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Abstract

The use of solid sreeform fabrication (SFF) indlflow applications has made significant advanoebé building
of gate and angle valves that incorporate lineaianand threaded actuation respectively in a sibgiild. This
research utilized what has been learned in pastasmus to examine potential complex fluid systelnas were built
and tested to understand their eventual applicatidrhe Stereolithography Apparatus (SLA), whichsuan
ultraviolet laser to create three-dimensional paithin a vat of liquid photopolymer, was employtedconstruct
fluid devices. The task of building a simple pnatiimactuator via SFF was the first of its kind afidwed the
examination of air applications in rapid prototypeatts. Exploited in this work was the unique adage of SFF in
allowing fluid flow devices and systems to be bastone functional object instead of as severatphat are
assembled using various types of connections. froigct expanded the possibilities of SFF angdtential for
directly manufacturing valves.
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1. Introduction

The scope of this research was to utilize solidffyam fabrication (SFF), an additive process thaids three-
dimensional objects layer by layer, to manufacfluig flow devices. The flow devices produced tpdantain
several different components that would be elinedat SFF was applied. SFF allows a valve, fomepde, to be
constructed using a single procedure and withaquireng any assembly. The Stereolithography ApperéSLA),
a type of SFF that uses an ultraviolet laser twgplan epoxy resin, is the main focus in thisea&xh. The SLA
process provides excellent accuracy even with plaatscontain intricate details and complex geoiegtrit has
been discovered that linear motion and threadaghtioh along with the insertion of sealing materiate possible
to create a fully functional valve in a single louilPrevious research has shown that valves prddiaeSFF can
perform as well as traditional valves. The abildyproduce movable assemblies, integrate sealatgnmals, and
create threaded actuation in a single build aneifségnt innovations. This research has provei @harototype
valve with similar specifications as a valve proeldwia conventional techniques can be used agdstd
replacement. The potential of creating complexngetoies within a fluid flow device in a single hiiibffers
countless opportunities for advancing design amtbpmance. The ability to eliminate components pratuce
custom flow devices makes SFF a viable optiondture manufacturing.

2. Valve Background

A valve is a mechanical device that is used irual ffystem to start and stop flow, throttle the antaf flow,
control the flow direction, and regulate pressuid.valves have the same basic components degpitkesign or
function; these parts consist of the body, bortniet, actuator, and packing which are represemeeigure 1.
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Figure 1 Basic valve components and operation [1]

The body, also referred to as the shell, is thecire that holds the valve together and is wheedltid flows.
It is the component that attaches to the fluid flygtem and serves as the primary pressure boundae/bonnet
is the cover for the opening in the valve and Uguantains any internal parts. It also functiassa pressure
perimeter for the valve. The valve trim referghe internal components which include the diskf,stam, and
sleeves to allow basic motion and flow control.eTisk, denoted as the gate in the figure abovenipeand
prohibits flow through the valve and when the dsklosed, it also acts as a pressure boundarg. s&ét is the area
where the disk rests when the valve is closed. stém is the part that connects the actuator asiq idicontrols the
position of the disk, ultimately making it respduisifor regulating the fluid flow. The actuator,tbe handwheel in
Figure 1, operates the stem and disk assemblynviapat. Packing, which is located in the packitand of the
illustration shown above, is used to prevent leakagfween the stem and bonnet and other interngbaoents.
Sleeves are not noted in Figure 1, however, theianply used to guide the stem.

There are some requirements that a valve should regardless of its design or function. First, fllogv
characteristics through an open valve should reggithe characteristics through an open line sectidhe fluid
system. A closed valve should prohibit flow withaumy leakage. Next, a valve must be easily aalplstto
regulate fluid flow. Finally, a valve must be aldeseal the fluid flow from the atmosphere to ntiimthe fluid
pressure.

Many of the components of conventional valves aoglpced via forging or casting. Valve parts atacited to
one another by threaded, bolted, or welded joiStsveral steps of the valve manufacturing procasse
eliminated when SFF is utilized because the partsal have to be created separately and assemblsttad, an
entire functional valve can be constructed in oniégdb With a SFF valve, the bonnet and body are piece,
instead of two, and the need for packing betweercdmponents is eliminated. Additionally, with tembination
of these parts, leakage is no longer a concetmeaetlocations.

