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DRAFT TECHNICAL MEMORANDUM

TO: Chuck Reid, Manager, CCBWQA
FROM: Kevin Bierlein, PhD, Christine Hawley, and Jean Marie Boyer, PhD, PE;
Hydros Consulting Inc.
SUBJECT: DRAFT Cherry Creek Reservoir Bubble-Plume Modeling Report
DATE: April 30, 2019

TheCherryCreekBasinWater Quality Authority (Authority) requestedthat Hydras Consulting
(Hydros)applya coupledbubble-plume andwater-quality modelto further assesshe existing
destratificationsystemin CherryCreekReservoiland evaluatepossiblemodificationsto the
existingsystemto improvereservoirwater guality. Whilethe originalreservoirmodelincluded
representationof the destratificationsystem,use of the coupledbubble-plumemodelprovides
amore mechanistisimulationof the existingsystemandthe ability to evaluatethe water-
gualityresponseo specificdesignmodifications. Specificallythe following questionswere
targetedwith this application focusingprimarily on summertimechlorophylla concentrations
anddissolvedoxygen(DO)at the bottom of the reservoir:

1  Whatwould be the effectivenes®f the existingdestratificationsystemif compressor
shutdownscouldbe avoided?

1 Whatwouldbethe beneit of increasedair flow ratesto the existingarrayof diffuser
heads?

1  Whatwould be the benefit of increasinghe numberof diffuserheadswith the same
currentair flow to eachdiffuserhead?

1 Whatwould be the benefit of increasingooth the numberof diffuserheadsandthe flow
rate to eachof the diffuserheads?

1 Fromtheseruns,canthe chlorophylla standardbe met with anenlarged
destratificationsystem?If so,what isthe minimumsizeof that system?If not, what is
limiting the systemfrom achiewngthat objective?

Thistechnicalmemorandumdocumentsthe applicationof the coupledbubble-plume and
water-quality modelto CherryCreekReservoir.It alsopresentsthe results(simulatedwater-
quality responsepf scenariorunsconductedto answerthe questionslisted above. Thememo
isorganizedn sixsections:
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1 Background

CherryCreekReservoilFigurel) isa 13,000acreft flood-control reservoirlocatedsoutheastof
Denver,Colorado Thereservoiris a popularrecreationareaanda high-quality walleyefishery:.
TheCherryCreekBasinWater Quality Authority (Authority) existsto protect andimprovewater
gualityin the reservoirto meet applicablewater-quality standards. Keywater-quality concerns
for the reservoirincludeperiodicnuisancecyanobacterigblue-greenalgae)bloomsand high
chlorophylla concentrations.Thereservoirhasfailedto consistentlymeetthe currentsite-
specificchlorophylla standardof 18 pg/L, whichis assessea@sa July through September
average.

Figurel. CherryCreekReservoirand Destratification SystemFootprint (Backgroundaerial
image from GoogleEarth;imagerydate May 13,2017)

The Authority hasimplementednumerousprojectsoverthe yearsin the watershedandthe
reservoirin an effort to improvewater quality in CherryCreekReservoir In-reservoirefforts
includeinstallationof a compresseehir destratificationsystem(in-reservoirfootprint shownin
Figurel). Mixingfrom the destratificationsystemwasintendedto increaseDOat the bottom,
therebyreducinginternalloadingof nutrients and resultingchlorophylla concentrationg AMEC
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etal.,2005. Themixingfrom the destratificationsystemwasalsointendedto reduce
cyanobacteriaoncentrationsy disruptingtheir buoyancyadvantageover other typesof algae
(AMEGCet al.,2005. Theexistingdestratificationsystemconsistsof anair compressothat
forcesair through 115circulardiffuserheads(JREngineering2018)that are spreadover
approximately350acresof the 850 acrereservoir. Thesystemhad 116 diffuserheadsuntil a
damageddiffuserheadwasremovedin 2018(JRENgineering2018).Thediffuserheadsrelease
air bubblesapproximately0.75m abovethe reservoirbottom (Swanson2018)at a flow rate of
2.4 SCFMstandardcubicfeet per minute) per head(AMEC2006) Thedestratificationsystem
wasoperatedfrom 2008through2013(from roughlyApril through Novembereachyear)and in
the springof 2017and2018

In 2015,basedon ongoingwater-quality concernsthe Authority identified a needto developa
water-quality model of the reservoir. Tomeetthat need,a two-dimensionahydrodynamicand
water-quality model of CherryCreekReservoiwasdevelopedby Hydros(Figure2; Hydros,
2017) usingCEQUALEW?2 (ColeandWells,2017). The modd and supportingdataanalysis
identified the following askeydriversof the observedchlorophylla and cyanobacteriaesponse
in the reservoir:

