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Abstract

All across the United States, individuals are beognil from drinking polluted water, and local esamies are
being harmed because of sewer overflows. Due tagigg infrastructure and growing population, the/age
collection pipes and the treatment plants are biat #® handle the overload of sewage that occuisgiheavy
rainfall or snowmelt. In Wisconsin, the city of Midukee also faces this problem. As a means to ecithec
overflow that pollutes Lake Michigan, the Deep Telwvas constructed in Milwaukee to store excesaigewntil
the treatment plants can clean it. This multi-billidollar project has prevented more than seveliyrbgallons of
wastewater from polluting Lake Michigan. There diggrams and texts that describe the workingsetibep
Tunnel, but many times this information is diffittd understand. A dynamic method of illustration the Deep
Tunnel is useful to inform the public of its advagés and limitations. This research investigateetidr rapid
prototyping is a feasible method in creating a &isid that replicates the workings of the DeepriainThe
stereolithography (SLA) process was utilized irstlasearch so that the model is translucent enfoughe viewer
to see the flow of the fluids and WaterShed® resis used because it is water resistant. This frejgdored
using two immiscible fluids of different densitisproduce fluid motion from the top reservoir he toottom. Once
fluid dynamics along with rapid prototyping is unsk®od, visual aids for any aspect of subsurfaackdiggy can be
built for classrooms, museums, or a governmentingl
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1. Introduction

Freshwater is defined as water having low conctatrs of dissolved salts. Although roughly 78% lué wvorld is
covered in water, freshwater makes up only 2.8%h@fvorld’s water supply Some freshwater regions are lakes
and ponds, streams and rivers, and wetlands. ledf&n, the city of Milwaukee was built on thregers merging
together - the Menomonee, the Kinnickinnic, andNfievaukee. These rivers eventually lead to Lakelhitjan
which is the largest freshwater lake entirely witthie United States and the fifth largest lakéneworld. It is very
important to protect this scarce resource becaysevides the majority of our nation's drinkingterf and unless
man stops abusing this natural resource, watetbadbme the limiting factor for human beifgs

Sewage overflows are discharges of either wagtswstormwater, or both from the sewer systens Uisually
occurs during wet weather when the volume of stoatewentering the sewers temporarily exceeds dgpaici
reclamation facilities. Wet weather conditions prashe greatest challenge of finding solutionth®issues facing
most sewer districts todayTo reduce overflows in Milwaukee, the Deep Tunma$ constructed and to this day
has preventethore than seventy billion gallons of wastewatenfolluting Lake Michigah Many other cities
have also created underground storage tunnelsasuttte Big Walnut Augmentation/Rickenbacker Intptaein
Columbus, Ohio and the Tunnel and Reservoir Plabhitcago, lllinois in order to prevent sewage oleavs.

The Deep Tunnel does its job in reducing overfly storing excess sewage until the reclamatioitiies can
clean it and deliver it into the lake. The Deep felnwas built to store only a certain amount of ag&vso when the
volume of excess sewage coming into it exceedsjiscity, overflow is inevitable. A three-dimensibmodel
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allows the public to learn about the workings @& Beep Tunnel and how their tax dollars are berepnsto
improve the environment. Another purpose of the eh@xito demonstrate how overflow occurs even whith
existence of the Deep Tunnel. This model may eragmithe public to take action and help to reduezflows by
conserving water especially during wet weatheriasthlling rain barrels to capture rainwater frapoftops.

This research investigates whether the workafdee Deep Tunnel can be accurately scaled dowrbailt using
a process known as rapid prototyping (RP). To a@disinthis, an understanding of how the Milwaukeeage
system works and the role of the Deep Tunnel infaxe reduction was attained and then used to predu
compact model that is visually helpful and easigerstood. Fluid dynamics was studied as two imilmisdluids
of different densities were used to show fluid rootof sewage. Once fluid dynamics along with rgpiototyping
is understood, visual aids for any aspect of sidhsarhydrology can be built for classrooms, museuma
government building.

2. Background

There is general information online available te public concerning the Deep Tunnel that is preskint a format
that is easy to understand, but an in-depth degmmipf how and when the Deep Tunnel is used isagoessible
and difficult to understand. Information on the p&ainnel is best found on the Milwaukee Metropali&ewerage
District (MMSD) website because the Deep Tunnel e@sstructed by the MMSD. Other sources availabkhe
public include government agency websites like USasksh.gov and epa.gov, newspaper articles, andeonli
resources. General information such as the dimess@onstruction time and date, capacity, and iocatan be
found using these resources. A model of the Deem@lus available at Discovery World in Pier Wissiom but the
model is not portable due to its large size andpmmants, and therefore is only available for thasiing the
facility.