2.1. actuators

There are several different types of actuatorsiticdide: manual, electric motor, pneumatic, hyticapiston,
solenoid, and self-actuated. All of these actisatoe capable of automatic operation except forumlarHowever,
manual actuators are capable of placing the valany position to control the flow accurately. Temmmon types
of manual actuators consist of a handwheel thiitesl directly to the stem or it can be connectadirectly to the
stem through gears. Typically, a high-speed révierglectric motor can be used to actuate a Vajve
incorporating a gear train to decrease the moteedand increase the torque at the stem [1]. Arpaé&c actuator
translates an air input signal into valve stem orotvhen air pressure acts on a diaphragm or pegionected to
the stem [1]. Springs can be utilized in pneumatiwators to reverse their fast action respoharaulic



actuators are similar to pneumatic actuators, edxttep they employ a pressurized liquid on oneathisides of a
piston to position of the valve. A solenoid actuavalve relies on the magnetic attraction betvihermagnetic
slug on the valve stem and the electromagneticicdile valve actuator. Lastly, a self-actuateldevaises the
system fluid to position the valve [1].

3. Solid Freeform Fabrication

Of the several different apparatuses exploiteliu §reeform fabrication (SFF), the Stereolithagngt Apparatus
(SLA) was employed to construct these fluid devic€his particular SFF technique utilizes an uliméat laser to
selectively harden successive layers of a liquiok@bolymer. Stereolithography is an additive peschat builds
layers with a thickness of typically 0.005". THewator platform on which the object is built mowksvn one layer
thickness after each layer is hardened. The Slogqss is illustrated in Figure 2.
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Figure 2 SLA process [2]

The build is controlled by a computer file of thgject that is created by the designer. Sinceitbésfproduced
in three-dimensions, a person can instantly seethewart will look before it is even built. THite can also be
manipulated to make any necessary changes. Thveprery beneficial when a design is modified sinc
equipment, tools, or parts need to be adjustedeisibnventional methods. When compared to othastpf SFF,
the SLA has very good dimensional accuracy, pravadgood surface finish, and the material is nedftistrong
and durable. Another advantage of SFF is that ngpparts can be built in assembled form if a prapearance is
applied. Previous research and testing has besmtdadefine the minimum gap required to preventing
components in an assembly from fusing togethemdutie build. As a result, sealing becomes areisgce
tolerances are necessary between moving partterdal surface finishes are unknown. Prior expenitation has
yielded the option of inserting sealing materials;h as rubber O-rings, during the SLA build predesprovide
proper sealing and to make the valve operatiombak O-rings employed in the preceding builds waeseited in the
horizontal plane while the SLA was stopped templyrar

4. Valve Design and Construction

Gate and angle valves that incorporate linear maind threaded actuation respectively in a singike lhave been
constructed previously at the Milwaukee School ofjieering’s Rapid Prototyping Center [3,4]. Theakes
were manually actuated and precision flow contras wbtained with threaded actuation. The desigofrag
pneumatic actuator would eliminate manual operadiath allow for automatic procedures. Researchamfast has
shown that a typical gate valve design is not adtxfor sealing flow due to the required toleraramed surface
finish accustomed with the SLA process [4]. A dedhat integrates a globe type valve has attdiedier sealing
results with the use of a single, small sealindesr of a disk rather than a larger sealing suréd@egate. The seat
in a globe valve configuration is parallel to tiveelof flow [5]. A globe valve design offers thpportunity to
regulate fluid flow instead of just starting andgting flow like traditional gate valve designsowtver, one
disadvantage of the globe valve is that it hasgelflow resistance in the open position as contgpyen open gate



valve that has a low flow resistance. A largewfl@sistance correlates to higher losses in the flystem. A globe
valve body style was incorporated into the pneutratiuator concept to decrease the overall heifghiecactuator.
A spring return is common in most automatic actisabmd was integrated into the design to reveseapid
response of the air input.

4.1. objectives

There were several objectives that were identifiethe beginning and throughout the duration ofrésearch. The
initial goals included applying automatic operattorfluid flow devices by introducing a second fluo control the
valve and to produce a sealed and fully functimaéle in a single build. Additional objectives sisted of
studying air applications in SFF parts, the insertof a spring during the build, and the testinghef valve for flow
characteristics.