1 Relativelyshallov depth andresultingpolymixs (frequentverticalmixingof the water
column)dueto wind;

1 Highlevelsof internalandexternalphosphorudoading and

1 Nitrogenlimitation creatingfavorableconditionsfor nitrogentfixing cyanobacteria.

dx = 200m

dz =
0.5m

% Dam

Figure2. Planand Profile Viewsof CherryCreekReservoirModel Segmentation

In additionto identifyingkeydriversof the algalandcyanobacteriaesponsethe modeland
associatedlataanalysigincludingdatafrom 2003¢ 2013)indicatedthat the current
destratificationsystemwasnot ableto meetits objectives. Thisfindingwasbasedon the fact
that operationof the destratificationsystemfrom 2008¢ 2013did not resultin consistent
achievemenbf the chlorophylla standard nor did it maintainoxygenatedcconditionsat the
bottom of the reservoir.

Additionalmodelscenariosimulationsof the years2003¢ 2013alsoidentified that, with enough
mixing,a destratificationsystemcould achieveoxygenatedconditionsat the bottom of the
reservoirto reduceanaenbicinternalloadingand chlorophylla concentrations The
mechanismusedto increaseverticalmixingin the modelscenariorun (AERATE@Godulein CE
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QUALW2) wasa simplemultiplier on verticalmixing,rather than a mechanistiadepresentation
of the dedratification system. Assuch,the modelcouldnot providethe necessarynformation
to identify potential upgradego the destratificationsystemthat couldachievethis level of
mixing.

Asaresult,the Authority requestedthat a coupledbubbleplume and water-quality modelbe
appliedto CherryCreekReservoito allow a mechanistiaepresentationof the mixinginduced
by the destratificationsystem. Thistype of modelis capableof incorporatingthe effectsof
potential modificationsto the destratification system(suchasincreasedair flow or additional
diffuserheads)andcanbe usedto simulatehow the reservoirwould likely respondto such
modifications

2 Coupled Model Description

Thecoupledmodelincorporatesthe bubble-plumemodel of Wiiestet al. (1992)into CEQUAL
W2 (ColeandWells,2017). Thesemodelsare briefly describedbelow.

CEQUALW?2 is awidely-usedreservoirwater-quality modelingsoftware package.It isanopen
source two-dimensionaljaterally-averagechydrodynamicand water-quality modelthat
simulateswater temperature,DQ, nutrients, total organiccarbon,chlorophylla, andmanyother
chemicalandbiologicalconstituentsand processeshat occurin lakes reservoirsandrivers.
Themodelsoftwareis well-accepted and wasusedto developthe existingwater-quality model
of CherryCreekReservoi(Hydros,2017).

TheWiestet al. (1992)model simulatesa bubble plumerisingthroughthe water column Ths
bubble-plume modelsolvesa systemof differential equationsto calculatethe volumeof water
movedby the bubbleplume, verticalplume velocityand momentum, plumetemperatureand
DOconcentration entrainmentof ambientwater into the plume, masstransferof oxygenfrom
the bubblesto the water, and plumedetrainment. Themodelaccountsfor the physical
configurationof the diffusersystem,includingthe gasflow rate, gastype (air or oxygen),
diffuserdiameter,initial bubblesize,anddiffuserdepth. It alsoaccountsfor the temperature,
salinity, density,and DOconcentrationof the ambientwater. Figure3 providesa conceptual
schematiof a singlediffuserheadandthe associatedubble-plume simulatedby the model. A
detaileddescriptionof the modelequationsand assumptioncanbe found in Wiestet al.
(1992). Thisplumemodelhasbeencoupledto severalwater-quality modelsandusedto
simulatebubble-plume oxygenatiorand mixingsystemsn manylakesandreservoirge.g.,
Wiestet al., 1992;McGinniset al.,, 2004;Singletoret al., 2010;Chenet al., 2018).

Whenthe coupledmodelis simulatinga periodwith the destratificationsystemin operation,
the bubble-plumemodelis usedto simulateeachoperatingdiffuserhead. Theambient
temperature,total dissolvedsolids(TDS)and DOprofilesare passedrom CEQUALW2to the
bubbleplumemodel. Thebubbleplume modelthen solvesfor the volumeof water entrained
from eachmodellayeranddeterminesthe layerswherethe plumedetrains. Theentrainment
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anddetrainmentflows arethen passedackto the CEQUALW?2 modelandtransported
appropriatelyfrom the entrainmentlayersto the detrainmentlayers. Oxygerthat is transferred
from the bubblesto the water in the plumeis alsoaddedto the detrainedwater. Thus,the
coupledmodelmechanisticallsimulatesthe resultingmixingpatternsandtransferof DOfrom
the bubblesto the surroundingwater.

