common '&4Wh ihtlalesa tb eaepnp ruosaecdh
cami ghl i ght obavinowse |l d efod cutts dien & edndfvd@tiies g | if n

the whole ®Boalkiwmfeta cChbsdgdla-binspehleyn cmaemn arwhi ch
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not uaded y reproducevhl byad i pmoagsas nmadelx.per i me
from physical reacto¥®8 femains the gold stand

Three studies to our knowledge have relied
CFDi okinet Ficrsshtmmodabh|l scal e ¢ hanonuerl ,srtevadgtours,e ds i m
eval matld i pHdga i HSWFEFDMEMH ehlowever theshRSMIopar atl
def aal &ard both the biomass concentration and |
fi xed Walwongsdefault parameters i s noti.uennc,ommon
parameter identifi aeb.ignawai laanbdl ep rnaeca sbucrad me nsts ue
evaluating model s without c¢ aNMadrbe cavteerd, ptahrea meextpee
reactor generated | argely, fsaggesncegttrhai onb:
had significant mixing nand el ispictpgndla ksg autdiyal v a
experimental val toda&tviadmwawas ther tiroemanmsbirc moas if m
to prevent hydr’@AulGRD Mmhodedal cdfr ctune imagsin befor
modi fication, with some kinetaondpwitameaecende
inflaoaeanentwaast iaobnl e t o descri be thieefdflfuemntt of t
bi ol ogical oxygenodemanBmoaBODy, anagl enih édrf®h i Nid
devel oipoekdi naetbhi ¢ model of @8 ppirl esstd csttchael e | d xgihd a tsi
vari at iexnpernifdaddatea IHo we vreare n ti rndtliucems Iceot ween e
did not appexcHaetblaymndoinfifuenn., As a consequence,
against essentially the samei fcfoindultti otne ass e g
predictivéocapabf bintfilauent concentrations.

Il n all but twoasdttudireat ellli @amasas separate so

scalar transport of the biokinetic state var.i
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continuousThegpcHdb@laas et udliyt dty Lei and Ni mo d
aa pseoldiod gel atinous t lirridz epch ambdsaladdfased a
transfer betwietehk i plea s e sirmg ¢ thhpesness dobcicds.rphas e

Howevebri,o kihmedti iont lorfpenea b e adpi pdoibnacconr por at e t he co

particltheilieomass was i nsteadaimpd etsheamwrde ansa sr annot
explicit linking between dihfudeosekciomdt atudpy
Sobremisnaovnaporated diffusion |imigapioanfs ohro

conovdpgth no ewagleirdanteind ra.l

We hypothesize that explicitly cdéddmoecting
environment i schaeedetetbzer pipmcskewysp @reddd rgramvet
aerobic bioreact.orTso ttreesatt i imkyakeutandytpeow abt@dsri s mi s a n
concept and opmedveindeent ati on of a CFD model whic
bi oki patiicesdred sa fbfeemcktiinveet i ¢ r atfd o cwietnhv/ii m otnhmee nmh
(Fi gd¥€o our knowledge, this is the first such
compl emereix@a@& r wdnatetimat.a IFur t hdrhs d g tsu @ gheen triaantgien go f
experi menuldt rdaattea;concent watrieowsarwietdhispatheald e
sequencemioXed nradgidtPeensl t emporally by wusing th

streq@tdhani c Loadiohg ORI&t4e s%d? .. Rksg) m
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Y

~ Biokinetics Model R
asmPimpleFoam

Calibration Validation
Best Fit model ) FINAL PREDICTTOj

.

\

Figdr@onceptual schednagiimulodtitdre foroapeoewer k. E
|l oosely coupled. Downstream components are in
only require that the i mmediate componen
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Materials and met hods

Experiomemvii ew

A physreactor was operated under three dis
contents were characterized ues.ignogl actoinmineo ns ow aisdts
chemical oXxygen demand, various nitrogamdspec
hi ghest organic | oading r&AtSMd werdeEdasedr 6® c a
medi um organic | owdsngheat erperi tomodlaemaé h t he
t hpgedi ctions were compared dgmodet whe BEBO0D
with and without correction to bCokieetiaonr at
factors to biokinetic rates were def é¢omi ned u

simul ati ons.

Physieadt or

A 30L beaerhomsBiadligrd Beas operated for 6 mont |
hydraulic retention time (HRT 26 Thloer dRT awas s
selected based on pracst oanbamien ianmu rsf |@amm @ryant tehse t
while the final SRT was chosen because it pro
condiAGaornsse.tyt e wasti hdgas omde djuwiatth omi xed | i quo
frame upstreamchbanmeenf the final

Three distinct orgaeaeie Usading vategst | OLRS!
conditions within the reactors ndWhée&sd, OIMRS i
were selectatlelsaud dlesle itnheyasomrsabi ee ML&ESaconinoe

fixed solids C@beandnoeantnantei.omMhwas controll ed
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synt heti c Waset swattehreth a&s evih Od gsthlieen WwWa€oe Econon

operation and Détvemop’Bmido mob@EECD)ed to contain

|l iter to increase the proportppemixreadily b

(A) (B)

ol R e -
(€) (D)

of react orNotae rtohwes braefpfrleesse n

( BBreptnya | r ecahcatnobre,r fgetne rtah e f fl @uww
Fhheend wo p

FigdBeA) 3D model

seroifesconnected
connmecki obatmher pte chamber 1.

ports
wall were not hydraulical(lG) -dToowpnwicd v do ft or & &nhe
operated during Medivunmn wOLoR rreegaicnieo.r (olp)e rXaitdeed

regi me with impeller mixers.
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An oversize 132L conical bottom tank was u
separhkitgwhe (as confirmed by MLVSS measur ement s

essentilafAlpy eBdmgx/

From Reactor

el
Effluent
Sludge Return
(A) (B)
Figd®lehe cl arifier system used a 132L -tbharekvi ng
feed, bottom return | ine, and efflu