4.2. preliminary design

There were several designs that were created oribie building of any part. The first design vi@sed on the SFF
gate valve produced in the past. The size of théainwas governed by the materials that were adeilaThe seals
or O-rings that were used in previous valves wemgiémented into the initial design since the taless to
construct a functional valve were already defiradtliese components. After some consideratioa# getermined
that a typical gate valve would not be feasible wuiés size and the time it would require to builsince the build
time for the SLA is predominately controlled by trertical height, it was in the best interest & thverall height of
the actuator was reduced. Most of the unnecessagit was caused by the gate itself and the hgutsiequired
above the flow path when it was fully open. Anathkce where the height could be reduced wasarspiing
chamber. To begin with, a larger spring was neduaduse it had to be displaced the same distarte gate in
order to prohibit flow. By reducing the gate s@&l the distance it needed to travel to stop ftbe,spring height
could also be decreased. The coupling of thesgctimhs would lessen the actuator height signifigan

One way to decrease the gate height and the déstahad to travel was to implement a globe valgsigh.
This type of concept reduces the flow path to allemarea where it can easily be regulated. Omangon type of
design for a globe valve is shown in Figure 3.
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Due to some of the constraints of the SLA procesgain geometries and details had to be taken into
consideration for the design. The main limitatadrihis process is that it cannot build horizontadinything that is
not properly supported. There is a critical arighen the vertical that the SLA is capable of buiigliwithout the



need for supports, which is approximately 35 degref&pplying certain curvatures to surfaces anceedgould
provide sufficient support for the build. It wasderstood that a circular pipe could be built i@ LA without a
support structure. Therefore, it was determined ititegrating a basic globe valve design intoreutar pipe would
be the most efficient way to meet the goal of dasireg the overall valve height. The next partefdesign was
creating a chamber above the flow channel to hthespiston, stem, and spring. In an attempt tegmefuture
wear of the hardened resin material by the repegpedation of the spring, washers were placedeatap and
bottom of the spring. The stem moves through twon@s in the center portion of the valve for sli#pand
clearance purposes. The piston in the spring chas#parates the chamber into two sections byriatieg a
piston seal. The Buna-N O-ring was implementeskta the top portion of the chamber from the botpammion
and to maintain any air pressure introduced toadetthe valve. Two holes were located in the losestion of the
chamber to allow excess resin to drain after thkl faund to ensure atmospheric pressure below #temi The stem
was connected to a thin disk that rests horizontallthe valve seat to prevent flow. Figure 4 gs@ss-sectional
view of the preliminary design.

Air Inlet -
Piston Seal

Piston—____ | &

| Washer
Stem ~__

N

| __— Compression Spring

Aiar Hole -
Disk N H// Washer
Seat > O-rings

Figure 4 Cross-section of preliminary design

4.3. test specimens

In an effort to manufacture a fully functional valin the first attempt, it was critical to buildstgarts of the
guestionable areas in the design. It was decitkttite most problematic area in the concept wasnid-section of
the valve that housed the two O-rings. Therefarest specimen of this area was developed tordeteithe proper
diameter of the stem and to examine interferensebtween the components. It was crucial in gggh that the
stem was large enough to provide proper sealingd®at it and the O-rings but not so large that ghreng could not
overcome the tight fit between the stem and O-ringeturn the valve. The test parts were developeuch a
manner that various springs could be experimenidute see if they were applicable in the prelinmindesign.
Two test specimens with different stem diametenevpeoduced and are shown in Figure 5.



Figure 5 Test specimens

The springs present in the figure above are intarghable and were added after the building proc®se. of
the parts had a stem diameter that was too largeiding for a tight seal but difficulties in movemt. The other
part had a stem diameter that was too small anghbadsealing attributes. A stem diameter forgrediminary
design was chosen between the two stem diametéhe eést specimens. By utilizing the test pathwlie tight
stem tolerances, various springs were tested grméte which springs could be used in the prelimyirtesign to
return the stem through the O-rings. Lubricatiaaswalso experimented with to ease the linear momeofehe
stem.

4.4, initial build

The build required the SLA to be halted temporaatlyarious points during the procedure to inserings,
washers, and a spring. The build time for the ealas approximately 10 hours. The SLA machine stagped
and restarted at five different times to insertftra O-ring, the second O-ring, the bottom wasliee compression
spring and top washer, and finally the piston sédl.of the insertions went smoothly and withoutyadifficulty,
indicating that proper clearances were used. Eigulemonstrates the insertion process of varioogponents.

Figure 6 Insertion of bottom washer (left) and vegsher (right)
4.4.1. functional valve

Once the build was completed and removed from &tefliquid polymer, it was tested for functiortgland to
remove excess resin from the chamber. Figure Wslioe functioning of the valve with a rod immedigtafter the
removal.