2.1. sewage overflow

There are two types of sewer systems - combinedeparated. Separated sewer systems are made pifpg
which lead to different endpoints. One of the pipagies the sanitary sewage from homes and bussiads
treatment plants while the other one carries statamto the nearest lake or river. Combined sey&ems, on the
other hand, have only one pipe that handles beatlsthrmwater and sanitary sewage and sends ttlie toeatment
plants® as shown in Figure 1. Combined sewer systemsarmustrated in the model.
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Figure 1. Combined Sewer

Most of the sewer systems are separated in tog®event overflow during heavy rainfall, but doghe aging
infrastructure, the cracks in the pipes allow stwater to seep into the sanitary seWevghen heavy rainfall
occurs, the valve to overflow pipes is opened &vpnt basement backups. There are two reclamatailities in
Milwaukee County, Jones Island and South Shorechmtliean the sewage and release it to Lake Michighese



facilities can clean about six hundred million ga of sewage a day combifle@hen more sewage enters the
sewers than the facilities can handle, overflowuosc

2.2. deep tunnd

The Deep Tunnel was built in order to store exsesgge until the treatment plants can clean itrd hee three
stages to the construction of the Deep Tunnel.fifsiephase was completed in 1993, the second ptwsenonly
referred to as the Northwest Side Deep Tunnel (NW)Skas completed in 2005, and the third phase knasvthe
27" Street Deep Tunnel is under construction with etqt®ns for its completion by 2011. The first phas the
Deep Tunnel stores both combined and separate semite the NWSDT stores only separate sewage.ehthase
will be an addition to the Deep Tunnel. Currentlg Deep Tunnel can store about 494 million gallbog with the
completion of phase three, it will be able to st62@ million gallons of untreated sewage. The Deepnel is
located 135-300 feet underground with diametergiranfrom 17-32 feef’. It is important for the public to
understand that the Deep Tunnel plays a huge makediucing pollution of Lake Michigan by storingethigh
concentrations of poor quality water that initiadlgcurs when it rains. As time increases, the wauelity improves
due to dilution, and this is what overflows inte flake™.

2.3. moddls

Scientific modeling allows difficult concepts to epresented as a simple system that is easilyrstode. 3-D
models can bring clarity to a complex set of relaghips and may spark the interest of the publierso than a
two-dimensional representation. This research eggdla method which produced a model that allowwigwers to
have a hands-on experience and gain a deeper tantitirey while engaging them to learn the fundanienta
workings of the Deep Tunnel more readily.

2.4. rapid prototyping

Rapid prototyping (RP) is a process by which a rhofla part or assembly is produced using threeediional
computer aided design data. The computer modétedsinto thin cross sections and sent to a machinich
builds the model layer upon layer. Rapid prototgpmalso known as additive manufacturing and soéidform
fabrication. Using RP for this research has hetpeshve time and has been convenient in producirageurate
model?. This research uses a rapid prototyping proceswi as stereolithography (SLA) to create a finatlgl.
The SLA process involves a laser that hardensugdliphotopolymer into the desired shape layer pgi& as
illustrated in Figure 2. As the laser traces oviayar, the resin begins to cure. The platform drdpwn and
another layer is drawn on top of the finished lagmal this process is repeated until the modeliis bu
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Figure 2. The SLA Proce¥s



2.5. spiral timer

A spiral timer is a container filled with two imngible liquids of different densities. As the denbguid drips out
of the top, it forms into a sphere and spirals déavthe bottom compartment as shown in Figure & ddncept of a
spiral timer was used in the Deep Tunnel modelaw slown the flow of fluids enough to follow theuftl motion.
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Figure 3.. gpiral timer.
3. Methodology

Many experiments were done prior to the creatiothefDeep Tunnel model in order to determine théanwf the
fluids, size of the nozzles, and the fluids to use.