The Low OLR regime additiindtrided dry d¢ matob e@rog ahl

reduce meé amahhasopcaet i al variations in mean shea
geometries, estimated pumping number8®, aret at i
| i stTeah9.ien
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Tablempel |l er characterization for Low OI
Chamtl mpell e RPMDi amet ePumping WNU (m
1 3bl ade, 108 1 0.8 0. 0:
3 2bl ade, 172 2 0. 8 0. 0!
5 3bl ade, 93 1 0. 8 0. 0:
7 2bl ade, 1614 2 0. 8 0. 0!
D tt
¥ ®)
Wherei= induced fluid velocity
Ng= assumed pumping number
N = impeller rotation per
D, =Ai mpel |l er diameter, are
Fl uid fl ow r @akk® aheer agtiivoenn riant eess twietmget ecdont r

ihimet amex e msth etmprxe chambedewh

runhinygl sdi spl aceme

an i nv®0Qgemaduat ed Tchyel ilndgeuri d f |l owpe it esalwei e
pumps calibrated by measuring flow into gradu
Tabll ow rates for | iquid and gas wit

FI ow Rat e Superficial

Synt Wasiewat 1. 15 L/ h N/ A

Return SludgO0. 75 L/ h N/A

Aerator (<XhallO sW/016 cnO0O. 016 m/ s

Chamber 4 Ae31 mL/ s 0.017 m/ s

Aerator (-£halloOL/ = 0.012 m/ s

Prrmi x chambeid4. 7 mL/ s 0.037 m/ s

* Chamber 4 contained two aer atearagnolr

ot her main chamber s, hence the | ower

** The prechamhecommad sthanthyll emairad .usdToinex

size and vireqQruoede dmo xi hg higher gas
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Sample measurements from the physical reactor

Samples were collected over the course of
to 5 sampl e sedgisme.erSamelradti menradoi ft dekveearnyb £ 0 m
and at a depom obhe2sbBritcammce (~15% of the chamb

selected based on the submersi Additmohabfdit &8s

oxygen | evels were measured at points halfway
each (FeagcbtpPpdern addi tion to the chambers, sampl e
activated sludge (RAS) Il ine, edfffllueenntt |ponret,. a

—rTTRR
R EE R ¢
vwwr - — <3
e \

Figbb®ample | ocations within the reactor. Gr
Addi tional DO sampling points are ta

Di ssolved COD, ammonia, and totalc rKiittrsogen
(Hach, LoWwWél asavem@®8rvi gorously vortexed for at
trhdamhceol or i mettrubWhseama €CtOIDomroncentrati ons wer e

approxi mately 45 mg/ L, there w®aianst earpfpearreemcte iwas
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el i mibnyataedddi ng 10 mg/ L of sulfamic acid per pr
and allowing to react for at |l east 10 minutes
for the effects of dirlodtuicerd &ryd tadkdistuil dmani cCQ@

Nitrate and nitrite concentrations were de
Dione®%0DGCS$, ASIQuadaltuymmnc)o.nt r ol cheeklsi ovetree rpwemr
andampbpekDing ol ved oxyagen ngasa meascthrteodp Cl ar k s
(YSI 5000, YSI/ Xylem Inc, Yellow Springs OH).
were measured accor diPmg ttiac | t &n zaersd wMa teh onksa.s u
embedded in agar al's described previously.

The higbn@Lexihambsi t ed rel atively poor fl oc s
experi ment.alAlctommadugh omosst bi omag®h phaRad inteido s u s
produced | arger flocs and the | argest tended
Those areas were manually resuspended daily a

sludge wasting.
S mul atnivdmm onment

The si mwslest ibark etdndpern FOAM Py AmeWloe ksi mul at i c
wer e wunt alabluinzte@4wi8Bndows 7 Hosyst &ms-1 & iad dvrBeb % )
|l ntel Xeon pR2O0c&BsofisRAIMalt il&ns were perfor med

cor e.

CFEASMMmodel

The CFD model was based onphasteansdent, I n
i mpl emetPterssure I mplicit -SverimpEpkitt Meg hod Op
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Pr eslsiumked Eiq.ued.tMPdfBsy b(r i 4-SRIMPOY &Ll gor i k homwn i n
OpenF@AMt he pi mpleFoam solver. The biokinetic

Petersélwemat midded to the baseabs®elqguerntarsdcdri e n

Meshing and geometry

The reacmetrry was medéirket eacs a& hdDBugh t he
centerlin@ (RAppehB i ikE&sbell grid | argely compo:

hexahedr al cells with a characteristic | ength

Solution scheme

The -vpaerri aebrlaen cteosl, di screti zation schemes, a
defined in OpebBb anitiver ihfeigleess whi ch are reprodi
Apperdi Bri efly, a standatdeEtleeposwi¢liee rwaat i
commonlfya misPeyd radfer Gh i et @ gsrcanted mens dwé me ws der
terms. SmooGéaomet GIAMGAdQg!| omer at esdo | Avlegresb raanidc eM
(Di ag-baakd I ncomplete CholreskhkymgeedehGiatuisener
precoprdst wene e napplporyoepdrGoantgee e gence t @lraebrdances
10°t o0’dnd 3 outer correctors w&he mardmimpt hmeF
was dynamically selected byFtihedusecivw@s(dti on t o
condition lohdileisduahamades were terminated whi

vari ables reached steady statel. BRisg@ige er mi ned
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ASM1 incorporation

The biokinetic reactions deég€t(rAShvld) bayr et he
i ncor por astiendg li evd polv @ shee ( n a meadm) a sbnaPsi endpl | benFpoh b 6 e
approach usé’ by DeGroot .

Wi th thesodxadewtritoror gani cs, avhk alhi rairtey ,u nwheiat
not affect ma&thedS Mlr oscteastse navamtdaddatbinemst particl e

(TablJwentre acked within @mank @Alhoays Indgy aftiiealld s .

Tabli1St ate varitdied ksl used i n

Vari iDescription Vari aDespgtriion
S |l nert solubl e So Di ssol ved oxy:
Ss Readily biode Svo Nitrate and ni
substrate
Xi Particul ate i SwuH Ammonia and al
nitrogen
Xs Sl owly biodeg Swo Sol bbhloedegr ada
substrate nitrogen.
XBH Active hetero Xnbp Il nsol ubl e bi o
organic nitrot
XB, A Active autotr XTR l nsol ubé &c hiowne
Xp Product of bi

The associastdi &hineme £ salldp a rvaanleuteesr wer e de

a garse basis within relevant configuration fi
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Tabl125t oi chindnektirn ect iac

par ameters

STOI CHI OMETRI C PARAMETERS

Var i i Units Description

YH gCOD/CPHPD Het erotropHeéetcewotedaphic bi
Ssubstrate consumed.