Thecoupledmodelalsoincludesa factorto accountfor the increasedoxygendemandthat is
typicallyobservedwhen oxygenationor destratificationsystemsare operating whichisreferred
to asinducedsedimentoxygendemand(Gantzeret al.,2009;Beutel,2003;Prepasand Burke,
1997;Moore et al.,1996) Thisphenomenorisrepresentedin the modelasa multiplier onthe
sedimentoxygendemandthat is usedin eachmodel segmentwhenthat segmentcontains
operatingdiffuserheads Themultiplier wasdeterminedbasedon observeddataduring
applicationof the coupled modelto CherryCreekReservoir.

Figure3. Schematimf a BubblePlume

3 Application to Cherry Creek Reservoir

Thefollowing subsectionglescribehow the coupledmodelwasappliedto CherryCreek
Reservoir.

HydrosConsultingnc. 1628Walnut Street,Boulder,CO 80302
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3.1 Model Setup

Tosimulatethe actualsystemoperationsfrom 20082013 the destratificationsystemwas
representedin the coupledmodelto reflectthe physicalconfigurationof the systemin Cherry
CreekReservoirincludingthe number,location,elevation,structure,andair-flow characteristics
of the existingdiffuserheads Eachof the 116diffuserheads(JRENgineering2018)is
representedasa separatebubble plume. Bubbleplume modelinput parametersyalues,and
datasourcesarelistedin Tablel andsummarizedasfollows:

1

GPS&oordinatesfor eachdiffuserhead(Wacha2018)were usedto determinethe
modelsegmentin whichthe diffuserheadis located.

Theelevationof eachdiffuserheadwasdeterminedusingthe bottom elevationat each
diffuserheadlocationandadding0.75m, whichis approximatelythe distancefrom the
centerlineof the air supplyline to the top of the plasticconeon eachdiffuserhead
(Swanson2018).

The initial diameterof the bubble plumefor eachdiffuseris ¢ ébasedon the physical
sizeof the diffuserheads(Xylem,2019)

Sncethe diffuserheadsproducebubbleswith diametersof 1-2 mm (Hatfield,2018) the
initial bubblesizein the plumemodelwassetto 1.5mm.

Atime seriesof diffuseroperationswasdevelopedbasedon annualdestratification
systemoperationalreports (TCConsultingServices2009,2010a,2010b,2012,2013;JRS
Engineering2013). Themodelinput fileswere setup to allow the coupledmodelto
simulatedifferent startup datesfor eachof the five zonesof the destratificationsystem,
andto accountfor the addition of 14 diffuserheadsin Julyand August2008(Ruzzo,
2018)to bringthe total to 116 heads. Thisallowedthe coupled modelto simulatethe
actualoperationof eachdiffuserheadin eachzone,asdocumentedin the annual
operationsreports.

HydrosConsultingnc. 1628Walnut Street,Boulder,CO 80302
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Tablel. Summaryof Model Inputs Usedto Representhe CherryCreekReservoir
Destratification Systemin the CoupledBubble-Plumeand Water-Quality Model

Model Input Value/ Information Type Reference
chatlonof — GP<S&oordinatesfor eachdiffuserhead Wacha,2018
diffuser heads
Elevationof 116 Bottom elevation+0.75m at GPS Swanson2018
diffuser heads coordinatefor eachdiffuserhead
Diffuserheadflow rate 2.4 SCFMoer diffuserhead AMEC2006
Initial bubble-plume ,
diameter (soF Xylem,2019
Initial bubble size 1.5mm Hatfield,2018

TCConsultingServices,
2009,2010a,2010b,2012,
2013;JRENgineering2013

Systemoperationtime | Eachdiffuserheadturned on/off using
series actualsystemoperations

Forapplicationof the coupledmodelto CherryCreekReservoirthe sameCEQUAEW?2 input
files, settings, andassumptiongrom the existingCherryCreekReservoiiVater-QualityModel
were used with the exceptionof the AERATE@odule,whichwasturned off in the coupled
model dueto the useof the bubble-plumemodel. The CEQUAEW?Z2 input developmentand
assumptionsare documentedin the originalCherryCreekReservoiiWater-QualityModel
Report(Hydros2017). Thecoupledmodelmet all numericaland non-numericalcalibration
criteriasetforth (Hydros 2017)for the full simulationperiod.

