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CHAPTER |

INTRODUCTION

The Clean Water Act of 1972 recognizes the impagarf mitigating the impacts of pollution in
aguatic ecosystems and Section 303(d) mandatelsiegset total maximum daily loads for
specific contaminants in impaired waters. Sedirhestbeen identified as a leading cause of
surface water impairment in United States becausmi physically impact benthic environments,
reduce sunlight penetration, and chemically impac¢iving waters with adsorbed contaminants
such as pathogens, heavy metals, or organic cordpqWSEPA 2004, Davies-Colley and Smith
2001, Bhardwaj and McLaughlin, 2008, and Droppal €2008). Due to the potential detrimental
effects of excess sediments in aquatic ecosystamefiinterest to quantify and monitor
sediment loads in surface water. Conventional gyaettling or filtration methods for suspended
sediment concentration analysis are time consuamagaborious which has led to using
turbidity as a surrogate measurement (Riley 19@nanvler and Brown 1992). Turbidity can be
thought of as the “cloudiness” of water measuredephelometric Turbidity Units (NTU), which
is the quantification of light scattered in a smntdue to suspended particulates at a reference

angle (typically 90 degrees) from an incident ligbtirce (Davies-Colley and Smith 2001).



A high risk contributor to sediment pollution isstlirbed land areas such as construction sites
(Wolman and Schick, 1967, Daniel et al., 1978, lahal, 2001, and Bhardwaj and McLaughlin,
2008) . In order to mitigate the potential for @ovimental contamination from construction sites,
the EPA has attempted to establish numeric tusbiieiits through Effluent Limitation Guidelines
(ELGS). In November 2008 a draft ELG proposed ataimaneous maximum

turbidity limit of 13 NTU for construction siteseater than 30 acres, with more than 10% clay
content, and located in regions susceptible to imgg#nsity storm events. The finalized ELG
rolled out in November 2009 set the limit for areeage daily value at 280 NTU for constructions
sites greater than 10 acres. In January 2011 tiPdSfficially stayed the 280 NTU limit. The
new limit was expected to be rereleased on May 20itilwas formally withdrawn by the EPA in
August 2011 Turbid surface waters resulting frodirsent can remain turbid for days after
suspension because of the extended settling tissesiated with finer particles such as silts and
clays (Haan et al. 1994). Traditional techniquesdglly rely on gravity settling and detention
times required to capture finer sediments wouldltés impractically large detention volumes.
Accordingly, many detention basin type sedimemdrare ineffective at reducing turbidity to
acceptable standards with off-site discharges eege&0,000 NTU (McCaleb and McLaughlin
2008). Due to the silt and clay content in manyssaiross the Nation, many construction sites
will most likely fail to meet potential turbidityrhits and need to employ chemical addition to
induce flocculation or coagulation to decrease fiuobidity to the required level(Bhardwaj and

McLaughlin, 2008).

Flocculation or coagulation amendments introduoeaitjieous solutions chemically bind or
bridge multiple suspended particles together, thenacreasing their effective size and
ultimately their settling rate. This technique bagn used extensively in municipal waste water
treatment operations, the mining industry, the papiistry, and has been tested on a limited

basis in environmental systems to increase susgesudiels removal (Droppo et al., 2008 and



Mpofu et al., 2003). Many of the flocculation armhgulation systems used in wastewater
treatment are permanent facilities which activebnitored and require energy inputnb@ter flow
and chemical amendment, mix the solution, and rentlo® resulting sludge. It is not financially
feasible to implement a full Waste Water Treatni®ant (WWTP ) on a construction operation
due to their temporary nature and intermittent fmused by rain events. Moreover, there may or
may not be an energy source available to metesflavavailable personnel to operate the system
during a rain event. Considering the undevelopédraaf many construction sites, a passive (no

energy requirement), automated system is desirable.

Current passive flocculation systems implementedamstruction sites generally consist of
devices known as floc logs and filter fabrics. Himgs are blocks of solid flocculant and filter
fabrics are textiles with flocculant incorporatedmthe material. Both systems are installed in
the path of runoff and the principle of operatisiie dissolution of flocculant into the bulk flow.
These systems have been shown to be effective aodéolled situations ,however, there is little
data on achieved dosing concentrations which igsinable due to the influence of concentration
on effectiveness and potential toxicity concernsighh doses (Bhardwaj and McLaughlin, 2008).
Moreover, there is concern among industry persamaglsediment can attach to the surface or
extended periods in the sun can result in surfacstiog and compromise the effectiveness of

floc logs and filter fabrics.

Considering the limitations of current passive éiglation systems and the potential challenges
associated with a more advanced amendment dosaiggt on a construction site, a project was
undertaken with the objective to develop a passitadalone amendment dosing system which
includes a mixing system to reduce stormwater tlilgpthrough flocculation. The dosing system
should be automated and able to regulate amendtosimy in such a way that dose can be

predicted or determined throughout a storm eveershe flocculant dose throughout a storm



event, effluent turbidity reduction can be estinddtased on sediment concentration and other

parameters.



CHAPTER I

REVIEW OFLITERATURE

Erosion is governed by the relationship of sedinegtainment, transport, and deposition.
During transport, particles may settle out or beeoeisuspended as flow and runoff change
during a storm event (Haan et al., 1994). The sudgxsediment in construction site runoff is
comprised of various sized particles with varyieglgg velocities. A significant portion of the
suspended sediment is often too small to settlefoata sediment detention pond of practical
size (Haan et at, 1994, Bhardwaj and McLaughli®80 To enhance settling rates of the finer
fraction, flocculation or coagulation amendments added to the solution which bind or bridge
multiple particles together, thereby, increasirgrtbffective size and ultimately their settling
rate. Therefore, information concerning floc forioatprocesses is of importance and must be
considered in order to optimize the design of apashemical dosing and mixing system. The
following discussion emphasizes types of cheminsmdments, their characteristics, and the
conditions considered to have the greatest impaf@iboculation rather than the specific

physiochemical processes that govern flocculation.



There are many types of flocculation and coagulatiechanisms facilitated by various types of
amendments available for particle destabilizat@magulants typically destabilize particles
through charge neutralization and differentiallsegtwhere flocculants generally destabilize
solutions through the formation of large flocs Inidging particles/colloids together and
differential settling (Droppo et al., 2008; Jargtsal., 2005). Amendments can also remove
suspended particles through more than one mechamédamg singular categorization of some
amendments difficult (Droppo et al., 2008; Rasteiral., 2010; Mpofu et al., 2004)he physical
and chemical properties of amendments vary whichmffuence coagulation/flocculation rates,
removal efficiencies, and the characteristics efdbrresponding flocs formed, such as density,
floc strength, and floc size and shape. The folhmgections

describe individual characteristics of two genaraendment types (metal salts and polymers) for

comparative purposes.

2.1 Metal Salts

Aluminum (Al) and ferric (Fe) salts are availabtea@agulant amendment in several forms; Alum
(Al Sulfate), poly Al Chloride (ClI), FeCl, Fe Suléa and pre-polymerized metal salts. Fe and Al
salts have high cationic charge densities whichenth&m ideal coagulant amendments. Both
form metal hydroxides when added to water nearrakp, and even though Al and Fe are
chemically unique, they show similar efficienciewaird phosphorus (P) removal as well as a
comparable pH dependency (Szabo et al., 2008).Igkta removal efficiencies and floc
formation kinetics are concentration dependent eherincrease in coagulant or primary
particles leads to an increase in floc formatiohu@uan et al., 2009; Auvray et al., 2006;
Rodriguez et al., 2008; Georgantas and Grigoropp@lo07; Szabo et al., 2008). The toxicity of
metal salts is different for various chemical spe@nd is influenced by the concentration and
solution chemistry (pH); however, they are lessddixan cationic polymer flocculan@®roppo

etal., 2008; Fort and Stover, 1995). For these megdbis important to assess the sensitivity of



potentially impacted environments on an individoadis before metal salt addition to surface

waters is considered.

2.2 Polymers

Polymers include a broad category of chemical gzacsed to destabilize solutions through
flocculation and coagulation (Droppo et al., 200®0fu et al., 2004). Droppo et al. (2008)
reported that coagulant polymers generally havie bigarge densities with low molecular mass
in comparison to flocculant polymers which havewdr charge densities and higher molecular
mass. Polymers are available in a wide range oéoubhr weights, charge densities, and
mixtures of polymers. Polymer destabilization fsiaction of flocculant added but over dosing
can result in charge reversal which can stabilatiges in solution (Kang et al., 2007;
McLaughlin and Bartholomew, 2007). Cationic polysexhibit higher toxicities than anionic or
neutral polymers and, therefore, may not be aalsiaito natural environments (Droppo et al.,
2008; McLaughlin and Bartholomew, 2007; Fort anov8t, 1995). McLaughlin and
Bartholomew (2007) studied anionic and nonionig/pwr flocculation efficiencies on various
soils and found that flocculation was highly depamdn soil type and a mixture pbdlymers may
be an appropriate solution. It should also be ntitatlpolymers can have high viscosities in
comparison to water which could also be a significkesign consideration for injection and

mixing systems as noted in experiments by Oweh €2@08).

2.3 Metal Salts and Polymers Comparison

Droppo et al. (2008) compared the removal efficyepfcchitosan (a product produced
commercially by deacetylation of chitin, the sturel element in the exoskeletonasfistaceans),

a cationic polyacrylamide polymer, and alum at tlogitimum doses for sediment removal and
found the cationic polymer created the largestfastest settling flocs followed by chitosan, then

alum. Additionally, Droppo et al. (2008) found floformed with coagulants were generally



smaller and denser than those produced with flactsj however, the large flocs produced with
flocculants still settled faster. Compared to megdts, Sekine et al. (2006), Protech (2004) and
Droppo et al. (2008) found polymers to be more aszp& by weight or volume but can be more
effective at lower concentrations. The toxicitynaétal salts is different for various chemical
species and influenced by the concentration andisolchemistry (pH); however, they are less
toxic than cationic polymer flocculants (Droppaét 2008; Protech, 2004; Fort and Stover,
1995). Protech (2004) performed toxicity tests emesal common flocculants including Poly Al
Cl and several cationic polymers and consideredratndments non-toxic at typical application

dosages.

2.4 Mixing and Flocculation Kinetics

Another important consideration when evaluating flrmation and removal in flocculating and
coagulation systems is the mixing regime. Propeaingiof the injected flocculant with tHkow

is needed to promote collisions between flocculadtarspended particles. Initially, elevated
mixing intensities increase particle collisions doéncreased turbulence, which promote rapid
growth; however, increased mixing intensities awnease shear which can lead to floc breakage
(Chakraborti et al., 2000; Spicer and Pratsini®96]1%$zabo et al., 2008; Haan et al., 1994). For
example, Szabo et al. (2008) observed this imtgalod of high floc formation to be less than a
minute for high mixing intensities. The study aleand this initial time period to increase as the
mixing intensity decreases; therefore, high miximgnsities should be utilized as cl@sepossible
to the amendment dosing location to maximize ihitiec formation (Szabo et al., 2008). In
relation to steady state, floc size is an equilitrpoint between floc growth and floc breakage
reached after a sufficient time (Chakraborti et2000; Spicer and Pratsinis, 1996; Haan et al.,
1994). Furthermore, the efficiency of floc formatjd.e. the amount of collisions resulting in floc
development, is impacted by floc shape and sizeK(#orti et al., 2000). Owen et al. (2008)

discussed floc formation through flocculating medkms with respect to a growth, peak,



and breakage phase. In the growth phase, flocsstiifrming, the peak was when flocs were
the largest, and the breakage phase was wherottoeifhnt no longer actively bridged particles
and the breakage was dominant (Owen et al., 2008harge neutralization floc formation, flocs
continue to form or reform after breaking, whiclaikey difference between flocculants and
coagulants (Owen et al., 2008). Therefore, chenaicendment must be considered during
design of a mixing apparatus because flocculatitirbe irreversibly reduced at extended mixing

times (Owen et al., 2008).