3.1. acrylic model

An acrylic model was produced using acrylic plaed a laser cutter as shown in Figure 4. Firsteadimensional
AutoCAD file was made which was then laser-cut iote of the acrylic plates (in black). Two tranglntacrylic
plates were then bonded to both sides of the eyti@cThe two liquids used for test purposes weireral oil and
colored water. The model was filled with minerdlup to ¥ inch below the top and then dyed wates drapped
from the top opening through a syringe. The watem&d a sphere as it was in the oil but had a tendi stick to
the walls of the acrylic instead of sliding dowe fincline.

Figure 4. Acrylic model.

Superhydrophobic coating was researched becausesia solution to the adhesion of water to surfaces
Superhydrophobic coating transforms a surface tiseavater droplets to bead off completely becausevater
droplets have contact angles of 150 degrees oehigfhis a relatively new idea and therefore igently being
tested in laboratory settings. A superhydrophobatiog developed at Sandia National Laboratories wa
investigated since it provides optical clarity araah be applied using a variety of methods thapeaetical for the
complex geometry of this applicatidnUnfortunately, a sample of it was not able tab&ined for these tests.

3.2. spiral timer model

A spiral timer was drawn in SolidWorks® and thentse the Rapid Prototyping Center (RPC) to busthg the
SLA process, Figure 5. A spiral timer was createddose it was relatively quick to model and allowady

revisions to the geometry and fluid choice for thigject. The fluids used in the first experimemrazmineral olil
and water dyed with blue food coloring. Due to ithidal diameter size of the nozzles, the fluidsrevaot able to
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drip through the nozzle. A drill was used to in@eéhe diameter of the nozzles from 0.03” to 0.082 fluids
were then able to flow through the nozzles but warteforming uniform spheres. It appeared thathigh viscosity
of the mineral oil was allowing a stream of wateekit through the nozzles. Mineral spirit was tlhised in place of
mineral oil and experiments showed that althoughworked better, uniform spheres of water was st attained.
Glycerin was then mixed with water in a 3:1 ratidricrease the density which also inadvertentlygased the
viscosity. Using this mixture with mineral spiritquiuced uniform spheres that spiraled down to tieom. Due to
the potential hazard of mineral spirit in certadgttings, the clear fluid was switched back to maheil. Mineral oil
was filled up to the top reservoir and then theaewgtycerin mixture filled the top reservoir. Duetigh surface
tensions, there was no fluid flow. When the botteservoir was emptied and filled with air, the lailbbles would
flow to the top which allowed water to flow to thettom in uniform spheres. This demonstrated asfearof fluids.
Finally, the diameter of the nozzles leading tottigeand bottom reservoirs, inlet nozzle, was iaseel to 0.078” to
quickly allow the fluids to enter the reservoirs.

Figure 5. Rapid prototyped spiral timer.

The multiple experiments run on the spiral tilhelped to make the next steps in creating the Deepel model.
The tests resulted in the increase of the nozameliers and eventually, making the diameter oirtle¢ nozzle to
be greater than the outlet. Also, mixing glycenmud avater increased the density of the mixture whielped form
the uniform droplets of water. Finally air was rieqd to create the fluid motion. All these findingsre applied to
the deep tunnel model.

3.3. deep tunnel model

The workings of the Deep Tunnel was modeled ind¥gbrks® and then sent to the Rapid Prototyping €ent
(RPC) to be created using the SLA process, Figuiéé model was made in one piece with the excemtfemall
holes made in each reservoir in order to cleatetti@ver resin out. Plugs were also built to skake holes in the
end. The model is 9.5” x 9.5” with varying depttadh experiment required tape and the plugs to tesmiboseal
the openings. Plates with a magnet embedded in tene placed in the water reclamation facility reee, one at
the top and one at the bottom. The plate was wsedrt/ the rate of fluid entering and leaving thetev reclamation
facility. The plates were placed over the holethefpipes with only a slight crack to allow waterstowly trickle
into the facility and then trickle out to Lake Migan. Three metal balls were placed in the toprueseand were
secured because the top of the nozzles were desigroeip the balls. Three magnets were placed efromt of the
model, one for each ball, to adjust whether théibdllocking the flow of fluid or not. To demonate the workings
of the Deep Tunnel, a combined sewer system wabarsg sanitary sewage was not included becauséeitsethe
reclamation facilities at a relatively constaneraf 120-160 million gallons a ddyAlso, the Deep Tunnel
displayed in the model references to the Inlinesgte System or phase 1. This is because phasg hamiles
separated sewaljeand thus has not been included. Phase 1 canatiore 400 million gallons of sewa§eThree
different situations were used in order to dematstthe workings of the Deep Tunnel.