3.2 Model Scenarios

Usingthe calibratedcoupledmodel,four setsof & ¢ KA Eigulationswere conductedoverthe
period from 2008¢ 2013to answerthe questiondlistedon pagel. Thesetsof simulations
were:

1 ExistingSystemwith No CompressoiShutdowrs: Sincethe existingdestratification
systemhashadissuesn the pastwith unplannedair compressoishutdowns the
potential value(in-terms of reservoirwater-quality responsepf improvingthe existing
compressoset-up to preventsuchshutdownswasassessedThisscenariovas
evaluatedwith two runsof the coupledmodel. Thefirst run simulated the
destratificationsystemasit wasactuallyoperatedin CherryCreekReservoifrom 2008
¢ 2013 The secondmodelrun assumedhe sysem wasoperatedwithout the
unplannedshutdownsduring2008¢ 2013.

Threemodelsettingsrelatedto nutrient releaserateswere adjustedfor the coupledmodelto ensue
appropriatesensitivityto changingdOconcentrationsat depth. Thesesettings(O2LIM,PO4RandNH4R)
remainwithin recommendedangesanddid not adverselyaffectthe model calibrationstatistics.
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1 IncreasedAir Flow Ratesto the 116 DiffuserHeads Toevaluatethe potential
effectivenesof increasingair flow ratesonly, a seriesof coupledmodelrunswere
conductedwith incressed air flow ratesto the arrayof diffuserheads.

1 IncreasedNumberof DiffuserHeadswith the SamePerHeadAir Flow: Aseriesof
modelrunswith additionaldiffuserheadswere simulatedto assesshe potential benefit
of increasinghe numberof diffuserheadsbut keepingthe per-headair flow ratesthe
sameasthe currentdiffuserheads(2.4 SCFM/head)

T IncreasedNumbersof DiffuserHeadsand IncreasedAir Flowto EachHead Several
modelrunswere conductedto evaluatethe potential benefit of increasimg both air flow
andthe numberof diffuserheads.

Thescenariorunswere reviewedto evaluatethe water-quality responsen the reservoir,with a
primaryfocuson DOat the bottom andsummertimechlorophylla. Resultsare describedn the
followingsectim.

4  Scenario Results

Theresultsof the four setsof coupledmodelsimulationsare discussedn Sectionst.1through
Sectiord.4, with eachsectionfocusingon one setof modelsimulations Eachmodelrun
simulatesthe yearsfrom 2008¢ 2013 Theresultspresentedhere focuson the simulatedJulyg
Septemberaveragechlorophylla at all three samplingsites(CCRL, CCR2, and CCR3) and
bottom DOconcentrationsat CCR2 (the deepestsamplingsite), correspondingo the primary
objectivesof the destratificationsystemin CherryCreekReservoir.In Sectiord.5, all results
from Sectiongd.1¢ 4.4are comparedin terms of simulatedaverage chlorophylla reductions
andthe increasen the simulateddestratificationsystemsize relativeto the existingsystem
Althoughnot presentedhere, model output wasalsoreviewedfor all simulatedconstituentsto
ensurethe overallmodelresultswerereasonable.lt shouldalsobe noted that althoughmodel
resultsare discussedsabsolutesthere is uncertaintyin the modelpredictionssincethe model
is not a perfectrepresentationof reality. However the resultsprovide reasonablesstimatesof
the water-quality responsdan CherryCreekReservoito destratificationsystemmaodifications

4.1 Effects of Compressor Shutdowns

Asdocumentedin the annualoperationreportsfrom 2008¢ 2013(TCConsultingServices2009,
2010a,2010b,2012,2013;JRENngineering,2013),the destratificationsystemsufferedfrom
relativelyfrequentshutdownsduringthe monthsof operation Many of theseshutdownswere
causedby the air compressooverheating. Thecoupledmodelwasrun assuminghat the
systemwasoperatedcontinuously(without any shutdowns)from the springto fall in eachyear
from 2008¢ 2013to determineif solvingthe compressonverheatingissuesvould allowthe
destratificationsystemto meetthe DOandchlorophylla goals. Resultsof that simulationwere

HydrosConsultingnc. 1628Walnut Street,Boulder,CO 80302
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comparedto simulationof the actualoperationsfrom 2008¢ 2013 referredto in graphicsas
a ! Gperatede

Simulationresultsindicatethat evenif the air compressomwasableto operatecontinuously
without shutdownsthere would be little additionaleffect on bottom DOand chlorophylla
concentrationgFigured4 and Figure5). Thesimulatedresultsare nearlyidenticalfor bottom DO
at CCR2. Thus,althoughthe unplannedair compressorshutdownsare aconcern they are not
the keyfactor that limits the effectivenes®f the existingdestratificationsystem. Theseresults
showthat the existingsystemis not capableof preventingbottom anoxiaand meetingthe
chlorophylla standardregardles®of the compressopoverheatingissues Thisfindingisin
agreementwith the availabledataand currentunderstandingof the system.