2.5 Flocculation and Coagulation Case Studies

The following case studies represent experimemitaaung key issues for flocculant and
coagulant addition, which will be required for systoptimization. Even though the different floc
forming mechanisms must be considered, generaldreetween coagulation afidcculation exist

which implies general design requirements will imailar for coagulants and flocculants.

A study by Spicer and Pratsinis (1996) found insi@gg@alum concentrations increased the size of
the particles developed and the rate of floc foromatincreased shear rates decreased or buffered
the effect of concentration differences. Spicer Bratsinis (1996) also found high coagulant
concentration promoted larger, more open or lessal#iocs at lower shear rates and at high
shear rate breakage decreased floc size and iedrlas density. It was concluded that at high
shear rates there was no differences in floc strador the alum injection concentrations used in
the study. The study also observed increased sitesrdecreased the large tail of particle size
distribution and the average size. An interestindifg was all particle size distributions for a
given alum injection concentration for varying shiedes will collapse to a single distribution
when the size is normalized by its average lerfgpicer and Pratsinis (1996) stated that once the

average size of the floc is found the entire stestdte distribution for floc size can be calculated



Gorczyca and Ganczarczyk (1996) investigated ttes shape, and settling velocities of flocs
formed with alum for four clays aided by a polymaérg agent. The settling velocities and
equivalent spherical diameters varied an orderagimitude between the clays, and Stokes Law
did not predict a reasonable particle settling &yo The two-dimensional fractal dimension
used to characterize flocs in this study also datet they were within 15% of each other. The
observed settling velocities for equivalent sizgyslreflected differences in floc shape and

density (Gorczyca and Ganczarczyk, 1996).

Owen et al. (2008) conducted an investigationaddulation within a pipe reactor at various
shear rates. They found optimum reaction times éetv2 and 10 seconds for shear rates
between 240 and 1660 3arger reaction times resulted in decreaseddize. It was shown

that flocculant activity after the peak phase wkiced due to increased flocculant adsorption
onto solids decreasing flocculant available foritholdal bridging (Owen et al., 2008). The
implications of these findings are that subseqteshiction in mixing intensity after the peak will
not produce larger flocs; however, decreasing rgixitensities during the growth phase will
produce larger flocs . Owen et al. (2008) also sfbincreasing solids concentration will le¢ad
adecrease in flocculation efficiency because aelgmgytion of the suspended particles will not
come into contact with flocculant based on thedagisorption onto particles in close proximity to
the dosing zone. Multistage flocculant adsorptigni§icantly enhanced flocculation

especially when subsequent dosing occurred akegpehk reaction time (Owen et al., 2008). It is
also of significance to note that Owen et al. (9008orporated the addition of salt solutionis
experiments, which effectively reduced the visgosftthe flocculant solution resulting in better

mixing.

McLaughlin and Bartholomew, 2007 investigated tdilyireductions with numerous anionic and
nonionic polyacrylamide flocculants with a numbé&North Carolina soils. In general, polymer

addition resulted in the same turbidity reductionrhost soils; however, some responded



variably and had the highest turbidity reductiotivé polymer solution mix (McLaughlin and
Bartholomew, 2007). McLaughlin and Bartholomew (ZDidentified trends in the soils which
could be used to help predict flocculation efficggand include: 1) positive correlation between
extractable Fe and Ca and turbidity reduction g2yeased turbidity reduction in soils with
increased vermiculite or smectite, and 3) decrefasbiity reduction in soils with higher sand

content.

2.6 Environmental Flocculant Applications

The objective of the current project was to develgassive, automated amendment dosing
apparatus to enhance sediment flocculation/codgulfttr construction site runoff collected in a
detention basin. While the underlying processestefest concerning the use of
flocculation/coagulation in stormwater runoff framonstruction sites and the other operations are
similar, there are differences that must be comsitlbefore directly applying the available
technology. For instance, a WWTP is a permaneitiitia¢cherefore, the construction of
permanent flocculation/coagulation infrastruct@régiasible. In contrast, a construction site is a
temporary operation and a permanent structuretieeqoaired or may be financially unfeasible.
Additionally, WWTPs are continuous operations véthively measured flow ratesid constituent
loads where construction sites will experiencermittent flows with variable sediment loads.
Due to the potential challenges of implementingdldation/coagulation

systems outside of their traditional industriess ibf interest to assess other innovative
applications. Some examples of innovative applicetiare presented in the following

paragraphs.

The Tahoe Key Marin is a project that utilized ok#n to increase sedimentation rates in
detention ponds during a dredging project in 2002gpherson et al., 2002). The treatment

system included three detention ponds in serieghndonsisted of a large particle settling
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forebay, secondary treatment pond, and a tertiaatrhent pond. Effluent from the forebay flowed
through filter socks integrated with chitosan itlte secondary treatment pond, then through
chitosan filter socks again and into the tertiattl;ig pond. Dosing and mixingccurred passively
as flow moved from one pond to the next throughitter socks. Inflow turbidity was typically
over 1000 NTU and was reduced below 20 NTU withghssive dosing system to meet water

quality standards.

A study by Sekine et al.(2006) used 1.5 mg/L oflachitosan:acetic acid agent to treat turbid
river water caused by bridge construction with emaging results. The coagulant was actively
pumped into the flow where mixing occurred in doteeam rapids with settling occurring in
downstream pools. It was found the dosage, whichlvedow the acute toxicity for the indicator
organisnOryzaslatipesin 48 hour test to determine the lethal concemtreftor 50% of the
population, reduced turbidity from near 900 NTUess than 10 NTU 600 meters downstream of
the construction site. Sekine et al. (2006) notetbamal behavior was observed in fish that was
similar to abnormal behavior observed in laboratoxjcity tests. However, the author could not
attribute the behavior in the fish in the fielddaicity alone because of the potential influente o

high turbidities on aquatic organism and increagsebsities cause by chitosan.

Wood et al.(2005) achieved near 80 % total suspksdids (TSS) removal from stormwater
runoff with the addition of 4 mg/L of a cationioficulant, which did not increaséluent toxicity
based on rainbow trout toxicity tests. The studycessfully used inline static mixers for
flocculant mixing without clogging with dosing coaolled by a peristaltic pump. The suspended
sediment removed from solution had high metal cotmaéons, which would need to be disposed

of in accordance with regulatory guidelines.

These projects demonstrate the applicability ohdbal amendments to achieve enhanced

sedimentation in natural and stormwater systents passive or constant dosing mechanisms. A
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flocculant dosing system for the current projeeirsls similarities with the described studies;
however, there are additional considerations tovopé performance of a construction site
apparatus. A fully optimized system should take extcount mixing mechanisms, flow rate,

dosing, and if possible sediment load in runoff.
2.7 Sediment Load in Runoff

Soil erosion during a rain event is a result otipkr detachment caused by excess shear stress in
concentrated flows and raindrop impact and trarispioich is primarily facilitated through

overland and concentrated flows (Haan et al. 1994}eady state model for sediment load is

?DG)-‘DJ% Eqg. 1

wherelly, (15, B, andBy is the rill detachment or deposition rate, therinieloading rate,
position on slope, and the sediment load of the,flespectively (Haan et al. 1994), is

typically a function of slope, rainfall kinetic engy, and rainfall intensity (Haan et al. 1994).

Deposition of
entrained sediment is a function of the transpapicity and the sediment load. The relationship

of transport capacity and sediment load is given by

[

o0 1 Eqg. 2

wherel] and( is the rill detachment capacity and the sedimemisport capacity of the flow,

respectively (Haan et al. 1994). From these retahdps it can be seen that erosion can be either
source limited, where transport capacity, exceeds both; andl or transport limited where

(g andlly exceed .
2.8 Mixing Mechanisms

Amendment mixing can be carried out by two geneethanisms: (1) flow operated stirrers

such as a paddle mixer or a coquette flow devic&)aurbulent flow. Due to the energy
12



conversion requirements, efficiency consideratians, reliability issues related to moving

mechanical devices, turbulent flow is anticipatetée the most applicable mixing mechanism.

Mixing in a pipe flow reactor can be enhanced lith addition of commercially available inline
static mixers, which are fixed structure desigoptimize mixing and turbulence in a pipe. Static
mixers are an established mixing device in proogssperations and offer low capital cost,
minimal to no maintenance, narrow residence tiraed,defined mixing behavior (Streiff and
Rogers, 1994). Additionally, static mixers can pdevuniform average shear with low pressure
drop, ideal for flocculation system design andmptation (Chemineer, Inc.). One issue that
must be addressed is the potential for clogginh®static mixers, however, there are static

mixers specifically designed to avoid clogging.

2.9 Amendment Dosing

Chemical flocculation and coagulation are continngenthe interaction between chemical
amendment and stabilized particles which is infagghby the concentration of amendment added
for a given solution under a given mixing regimeigfay et al., 2006; Georgantas and
Grigoropoulou, 2007;, Kang et al., 2007; McLauglalimd Bartholomew, 2007; Rodriguez et al.,
2008; Szabo et al., 2008; Chunjuan et al., 200Fherefore, it is import to consider chemical
dosing concentrations in flocculation and coagafaiystems. Since polymer flocculants have
been shown to be more efficient for sediment remioveomparison with coagulant

amendments, this discussion will focus on flocéafa{Protech, 2004; Sekine et al., 2006;

Droppo et al., 2008).

The intent of properly dosing a continuous, flowotigh flocculation system is to inject the
optimum amount of flocculant for the given soluti@ihis “optimum” amount is the flocculant
concentration which satisfies the amount of floactiheeded for the given sediment

concentration without overdosing. Overdosing maysegoxicity issues in the effluent, as well
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as, lead to charge reversal which significantlyrdases flocculation efficiency (Kang et al.,
2007; McLaughlin and Bartholomew, 2007). It is aiypothesized that excess unreacted
flocculant can impact fluvial geomorphology of rixieg water bodies by flocculating and
settling sediment that would normally wash dowrestrelt is assumed the concentrations of
flocculant used to treat construction site runading be insignificant in the receiving water
body; however, consideration will still be givenpieventing overdosing. Further dosing
considerations include the floc settling ratedtffier flocculant and sediment types at the
concentrations in the effluent. Flocculant dosiagaentrations for this project were determined

by laboratory jar testing discussed in Appendix 1.

Commercially available passive dosing mechanisigiside flow through coated fabrics,
flocculant blocks, or floc logs. Floc logs are leof solid flocculant and filter fabrics are
textiles with flocculant incorporated onto the nnetle Both systems are installed in the path of
runoff and the principle of operation is the dissimin of flocculant into the bulk flow. These
systems have been shown to be effective; howehwerg is little data on achieved dosing
concentrations which is undesirable due to theiarfte of concentration on effectiveness and

potential toxicity concerns at high doses (Bhardavej McLaughlin, 2008).

In order to be able to predict flocculation perfame and prevent flocculant under-dosing or
overdosing, a regulated dosing system is prefaveddissolution-based dosing process. A
passive, automated system developed in New Zeakaslrainfall to control flocculant dosing
into runoff was found and was proven to be effec{@uckland Regional Council,2004). This
system provided a proven system in which to compeosposed alternative designs for a passive

dosing system in this study.
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CHAPTERII

GENERATING CONCEPTUAIALTERNATIVES

The information gathered during the literature egwprovided a basis from which to begin
generating concepts for a passively regulated fllaet dosing system. Three potentially viable
concepts were initially developed and evaluatedgared to each other. Flocculant dosing for the
systems is controlled by either rainfall volumestarmwater runoff and the following briefly

discusses each system with a simplified schen@facilitate concept description.

3.1 Rainfall Driven New Zealand Dosing System

This system was developed and tested in New Zeghauntkland Regional Council (2004). It
relies on a floating bucket placed in a larger temktaining the flocculant solution (Figure 1).
The bucket is positioned to receive rainfall fromodiection system, as the bucket fills and sinks
it displaces the flocculant solution and causésfiow over a release point in the larg@nk;
thusresulting in flocculant dosing. The system incluidedetention structure in between the rain
catchment structure and the floating bucket to aetfor lag time associated with rainfall and

runoff.
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l 1. Rain Collection

2. Flows through
detention bucket to =
compensate for

rainfall/runoff lag 3. Rain water

fills floating

bucket and

displaces
— flocculant

Figure 1. Schematic of operating principles for Newv Zealand System. Rainfall is collected at
the Rain Collection system, routed through a degeriiucket, then into a floating bucket which
displaces flocculant as it fills and sinks in theglest bucket that houses flocculant.