Ya g-C OD/Ng Aut ot r opAitcotyrioeplhdi.c bi omas
nitrogen oxi dized.

fp None Fraction of Dbiomass produ:

ixB gCOD/ CHPD Ni trogen mass fraction of

ixE gCOD/ PD Nitrogen mass f r acptrioodnu cotfs
KI NETI C PARAMETERS

Var i i Units Description

“HI 1/ day Maxi mum specific heterotr

“HI 1/ day Maxi mum specific autotrop

Ks gCODPm Half saturation coefficiel

Ko, g-Oz Hassfaturation coefficient

Ko, A g-Oz Hassfaturation coefficient

Kno gNG-N/m Hadsftturation coefficient

KN H gNH-N/m Hadsfhturationacotetfriophérct a

Kx gCOD/CPHPD Hal f saturation coefficiel
bi odegradabl e fraction of

br 1/ day Heterotrophic decay rate.

ba 1/ day Autotrophic decay rate.

k a M¥% g/ da'Ammoni fication rate.

k h goCOD/mbg omeSpeci fic hydrolysis rate

COD/ day

dg None Anoxic correction factor
growth rate.

Kh None Anoxic correction factor
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During eachAS$Manmeo csd s&5,u a&tthibggn fye® e cal cul at ed

fluid el ement based on the | ocal state variab
Aerobic he o Y Y . )
1 - — - — (L)v
gr owt h O Y o Y T
Anoxic het H Y Y . Y . (1P
: — - — W F — s — Wnp
gr owt h 6 Y 0 Y "0 Y "
Aer oabi ot r ¢ H Y Y N (11
g owt h v Y o0p Y T
Het er detcraoyp RYAR 12
Aut otde oW RYAR (13
Ammoni fic QY Gy (1%
COydroly - Djdp Y 0k Y &
) ® 0y Y  0; Y 0O Y o @b
Ghydro L T "
Or gaNhy dr ol ” o @app

The relevant process ratesesfWwécoemthieamdands ad a
vari abl et Ga|]-Bemeons et omatad icxi loant er attheef ergeuaacttidi b n s

state War i@abdmpl e, t he Ilroactael) (a ust octard awmh idd el o m:

Equatli7zon

i “H - . — QO QOO 1y
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The corresponding rate equations were then
for each sitmta fviharnwdafbalees dci at ed o), f waidivheont icwee f
and difflUecaoabwetl @ems$ ef aESdwaiddTdredassoci ated di f
coefficients<aasre athaelf @anecppersent ati @AI I i sting

concentrations were Olikngiftredavoi d mumemumabf i f

— YTE 0oQ i (13

Rel ationship between ASM1 state variables and

State variables and t heeomeastuaddi t@ nt@ nE q &

125 with the | abel corresponding to each equa
MLVSS: 00@“\(“{% (19)
DO: o0 Y 2y
Ammon i 0aac¢e QW 21
COD: O00Y ® 22
NOX : 0Q0i @i M Q 23
Org. [7Y0 O0d&ac¢e Db 00 @ Y 2%
Tot al YO Y Y Y 25b
Boundary and initial conditions

The fl ow boundary cond-imasens$| owwr engessr wb ¢
based ouwtlfilpowalnlo c o nbdaisteido nssu,o0 Waancde nad uscleidp by ae!
mi x ffav9aenda bl Pwer e i mpl ement ed wist mometnh & msismuwlr

descr ihbend vvipttf ii d Mp ped).dnk Ifueomtamat e ncamer ati on
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reactors

h e

anal | owed

measur ed

| i stTemdblEn Mass f | ux

were initial

RAS

vary

during the

magni tudes
ized at
det er mi mefdisywaéad hal ky a0Qo@'l ol me

bi omass for

tot al wiamsf Is

Simul ati on.

bet weeme t he i nl

Z2Oxy gwed oscfidry wa s

e nt ob

eaahbirumar wl y ha $ :

Tabl3d nfluent flow rate concentratio
Boundardy t( Organic Leading Rat
Low Medi um Hi gh
I nl et vel 0001038 0001038 0001038
Ss( k @Y m 0196238 0.392 06868
Xs( k &Y m 0289442 0. 538 0976247
Xp( k &Y m 102 1072 102
So( k @)Y m 0.009 0.0009 0.0009
Svo( k @)Y m 1082 0.002 102
SvH( k @)Y m 00371791 0.008 0.06313
Svo( k @)Y m 0. 073209¢ 0.1 0115932
Xno( k @) m 1072 106°2 1072
Xeu( k &)Y m 1.256 1.530 2.15121
Xea( k &Y m 0538138 0656 0.23902
Xtr( k &Y m 1 1 1
|l nfl uent concentrations were based on the
dilution factors for each OLR regime and conyv

rel ati onshilpR5Tihne Hreuaastuiroends i nf | uentr icoounsc eAnStMla t

state variables, for example, the influent <co

peptides (regidhapmgo & caltbessulngpstdi o)n.s used to assi

concentrations atrl@ stdedliirn ¢ fractions
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Tablari teria used to fractionat e
variabl es.

measur ed

Fract Approach Assumpti on

Ss Gl ucose fraction oOnly component
COD) hydrolysis

Xs Measured median inAny RAS COD i s
|l ess SS degradabl e

XBH 70% of median RAS Arbitrary fract
basi s) all oweddtj wsg eldft

simul ati on.

XBA 30% of medi an RAS As wid h X
basi s)

S\H N Measured median i nN/A

Svp concentrationaa&pp

Sampbi mglraetsiuvdn s

Vertical sl i ces Ftihgréolueg hw hei acchh icnhcal nubdeerd (t he

n

sampling point in the physical reacvyeringwer ® ¢

each chamher ¢dswaimgemt e & oae/retr ragtei ons

wer e used tthoe dveatlewremifnoer each response

of cell s

W i

veari abl e

t haeddi ti onal m®mpatngl fsamptheg in theepghtysiedal

coll ect arsampreber to reach steady

Premix Chamber Chamber

state.