Figure 6. Deep tunnel model.

3.3.1. situation 1- light to medium rainfall

The water reclamation facilities in Milwaukee caantle about 600 million gallons of sewage a daywnether
there is overflow is highly dependant on this r&iece about 150 million gallons of wastewater yidébeing
cleaned in the reclamation facility, this leavefyabout 450 million gallons a day for stormwatsituation 1
shows rainfall that is substantially less than #48llion gallons a day. As shown in Figure 7, thater reclamation
facilities can handle this rate of rainfall and aaf it is diverted into the deep tunnel.
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Figure 7. Situation 1.

It was simple to demonstrate situation 1, bheoproblems were discovered in the process. Emgptyie rain
reservoir at the top took a very long time. Thiskdem can be eliminated by adjusting the deptthefreservoirs.
Also, droplets of the water/glycerin mixture wouwldcasionally stick to the surface of the RP malteiltas
important to note that once the metal ball has tiéed, the surface tension of the surroundingdflnas been
broken and even when the ball is placed back omtdipe nozzle, the mixture will continue to flowto

3.3.2. situation 2 - heavy rainfall

Situation 2 occurs when stormwater entering thepip greater than 450 million gallons a day artie@same time,
the Deep Tunnel can handle the excess wastewatar gie total wastewater is less than 400 millialtogs. As
shown in Figure 8, the water reclamation faciligmnot handle the rainfall because the rate ofisaimo great so the
stormwater is diverted to the Deep Tunnel.
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Figure 8. Situation 2.

Situation 2 could not be demonstrated. Aftaragibn 1, the model was flipped upside down andathter mixture
flowed back once again to the top reservoir. Theas difficulty in getting all the mixture back intbe top reservoir
due to the lack of pressure difference betweelinieé and outlet nozzles. A possible solution wolddto increase
the length of the nozzle leading into the rain resie. When two of the nozzles were opened, the odtrainfall
increased. A plate was used to block the waterdgigamixture from entering too quickly just as aifioe is used to
ensure that a certain rate of sewage is entermgvttier reclamation facilities in Milwauké&When sewage
entering the pipes exceeds this rate, some ofetivage is diverted to the Deep Tunnel. In the mddelplate only
allows a specific rate of water to enter the fagilAs this rate is exceeded, the water starttotmdfin the pipe on
top of the facility until it leaks down into the B Tunnel reservoir. Although this did occur durthg experiment,
the water reclamation facility was cleaning theevabo quickly and the reservoir was not even atquéull when
the mixture was diverted to the Deep Tunnel. Ausitihent to decrease the volume of the reclamadicititf
would fix this problem. It would also be beneficialinclude valves into the RP model.

3.3.3. situation 3 - very heavy rainfall
Situation 3 demonstrates a rare situation in wbtohmwater is entering the pipes at a rate greélser 450 million

gallons a day and fills up the Deep Tunnel. In #iisation both the reclamation facility and thep¢unnel is
overwhelmed and overflow occurs as shown in Figure
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Figure 9. Situation 3.

Experiments run on the model were successfdémonstrating situation 3. The only problem wast s in
situation 2, the water reclamation facility did fiditup before the mixture overflowed. Also, deasing the depth
would quickly ensure that overflow occurs for sttaa 3 but the volume of the reservoirs must notdmesmall
such that overflow occurs in situation 2.



4. Conclusion

Based on the prototypes made during this reseeaply prototyping is a great technology to usedlp tvisualize
subsurface hydrology. Rapid prototyping was ableréate a quick model within days instead of weslkiEh
allowed many tests to be run and for this resetrdie conducted. Using the SLA process and DSL S@mo
WaterShed® resin produced prototypes that werales®wand transparent once sanded down and lachjueveas
also very important that the prototypes were wadsistant since liquids would be kept in thereldémg periods of
time. The particular resin used in this researahlaas than half a percent of water absorpfithrerefore making it
practical for the Deep Tunnel model.

A model of the workings of the Deep Tunnel wasable to be successfully created, but much pssgne&s made
and with more time, it is possible for a workingaebto be built. Further research should be coretlitt
investigate how to prevent adhesion of water tcstiéace of the RP material. Superhydrophobic ngativere
looked into, but unfortunately, was not able tarmrporated into the model. Also, a better waydoy the rate of
flow of the liquids in the RP model should be exa@di in future research.
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