3.2 Tipping Bucket and Paddle Wheel Dosing Systems

These designs rely on rainfall or stormwater flovattuate the flocculant dosing mechanisms.
To operate, the tipping bucket uses rainfall frooolection system or a portion of stormwater
runoff from a diversion structure, and the paddie®l uses runoff as it flows in a ditch or
conveyance or from runoff in a diversion. Both syss$ are collectively referred to as an
actuation device in the following sections; howes@rematics are only shown for the tipping

bucket. Below are three potential flocculant metgsystems.

3.2.1 Gate Mechanism

An activation device will alternately open and e@@sgate system which contréitscculant
dosing(Figure 2). When the tipping bucket fills and tigate 1 will open releasing flocculant

while gate 2 closes restricting further flocculemgction. Simultaneously, gate 3 will close while
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gate 4 opens recharging the left dosing cylindeafmther discharge. The process reverses when

the tipping bucket tips back to the original pasiti

Rain or Flow

\V Catchment
? m
Flocculent
Alternating Alternating Gates
(ates

3\/1

Dosing Points

Figure 2. Schematic of operating principles for @ae Mechanism. The tipping bucket in the
top right is used to actuate gates. As the tippungket fills and tips, gate 1 will open releasing
flocculant while gate 2 closes restricting furtecculant injection. Simultaneously, gate 3 will
close while gate 4 opens recharging the left dosytigder for another discharge. The process
reverses when the tipping bucket tips back to thgral position.

3.2.2 Plunger Mechanism.

This system uses an oscillating plunger contrddyedn actuating mechanism to displace liquid
flocculant (Figure 3). There is one piston moviaglk and forth shown in two different positions
(Figure 3) which forces flocculant through the dgspoint. It is important to note that the dosing
points are elevated to a position at the same kfidiaotential as the flocculant housing so as not
to overflow through the dosing point. The hydraplatential would be maintained with a bubble
tube. The fluid surfaces in the schematic do nghahowever, they should be taken to be at the

same hydraulic potential as mentioned.
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Rain or Flow
Catchment

Flocculent 7

Piston

Dosing Points

Figure 3. Schematic of operating principles for Bigon Mechanism. The tipping bucket in the
top center is used to actuate a piston which meitehd right. The piston allows flocculant to
flow out of the housing container and into a pipartected to the dosing points which are at the
same hydraulic potential as the flocculant housamds (not shown in figure). When the tipping
bucket moves the plunger to the alternate positimeulant is displaced out the corresponding
dosing point.

3.2.3 Paddle Wheel.

The paddle wheel may be used in place of the tippircket as the actuating mechanism and
would be placed in the flow path of the stormwatoff channel where the rotation of the wheel

operates the moving components.

3.3 Pressure Differential Dosing Mechanism

This system uses an elevated tank to house theufbott and provide flow potential for

flocculant dosing. The tank could incorporate albelube to maintain head if needed (Figure 4).
Dosing can be carried out in a pipe, pipe constnaventure meter), flow control structure or
runoff channel. In order to initiate and termintdeculant flow, a float valve muste incorporated
into the device.

18



Flocculant \

Venturi Meter

e

]

s —>

]
\

Constant Head

Figure 4. Pressure differential schematic for fldant dosing.

3.4 Initial Concept Discussion

All of the above systems can be engineered to woackessfully for the proposed application;
however, some will take considerably more desigrkvamd maintenance than others. For
instance, to connect a tipping bucket to gatespstan would require gears and other moving
parts that demand increased maintenance making toogeepts undesirable for a construction
site. Therefore, the pressure differential concejatentified as the best concept for refinement
for an alternative design. It was suspected thi€ept may be ideal in a controlled environment
and shows potential, but there are concerns raggaitdi performance on a construction site.
Some of these concerns include the mechanicslohtslystem or how to regulate flocculant

flow in a pressure driven system.

3.5 Pressure Differential Concept Refinement

The refinement process resulted in adding floatatet! valves to the pressure differential dosing

system to control flocculant injection (hereaftfierred to as float dosing system). Two
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variations were considered, both of which colléatrawater runoff in a forebay that discharges

through a flow control structure that flows intgettling basin (Figure 5).

Discharge to
Stormwater Receiving
Runoff Waterbody
—_— —_— —

Flow Control ' .
and Dosing Settling Basin

Figure 5. General schematic of dosing concept neoldaliring the study.

Sand and other larger particle size sediments egatively impact flocculation efficiency
(McLaughlin and Bartholomew, 2007), and thus shd@demoved prior to flocculant injection.

A forebay not only settles out larger sized pagsdlsand and aggregates), but also serves as a
flow dentition system and allows a location foredods removal structure. One of the variations
relied on pipe flow while the other relied on anfie. Flow through both structures can be
adequately predicted based on a reference heigltatef. Pipe flow equations can predict
discharge based on head differential of the imét@utlet, and flume discharge is measured
based on flow depth within the flume. Due to consaf pipes clogging the flume was chosen as
the preferred flow control structure and the pipeaept was no longer pursued. Hypothetical
advantages and disadvantages could be found feetbeted alternative when compared to the
New Zealand System; however, at this point it watsapparent which concept was best suited to
the project application. Therefore, a modeling gtwds conducted in order to make the most

judicious selection.
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CHAPTER IV

METHODS

4.1 Modeling Alternative Systems

The rainfall driven New Zealand System and FloasiBg System were compared based on a
synthetic 2-year 24-hour design storm for Greeavilbunty, South Carolina on different
catchments due to the sponsor’s intended regiapplication and the requirements given in the
initial EPA’s initial ELGs. The rainfall/runoff calilations were performed in Sedimot IV which
used a Type Il synthetic storm event for Green@irinty, NC and rectangular catchments with
no onsite flow routing. A description of the catamts and software parameters is given in
Appendix 1. A target dose was used to evaluate ggagtiem’s performance based on a Weighted

Variance (WV) which was the flow weighted deviatioom the target dose given as:

B, UpB 0
NN @-@—Z[ .

O

Eqg. 3

wherel] is an integer corresponding to each time stegs, the total number of time steps; is
the concentration of flocculant in the effluent, is the target concentration of flocculant in , and

(g is the volumetric flow . A constant target doseswaed for the simulation which would

suggest the simulation assumes a constant sedomecegntration in the runoff. It is realized that
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sediment concentrations will vary during the steweant and runoff only indicates the maximum

potential sediment a constant target dose wasistll.

The governing processes for the New Zealand Systera assumed to be (1) the collection of
rainfall in a catchment system of given size, @gdtion time of collected rainfall (3) the
displacement of flocculant from the housing asex#d rainfall fills the New Zealand System,

and (4) the dispensing of flocculant into the rdinGbde was created in MATLAB and assumed

the following:

1. Volume of flocculant dosed equal to the volurheainfall collected.

2. Detention structure was a reservoir that hadgesheight discharge controlled by pipe
flow.

The implications of the first assumption require flocculant mixture to have the same density
or near the density of water. With these assumptmade, the flocculant concentration in the

effluent could be determined.

The governing processes for the flume concept Wigrthe system collects storm water runoff in a
forebay which (2) discharged into a settling bakiough a flume, and (3) dosing watuated and
terminated by the height of water in the forebagd€was created in MATLAB and assumed the

following:

1. Maximum flow through the float valves was aams through the rain event (potential
change in head in the flocculant reservoir wadaien into account)

2. Float valves had an assumed linear chandevnwvith change in height of the attached
float until the maximum flow rate was reached. Tdgsumption was incorporated into

the model based on observed valve performance asaned later on.
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Discharge through the flume is controlled by a stdigcharge relationship given for
commercially available flume designs. The flumesengzed to handle the peak flow rate of the
watershed for the synthetic storm previously descti The New Zealand System and Float
Dosing System relied on the same numerical roygrogedure given in Haan et al.(1994) as

follows:

Alp o B—BABe , BAD Eq. 4
Haig &0 Lg [ Allg Eq.5
& o= = Eq. 6

whereATl, is change in storage of a reservoir at the cuiterstion at the current time stey® is

the length of each time stepy, [z, (15, and g zare inflow and outflow rates, respectively, at
the current and next iteration. and ] are the height in the forebay and area of the forethich

assumed a rectangular forebay, respectivelyidfassumed

for the first iteration for the current time stépenAl,; Can be solved for and the resulting can
be used to calculate a new, ;. This procedure was repeated untjl; converges to a value less
than 1% different than the previous iteration. Téservoirs for the New Zealand System/ Float
System were a detention bucket/forebay, the infl@s rain /runoff and outflow pipe flow
equations/flume stage discharge equations respéctithe volumetric flow out of the reservoir
was assumed to be the amount of flocculant solatised into the runoff for that time step.
Dosing in the Float System was assumed to actudtéeaminate based on the stage in the flume

and binary float operation. The initial float wassamed to have non binary operation based on
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observed operation of float valves used. Operatfdhis float was assumed to be modeled with a
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linear function based on float height until a maximconstant value is reached. The simulation

was run in MATLAB and the code used to the genergalts are provided in Appendix Il1.

Subsequent work resulted in replacement of the flalwes with ball valves after prototype
testing. Theoretical operation of these valves thaseavailable flow coefficient data and

assumed constant pressure drop across the vahauded in the modeling results section.

4.2 Jar Testing

The optimum range or target flocculant concentratvas determined through a series batch
experiments performed in the laboratory using aatechstirrers where a known mass of
flocculant is added to a solution with a known surgfed particle concentration. The suspended
particle concentration used was 40 g/l which wasetan predicted peak sediment loads from
Sedimot IV, described in Appendix I, from a threeessite and flocculant concentrations were
varied. Based on information presented in secti@dra@d output results from Sedimot IV, it is
noted sediment concentrations will vary throughautthe storm event. However, the peak
sediment concentration was used in order to deterftocculant concentrations needed during
more extreme events. The sediment was allowedtle 8ea large beaker for a given period of
time to simulate the effect of a forebay to remlarger particles. The suspended sediment
remaining in the supernatant was removed from sol@nd used in jar tests. Jar testing

procedures and results are presented in furtheil deAppendix II.

4.3 Prototype Field Testing

The prototype turbidity reduction system descripegliously was tested in an experimental
channel at the USDA ARS Hydraulics laboratory rig@twater, Oklahoma
(http://www.ars.usda.gov/spa/stillwater/heru). T¥ader source for the tests was Lake Carl
Blackwell near the test site (http://Icb.okstate/@dSix test runs were completed using three
different flow rates (0.75, 1.5, 2.25 cfs or 0.021D42, 0.063 cms), with a target flocculant

24



concentration of 0 and 0.08 g/L of HydroFloc 44%he maximum discharge capable through the
experimental set up was just above 2.25 cfs (0cO@ and the two lower flow rates were
incrementally less by 0.75 cfs (0.021 cms). Thgdaaflocculant concentration is 0.005 g/l higher

than the lower bound, 0.075 g/l, of the optimungefound in the jar tests.

A local soil (clayey sand; 57% sand, 18% silt, 288y, D50=0.1 mm) was used as the sediment
source for testing the prototype. For these testtiment was delivered by hand to tioev,
mixedwith a 3-blade rotary mixer, which passed throadlow straightener directly upstream of
the forebay, and then the sediment laden flow vir@stgd through a cutthroat flume and into the
dosing and mixing system (Figure 6). The forebag giaed to capture larger sized particles were
from the input test water based on the settling odta 0.05 mm sand particle. Sediment from the
low flow control run filled the forebay and wastléf that condition for the remainder of the

tests. Sediment was introduced by hand into thareiaat constant rate for each run. Turbidity
samples were collected before the cutthroat fluntead 25 (7.62), 50 (15.24), 75 (22.86), and

100 (30.48) feet (m) downstream from the flume (iFég7).