Figbdet ail view of premix chamber,

chamber

sampling slices are in green (premix),

115

b

1
u



Bi

SO

SO

Th

okinetbrcecaten for particle size

An additional 1D mesh of variable | ength (
| ubl e s ubdsitfrfautsei orne ancittihoinrn f | ocs wi th an el en
l ves rapidly (30s ¢tloe<di mens dallpewidnggaomr @:
is model was used to solve the subproblem o
sed on particle sizes.

A modA$SMEdsolnwamered asmFl ocFoamapwdssabkaetdi bo
deasshbhmpti onst af eagsit @abbidyas mFibb ofhaasm, t he
ncentrations were static, particul ate subst
e present at the floc surfadéawp, yvaenmd warsl ya bd ie

t ibroatthe s ub st r agtrea dowoenncteln tweartei oonrhen used to de

i oki nanalsxs o mibetreecct iio.nehfeaatadriso (of the effectdi

pected bul k ratenWwiorhemaeahdirfefacdii @om Iluinmietr at ih
nditions. Over 30,000 stmupbpbabdocecanditiabas
rrection factors and was Puanpd a@mo mpwhodihc e sai

rrection cftaoctnorosf &9 oaa fsuimee and the Eocal su

The 1D internal fl oc siamel diiisztdb=s Qfs etdh e he
teMtecarmhbi nati ons, over 30000 have been sear

nual , subjective estimates of the most i mpo
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Tabls evel s

nternal fIlOne diemellattfioonsach factor
parameter combination. Not all
Factor Levels
Maxi mum heterottagphi/ad)growth 1.7, 4.3
Maxi mum autotrdgphilc dggr owt h r 0. 26, O.
Hal f saturation cgefrig/ci)ent, 1. 8, 18
O:half saturation ceefmgeéeiLeéntO0O. 02, O.
Nitrate half satur atnigonmgc/oe)f f0.,050. 5
NHhal f saturation @gefmfgi/di)ent0. 1, 2,
Maxi mum specifiw Hydnpolysis 10. 03
Hal f saturation coefficHxent 0. 15
Ammoni fi caat ilo/nmglad) (k 0.078
H anoaicectidgpn factor ( 0.8
Anoxic hydrolysd)ys correctionO. 4
Heterotromhic Yield (Y 0.69
Autotrophadc Yield (Y 0.285
Di ameter (microns) 50, 100,
Bul k di ssolomgdLdxygen (S 1, 2, 3,
6, 7, 8,
Bul k GODmg /SL) 5, 10, 1
72, 144,
576, 1.1
Bul k nitrabemg/rmi)trite (S 1,2, 4, 8,
Bul k ammpnimg/ L P 10, "150
Bul k organioc mgtkpgen (S 1, 20, 1
* Simul ations have been rumdadgiarhcae et In
from these values are not yet integr

uBadametret hedi amet eri,onasnd nb ulhk slu
was sel e

combi na
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Modeh!l i baawWaloindati on

Fitting metric

Mul ti pl eofobbdmessi cs were evaluated and ar .
code ( AlppernmRdiox mean square error (RMSE) was s
utility. A disadvantage of RMSEsossthatweaeni s

response variables with different scales diff

concentrations which generally differ by mul't
were attempted, but t he dn obrymatlhiez ap rievse ngcme coefs s
concentrations. Those values, even if adjuste
numeric i ssues i n comparisons.

As an alternative, each response variable

RMSE-st Hwdr iaacbrloes s aelxlp erreilneevnatnatl F acro nedx @ mplnes, t he
RMSE fit for SS would be ranked 1, the second
comparisons such as O6are the top 5 iCOD qpmsdic
were made possibheki Rhgr2ApEewaast adoepgr ealnadped fr om t

rank peperi ment adoafecesomalrndsd owmar i abl esd(wiint ht hoipst i o

anal ysis, allalweiwg ntgs eanpérmaese &sn pongiedered part
- B wzi
Yo —s 2%p

This evaluation method appears to produce

goodon#&#sgs metri ®. (Appendi x

118



Cal i bramtdabndati on

Random realizations of ASM1l parameter sets
distributions det’'8@nddmémrdmevtadse rduent eurnadteur eéb ot h
and Low OLR conditions. Each paramet e®OLBoodne
basis and tshefcosswersesthese with the. bEgt av
exampliaedi sprad wmanlet er set which producébeshe fou
Low OLR fit would have a consensus rank of 6.
consensus fits were then rud tumeier ¢gbdedMess uo

were calcul ated per response variable.

Results and discussi on

Physieaalpeorrf or mance

The three operational regipmesuCleadw,di Md cirui m

di ssol vedo s udmsgrmafticloens as wel | as different so
As expected, the oxygen demand on the syst
Fgub@Howeyerhe demand was not | inearly propor |

medi umeXp&kr i ment alr ouagrhd iyt ii mn bet ween the stren
OLRondiwtoiudnds produce a vdei sasloslov erdo uogxhylgye nbicnurt he
t he medium OLR cur voew iRE_.umweh hiddadms@LUhRet ou rt vhee. |t
not abtkeBheghaOLR di ssolved oxygen never approac

COD and nitrification.
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Influent Strength: B Hi OLR B2 Low OLR B3 Med OLR

A 4 oA, a4

Dissolved Oxygen (mg/L)
w D [(e]
~ .
[ ] \_% .
=5 -%b .
ha i = .
=1 e o
i R -
._.EP ¢ L | ! >
S —  Ladt
:_.t, R ¢ 11 »
k. A
-1
—h .
ot ‘ ;?;{I >
. B !
,—:l::r—c .
—b—
—élh—. 4
: i

o
e

| A
K
[

IR A QDA AT PP af 12 80 pO RGP G R P AL R P S
Chamber
FguibeDi ssol ved oxygen concentrations along t he

' ines represéhbebsssmoothing) and the surroun
confidence interval

Both COD and eroet arlemmovierdo geetn gv eateasedhan 9C
with the removal |l evel(Fipd @adeR ybmge &daglhy OLMR t h
experi ment al cnoonrdei tviaorni apbriodiucyedoet ween measur e

cause is the rel atundtéhye pho @rhplLxRmeoit @b s g ioin e d

the high removal efficiencies, the | arge abso
relative to the others further suggests incom