8

7

Dissolved Oxygen (mg/L)
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——As Operated —— No Shutdowns

Figure4. Smulated DOat the Bottom at CCR2 for Model Runswith the Existing
Destratification SystemAsOperatedand Without CompressoShutdowns,2008¢ 2013
(Notes: TheY-axisscalewaslimited to 0 to 8 mg/L to focuson the lower DOconditions
differencesn resultswith and without shutdownsare difficult to discernon the graphicsbecause
theyare nearlyidentical)
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Figure5. July- SeptemberAverageChlorophylla for Model Runswith the Existing
Destratification SystemAsOperatedand without CompressoShutdowns 2008¢ 2013

4.2 Increased Air Flow to Existing Diffuser Heads

Twomodelscenariosvere evaluatedwith increasedair flow ratesto eachof the 116diffuser
heads:

1. 10 SCFMoer diffuserhead and
2. 24 SCFMperdiffuserhead.

Thesetwo scenariogepresentanincreasen air flow to the currentdestratificationsystemof
approximatelydxand 10x respectivelypverthe currentflow of 2.4 SCFMer diffuserhead. A
flow rate of 10 SG&M per diffuserheadalsocorrespondgo the maximumoperatingcapacityof
the existingdiffuserdiscscurrentlyinstalledon eachdiffuserhead(Xylem,2019). Both of these
optionswould require installationof new flow regulators a new or additionalair compressoy
and mayrequire largerdistribution pipingto accommodatéhe increasedair flow. Additionally,
increasinghe air flow to eachdiffuserheadto 24 SCFMvould requireinstallationof new
diffuserdiscscapableof operatingat this flow rate.

Smulated DOat the bottom at CCR2 and Julyq Septembeiaveragechlorophylla at all three
sitesfor thesetwo modelrunsare comparedto a modelrun usingthe existingsystemflow rate
(2.4 SCFMer diffuserhead)in Figure6 and Figure7, respectively. Asshownin thesefigures,
simulationresultsindicatethat there is limited beneft to bottom DOand averagechlorophylla
concentrationswvith additionalair flow to the existingdiffuserheads evenwith 10timesthe air
flow of the existingsystem. Bottom DOis increasedoy up to ~1 mg/L (Figure6), but hypoxia
continuesto occurat CCRR in all years(Figure8). The simulatedJuly¢ Septemberaverage
chlorophylla decreasedy anaverageof 2.1 pg/L (range0.2 ¢ 4.5ug/L)in the 10 SCFMdiffuser
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headscenarioandanaverageof 2.7 ug/L (yearby-yeardecreasesangefrom 0.3to 5.4 ug/L)in
the 24 SCFM/diffuseheadscenario(Figure7 and Table2). Thesedecreaseswhile notable,are
not enoughto achievecompliancewith the chlorophylla standard sincethe simulatedJulyg
Septemberaveragechlorophylla continuesto remainabovel8 pg/Lin 4 of the 6 simulated
years.

Thereductionin averagesummertimechlorophylla dueto increasinghe systemair flow is
simulatedto vary from yearto year. Therangeof effectivenesgeflectsvariabilityin algal
growth driversexternalto the destratificationsystem. Forexample,in 2009the simulated
decreasdn chlorophylla from the expandeddestratificationsystensis small,sincethe algal
growthwaslimited by temperatureduringthis relativelycool summer(Hydros,2017). Overthe
remainingyearswith warmersummersyariationin the magnitudeof the effects of the
destratificationsystemon averagechlorophylla concentrationds dueto differencesin water
temperatureandthe timing and magnitudeof externalloading whichaffects nutrient
concentrationsnutrient ratios, and competitionamongalgaegroupswith different biovolume
to-chlorophyllaratios. Thispattern of varyingeffectson chlorophyll a concentrationsrom year
to yearis alsoobservedn the modelscenariogdiscussedn Sectionst.3and4.4.

Dissolved Oxygen (mg/L)
o

1/1/08 1/1/09 1/1/10 1/1/11 1/1/12 1/1/13 1/1/14
—2.4 5CFM 10SCFM  —— 24 SCFM

Figure6. Smulated DOat the Bottom at CCR2 for Scenariowith IncreasedAir How to Each
DiffuserHeadComparedto the ExistingDestratification System(2.4 SCFMoer DiffuserHead),
2008¢ 2013 (Note:TheY-axisscalewaslimitedto 0 to 8 mg/L to focusonthe lowerDO
conditions)
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Figure?7. SimulatedJuly-SeptemberAverageChlorophylla for Scenarioswith IncreasedAir
Flowto EachDiffuserHeadComparedo the ExistingDestratification System(2.4 SCFMoer
DiffuserHead),2008¢ 2013
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Figure8. Countof SimulatedDaysof Hypoxia(DO< 2 mg/L) at the Bottom at GCR2 for
Scenariowith IncreasedAir Flowto EachDiffuserHeadComparedo the Existing