Sediment
Introduction s
Forebay
Initial
turbidity o~ Flocculant
samples ~> Dosing and
Mixing
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Figure 6. Testing setup at the upstream end dittiédity reduction system. Sediment
introduction took place at the beginning of thergt&l into a mixing chamber, passed through a
flow straightener into a forebay, then throughdbsing and mixing system, and into the setting
channel.

Figure 7. Testing setup at the downstream endeofuttbidity reduction system. The left image
was the view looking down the settling channel fraimove the flume., the middle imageis

Hach Hydrolab MiniSonde that was used in the chiammné the right image was the view facing
upstream from the discharge point of the settlimgnnel. Turbidity samples wetellected before
the cutthroat flume and at 25 (7.62), 50 (15.28)(22.86), and 100 (30.48) feet (m) downstream
from the flume in the settling channel.

The samples before the flume were collected irldmtturing the tests, and analyzed with a Hach
2100N turbidimeter after the test was completedn@as from the sampling point 25 feet (7.62
m) downstream from the flume were analyzed in thle fusing a Hach 2100N turbidimeter. The
turbidity at the 50 (15.24), 75 (22.86), and 100.48) feet (m) sampling locations was measured
at 30-second intervals with a Hach Hydrolab Mini@erDifferent types of turbidity measuring
instruments were used based on equipment availabidity measurements from each piece of
equipment were taken from a standard solution émchmarking. It was found each piece of

equipment produced agreeable measurements asdahgyawere calibrated.

Minitab 15 Statistical Software was used perforatistical analysis on the collected turbidity

data. A General Linear Model (GLM) was used to stigate influence of experimental factors
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on turbidity reduction. Experimental factors inchaidof flocculant concentration, time of
turbidity reading, and flow rate. A One-Way ANOVAda Tukey Comparison with a family
error rate were used to investigate differencesdsen mean percent turbidity reduction at each

sampling time between the control and flocculastistevith an alpha of 0.05
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CHAPTER V

RESULTS ANDDISCUSSION

5.1 Modeling Results

The flume concept was determined to be the mosbappate design for the project objectives.
The New Zealand System concept could maintain fil@et concentrations near the target dose
for a catchment to which it was calibrated; howeslenges in the catchments resulted in

changes in dosing.
5.1.1 Rainfall Driven New Zealand System

A schematic of the New Zealand System is showrigarE 1 and described in Auckland
Regional Council (2004), which provides furtherailston the system and field testing results.
The performance of the New Zealand System (Fighong 1 acre (4047 Jnwatershed with a

Curve Number (CN) of 90 is shown in Figure 9.
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Figure 8. New Zealand Dosing System Schematic
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Figure 9. . Calculations used to determine New a®hSystem performance. Rainfall is rainfall
rate with time; depth in Detention Bucket v Volumd-loating Bucket shows the depth of water
collected in the detention bucket with time andvbkime of the floating bucket with time; Floc
Dosed v Runoff shows the floc flow, flow rate afdtulant, with time and runoff , runoff from
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the site, with time; Dose v Runoff shows the flesd, concentration of flocculant in the effluent,
with time and the Runoff, runoff from the site, vtime. [hrs: hours; ffs; cubic meters per
second; g/l: grams per liter; m/s: meters per sécoticubic meters ; Floc: Flocculant]

These data were generated using a synthetic detsign event with the corresponding runoff
predicted based on an idealized rectangular castigtnsite with no flow routing. The simulation
results showed in Figure 9 plots characteristidhefsystem throughout the duration of the storm
event. The top left plot has depth in the deterbocket. The detention bucket has pipes with
riser heights at various stages which convey wattre floating bucket. These pipes diameter and
a riser heights were manual calibrated so thahdige to the floating bucket (i.e. floc flow fate)
would match runoff as close as possible as showmeiwenter figure. Three different riser stages
and pipe diameters were used. Adding intermedistiges at various diameters would create
better agreement between discharge and runoff, Vexweis was considered impractical for
actualimplementation. Finally, the resulting dosing [ieofs a function of floc flow rate over
runoff rate and is shown in the bottom figure. Térget floc dose for the simulations was 0.1 g/l
and is shown with the horizontal line. Dosing cortcations were found to be sensitive to
variations in the floc flow relative to runoff esgally at low runoff rates. Some of the smaller
abrupt increase or decreases in dose are suspedte result of numerical methods used in
rainfall/runoff generation from Sedimot IV and themerical methods used in the simulation. For
this reason, a smoothing function utilizing a mavaverage was applied to the data shown in

Figure 8.
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Figure 10. Dose, the computed dosing concentratiooyughout the storm event with the
Smoothed Dose, a moving average of Dose. Oscitlafindose suspected to be a result of
rainfall/runoff values are highlighted. [hrs: hougd: grams per liter; Floc: Flocculant]

The period of the moving average was such thaelasgillations relative to preceding and
succeeding values are dampened. The smaller emriBahat are suspected to be a result of
numerical calculations used to generate rainfallifidata are highlighted in red. A smoothed
line will be used in all subsequent figures mitegabme of these oscillations. Subsequent figures

also have rainfall or runoff overlaid with datadfger being multiplied by a scaling factor for

reference.

Since this system is designed based on an antdpainfall runoff relationship, any changes in
the watershed or discrepancies in the modelingresililt in changes in the dosing
concentrations. For instance, if the system idcatied using a rainfall runoff relationship that
relies on the CN Method changes in CN due to coostm activities or errors in estimating CN
will cause deviations from the targeted dose. FEidur shows a system designed for the same
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scenario as for Figure 9 and 10, but also incltde&xpected dose if the CN increased f&fm
to 95 and decreased from 90 to 85. The flow weightentages for all three CN are shown in the

horizontal lines with same color as its correspogdieries.
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Figure 11. Effect of changing CN on simulated dgsiancentrations calculated for the New
Zealand System which was calibrated to a site @hkhof 90.Dose CN95 is the resulting dosing
concentration for a site with a curve number of@ise CN85 is the resulting dosing
concentration for a site with a curve number ofdse CN9O is the resulting dosing
concentration for a site with a curve number of®@@hich the system was calibratedd rainfall
is the rainfall on the site throughout the storrargv[hrs: hours; g/l: grams per liter; CN: Curve
Number: Floc: Flocculant]

For a targeted dose of 0.1 ( g/l ), the flow wedghtlose decreased to 0.089 ( g/l ) when the CN
increased to 95 and increased to 0.119 ( g/l ) wihei©N decreased to 85. These dosing
correspond to an 11% decrease and a 19% increamsélfe targeted dose. Suppose, that the
target dose rate was for 0.089 ( g/l ) for a siicgpated to have a CN of 95 and a change in the
watershed resulted in a CN of 85 the flow weigliese would increase from 0.089 ( g/l ) to

0.119 ( g/l') which corresponds to an increase4éb & the concentration for a change of 10
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units in CN. A change of 5 to 10 units in CN estiimacan result from errors in estimation of the
quality of ground cover or soil group based on iteld CN for expected land use in Haan et al.

(1994) and can also be impacted by antecedentumeisbntent.

Another parameter of interest in rainfall runoffaeding is the Time of Concentration (TC) for the
watershed. A method that was used to investigatpaltential impact of changing TC was to vary
timing of runoff. The timing of runoff and TC caaraetimes be difficult to accurately estimate
andcan changes on a watershed with hydrologic chasiggsas a construction site. The initial
scenario with runoff times delayed by 2 and 5 nesus plotted in Figure 12 and the

impact to the dosing profile if runoff is shiftedaner by 2 and 5 minutes is plotted in Figure 13.
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Figure 12. Impact of time of concentration changesdelaying runoff by 2 and 5 minutes to
dosing concentrations. dose +0 is the resultingeotmation if the timing of runoff is not

changed, dose +2 is the resulting concentratitheitiming of runoff is delayed 2 minutes, dose
+5 is the resulting concentration if the timingrohoff is delayed 5 minutes, and runoff is the site
runoff throughout the storm event. The pink horiabtine is the target concentration of 0.1(g/l).
[hrs: hours; g/l: grams per liter; Floc: Flocculant
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Figure 13. Impact time of concentration changesHifting runoff sooner by 2 and 5 minutes to
dosing concentrations. Dose -0 is the resultingentration if the timing of runoff is not

changed, dose -2 is the resulting concentratithreitiming of runoff is 2 minutes sooner, dose +5
is the resulting concentration if the timing of afins 5 minutes sooner, and runoff is the site
runoff throughout the storm event. [hrs: hours; gvdms per liter; Floc: Flocculant ]

It should be noted that TC were not actually varienivever, inferences are being drawn as if TC
were actually being varied. Shifting the timingrohoff instead of varying TC neglects the
spreading of the hydrograph and reduction of peak which can be characteristic of increasing
TC and vice versa for decreasing TC. It is expetitatithese neglected processes would decrease
or increase the magnitude of variations seen inr€i@2 and 13, respectively. Since dose is
essentially rainfall divided by runoff, when runddfdelayed for a period of time the dose will
increases as rainfall rate (i.e. mass flow ratiboag) increases until runoff beginsittcrease. When
peak rainfall is reached and rainfall rate decrgabe runoff rate still increases for a short qebri

and the dose rapidly decreases until the changenoff decreases. This process will be reversed if

runoff rates were shifted sooner. The impact of gibcess is evident in the
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simulation and it can be concluded that deviatromfthe targeted dose has the potential to

increase with increased error in timing of runafflgotentially TC.

Four different simulations were ran that variecdho®N and TC for a 1 acre (4047)watershed

designed and calibrated for a CN of 90 (Figure 14).
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Figure 14. Four different scenarios varying CN @@ffor a 1 acre (4047 nwatershed. Dose is
the calculated dose for a site with original coiodit (where the change in TC is 0 minwad
the CN is 90), dose TC:+2 CN:85, dose TC:-2 CN:85edb8:+2 CN:95, dose TC:-2 CN:95 is

the calculated dose when the site runoff is shi2tednutes later and CN is 85, shifted 2 minutes
sooner and CN is 85, shifted 2 minutes later and<C®, shifted 2 minutes sooner and CN is 95
respectively. Runoff is runoff throughout the st@went scaled so it can be viewed with other
data for reference, and target is the target caratgon of 0.1 ( g/l ). [hrs: hours; g/l: grams per
liter; CN: Curve Number; TC: Time of Concentratiéigc: Flocculant]

A deviation from the predicted timing of runoff &f- 2 minutes was used based on data
presented and methods given in Haan et al.(1994) $bort grass to bare/untiled land use,

respectively.The simulations indicate that multigigprepencies in modeling can lead to
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compounding deviations from the targeted dose. Alseems that a decrease in CN is more
sensitive to variations in timing of runoff thaniasreased CN. The same analysis was
performed on a watershed of 3 acres (4047 (Rigure 15). A deviation from the predicted

timing of runoff of +/- 4 minutes was used basedlata presented and methods given in Haan et

al.(1994) for a short grass to bare/untilled lasé, wespectively.
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Figure 15. Four different scenarios varying CN @@tffor a 3 acre (121413%watershed. Dose

is the calculated dose for a site with originalditions (where the change in TC is 0 minutes and
the CN is 90), dose TC:+4 CN:85, dose TC:-4 CNdése TC:+4 CN:95, dose TC:-4 CN:@5

the calculated dose when the site runoff is shiftedi2utes later and CN is 85, shifted 2 minutes
sooner and CN is 85, shifted 2 minutes later andsC®%, shifted 2 minutes sooner and CN is 95
respectively. Runoff is runoff throughout the st@went scaled so it can be viewed with other
data for reference, and target is the target caratgon of 0.1 ( g/l ). [hrs: hours; g/l: grams per
liter; CN: Curve Number; TC: Time of Concentratiéiigc: Flocculant |