AmmomMNi a emowall i ke totawashinatogwemi wernsoavlally, h
eperi ment a(FigaBe)Fihesnes results do not conflict

content of the i nfl uein.tppewa so nledr.lgel Itty hidsr omamsossigaa :
not completely removed in the high OLR case s

why the | ow OLR case had high ammonia | evels.
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A D
® COD ®) COD

_1OD.D'I
750 g 99.5;? {- L ‘L ® .
-TI. 990 - = |=g
E’SOD "‘I- E 985 _ - T“':"'- -ﬂ &
250 2 o
< 98.01"
me%u@@«q} ANTUH XD A D
(B) . (E) .
Total Nitrogen Total Nitrogen
ot ] Yo
2’100 lﬂ! -i E‘:]:: 94-
0 +*--r’i--1-'|=‘l-‘- SE-Y} I O
AN H DO A D ANTUH XD A D
Chamber Chamber
(C) . (F) )
Ammoma—N Ammonia-N
200 g 1001 gagimperornaty
“_-I-lED 8 ?5 . . A
Z100{ SpCUEE E 50| Sshjoete LF"
L, & sl e
*i F = b= = = ?38 D .
Q\m%uﬁﬁﬁ% ANTLH XD A D
Chamber Chamber

# Hi OLR # Low OLR &1 Med OLR
FigeBebsol ute concentrationsamd (@) -NLCrorbg reiadB h |
reactor chamber r al | three OLR conditions

fo
percent removal vs tH#¢ .i Dhlshendt H ¢-iets e (nltemea s @
smoothing) and the puesoningdiinige shaWedo afriede

The high nitrite concentrabuodondoitnhoatthe oho w
perhaps the systeaxiwhét igdnhe tSednibdyarndiyt, r itthee hi g
nitrite cuwumdehret rha ghp @D iRme n tsaulg gceosntd itthiaotn ni t r i f
i ncompriccdre t hat e x p.erTi hneernet iavhd dc yensasbetmtiotnr at e or

synthetic influent, so percent removal I's not
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B
Nitrite-N Nitrate-N

" s ‘ 20+
3 kT IOt it
= & » = -
Z 21 P [
5 N $10{ - ifg
E E - ]
11 - 51 _Ij .
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As expected, particle sizes in the reactor

(Fi gbbh€Ehe | ow, me dLRm,e xgpred i megqh al conditions p
mean di et e B1 {938 anb 7mb6B6r ons, Asspeehi wet k.
substrate removal, this relationship was not

in si 2Zo0@WL&® pheticles.
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Si mul witti olmhwtk i madceira ect i on

The simplest biokinetics model ignored par
fittelpasamg({ el we tcklsocwka lclempesftcritonrg ptsti @ imrat e d
|l ognor mal par affetg@dmp’ddhet numberonsé realization

both the computational time and project sched
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When comparded fleeetewmeeensi mu) as ubsat parasmeeeol ¢
time in differenth remerestdi hbgoivagyscweahly and
exampl e, the esti mahthegh adimdnutedosns] paersahetrernt he

2 produce different endpoint values and the p

(Fi gbVwe

Runl
SNH SNH

Concentration (mgiL)

Time (h) Time (h)

.......

Figbizi fferences in predicted ammonia (SNH) c
for random par amet kBirghs edLsR 1c oanndd t2 ounnsd e r

Additionally, the results dfi gbl@lenkdrgaudiect i o
59Psuggest that soemegmmeoas wrnedrwalreadhii@bére by |
val ee@OD) may be predictable with further par:
by cwrimardtat i d@eresvwmt MEex®sS§SS h o vaepweera,r chroni call

predicted, indicating factors ousspeefofmamhee.
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Top 5 MLVSS Fits
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Top 5 COD Fits
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overall fit account iNbg ef cdhrowa ltlh er essapnen e rvaamreit ¢

predict other concentrations wél lerrRed bmaisntco
95 % c on htiedrevnacles .i

I n addition to discrepancies within OLR re
bet weemo ©Od iRT a ol s I n addition to the effect of
may Uugowexatt the microbial community shifted o
observed col or odhahegee miFtxigrde8®), q wdhri cdi d s not d

bumtayguga@esctommunduryi nsghitfhte &dxwpedi mgmibsti c appro

129



considered are sequencing pressevegamampt eeno

oxygen uptake rates origithaddd K3tAeSIMIE dp & roa mat

TablGBest fittinghpaghadmeR L Rseasdfoombined con

fit was baseplessaubsttiheatmedn tofranki ngs. The con:

peOLR overall rankings

Over e Par ameter Sei

Fit
Hi gh (Low O Consen

1 32 12 8

2 20 2 1

3 8 1 11

4 21 15 15

5 11 14 2

When the model wmesdituensrt @bdiR$atgsagi ntshte tthoep 5 co
par ametteve see that while still i mperfect, the
concentrations with the greatest ertrhoer sbheisnt e a
parameter set severely underpredicts DO and e

t he c lfFai ngbGelre
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Medium OLR with Best 5 Consensus Fits
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measured values with error bars coverin

Det er ndi miknm gadcteir a e datcitoonr s

Themeor prmeayleéinbupsart to variations in par

experi ment al condi biiokn sn ea(A tcgst fheaRlregsb hplaet on

effective rates, defined as the erdathirougfhomat &
floc, are sensitive to variations iFi ghufek sub
angdpan a | arge range of wvalues over the eval ue
size, we rbedriporeattihmmg a correction factor accc
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resolve the difitendmndt ew rlsng tcwWwoecbmhm®@h iRt y shi fted,

that the fitted parameters wil/l be closer to

Normalized SO sweep: SS bulk 18 mg/L, 100 micron
1.00

0.751

Concentration/Bulk
&
(=]

0.00

0.0 0.1 0.2 0.3 0.4 0.5
Normalized X (depth/Diameter)

Dissolved Oxygen bulk (mg/L) == 1 == 3 =—— 9  Substance = SOi == SSi

Fi géeBdor mali zed internal concentrations of COI
a 100 micron diameter floc. at wvarying ¢k
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SS 18mg/L ,SO 1mgiL
SNH 10 mg/L, SND 20mg/L, SNO 1 mg/L

o o
o o
i @

Rate (kg m-3 s-1)
%

0.00+

0.0 0.1 0.2 0.3 0.4 0.5
Normalized X (depth/Diameter)