Destratification System(2.4 SCFMer DiffuserHead),2008¢ 2013
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Table2. SimulatedReductionin Julyq SeptemberAverageChlorophylla for Scenariosvith
IncreasedAir Flowto EachExistingDiffuserHead,2008¢ 2013

Minimum Difference  Averageof Six Maximum Difference

Scenario amongSixYears(ug/L) Years(ug/L) amongSixYears(ug/L)
10 SCFM/Head -0.2 2.1 -4.5
24 SCFM/Head -0.3 2.7 5.4

Thelimited effectivenes®of eventhe largeincreasesn flow rate to the existingdiffuserheadsis
dueto the factthat increasinghe air flow to a singlediffuserheadby ten timesdoesnot also
increasethe volumeof water movedby that diffuserhead by a factor of ten. Rather,the
bubbleplumemodelresultsshowthat the volumeof water movedby the destratification
systemis only increasedoy approximately2.4times (from ~64m?®/s to ~155m?/s) with aten-
fold increasein air flow (from 2.4 SCFMo 24 SCFMer diffuserhead). Thus,simplyincreasing
the air flow to the existingdiffuserheadsdoesnot appearto be an effectiveoption for
modifyingthe existingdestratificationsystemto increaseDOconcentrationsat the bottom or
reducechlorophyl a belowthe standard.

4.3 Increased Number of Diffuser Heads

Fourmodelrunswere conductedto simulatethe installationof additionaldiffuserheadsthat
areidenticalto thosecurrentlyinstalled,eachwith aflow rate of 2.4 SCFM/diffusehead. The
scenariosonsideredvere:

1. 2XHeads Addition of 116diffuserheadswithin the current systemfootprint (232total
diffuserheads);

2. 3XHeads Additionof 232 diffuserheadsbetweenthe reservoirdamand CCR3 (348
total diffuserheads);

3. 4XHeads Additionof 348diffuserheadsbetweenthe reservoirdamand CCR3 (464
total diffuserheads);and

4. 5XHeads Additionof 464diffuserheadsbhetweenthe reservoirdamand CCR3 (580
total diffuserheads).

Theadditionaldiffuser headswere addedin the sixmodel segnentsclosestto the reservoirdam
(Figure9). Theadditionalheadsrepresentdestratificationsystemswith a capacityof two, three,
four, andfive timesthe air flow of the existingsystem. All of theseoptionswould require
installationof additionaldiffuserheads,additionaldistribution piping,and a new or additional
air compressor.
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Figure9. OverviewMap of CherryCreekReservai, Model Segmentation(LongitudinalDetail
Only), ExistingDiffuser Locations(White Points),and SamplingLocations(YellowPoints) Red
SegmentLorrespondo Segmentsvith Additional DiffuserHeads

Simulationresultsshowthat increasinghe numberof diffuserheads(with the sameflow per
headascurrentoperations)resultsin increasedottom DOconcentrationsand decreaseduly(
Septemberaveragechlorophylla concentrationgFigurel0 and Figurell), thoughwater quality
objectivesarenot met. A systemwith five timesthe numberof diffuserheadsof the existing
systemwould be requiredto maintainbottom DOabove2 mg/Lin mostyears althoughthe
modelsuggestshere would be a few dayseachyearwhere bottom DOconcentrationsvould
fall below 2 mg/L (Figurel2 and Figurel3). Additionally in yearswherethe reservoirwater
levelsare drawndown, suchasin summerof 2013,the largestsystemsimulated(580 heads)
would not be ableto maintainaerobicconditionsat the bottom of the reservoir. In the summer
of 2013,the water depthin the reservoirwasthe lowestof the simulationperiod,up to 3.1feet
(0.94m) below the sixyearaverageof 26.3feet (8.1 m) at the deepestpoint (Figurel4). The
shallowerwater columnresultsin lessefficient mixingfrom the destratificationsysem, whichis
why the simulatedbottom DOconcentrationsare not ashighasother years. Thisdrop in
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effectivenessvhenwater depth decreasesllustratesthe limitations of a bubble-plume
destratification systemin shallowsystens suchasCherryCreekReservoir.
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FigurelO. SimulatedBottom DissolvedOxygen at CCR2 for Scenarioswvith Additional Diffuser
Heads(All at 2.4 SCFM) (Note: TheY-axisscalewaslimited to 0 to 8 mg/Lto focusonthe lower

DOconditions)