It was demonstrated that sizing and calibratiotinefsystem relies on runoff modeling and is a
critical step in the design process. Any modeliisgr@pancies or hydrologic changes to the site

during construction activities may result in altboesing profiles. It would be possible to
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account for some long term hydrologic changes ersite such as paved or cleared areas but this
would require modifications to the dosing systerowidver, these changes are still subject to
errors and other onsite changes such as antegadesttire content would be difficult to adjust

for. Moreover, the dosing concentrations were aagable while runoff rates are rapidly
changing during the most intense part of the hydqolyg which typically has the highest sediment
concentration. This is a result of the dosing systet being able to reproduce the exact shape of
the runoff hydrograph when being routed throughdiention bucket. It should be noted the
shape of discharge through the detention buclketésult of the pipe flow models as height in

the detention bucket changes; however, other detesiructures will also alter the discharge
shape. It should be noted that the system coul@eeffairly consistent dosing rates on the
watershed to which it was designed and for a giiie &n increasing CN. Therefore, if the New
Zealand System method were used it is suggespeddésigned for the minimum CN expected
during the duration of the project. Furthermore, $imulation used a synthetic storm event for
North Carolina, as is common practice for stormewaystem analysis that has a rapid rising and
falling limb which may be more intense than stoforther areas. It is speculated this system
would be better suited to areas with mild or steasliorm events because the simulations showed
the system maintained consistent dosing at theoktie storm events where rainfall and runoff

were relatively constant.
5.1.2 Float Dosing Using a Flume

The simulated dosing of the float dosing systera dracre (4047 fhwatershed with runoff
corresponding to a CN of 95 is variable duringgteem event but can maintain a fixed range of

concentrations (Figure 16).
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Figure 16. Calculations used to determine floatrapsystem performance. The top chart shows
discharge through the flume; the middle chart shibwegulant flow rate; and the bottom chart
shows the dose (flocculant concentration in thimiefit), darget (Target flocculant dose in the
effluent), and discharge (scaled discharge throbgllume). [hrs: hours; fis; cubic meters per
second; g/I: grams per liter; Floc: Flocculant ]

As runoff begins the forebay begins to fill andotlisrge through the flume into the settling basin.
The first float is actuated at a designed heightivborresponds to the first step in the central
figure and the first jump in the dosing concentmain the bottom figure of Figure 1®his

processs more clearly show in Figure 17 where the vattidack lines connect increases in floc

flow rate to increases in dosing concentratioriees f/alves are actuated and terminated.
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Figure 17. The top chart shows flocculant flow naetime and the bottom chart shows the dose,
flocculant concentration in the effluent, targatget flocculant dose in the efflueanhd discharge,

scaled discharge through the flume. [hrs: houfés;raubic meters per second; g/l: grams per liter;
Floc: Flocculant]

The dosing profile is flocculant flow divided byroff. The first float valve is actuated when a
specific stage is reached in the forebay andas&imed to instantaneously dose the maximum
amount of flocculant capable for that valve systéhen as runoff increases, the dosing
concentration is reduced until another float vadvactuated corresponding to another
instantaneous jump in dosing concentration. Theeganmcess occurs in reverse during the falling
limb of the hydrograph. In reality, the float valds not achieve true binary operation. It took
roughly 3 inches (7.62 cm) of change in forebageta achieve maximum flow through each
float system in the prototype system. To incorpethis valve characteristic into the system a
smoothing curve based on a moving average waswisieti acts to dampen the extreme high

and lows which will be used in subsequent figuFégure 18).
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Figure 18. The chart shows the dose, flocculanteotnation in the effluent, target, the target
flocculant concentration in the effluent, discharggaled discharge through the flume, and the
smoothed dose, dose with a smoothing function egplhrs: hours; g/l: grams per liter; Floc:
Flocculant ]

The span of the moving average was chosen sahatfiect of the smoothing curve in relation to
calculated dose corresponded to a change in hefigbtighly 3 inches (7.62 cm) or less in the
forebay to be conservative. It should be notedttismoothing function had little impact on the
dosing concentration for the initial float which wd have the greatest benefit from non-binary
operation in an actual system. The non-binary meobserved allows the initial float to be aea
lower level than indicated by the model and treaiuah larger portion of the rising and falling
limb without over dosing. This was simulated byusssg flow through the valve would increase

as a linear function of height for the first fl¢&igure 17).
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Figure 19. Effect of non-binary operation for iaitfloat vale on dosing concentration. The top
chart has floc, the flocculant flow rate discharged the runoff, and discharge scaled, the
discharge through the flume scaled so it can b&adewith floc, vs. stage height in the forebay.
The bottom graph has dose, flocculant concentratitime effluent, target, target flocculant dose
in the effluent, and discharge, scaled dischangritih the flume plotted against tinjbts: hours;
m3/s; cubic meters per second; g/l: grams per ltemeters; Floc: Flocculant]

The operation of the float valve in reality is naelar but since the relationship of change in
height of the forebay versus change in angle of/éihee can be easily controlled, a linear

function has been applied for simplicity.

The Float based system it is not directly impattgdhanges in the watershed since it is runoff

actuated (Figure 20 and Figure 21).
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Figure 20. Effect of CN on dosing concentrationd acre (4047 f) watershed. The top,

middle, and bottom chart plots the simulated penforce of the flume system on a site with a CN
of 95, 90, and 85, respectively. The dose, floatLdancentration in the effluent, target, target
flocculant dose in the effluent, and dischargelestdischarge through the flume are plotted
against time. [hrs: hours; g/l: grams per liter;:@N\irve Number]
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Figure 21. Effect of CN on dosing concentration8acre (12141 fwatershed. Thwp, middle,
and bottom chart plots the simulated performandaeflume system on a site with a CN of 95,
90, and 85, respectively. The dose, flocculant entration in the effluent, target, target flocculan
dose in the effluent, and discharge, scaled digehtarough the flume are plotted against time.
[hrs: hours; g/l: grams per liter; CN: Curve Nuniber

The dosing concentration for every flow rate thiotize system is unique because a certain stage
only actuates a certain number of float systenseas in top figure of Figure 19. The only

change in dosing profiles throughout the stornssoaiated with the magnitude of discharge with
respect to time. Accordingly, a change in the togyah runoff or the TC does not impact dosing

concentration and would only act to shift the dgginofile with respect to the x-axis.

The WV with respect to the target dose were caledlfor the two systems on each watershed

(Table 1 and Table 2).
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Table 1. Weighted Variance of the predicted corregion for each simulation for tiéew
Zealand System from the target dose. [CN: Curve bamil C: Time ofConcentration]

CN:90 CN:85 CN:85 CN:95  CN:95
Watershed TC:+0 TC:+2/4  TC:-2/4  TC:+2/4 TC:-2/4

1 Acre 0.3 2.2 3.4 0.3 0.5
3 Acre 0.3 2.2 5.7 0.4 0.8

Table 2. Weighted Variance of the predicted corregion for each simulation for the Nevloat
System from the target dose. [CN: CuN&mber]

Watershed CN 95 CN90 CNS85
1 Acre 0.3 0.3 0.3
3 Acre 0.4 0.3 0.3

It is considered that both systems can be adeguddsigned to passively maintain chemical
dosing concentrations in runoff, however, the W¥tfe New Zealand System when CN is less

than the designed CN is and order of magnitudednititan the rest of the simulations.

Although this computer simulation demonstrated amig potential realization of a storm event,
it was concluded that the Float Dosing System isemapplicable to a construction site
environment. The resulting dose in the efflueriewn for the Float System since it has a
unique dose for each stage in the flume. Howewgceshe Float System is not capable of
monitoring sediment concentrations in the runoffaust rely on flow as an indicator of
maximum potential sediment concentration. The tdtgeculant concentration for the simulation
was assumed to be constant throughout the runefftelf a lower concentration was desired at
lower flow rates, the Float System could adjustlifidg by changing the maximum flocculant flow
rate through each of the four float operated valxgems to a desired rate. The New Zealand
System must use rainfall as an indication of rusoftiose in the effluent is unknown, however,
an expected dose may be found by modeling runbf. New Zealand System must also use

modeled runoff rates as an indication of maximuteptial sediment load in the flow.
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Additionally, the need for accurate hydrologic miiatgon a site specific basis adds complexity

to the use of the New Zealand System and requéarate systems for each site.

In summary, the simulated performance of the Nealated System (and information in

Auckland Regional Council, 2004) has demonstratedpplicability, but due to the dynamic
nature of construction site environments a runaffdal system is more desirable. To demonstrate
proof of concept for project sponsors of the fluspstem a laboratory-scale apparatus was

developed using a v-notch weir (Figure 22).

= = 3
Demonstration Water begins to collect behind Flocculant injection occurs
Apparatus flow control structure at designed height

Figure 22. Laboratory prototype of the float dosapgaratus using a v-notch weir and a two
float system.

Subsequent work after full-scale prototype consitbnand the field testing discussed later in the
document resulted in replacing the lever and flahtes with discs and ball valves. Badllves
arenot intended for flow throttling, however, empaidata is available from manufacturers to
estimate flow based on angle of the valve. By $piegj the radius of a disc which rotates the

valve, flow through the valve can be simulated wispect to height in the flume (Figure 23).
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Figure 23. Stage discharge for ball valves. Thectapt has floc, the flocculant flow rate
discharged into the runoff, and discharge scaletidischarge through the flume scaled saiit be
viewed with floc, vs. stage height in the forebBlye bottom graph has dose, flocculant
concentration in the effluent, target, target fldant dose in the effluent, and discharge, scaled
discharge through the flume plotted against time.rheters; hrs: hours; gpm: gallons per minute;
g/l: grams per liter; Floc: Flocculant]

5.2 Initial Prototype Design

The overall system design included a settling fayehith trash removal, a flow actuated dosing
mechanism, a turbulent flow mixing system, andttisg basin. The flocculant injection
apparatus utilized a flume and float system to dynally dose optimum flocculant
concentrations based on flow rates. The mixingesgst/as comprised of in-stream static mixers

similar to static mixers non —clogging static mxeesigned for wastewater treatment.
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The principle of operation is a relationship betwésebay stage and discharge through a flow
control structure (flume) which permits the activatof a series of float valves (Label 1 in Figure
24) positioned at predetermined stages to maifitaéoulant concentrations in a desired range.
Flocculant flows under gravity from the housinglfea5 in Figure 24) through the float valve
dosing system. The apparatus may use pipes, lairges, etc. as flow control structures and a
variety of valves as the dose actuating mechanismm.developed prototype uses a metal
cutthroat flume (Label 2 in Figure 24) as the floontrol structure due to its ability to discharge a
wide range of flows and its tolerate to high baclevaonditions without impacting the stage-
discharge relationship. The purpose of the mixingcsure (Label 3 in Figure 24 and 25) is to
generate turbulent flow conditions following flodant injection in order to enhance interaction
between flocculant molecules and suspended partieleper mixing is critical to facilitate

efficient flocculation and, therefore, is an intlgoart of the system.

Fixed structures have been designed and employtbd wastewater industry to induce highly
efficient mixing conditions in pipe systems. Thes®ictures provided the basis for the open
channel mixing system that was designed and cartsttun the prototype. One challenge was to
producing sufficient turbulence under a wide raofgow conditions which is one reason the
developed structures are similar in shape withingrgized blades. The idea of placing the
smallest structure first is to change of the dicecof local flow in more locations across the
channel to dissipate heterogeneity in flocculamicemtrations resulting from discrete dosing
points. Additionally, a flow control structure ihg sedimentation basin downstream of the
injection and mixing apparatus provided stage @bmiithin the mixing system and the
development of a hydraulic jump (Label 4 in FigRE at the entrance to the mixing system. A
hydraulic jJump is a highly turbulent flow phenomenehich also contributes to miximgthin

the designed system.
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The flume used in the prototype apparatus includedstilling wells, one on each side, which
houses the floats that actuate the float valve® hidles on either side of the mouth of the flume
allowed water to flow in and out of the stilling he(Label 1 in Figure 25). As water levels in the
mouth of the flume and stilling wells increase floats rose and opened the float valves (Label
2 in Figure 26). By positioning the floats at stegggl heights with reference to the flume bottom,

an automated, passive dosing mechanism actuatiéahbwas achieved.

The prototype plumbing system was designed to goligeid flocculant to the float valves and
then to the diffuser (Label 3 in Figure 26), whdaiktributed flocculant across the width of the
channel. The gate valves (Label 4 in Figure 26)iiporated into the plumbing provided a
simple and easy means of calibration for flocculmt rates which allow for variable dosing

rates.