Figure 7 Functioning valve with metal rod

During the cleaning process, the valve was actuseeatedly with compressed air. It was noted30gbsig
was sufficient to actuate the valve; the springntheccessfully returned the valve. Occasionalypiston would
stick at various points in the chamber. Howevknlzol was then added and served as a lubricagdde the
movement. When cleaning with the alcohol, theseare able to prevent the majority of the alcdhah leaking
through the two O-rings. Only during repeated atitun did the alcohol leak from one side of theiys to the
other. The piston seal prevented any leakagecohal to the opposite side of the seal.

5. Testing of Functional Valve
Before the valve was tested, a lacquer was apfdi¢ioe surfaces of the pneumatic actuator. Thigldvprevent the

SLA material from absorbing any moisture and affecthe longevity of the device. Figure 8 showes tibsting
apparatus for the pneumatic actuator.

Figure 8 Testing apparatus

While experimenting with different flow rates angepsure drops, it was determined that a presstiezatice
of 5 psi across the valve was the greatest pressapethat could be used during the testing. Lgak&as a concern



with greater pressure differences at the doublex@@ombination. One recommendation would be ®\Wse-cup
or spring-energized seals in future builds thaustdjo the different surface contours to help pnéamy leakage.
The valve was also actuated during the fluid flowd & successfully stopped the flow. When thepa@issure was
released, the spring returned the valve to the ppsiiion. Silicone lubricate was used on thegpisteal and O-
rings to maintain functionality and prolong thed$sof these components.

6. Conclusions and Recommendations

A fully functional pneumatic actuator was manufaetlin a single build via SFF. The valve alloweatev to flow
through it with only minor leakage at two of thelse The valve was successfully actuated by ampa&a input
and then the response was returned by a springpréwent leakage, a seal that adjusts to surfaomsaistencies
associated with the SLA should be used, such ascMper spring-energized seals. The interior swsaof the
valve where the fluid flows should be sanded tmilate the stair-stepping effect of the SLA procass in turn,
decrease the frictional losses.

This research has reiterated that solid freefotmidation is a viable method for manufacturingdidiow
devices. The ability to produce a functional atduén a single build using SFF by incorporatingifgs, washers,
and springs that operates like a conventional &mtweas proven. Several components and assendpy san be
eliminated from the conventional process by utiligSFF. Not only are the number of parts and $aietiuced,
complex geometries and the ability to rapidly ceeaistomized devices are possible. The penuncttiai@r that
was fabricated during this project contained simponents, whereas similar traditional valves maya&io over a
hundred different parts. One future applicationsiach a valve would be a disposable version tlwatidvbe used as
a direct replacement instead of troubleshooting/entional valves with hundreds of parts. Whenrdernal
component of a SFF valve malfunctions, the entideeswould be discarded and a new one would replacehe
advantages of SFF over traditional production fcastcould make fluid flow devices constructed lnig thethod
the choice for direct manufacturing and customiappibns.

7. Acknowledgments

The author would like to express gratitude and egiption to the National Science Foundation andMiteraukee
School of Engineering’s Rapid Prototyping Centerfimding this project. Special thanks to Dr. Sallttumpaty
for guidance and expertise; to Sheku Kamara andt#féof the Rapid Prototyping Center for rematkadfforts to
advise the design and production of the modelsitanide employees of the Milwaukee School of Enejiimey for
providing facilities, equipment, materials, andistssice. The author would also like to exprespdsigratitude to
Ann Bloor, Betty Albrecht, the faculty advisors,datie students in the program who were all helpith
encouragement, advice, and ideas. It was a sgwemialr to have the opportunity to work with eacle ofthese
individuals in such a renowned program.

This material is based upon work supported by tagddal Science Foundation under Grant No. EEC-
0139142. Any opinions, findings, and conclusionsscommendations expressed in this material argetbf the
author(s) and do not necessarily reflect the viefithe National Science Foundation.

8. References

[1] “Mechanical Science: Valves.” Jan. 2003. Bement of Energy. 1 Jul. 2004
<http://www.pdhcenter.com/courses/m139/Mectalfb20Science%20Vol%202.pdf>.

[2] “Rapid Prototyping Machines: Stereolithograghgl Mar. 2004. Milwaukee School of Engineering.
28 Jun. 2004 <http://www.msoe.edu/rpc/sla.ghatm

[3] Garten, Dawn. “Solid Freeform Fabrication dodlVes for Fluid Flow.” Milwaukee School of
Engineering: 2002.

[4] Laursen, Russell. “Fluid Flow Applications 8blid Freeform Fabrication.” Milwaukee School of
Engineering: 2003.

[5] Schweitzer, Phillip A.Handbook of Valveslindustrial Press Inc.: New York, 1972.