30
O
25
= O
. 8
-& 20 W O o O 116 Heads
=
= ¢ 232 Heads
= 15 § A 348 Heads
O
o % 464 Heads
< 10
o] @ 580 Heads
o —— Standard
5
0
[=0] ()] o — ('] o
Qo (o] -l -l -l -l
o o o o o o
™~ (o'} (o'} (o'} o~ (o'}

Figurell SimulatedJuly-SeptemberAverageChlorophylla for Scenarioswith Additional
DiffuserHeads at 2.4 SCFMEach
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Figurel2. SimulatedBottom DissolvedOxygenat CCRR2 for the Scenariowith 580 Diffuser
Headsat 2.4 SCFMEach (Note: TheY-axisscalewaslimited to 0 to 8 mg/Lto focuson the lower
DOconditions)
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Figurel3. Countof SimulatedDaysof Hypoxia(DO< 2 mg/L) at the Bottom at CCR2 for
Scenariowith Additional DiffuserHeads(All at 2.4 SCFMYomparedto the Destratification
Systemwith 116 Heads 2008¢ 2013
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Figurel4. ObservedWater SurfaceElevationsin CherryCreekResrvoir, 2008¢ 2013

Aspreviouslynoted, evenwith the additionalmixingfrom a systemwith asmanyasfive times
the numberof diffuserheads simulationresultsindicatethat chlorophylla concentrations
would not be reducedenoughto achievecompliancewith the currentchlorophylla standard.
Themodelsuggestsucha systemcould reduceconcentrationsby an averageof 3.1 ug/L (range
0.5¢ 6.6 pug/L),but simulatedconcentrationgemain abovethe standardin 4 of 6 simulated
years. Theeffectsof eachof the five scenario®n simulatedchlorophylla are summarizedn
Table3.

Table3. SimulatedReductionin Julyq SeptemberAverageChlorophylla for Scenariosvith
Additional DiffuserHeadsat 2.4 SCFMEach 2008¢ 2013 Reductionsarerelativeto the model
run of the systemwith 116diffuserheads.

232Heads -0.3 2.5 -5.0
348Heads -0.4 -2.8 -5.6
464Heads -0.4 -3.0 -6.1
580Heads -0.5 3.1 -6.6

Thecoupledmodelsuggestshat for agivenincreasen air flow capacityto the system the
simulatedchlorophylla concentrationsvould decreaseby a largeramountwith the additional
diffuserheadsthanwith onlyincreasingair flow to the existingheads (Figurel5). Thescenario
with atotal of 464 diffuserheadsrepresentsa systemfour timeslargerthan the existingsystem,
andreducesthe simulatedJuly¢ Septemberaveragechlorophylla by 3.0 ug/Lon average(range
0.4¢ 6.1pug/L). Thescenariowith 10 SCFMo eachof the existingl16diffuserheads(Section
4.2) representsa system4.2timeslargerthan the existingsystem,andonly reducesthe
simulatedJuly¢ Septemberaveragechlorophylla by 2.1 ug/Lon average(range0.2¢ 4.5ug/L).
Increasinghe diffuserheadcountis a more-efficient methodfor increasng the amountof
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mixingthan increasinghe flow to eachof the existingdiffuserheads. Doublingthe count of
diffuserheadswill approximatelydoublethe volumeof water movedby the system,assuming
the additionaldiffuserheadsare locatedat similardepthsandthe plumesdo not overlap. This
iscomparedto only a 2.5xincreasein water movedwhenthe air flow to eachof the existing116
diffuserheadsisincreasedy 10x(Sectioré.2).
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Figurel5. ComparisorBetweenSimulatedChangesn July¢ SeptemberAverageChlorophyll
afor Scenarioswith IncreasedAir Flowto the Existingl16 Diffuser Headsand Additional
DiffuserHeadsat 2.4 SCM Each

It shouldalsobe noted that addingdiffuserheadsto increasethe amountof mixinghas
additionalphysicalkconstraints. Thediffuserheadsmustbe sufficientlyspreadout to prevent
the overlapof bubble plumesfrom adjacentheads otherwisethe mixingefficiencyfor the
diffuserswill be reduced. Mixing efficiencyis alsolost asthis spacingconstraintrequires
additionaldiffuserheadsto be locatedin shallowerparts of the reservoir,and shallowdepth of
the water columnabovethe diffusersis alreadynoted asa limitation of the systemfor
applicationto CherryCreekReservoir.