The described prototype was therefore able tofgahie previously stated objectives and is

unique to the author’s knowledge in the followingys:

1. Flow control structure uses a stage-dischalgé&onship with prepositioned float valves
that allow passive, standalone flocculant dosingctoiate and terminate at designed
discharges.

2. Employs gate valves in a passive flocculastrdpapparatus to control maximum
flocculant flow rates during operation.

3. Uses open channel mixing structures develbpedd on existing inline static mixers for
pipes.

4. Uses a backwater control structure to induicgdraulic jump at a desired location to

facilitate flocculant mixing.
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Figure 24. Prototype turbidity reduction systen.f(@at valves for flocculant dosing, (2) metal
cutthroat flume for flow measurement, (3) mixingusture, (4) hydraulic jump upstream of the
mixing structure, and (5) flocculant tank.

Figure 25. Mixing structures (3) for the Float Dagsystem.
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Figure 26. Plumbing system for the Float Dosingitlity reduction system. (1) stilling wells on
either side of the cutthroat flume, (2) float vaydiffuser system for even flocculant injection,
and gate valves for calibration of flocculant dgsiates.

The described prototype as built had several drelsgeoncerning its practical implementation.
Most notably, the plastic float valves leaked asiderable amount in relation to flow through the
valve while they were open. The valves used wesetauality (<$10) but based on the design
of this type of valve; most are prone to some legkAdditionally, these valves use a lever
attached to a pivot point so the connection betwierfioat and the end of the lever moves in an
arc where the floats tend to move vertically. Tiheongruity makes it difficult to place guides for
the float rods and requires a jointed connectidwéen the floats and levers. An alternative valve

actuating system was developed to circumvent tissses.

The alternative system uses a quarter turn baleva actuate and terminate flow. Movement of
the valve is controlled by a disc with a countegieisystem and float. As the stilling well fills
the float rises (releasing tension on one sidéeflisc) and the counterweight rotates the disc

which opens the valve. The drawback of this altévaas force the needed to overcome friction
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associated with ball valves. The benefits include@of a widely available, inexpensive,

completely sealed, valve and more congruent moveof@omponents.

Additionally, this alternative could use a buttgnalve to control flocculant flow rate and a cam
instead of circular disc. By combining the movenid float with a cam connectedadutterfly
valve the discharge of flocculant can be matchdbéstage discharge relationship of the flume
which eliminates the need for multiple floats. Ampiicit procedure has beelevelopedo
numerically dimension a cam that include the eftdet loss coefficient and flow coefficient as a

function of valve angle.

An appeal to four separate valves is the maximom flate through each system is limited based
on a gate valve at the terminal end of each plugibimponent. If a different flocculant with a
different viscosity is used the maximum flow ragé@@asily be calibrated by opening or closing
the gate valve after each ball valve. If viscositpacts the flow rate vs. angle of valve, the
maximum flow rate will still be achieved at the sapoint for each valve. Deviations from
pressure drop based on viscosity will have greatpacts as the valve opens but not when the
valve is completely open. If a single cam is usdiffarent shaped cam may or may bet

neededor changes in viscosity.

Maintenance for the proposed overall system dedggoribed in the previous section includes
assessing sediment accumulation, ensuring pipiddlew paths are free of debris, and
maintaining appropriate levels of flocculant in fleeculant housing. As sediment and flocs
accumulate in the forebay and settling basin, gewlume will decrease which will reduce
system performance. Given a detailed site desoripii minimum storage volume can be
established which will dictate when sediment inftrebay and settling basin must be removed if
necessary. Accumulated sediment in the forebaysatiling basin will be mostly sand and

flocculated particles, respectively, and may héneetotential to be safely returned to the
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landscape at the construction site or buried ingldl he system’s piping and flow paths will
require periodic inspection and the potential far locculant to freeze is yet to be determined. A
runoff ditch can be visually inspected along wilphipg inspection if pipe materials atransparent
(acrylic or clear hose, for example). Maintainit@gtulant levels will consist of a routine
assessment and subsequent inspection after raitsef#occulant that has remained in

the flocculant tank longer than its expected eitecshelf life may be spread on the sediment at

the construction site for erosion control dependinghe type of flocculant.

5.3 Jar Testing Results

Jar test results show turbidity reductions up t@é&itent for the soils used in the study. It was
concluded that the optimum range of concentratfdlooculant for the soils tested was 0.75 to

0.1 (g/l ). More detailed results are presentefigpendix Il.

5.4 Prototype Field Testing Results

Average turbidity data for the tests by stationgiven in Table 4 and Figure 27 and 28 plot
collected turbidity for each test by station. Thei&ion of flocculant decreased the turbidity
significantly, with an average turbidity of 400 NHEtthe end of the channel for the experimental

conditions. In addition, flow rate did not appeaaffect the turbidity levels.

For all tests, the average turbidity reduction liblcculant addition had a 95 % confidence
interval of 83% to 85% at the end of the channelentiarbidity reduction for the controls had a
95% confidence interval of 16% to 25% for the ekpental conditions (Figures 27, 28 and 29).
There was a malfunction at Station 3 during thedigant addition tests, so no data were

collected from that station.
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Table 4. Average turbidity by station number fdifigld tests. [NTU: Nephelometriturbidity
Unit; g/l: grams per liter; cfs: cubic feet psrcond]

Standard
E _ | Average Turbidity (NTU) Deviation
Flocculant é?(?vcggpeta (NTU)
Concentration(g/l) . Station
(cfs) Station Number Number
1 2 3 4 5 1
0.75 1960 1910 1850 1820 1780 262
0 15 1720 1460 1400 1410 1330 383
2.25 2420 2070 1910 1950 1990 342
0.75 2780 649 520 410 500
0.08 15 2730 624 498 391 333
2.25 2770 1440 524 399 576
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Figure 27. Box plots of turbidity by station for each test. The lowest bar for each box represents
the 0™ percentile or lowest value and the highest bar for each box represents the 100"

percentile or highest value. The lower portion of each box represents the 25" to 50" percentile
of the data and the upper portion of each box represents the 50" to 75" percentile of the data.

The middle bar through each box is the median or 50" percentile. [NTU: Nephelometric
Turbidity Unit; cfs: cubic feet per second; Flotoéculant]
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Figure 28. Box plots of normalized turbidity by statifor each testThe lowest bar for each
box represents the oth percentile or lowest value and the highest bar for each box represents the
|00th percentile or highest value. The lower portion of each box represents the 25thto
50thpercentile of the data and the upper portion of each box represents the 50th to 75th
percentile of the data. The middle bar through each box is the median or 50th percentile. [cfs:
cubic feet per second]
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Different flow rates caused different sampling tinadter flocculant dosing for each station.
Therefore, the influence of time on turbidity retion may provide further insight to the effect of
experimental factors. Mean turbidity reduction watid without flocculant dosing seemed to fall

onto one line with the exception of the low flonntw! experiment (Figure 29).

100 -
_,‘""“9-"—}_7_*=; b ,##%
80 - ;_.___Z i I Sl
2 ; — # - Flocculant (0.75 cfs 1.5 cfs
S 60 1 I 2.25 cfs)
2 T
o< L - ® - Control (1.5 cfs 2.25 cfs)
§ 40 - ,;1
E ’ i Control (0.75 cfs)
PSR T T :
0 g (- SR .
0 2 4 6 8
Time After Dosing (min)

Figure 29. Mean turbidity reduction with 95% comficte intervals versus time after flocculant
dosing for field testing data. Flow rates in pahests on legend indicated which experimental
data was included in which series. [cfs: cubic festsecond]

This is suspected to be a result of the unfilledlbay during the low flow control run which
trapped coarser particles before the initial tuthisample leaving only finer particles in
suspension. In the experiment, average turbiddyeon with flocculant addition had a 95 %
confidence interval of 83% to 85% at the end ofdhannel and reduction did not significantly
increase in sampling times after 1.7 minutes foalgha of 0.05. Turbidity reduction for the
control runs in the experiment had a 95% confidemezval of 16% to 25% and reduction did
not significantly increase in sample times aftérdinutes.

56



A General Linear Model (GLM) was used to investigidie effect of experimental factors on the
response variable. The response variable in tHeraywas either the measured turbidity (NTU)
or the measured turbidity normalized by the averafij@w turbidity at Station 1 for each run and

the experimental factors are described in Table 5.

Table 5. Experimental factors for GLM. [cfs: culléet per second; min: minute; NTU:
Nephelometric Turbidity Unit]

Factor Type Description
Factor Factor Control or Flocculant Dosed
Q Factor Level Flow Rate (cfs)

Time of sample after passing through the Flume
Time Covariate (min)

Average inflow turbidity for that experiment
Averagel Covariate (NTU)

Initial test results from the GLM performed in Mia 15 with all variables and interactions
considered on turbidity (NTU) and normalized tuityidire in Appendix IV. Tests found the
effect of flow rate, Q, on the system insignificarthe GLM found average inflow turbidity at
Station 1 significant when the response variablerisidity (NTU) only. This indicates the
percent decrease in turbidity was not affectechfigw turbidity in our experiments. If inflow
turbidity had been significant it may have indichkégher flocculant dosages are required to
flocculate the higher suspended sediment loadngignificant factors and their interaction terms
were removed from the model which left the sigmifiteffects of Factor, Time, and the first
order interaction of Factor and Time which weresablaccount for 82% of the variance
observed in the data. The significant interactemtindicates effect of time on normalized

turbidity values are influenced by the Factor.
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A One-Way ANOVA and a Tukey Comparison with a fgmérror rate found significant
differences with up to 75% increased reduction whecculant is added for all pairs except the
initial sample (Figure 30). The three left mostmisithat correspond to a jump in difference in
mean reduction resulting from the extend timesheflow flow runs where the control low flow

was ran without sediment accumulation in the foyeba

100 -

80 - ____+_____§

60 - l*’—'*'ﬂ/,*

40 4 |

20 |

o & . . . .

0 2 4 6 8
Time after Dosing (min)

Difference in Mean % Reduction

Figure 30. Differences between mean percent tugbidduction at each sampling time between
the control and flocculant tests.[min: minutes;@ércent; Flocc.: Flocculant]
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CHAPTER VI

CONCLUSIONS AND FUTURBNORK

6.1 Conclusions

A novel runoff actuated float dosing system wasgtex, its performance during a synthetic
storm event on idealized catchments was simulatatia prototype was demonstrated to operate
as intended during field scale tests. The desighegystem includes a forebay, a passive, flow-
based dosing system, a turbulent mixing systeradtithte floc development, andsattling
basin.Modeling simulations showed it was capable of @iting flocculant dosing

concentrations in predetermined ranges and hagjaairelationship between stage in a flow
control structure and flocculant dosing concertratField scale tests demonstrated the prototype
dosing system operated as intended and the flattaddesed by the system was able to reduce
inflow turbidity from an overall average of 2760 NTo 400 NTU (85% reduction) for all tests

in the channel.

6.2 Future Work

The alternative system with circular discs thatiatg ball valves is currently being fabricated
a 3 acre site and will be implemented on a condtradite for field testing and monitoring.

Additionally, a cam has been designed through aemigal procedure to actuate a butterfly valve
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for use with the 1 acre prototype system. This edlirallow the four floats to be replaced by one

float.

Before final field testing it is recommended infa&tion on floc stability, including the effect of
solution concentration, be conducted. Accordinigli, also recommended to investigate
flocculant viscosity as function of concentratitemperature, and time after dilution as it affects
flow through the system (ball valve and butterffjmes), and its ability to homogenously mix
into the effluent. The mixing system used duringt@type testing proved effective; however, it is
not expected the mixing system could convey maaia th5 cfs (0.071 cms) which is less than
the flume is designed to convey. There is als@tssibility to optimize this component of the
system. Variables that affect turbidity reductiomemoval efficiency are mixing intensity as
controlled by flow through the system, static migesign, slope of rectangular channel that

houses static mixers, and length of mixing congbby spacing and number of static mixers.