Rate rhoAmmonification = rhoHeterotrophAerobicGrowth = rhoHeterotrophAnoxicGrow

Figédlehe actual bmnwodiMfméeapTCTCO rmuarsy n

3 functio
and are different from the b

3 a

ul k rates a
1D model s of the floc interior were combin

r eacrtaitbensg 6(Baenli g6 peecr oss 30, 000 variations in f

concentrations, and biokinetic valuesomEmpiri

these results and were used to correct for pa
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Si mul wittbloonk i mdteira ect i on

As a -opfr mmodept, the model was updated to cal
particle size, kinetics, and bulk substrate ¢
t he resulctad caufl atth eoB)IsD ( Appendi x

Despite the i mprovements which could be ma
and the fact that a fixedsipmultaiteiloensdiaaketdebew
bot hhi g h d¢oawn dOddrn d i(tAipopnds FE g 8 Baenkli g 8 Peer e sniomiel ar
to each other andatbhl. oNetably comaramatsen set

ranked and isfihe top consensus

Tabl#Best fitting parameter sethsghafWROLARar rr ec
and combined consensus. Ovesabbtfatewabstbnananlt
consensus fit iesOlbR scevde roanlPla hr@anmekeiamg pet s r anke

botihgh loaan dOLR ar e highlighted in bol

Over ¢ Par ameter Set
Fit High 'Low O Consen
1 1 3 2
2 2 2 3
3 4 6 6
4 6 8 4
5 7 4 1

When the top 3 consemsadusmf i OLR drstapgmRlsieed:t
apparent i mprovement iin fits within individua
bet ween s b gtérfetRe da u deh(ghainlyli mfg areas corresp:
conditions and/or nimaydee valube,i hakbski ppoo"

accurately represent gas transfer and expect
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model ing,ewhétt er oducs. Nevertheless, this fr;
combi nebd okFDheti ¢ model which incorporates fl o

rates.
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Fig6iRredictions under thhal medbindmoO@PlOR @wmanginme
fits ) RumSHEelr@icz e clho rgrheleatnaddXXRper i ment Rledc pmoodint isc
represent measured values with 6regpyrl banes abpe

anal ogous firtast aanadceerrr ddhteedhomodel and are pi
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Fairly «compcaorrirnegc ttehde arnadt euncorrected model s
efforts between them. |l deal g, ttberalcomaado nop:
trials become unlikely to producef foarrtves fits
FigéBtowewaercompari saotneobeewéeed and uncorrected
informative, ewcrnr @ dtoaud hmadchel rcauvurer e Asl gahabgel
seefabh® t heornmne et,di mbdatcount,prioadnucear bie¢ct er

for 3 of 7 of the response variables COD, MLV

al | bet t¥re sth afni ttchdeor® etdh enordeen
The modpedr fdoremnwoheecases of ammoni,a, DO, °
with all concentraThensi mhel egt oexeplparat icomdi s

parameters for the associated rates have not
present another, potentAlatt hyugl mML \eSn® nitsarb/e tetxe

with rate cdiféerieonee,ciar rkebcatte d hnaotd erlatceonsi st e

MLVSS while the uncorrected model under predi c
overpredict MLVISSi conmkce nlt atat e ons al | directly
oxygem,jcomMNgaammonia, and tot al Nitrogen, and

MLVSS | eads to overpredictisang Baygenhandowi ML)
high dissolved oxygen aonotewwlrgsit omatismmehyr aée su

factor to heterotrophic growth.
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Tabl8est fit comparisonsofRbMEERdbmmbdebnwhheh
particle size and the uncorrected model . Bol c
each response variabl e.

Respo With Rate (No RateeC€ Percent

Var i al ( RMSE) ( RMSE) | mpr oven

Ammon 247 27 -815

CcCoOD 94 . 4 95. 7 1.4

DO 8. 8 5.1 -7 2

MLVSS 1896 3640 4 8

N O x 36 251 625

Tot al 553 261 53

Or g. 340 28 -111

The primary goal was to demonstr atwhitchthat i
incorporates fluid dynamics, biokinetics, par
mi cfrlooc environment. Despite the identified |i
goal was achieved. Furthiemi warkoas mes adaéscmiphb
Limitations and further i mprovements

Currently, the model appears | imited by th

effectiveness factor s, -pahnads et hmeo dienla btiol iatcyc uorfa tte

physil phenomena in the system. Additionally,
CFDiokinetic i mpl emenitgadriiosnss raenmr esd enptl eetri d s k
compared. Each of these items shall be discus

Fittinsgnef énoad tyasdy ist, pacmariet er s

The parameter space aafcdseeaimus| atitdi loboes tb rsa azdel y

corr dkitg e owe v eromgpaalil fitted parameter sets
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shows some areas whitcthedr eMzjoonsiasaxa&ampl s iilhcl

predictions of COD in the earlier chambers an
deni tan.f i@md ipossi bl e explanation is that the
explanations are not mutually exclusive and a

The fitting effort has not yedi rhultattiheengoi
ranked by goodness oifniftiitgl a3 &(Fpam8patde ra gsae tins
apparent thatdndote pgliatiaa&kgddf daret tloat he high d
mo dElLr t haemre tpearr f ihtatvien gc oenftfionrutesd t oFipg@8)@ce i mp

and, obnastehdei imiomni shi ng sl opes for Ibiockdédl yxperc one!

tdo so. The apparent higher i mprovemenervs. |
selection process. Poor fits are also generat
oworst fitd in panel B is much | ower than in
A B
1001 1001
.L‘;'L
3
5 751 751
= .
[72] -
= .
E ']
[+F] -
£ 50 50+
=
E '
S '
E :
G 25 251 |
E I
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o .
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Number of Parameter Sets Attempted Number of Parameter Sets Attempted

— High OLR -- Low OLR

FigeB&@oodness of fit i mprovemennumisen odfalpdnadn
combinations searched vsfitthtei ngnpparvemetndr o«
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The fitting effort for the reacdiimwnl ataiten s
performed amdtacdi tnd ba#BmacmTsAltseod not abl e i s t ha
expected particle,sbasesedfonhhéenht gh+2DInRcmio@rcormp:
fell stpaorrttiacfl et sé ze observed in the final ana
and the hicophr@laRissoastheoul d be redone using this

Al t houghtfogtéeforfi twil]l be performed and |
t he parameter space could also be explored mo
di stributions.