4.4 Increased Number of Diffuser Heads and Increasing Air Flow to Each

Sixteermodelrunswere conductedto simulatethe installationof additionaldiffuserhheadswith
increasedair flow ratesto eachdiffuserhead(Table4). Theadditionalheadsandflow rates
representdestratificationsystemswith total air flow capacitiegangingfrom 4.2to 50timesthe
capacityof the existingsystem. All of theseoptionswould require installationof new diffuser
heads additionaldistribution piping,anda new or additionalair compressor.lIt is recognized
that someor all of thesehypotheticalsystemexpansionsnay be beyondacceptablecost/size
limitations; however thiswide rangeof simulatedsystemexpansionsvasconductedto provide
the understandingequiredto supportsubsequentesign,costing,andmanagemendecisions.
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Table4. Model Scenarioswvith Additional Diffuser Headsand IncreasedAir Flowto EachHead

Total Diffuser  Air Flowper Diffuser Air Flow CapacityRelative

Scenario

Heads Head(SCFM) to ExistingSystem
2XHeads5 SCFM 232 5 4.2x
2XHeads,7.5SCFM 232 7.5 6.3x
2XHeads,10 SCFM 232 10 8x
2XHeads,24 SCFM 232 24 20x
3XHeads5 SCFM 348 5 6.3x
3XHeads,7.5SCFM 348 7.5 9.4x
3XHeads,10 SCFM 348 10 12.5x
3XHeads,24 SCFM 348 24 30x
4XHeads5 SCFM 464 5 8.3x
4XHeads,7.5SCFM 464 7.5 12.5x
4XHeads,10 SCFM 464 10 16.7x
4XHeads,24 SCFM 464 24 40x
5XHeads5 SCFM 580 5 10.5x
5XHeads,7.5SCFM 580 7.5 15.6x
5XHeads,10 SCFM 580 10 20.8x
5XHeads,24 SCFM 580 24 50x

SimulatedDOconcentrationsat the bottom at CCR2 for thesesixteenscenariosre shownin
Figurel6throughFigurel9. Simulationresultsshowthat increaseddOat the bottom would
occurin responseto comhnations of additionaldiffuserheadsandincreasedair flow to each
head thoughthere are apparentdiminishingreturnsfor largerandlargersystems.The
scenarioshowthat the lowestsimulatedincreasein total air flow rate neededto maintain2
mg/L DO (an approximatethresholdbelowwhich conditionsare consideredhypoxt) at the
bottom for mostdaysin mostyearscorresponddo a systemwith 348diffuserheadswith 5
SCFMo eachhead(Figure20throughFigure23). Thisequatesto a systemwith approximately
6.3 timesthe air flow capacityof the existingdestratificationsystem however,bottom DO
concentrationsunderthis scenariowould be well below 2 mg/Lin yearswith lower storage
(suchas2013) Aspreviouslynoted, this is dueto the reductionin mixingefficiencyfor a
shallowerwater columnthat occurswhenthe reservoirislessfull. Tomore closelyapproacha
minimumof 2 mg/L DOin all yearsincluding2013would require a systemwith 580diffuser
headsand 10 SCFMf air flow to eachhead(Figurel9). Thisrepresentsa systemwith more
than 20timesthe air flow capacityof the existingdestratificationsystem. Although2 mg/Lis
lessthan the original5 mg/L designgoalusedfor the existingdestratificationsystem(AMECet
al.,2005) it isthe thresholdbetweenhypoxic(<2mg/L)and aerobicconditionsandis typically
highenoughto reduceanoxicinternalloadingfrom the sediment(e.g.,Testaand Kemp,2012;
Beutel,2006), whichis the intended purposeof increasinghe DOconcentrations
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Figurel6. SimulatedBottom DissolvedOxyge at CCR2 for Scenarioswith 2X(232)Total
DiffuserHeadsand IncreasedAir Flowto EachDiffuserHead,2008¢ 2013 (Note: TheY-axis
scalewaslimitedto 0 to 8 mg/Lto focusonthe lower DOconditions)
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Figurel7. SimulatedBottom DissolvedOxygen at CCR2 for Scenariosvith 3X(348)Total
DiffuserHeadsand IncreasedAir Flowto EachDiffuserHead,2008¢ 2013 (Note: TheY-axis
scalewaslimitedto 0 to 8 mg/L to focusonthe lower DOconditions)
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Figurel8. SimulatedBottom DissolvedOxygen at CCR2 for Scenarioswith 4X(464) Total
DiffuserHeadsand IncreasedAir Flowto EachDiffuserHead,2008¢ 2013 (Note: TheY-axis
scalewaslimitedto 0 to 8 mg/L to focusonthe lower DOconditions)

Figurel9. SimulatedBottom DissolvedOxygen at CCR2 for Scenarioswith 5X(580) Total
DiffuserHeadsand IncreasedAir Flowto EachDiffuserHead,2008¢ 2013 (Note: TheY-axis
scalewaslimitedto 0 to 8 mg/L to focuson the lower DOconditions)
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