Further work on the mixing system should includarelsterization of shear rates and turbulence
for the different sizes at different flow ratesisltanticipated that the larger diameter structures
produce more turbulence and higher shear rate Biagaolds Number and shear rate for tank
stirrers are proportional to a characteristic lar(@tidth of static mixer blades) (Spicer and
Pratsinis 1996). Shear rate equations form tanlessido not directly apply to static mixers and
the shear rate for static mixers is proportionghwpressure drop (which will be a function of
slop and flow rate) across the element which camsled to compare differences in blade shape

and size, at least qualitatively (Komax Systems,)In
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APENDIX |

All data computed from Sedimot IV used the follog/iparameters.

Table 1. Input site data used to generate rainialdff values for the different catchments
used in the modeling simulation.

Parameter Value

Peak Rate Factor 350
NRCS Parameter 20.3
Tendency To Rill 2
Rills Per Unit Area 3
Practice Factor 0.95
Erodibility 0.1
Percent Clay 12.5
Percent Silt 215
Percent Sand 12.6
Rainfall 4.2 inches / 24 hour
Season Growing
AMC Average
Slope 1%
1 Acre Slope Length 250 ft
3 Acre Slope length 450 ft

Curve Numbers values for runs were 85, 90, andh@camputed on a one and three
acre rectangular site.
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APPPENDIX Il

Jar Testing Description and Summarized Data
Author: Aaron Mittelstet

There are many flocculants commercially availaypét they all produce different results based on
the type of sail utilized. To test several flocmtkat a field scale would be very time consuming
and expensive. Jar tests permit the testing ofipheiflocculants, a variety of soils, and other
factors, such as mixing speeds and sediment caatienss, in a rapid, controllezhvironment.

The objectives of this research was to identify thstlecculant to utilize for construction sites

in Greenville County, South Carolina and to teat flocculant on three different soil types

(Cecil, Hiwassee, and Pacolet) at various mixirggsis and sediment concentrations.

All tests were performed using Phipps & Bird square-liter jars (B-KER) with mixing speed
capabilities ranging from 5 to 300 revolutions pénute (rpm) and stirring times ranging from 1
second to 60 minutes. The initial jar tests werégomed with a Cecil soil fronereenville
County,South Carolina to test various flocculants anttiefficy in sediment removal. Five
flocculants (SuperFloc 765Hydrofloc 44512, FloPam SH and VLM, and aluminursulfate) were

tested singly or in combination to determine thst b utilize in larger scale flume and field

! http://www.acfenvironmental.com/
2 http://www.agquaben.com/
3 http://www.snfinc.com
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experiments. All of the flocculants were anionidymeers except for aluminum sulfate, a

coagulant. Each flocculant was tested at concémiatecommended by the manufacturer.

Most jar test procedures recommend a flash mixpegd at approximately 120 rpm for one
minute followed by slower mixing (40 rpm) for 20mates (ASTM International, 2008). The flash
mixing produces the turbulence necessary to bhiagarticles in contact with other particles
while the slower mixing increases the size of flocthe larger scale flume experiments, a
turbulence level and duration corresponding tolaciy of 90 to 150 rpm for approximately

five seconds was expected, and thus the testspeei@med at a mixing speed of 90 rpm for five
seconds. One of the largest sources of error aittests was determining the appropriate settling
time. A settling time of four minutes was initialyxpected in the flume experiments and was

therefore utilized in the jar tests.

Each of the initial tests were completed with aied Cecil soil at 40 g/L. This 40 g/L

concentration was based on predicted peak sedipsg from Sedimont IV computer

simulations described in Appendix | from a threesatwo-year, 24-hour storm event for
Greenville County, South Carolina. The simulatipredicted roughly 30 g/l and 40 g/l was

chosen to be conservative. The soil was preparesiiog a 10 mesh sieve to remove the larger
particles. To represent the settling forebay winezhoves sand and larger particles, the jars were
first mixed for 30 seconds at 120 rpm and alloveesittle for 66 seconds. The settling time
calculated corresponded to the time a 0.05 mm d&msand particle needed to settle the depth

of the beakers used based on Stokes Equationr. @dteeconds of settling, the supernatant liquid
was poured into another jar and the remainingpniiicles and aggregates were carefully washed
into an aluminum container and oven dried at 1Qfteks Celsius for at least 12 hours. The dried
soil was weighed and used to calculate the coratmtrof the supernatant. The jar containing

the supernatant liquid was then brought back uplton volume with dechlorinated water. Due

to the large sand and aggregate content, on av&3ageof the soil settled out within the 66
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seconds leaving only approximately 7% remainintdpasupernatant. Therefore, although a 40

g/L concentration was initially utilized, only agimately 2.8 g/L was used in the jar tests.

Once the volume in the jar was increased to tveedjtthe flocculant was added and mixed for 5
seconds at 90 rpm. After a four-minute settlingetims ml was collected using the B-KER
sample port located 10 cm from the bottom, 50 miloich was filtered to determine total
suspended solids (TSS) and 25 ml was used tootetstthl dissolved solids (TDS). Using a
standard vacuum filtering apparatus, the 50 mifiltesed and oven dried for one hour at 104
degrees Celsius. Turbidity was measured using 8QHach turbidity meter. Various
concentrations of Hydrofloc 445L were tested taedaine the optimal quantity to inject in the
large-scale flume experiments. Eight concentratianging from 0.0 to 0.15 g/L wetested
usinga local clayey sand soil from Stillwater, Oklahon@omprehensive testing thfe

Hydrofloc 445L was also conducted on each of the three @ile=@ounty, South Carolina soils
(Cecil, Hiwassee, and Pacolet) used in the flunpeament. Jar tests were completed for each
soil to test the decrease in TSS and turbidityaaibus sediment concentrations and mixing
speeds. Three concentrations of sediment (2.@&r2D40 g/L) were used for each soil at three
different mixing speeds (90, 120, 150 rpm). Foséhexperiments, the sand and larger aggregates
were removed by wet sieving the soils using 35a0@, 230 mesh sieves. All tests

were completed by injecting 0.05 g/L of Hydroflo#54., mixing it for five seconds, and letting it

settle for four minutes.
Results and Discussion

Based on the percent removal of silt and clay fsospension, the top flocculant choices were
SuperFloc 705, HydroFloc 445L, and FloPam SH (TalleEach reduced the quantity of silts
and clays in suspension by at least 93%. Otheciilant characteristics, such as viscosity,

stability in solution, and ease of mixing, wereoat®nsidered when assessing the best flocculant
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to utilize in the flume experiments (Table 2). Simach of the three flocculants was effective in
removing the silt and clay, length of stability vihe determining factor. Since the HydroFloc
4451 was stable the longest in liquid form, it veatected as the flocculant that was to be used in

the additional jar tests and flume experiments.

The turbidity reduction results for the eight Hyflioo concentrations ranging from 0.0 to 0.15 g/L
are shown in Figures 1 and 2. It was concludedtti®bptimum range of concentration of
flocculant for the soils tested was 0.75 to 0.1 gdirbidity samples were taken each minute for
five minutes. Based on these results, there wis diifference in reduction between 0.05 g/L and
greater suspended sediment concentrations. Aftentinutes the reduction at 0.05 g/L was 93%
(2020 to 152 NTUs) compared to a 94% reduction@1B85L11 NTUs) at 0.15 g/L. Based
theseresults, a concentration of 0.05 g/L was usedhf®remaining tests. These tests also show
that most of the reduction occurs in the first ninof settling and that the four minute settling
time expected in the flume settling basin is sugfit. At 0.05 g/L, the turbidity decreased by 91%

(190 NTUs) after one minute and 94% after five résy(131 NTUS).

Table 1. Seven flocculants and flocculant combariused in the jar tests, their dose, percent

removal of silt and clay, and the number of dagy thre stable. [N/A: not applicable]

Percent Percent
Removal Removal
Dose Silt and Sand, Silt, Stability
Flocculant | (mg/L) Clay Clay (days)
Control 0 38 93 N/A
SuperFloc 99
705 4 92 99 1
Hydrofloc 50 93 >99 90
FloPam SH 12 86 98 10
(solution) 4 93 99 10

69



FlowPam SH

(powder) 12 58 95 365

FlowPam
VLM 40 90 99 1

(solution

Aluminum 30 71 98 stable
sulfate

FloPamSH
& Alum

30-Dec 84 98 10

Table 2. The final four flocculants considered hagtos and cons that were analyzed in

determining the flocculant to use in the flume ekpents.

Flocculant Pros Cons
HydroFloc Highest removal efficiency Very high
445L Extended stability in concentrated viscosity
form
Superfloc High removal efficiency Difficult tanix
705 Moderate viscosity very _short
stability
Easy tomix
FloPam SH _ _ -
(solution) Low viscosity Short stability
High removalefficiency
F\I;)Lpl\jm High removal efficiency Very short
; . . stability
(solution) Moderate Viscosity
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Figure 1. Turbidity and percent reduction in tuityidor various concentrations of Hydrofloc
445L from 0 to 5 minutes including the control tbe clayey sand from near Stillwater,

Oklahoma.
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Figure 2. Percent reduction in turbidity for vasazoncentrations of Hydrofloc 445L from 0 to 5

minutes excluding the control for the clayey samafnear Stillwater, Oklahoma.

The Hiwassee soil had a 97% reduction (4280 toNlBIs) at 120 rpm at a sediment
concentration of 40 g/L. The smallest decreaserinidity occurred with the Cecil soil at 90 rpm
at 2 g/L with a reduction of 32% (132 to 126 NTUR)e percent of silt and clagmoved through
the flocculation process ranged from 49% remowattfe Cecil at 120 rpm at 2.0 g/L to

98% for the Hiwassee soil at 120 rpm at 20 g/L (Fe).

It should be noted that these results cannot bgamed to other research because other tests have
much larger mixing times and settling times. Faxragle, Kang et al. (2007) had a rapid mixing
time of one minute at 100 rpm followed by slow mixifor 10 min to 8 hrs at 5 to 10 rpm. This

was then followed with a settling time of 40 min2o hr.
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For the Cecil soil, an average of 89% of the s@itswas removed through sieving; therefore
only 0.20, 2.6, and 4.3 g/L were used in the jargHe three sediment concentrations (20),and
40 g/L). This compared to 83% and 85% sediment vaitbrough sieving for the Pacolet and
Hiwassee soils, respectively (Table 3). Compardleaontrols, the turbidity was much lower

for the flocculated samples (Figure 3). For example average initial turbidity for the Cecil soil
was 155, 1295, and 2923 NTUs at 2.0, 20, and 4@ediment concentrations, respectfully. For
the controls, the average turbidity decreased & 1308, and 1993 NTUs, for the 2.0, 20, and 40
g/L sediment concentrations, respectively. Withftbeculant injection, the turbidity levels

further decreased to an average of 68, 163, andN3@, for the 2.0, 20, and 40 g/L sediment
concentrations, respectfully. This research idextithe optimal flocculant and its concentration
for three Greenville County, South Carolina sdilse tests then attemptemimic the mixing

time, speed and settling time of the larger sdatad experiments and to test these parameters on
three Greenville County, South Carolina soils.ta#lts showed a significant reduction in both the

TSS and turbidity for all three soils at three mixspeeds and sediment concentrations.

Table 3. Results of jar tests performed on theeti@eeenville County, South Carolina soils using
Hydrofloc 445L flocculant (floc.) at a concentrati¢conc.) of 0.05 g/L and a mixing time of five

seconds at three mixing speeds and sediment coatens.