First, @ansiefail visty camsal ysis can be perfor mei
most sensitive parameter ¢ o0 mb#tniame oanrsal i 9 sir
each paramet er¥0 % swhrvialra elde ebpyi ntd t hlei kecalhyeies at &
woul d be informative. This is due to interact

rankings dependinbi bkal yhevahoms-a-atNemesahal ¢sis

pl anned with the most | iyk eleyn tviaolnueeds | boagsneodr noanl
A global sensitivity analysis will-probabl
Carl o style Sobol sensitivity anal ylsosca-li sopé¢ a

atet i me Morri styt wilhyeshsiequires far fewer pat
Beyond producing more informative sensitivity
t he dat a gthepar atmed efrr emar c laend dlhrosad ywhe mphl ay e
A further complementary appr oacBhevtohudd the t o
iteratively remove unlikely parameter variat.i

Secotndmay al so bepahemedaeesthaotspmet of t|

mo d e | and originally | eft constant may | mprov
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expanding
and bet we
bet ween s

Thitrhde
par ameter
advant age

produce b

coul d be
woul d hel
existing

constant

t he paS mpeneitfeircedalaypeeht frelgramaen.ce i n t he
eni ens tgwEeans tsp etchat | ocal oxygen trar
ol ubl e and particulate substrates ma
parameter sets are generated from ir
Ost pirmbtaiboh i tlyndiesal ity, Chred ASMELI par
of this fact eslioanng soipde ma Zhdoeriyeo ns oapphpir

etter fits moesieamufiictktliynpgrAadp ¢ @ amndatl wi

t estimates of the parametefs, but a
rt, the first goal is to increases n
the search on the imaost informative p

ness factors

itial goal of generating the effecti
i mpl emented within the solver and th
p to rgeadwncsd tmoaedi Sparsi tfyorathe two o
regressiEbnhagqmpraediontsi, { Appemalbd xt yer t |

ansos upnaprttiiocnl eo faddet ebhetb expanding th

|l evelgsollubl easdbpar ahteerlee asriez etylmpaeo® vemenit sl ¢ o t

esti mactloars sairce regression model s, machine | earn

Oof t ho
par ameter
model ed a

const ants

se approaches, classical regression
s needed to calculate the effectiven
s an exponen®i afl of uamrcfya wfivehgeliees haee f or

amde associ awlealn ftihea i oitgh prarmankdlerpar a

statiFor example, the correction to heterotrop
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easily fitted wehemnordditigpditeh(elrh ef ddttdresd arxponent
then be shifted or scaled based on other fact

di ssol ved ox(fgpg@Peonditions

Dashed line = prediction (RSE: 0.0049)
0.20+

—
—
— —-— — -
— - — =
—_—
— — -

0.151

0.10-

Effective Rate Correction Factor

0.05+

0.0 0.3 0.6 0.9 1.2
Bulk COD concentration (g/L)

Bulk Dissolved Oxygen (g/L) = 0.007

Fig6®khe correction factor to heterotrophic g
function of bulk COD concentrations when

142



Dashed line = prediction (RSE: 0.0074)

corrrection = 0.033 +1.46S + (0.02 + 17.85)e!(~8#04-2450)/5¢)

0.2;

0.1

Effective Rate Correction Factor

0.0 0.3 0.6 0.9 1.2
Bulk COD concentration (g/L)

Bulk Dissolved Oxygen (g/L) == 0.001 == 0.002 == 0.004 == 0.007 == 0.009

Fi gdb®i multaneousdygnwovamtyi atgi dmud kof di ssol ved
used to predict heterotrophic growth rate cor
original exponential fitting terr

Based on these initial expl orattd onmsemsndt d a
determine the geneirRilg iheagpse a ff urhcet ircant eo fc upr avret
|l i kely that such a piecewise regression may b
regression equatTihen adarya ni ea grecsd iafrieed.he straigh
resulting equations and the insights the piec

di sadvantage is the effort required to explor
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Rate (kg m-1s-1

ST : T
NonnalizedX(depWDlame(et)

w0004 == 0008 == 0D - 0 = QUL e QOTS = 03 e= 13
== 0001 == 0003 == 00M == 0007 == 0000 factor(SS_Dul) == 0001 v+ 00N e= 01 == 0%

Fi guddlehen

- 00 e 008 o 02§ ee}

general shape of the heterotrophic

single parameter

maj or

over | arge combinations of s
concentrations.

advant ageprodacah masc hti naet |tehae n3 OnOg0 C

mates shoul

without

be sufficient to train a mod

aborious custom fitting. Howev

sinal gt hgrwaregaession equation. I

OpenFOAM as
guaranteed possi
|l ookup

custom

exported and incorporated as a m
6oracle.® In the firsttcanee, t
bl e. The second case is |ikel

e initially appears to sol ve

fistmpogekop table difficult to I mpl eme]

problem would be highly domeheroetficreng

operati

Further the memory footprint of th

upon interpolations, reducin
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i mpl ement-Rtli omlsupft abl eéathasédudbidunkbd Brbad/o beex i s
directly i mplemented into the solver, and thi
It should also be noted that wusing classic
provide insieht efdoeftwsl ttoo rfedrattlred t o cal cul at
t he ASM1 '®&gnuda t ipgontseartriiadilng at an analytical e

ratio based directly upon the ASM1 equations.

Physical ' imitations of the 2D model

The 2D model i's inherently | imited by its
physical pltemacmamd irreatch or, which may be | i mi
one example, the aerators in the physical rea
cannot be accurately depicted in two diimensi o
consuming to i mplement the Dmodel iexitshseandi m
prototyped, however it takes significantly 1I|o

focus on the 2D model toctapiydithwei ggemtbil eynsa ra
t he fittiedd eeftfiatreitnoess;sdOnce t hose probl ems are
di mensions, then the 3D model may be used bot
predictions basedpbwsacambreepeaseéestation.

Two other | imitatioamse off hdnb d epplsasea nfgll @D anmoc

currently uses a constant particle size per O

by all owing the cuwrnreetnrti cc conxsytgeemt ,t rgalncshfaelr wvcoole f
fitted parameter and by adjusting the kLa | oc
fracAnoabkternate approach would be to fully m
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existing melrtsi phadove ds @lr obl emati c both in term
conservation.