Silt Final
& Conc Final Turb.  Turb.
Sall Mixing Sedmeni Clay of Conc Initial of with

Spee Conc Conc Contro with Turb. Contro Floc.
(rpm) (g/L) (g/L) (g/L) Floc. (NTU) (NTU) (NTU)
2 0.22 0.12 0.08 132 126 90

20 023 014 0.12 153 148 58
40 019 0.14 0.02 180 134 55
120 2 2.8 15 0.17 1290 960 233

Cecll
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20 2.4 13 0.08 1380 1030 136
40 2.3 13 0.12 1220 1040 119
2 4.5 2.6 0.52 2770 2180 610
150 20 4.8 2.5 0.39 3100 1850 500
40 4.2 2.5 0.12 2900 1950 88
2 032 0.17 0.04 243 199 85
90 20 0.33 0.2 0.02 227 207 36
40 028 0.19 0.06 230 200 77
2 3.7 2.1 0.5 3360 2430 765
Pacolet 120 20 3.6 2 0.43 3190 2210 595
40 3.6 2 0.41 3180 2220 589
2 6.4 4.1 0.55 6000 3120 615
150 20 6.1 3.4 0.32 7400 2770 324
40 7.7 6.3 0.64 9290 2730 760
2 0.4 0.21 0.05 300 290 61
90 20 049 0.18 0.06 320 207 39
40 022 0.09 0.05 190 177 45
2 3.1 1.2 0.09 2400 1490 159
Hiwassee 120 20 2.8 1.3 0.05 2230 1330 69
40 2.5 1.2 0.12 1860 1125 103
2 5 2.3 0.2 4310 2400 202
150 20 4.7 2.7 0.25 4260 2960 196
40 4.9 2.7 0.29 4280 2920 139
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Figure 3. Box and whisker plots for the jar tesmdnstrating the turbidity and reduction in

turbidity for the Cecil, Pacolet, and Hiwasseesswiith and without (control) flocculant.
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and without (control) flocculant.
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APPPENDIX [lI

MATLAB Code

Code for Float System

% For ebay Mbdul e
% Begin inflow outfl ow deterni nation

Fricf=0.02; g=9.81; Cfeed=1000;

2s=0; nmr19320; O1=0; S1=0; S2=0; Yi=.355;Y2=0; rf=1;

Yi 1=0. 02; Yi 2=. 119; Yi 3=. 19; Yi 4=. 3; Ql=. 000071; @2=. 000089; B=. 00022; 4=. 00
0438;

wi dt h=3; | ength =5;

2ssb=0; S1sb=0; S2sbh=0;

for j=1:m
| 2=hydrot (j +1, 3) *0. 02831*rf; Ol=02s; dt=4.5; S1=S2;

O2=0; | 1=hydrot (j, 3)*0. 02832*rf;
2ssh=0; S1sb=0; S2sb=0;
% Begin iteration within each Hydrophraph Inflow to determ ne storage
and outfl ow
k=1;
conv=100;
whil e conv>1;

dS= ((11+12)/2)*dt-((OL+DR)/ 2) *dt ;

S2=S1+dS;

Y2 = S2/ (width*l ength); % assum rectangul ar forbay

%I1f the hight in forebay is at least Yi mthen, outfloww Il ocurr.
if Y2>Yi;
2=1. 7716*(Y2-Yi)"1.721;
el se O2=0;
end
k=k+1;
Conv(k,j)=0C2;

conv=((Conv(k,j)/Conv(k-1,j)-1)*100)"2;
end
Conver gence(1,j)=conv;

hydro2(1,j)=I1;
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@2s=02;
Yforebay(1,j)=Y2;
Qut (1,])=Cs;

%Dosi ng nodul e

i f Yforebay(1,j)>Yi+Yil;

if Yforebay(1,j)<Yi+Yi2
cv=1.3*((Yforebay(1,j)-(Yi+Yil))/(.1));

el se
cv=1;

end

if cv>1
cv=l1,

end

Qlocl(l,j)=Ql*cv; % Flowrate of floc
el se Xlocl(1,j)=0;
end

if Yforebay(1,j)>Yi+YiZ2;
Qloc2(1,j)=Q;%Flowate of floc
el se ¥loc2(1,j)=0;

end

i f Yforebay(1,j)>Yi+Yi3;

Xloc3(1,j)=@;%Flowate of floc
el se ¥loc3(1,j)=0;

end

if Yforebay(1,j)>Yi+Yid4;

Qloc4d(l,j)=QA; % Flowate of floc
el se ¥loc4(1,j)=0;
end

Qloc(l,j)=(AFlocl(l,j)+&loc2(l,j)+xloc3(1,j)+xloc4(l,j));

Cdose(1,])=((Qloc(1,j)*40)/(Qut(1,])));

Y(1,j)=i;

Target(1,j)=.1;

hi gh(1,]j)=.125;
lowm1,j)=.075;
X(1,j)=j*4.5/3600;
gFLOC(1,j)=CF1oc(1,j)*1850. 3;

i f Cdose(1,]j)>0;
Crange(1,j)=(Cdose(1,j)-Target(1,j))"2*Qut(1,j);
Qutcer(1,j)=CQut(1,j);

el se
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0;

Crange(1,j)=
=0;

Qutcer(1,j)
end end

crange=1000*sunm( Cr ange) / sum( Qut cr)

Code for New Zealand System

Fricf=0.02; g=9.81;

@2s=0; mF2400; 0O1=0; S1=0; S2=0; Yi=.02; Yj=.04; Yk=. 14,
f2=.04; zh=1; Area=2; rf=26; Ow=3; Co=. 06;

Target=.1; conc=40;

% or z=1:500
D=. 088; A=pi () * (DI 2)~2; D2=. 05; A2=pi () *( D2/ 2) ~2; D3=. 065; A3=pi () *(D3/ 2)"2;
for j=1:m

| 2=hydrol(j +1, 1) *rf; Ol=(2s; dt=36; n=20; S1=S2;
2=0; | 1=hydrol(j, 1) *rf;
2ssh=0; S1sb=0; S2sb=0;
% Begin iteration within each Hydrophraph Inflow to determnine storage
and outfl ow
k=1;
conv=10;
whi | e conv>1;
dS= ((11+412)/2)*dt-((OL+O2)/ 2) *dt;
S2=S1+dS;
Y2=(S2/ Ar ea) ;
122(1,))=12;

%I1f the hight in forebay is at least Yi mthen, outfloww Il ocurr.

if Y2>Yi;

owl=(Cw(pi ()*(D/2)*3.28084) *((Y2-Yi)*3.28084)"(3/2))*0.02831;
% Wer Flow

Ool=(Co*(pi ()*(D 2)"2*10. 764) *(2*32. 2*( Y2-
Yi)*3.28084)"0.5)*0.02831; %xrifice Flow

Op1=(((A*10.764)*(2*32.2*(Y2)*3.28084)"0.5)/(1+zh*3.28084) 0. 5)*0. 02831
;. 9% pe Flow

Ab=[ OnM1 Col Op1l];

@21=m n(Ab); % Select Mnimmof 3 flow reginmes as Qutfl ow

el se AR1=0;
end
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if Y2>Yj;

OwL1=( Ow (pi () *(D2/ 2) *3. 28084) * ( ( Y2-
Yj)*3.28084)~(3/2))*0.02831; % Wer Flow

Oo11=( Co* (pi () *(D2/ 2) ~2*10. 764) * ( 2*32. 2* ( Y2-
Yj ) *3. 28084) ~0. 5) *0. 02831; %rifice Flow

Op11=(((A2*10. 764)*(2*32. 2*(Y2)*3.28084) ~0.5)/ (1+zh*3. 28084) ~0. 5) *0. 028
31; 9%ipe Flow

Abl=[ Onml1l Ooll Op11];

22=m n(Abl); % Select Mninumof 3 flow regines as Qutflow

el se O22=0;

end

if Y2>YK;

OnL11=( Ow* (pi () *( D3/ 2) *3. 28084) * ( ( Y2-
Yk) * 3. 28084) A(3/2))*0. 02831; % Wer Flow

Qo111=( Co* (pi ()*( D3/ 2) A2*10. 764) *( 2*32. 2* ( Y2-
Yk) *3. 28084) 70. 5) *0. 02831; %rifice Flow

Opl111=(((A3*10.764)*(2*32.2*(Y2)*3.28084)"0.5)/(1+zh*3.28084)"0.5)*0. 02
831; % pe Fl ow

Ab2=[ OM 11 Coll1ll Oplll];

23=m n(Ab2); % Select Mninumof 3 flow regines as Qutflow

el se A23=0;

end

R=2* R3+2* R2+21;
k=k+1;

Conv(k,j)=02;

conv=((Conv(k,j)/Conv(k-1,j)-1)*100)"2;
end
Conver gence(1,]j)=conv;
% various data stored for system anal ysis and visualization
hydro2(1,j)=I2*500;
2s=02;
Yforebay(1,j)=Y2;
Qut2(1,j)=xr2;
Qut1(1,j)=C1;
Qut(1,j)=C2s;

%Dosi ng cal cul ati ons

Vbucket (1,j)=sum(Qut (1,1:j));
Cdose85(1,j)=Qut(1,j)*conc/runoff(j,1);
Cdose90(1,j)=Qut(1,j)*conc/runoff(j,2);
Cdose95(1,j)=Qut(1,j)*conc/runoff(j,3);

if j>9 & <2402;

Cdose95s2(1,j)=Qut(1,j)*conc/runoff(j-8,1);

Cdose85s2(1,j)=Qut(1,j)*conc/runoff(j-8,3);

Cdose95d2(1,j)=Qut(1,j)*conc/runoff(j+8,1);

Cdose85d2(1,j)=Qut(1,j)*conc/runoff(j+8, 3);
el se

Cdose85s2(1,]j) =0;

Cdose95s2(1,j) =0;
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Cdose85d2(1,j)
Cdose95d2(1,j)

0;
Oy

end
% various data stored for system anal ysis and visualization

X(1,j)=j*36/(3600);
XX(1,j)=runoff(j,1)/500;
out(1,j)=0Qut(1,j)*75;

if j >1000 & j<1401;
WBE85( 1, j ) =(Cdose85(1,)-Target) 2*runof f(j, 1);
WBEQ0( 1, j ) =(Cdose90(1,j)-Target) 2*runof f(j, 2);
WBE95( 1, j ) =(Cdose95(1,j)-Target) 2*runof f(j, 3);

el se
WBE85( 1, j ) =0;
WBE90( 1, j ) =0;
WBE95( 1, j ) =0;

end

end
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Minitab GLM Test Outputs

APENDIX IV

Table 1. GLM results with Turbidity (NTU) as thespmnse variable

Source DF Seq SS Adj SS MS F P
Factor 1 66567060 1228381 1228381  11.72 0.001
Time 1 31508664 25678616 25678616 245.04 0
Q 2 21323969 23243 11621 0.11 0.895
Averagel 1 2376424 6436782 6436782 61.42 0
Factor*Time 1 22081399 28689430 28689430 273.77 0
Factor*Time*Time 1 11118151 15534085 15534085 148.23 0
Time*Time 1 22178794 7689667 7689667  73.38 0
Q*Time 2 1626124 5018245 2509122  23.94 0
Q*Time*Time 2 5244719 5244719 2622359  25.02 0
Error 359 37621382 37621382 104795
Total 371 221646685
Table 2. GLM results with normalized turbidity & tresponse variable
Source DF SeqSS AdjSS MS F P
Factor 1 26.8709 0.1954 0.1954 10.86 0.001
Time 1 3.5591 3.7325 3.7325 207.39 0
Q 2 3.0067 0.0006 0.0003 0.02 0.983
Averagel 1 0.0703 0.0142 0.0142 0.79 0.374
Factor*Time 1 2.6743 3.2778 3.2778 182.13 0
Factor*Time*Time 1 1.174 1.7201 1.7201 95.57 0
Time*Time 1 3.1342 1.144 1.144 63.57 0
Q*Time 2 0.168 0.8486 0.4243 23.58 0
Q*Time*Time 2 0.8658 0.8658 0.4329 24.05 0
Error 359 6.4611 6.4611 0.018
Total 371 47.9845

Table 3. Final GLM results with normalized turbydés the response variable

Source | DF

SeqSS  AdjSS

MS

F

=}

Factor |

1 26.8709

2.9503 26.8709
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Time
Factor*Time
Time*Time
Error

Total

1
1
1

367
371

3.5591
2.9665
4.4632

10.1247
47984°

6.8374
3.6658
4.4632
10.1247
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3.5591
2.9665
4.4632
0.0276

129.01
107.53
161.78
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