Theparti cbksugi zan be ad@pobrpad aegd olmy bap minyien ¢ g
baseesdt i mates of the partiWel & ayiezBeEv tadi utahi endg2 Dv igae
OpenQBavd it appears that we camagfrleerbiduse t he

chamber under the | ow(FRIOLgRipeexperi mental condi't

2D Case Parameter Fit, Ca=1, Run2 Data
Grey Area: Chamber mean d43 +/- 1 std. deviation
i---- i g Y
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Figuee paramdét tting sweep of the OpenQBMM sh
Schmidt numbers and breakage coefficients whi
the measurement erlowr ObR pweéepcles fro
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One issues thaf ahehdéovoghthhandathorad momen
di striibtehdgpar{(icle size metric), the actual d

t Pl BEFIi gdBedoes not match the observed distrib

_ C_our_‘lt _

Z92a5 29085 35 I0de-5 A0Be-5 3185

Diameter (m)

Fi guBHi st ogram of particles bBBEdsed esti me
(OpenQBMM)Yi cti on onustihnel Wti lOésx@®p ecrhi aammebnetral cond.

|l deally, the predicted particle size distr
The PBE aggr egCaQioan dpdramatrer d( al ongChvi t b t he
attempt that maeftchetchkedd Tt i agglt egatt ba eamgd br e
fracturing vs. erosion) could also beTHarther
di fference between the simulated and observed
Further dicgthe bat do peddgpe tarnidc sva(ri ous moments) sh

determine their effect.
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Fi guddHki st ogorbasne poafedii zless from the first chambe
low OLR experimental condition. Equi val ent di a
that of the observed particle.

Il n all cases the i mprovements stoowled map d
further i mproved directly model two phase fl o

i mprovements were sedd anpil kenewnrt taitli ogie t2tDi Mg dae | p
Measur ensemplliamiglt at i ons

Sampl i ng unrcoens tipaghiyht messurements arise from
each chamber was assumed t o -ibrestcampdred euds, md me
physi cal nmsfarnopmt eesa cthakcehamber are representative
similarity beetyweean mdiassuolemeadwtses, which were ta
chamber, do suggest itpheartf eéchti s@g ssthgap tSecmmommabl e

ad thoughbt ohewasasate aad,yp $steadtee wer e dadadinlcenftlr act vwa

148



and this is refdfaocmne dmdas vaaemanpttre anseshe COD
concentration under the RighB®OLR experi ment al

The physiiceanlat abi base associ at edadeasut @mer
met hTohde uncertainties, which were either I iste
by the analytical lab (I C Analysis), were con

were optimized to prevert i adcairtfieomalceern mod ,ows

poor mi xinmndg rsoayneprioie gad § e

DR5000 (410 nm) DRB90 (420 nm)
2a 2a
g ; | =
Blixing Mixing
Figiblehe measwmcendtrati ons of tot al nitrogen i

equi pment used but highly sensitive to the

The virtual equivalent to sampling errors
werneer@gegdile The original sampling area was S
recirculation under a physical probe, but it

represents t heeroavgeer avlall uceh.a Mb enri ghv OLR si mul at i
sampling areas to test the i mpact othiesampdobhag
columné was shifted -lteongthhke dfi Ftelged &hda tmthe r d( q u.

determine the effdht of igbtumndplfdeemant wi dt h
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of how sheedgeampl e areas fe$dcarcd,ostshd hen tdii rse
vol ume wastasterhgewdwéebl the overal |l scuhbasmebter c

sammlgi ¢ @ Ble.

HHH

Figubwi rtual sampling points from the si mul
approxi mately the same widt ke haafmbtelre ssaammpd liinng

The different sampling strategies produced
statetcancens, and thheet erreoptorootpehdiscv ar ees hbwn he

i Il ustr atfi arm eo dobsweodr edt(Ffi fgdirydre vkeg It e s sg h avihlod re
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sampshogld be preferred in the future since

chamber and does not appear to result in sign
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Fi gudiitet er ot r o pnteiacs ulrieadmd sns each si mul ated cham
virtual sampling strategies.
The virtual equi valaemeiua me mineela avina €ine antaye @ar o
from either the numerical solution method or
numeri cal m e( t Ahpopde§), dai ixts s wi snetdh et hmaati n sour ce of er
to discretization. Fumwtatse ra,| wae/ ccaanldeet dt dt dt d@rirels tce
(order of milliseconds) is muwd dastme than ¢,
rather than temporal, discretization is the m
was esby maéeed ng t he s i nfu-ldaotuibol neacickt! fil + msa Bzfes)e e | |
simesphe$Shere was | ittle difference between th
coar séringedsp®nce excXe(pt gd®Pwehisch showed .slITihgeht v
finer mesh pr ocdtuicoends siimmitlhaeF i cgadsBedsi amfd in@amayg € s(

| oww@a er o c on ¢(Fa gtdrBdet i o ehwee vieirnerrte dnecsthed di ffer en
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state concentrations for BiognéBesruaglgyetsd s ,n gs u che
standadddmeeh produce a meslvineadb@aesdhanéeadsol u
di scretizationtéaer 6r steweHinveessh & ( 18 @ il g gjgsh tv sh.o veri s

on ah Kea&eb3H5 v3 2 .-AcGHapprirogthk ,stseoa dtyh esrteaties a
to be made between the time it would take to

sol uti onBeaccacuusreactyh.e results rema&i pogwsalbiltatiov e
tune the parameters using the much faster coa

mesh to perform a handful of final par ameter
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Fi guBRer edi ct ed cfomicne netarcaht icohnasmboer over ti me usS
well as coarser and finer versior

Comparisons against other model s

Once the current | imitations of our model
compared against thhekiohéeéercsdmodelf sedhCED uni
they do not directly account for particle siz
experiment al range as described in this works
shoal sso be compared -agarnes amobaselt-ohe |1 asks a
bet ween solution speed and the potenti al bene

for particle size.

Chapter 6. Conclusi ons

The research tbpscdi sseechafioom are dispar a:
the variousenfdg,t ummred ,i dteeardest i ng di stractions

my wiamreging interests and diverse skilbdyset. D e
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