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Abstract:

3D printing isarapid prototyping process which creates a part layer by layer by spraying a
binder into a bed of powder. This processisused in industry to produce concept models for
marketing, fit, form and function models, as well as patterns for molds. A team of Mechanica
Engineering Technology students at Penn State Erie, working on a senior project to test the down
force on alate modd dirt stock car, has integrated the use of rapid prototyping into their project
in an innovative way. The project called for the studentsto build amode of the car, and to
conduct wind tunnel tests to determine the down force that is generated. This Student team
decided to use the 3D printed prototype directly in awind tunnel, since it appeared to be a quick,
relatively inexpensve method for providing test results. Severa problems arose during the
design and manufacture of the model. One of the main concerns was the strength of the part,
snce the mode contains severd thin sections which would have to both survive the build

process and withstand the force of the wind. Other issuesincluded the amount of detail needed
in the mode, modd sze, and design of the model to alow for Smple, economic changes. This
paper reports on these issues, and how they were resolved.

[. Introduction:

At Penn State Erie, Mechanica Engineering Technology Students are required to complete a
project during their senior year. This project istypicaly sponsored by alocal industry, and is
designed to teach the students how the design and development processworks. Typicdly, the
students are required to manage the entire project from the planning and scheduling stage
through design, andlys's, and find report.

Occasiondly, a project comes aong which is not sponsored by aloca industry, but by an
individua who has an interest in helping the school and the sudents. One such project was
proposed by aformer student who races late model dirt track stock cars as ahobby. These cars
race on smal ova dirt tracks at fairly high speed. One of the important factorsin being able to
maintain ahigh goeed on the curvesis the amount of down force onthe car. It isvery difficult

for ahobbyist to compete with a heavily sponsored vehicle, and so this project gave the students
an opportunity to provide some vauable information to the sponsor, and to learn alittle about
rapid prototyping and wind tunnels in the process.

The specific god of this project was to devise a method for evauating the effects of design
changesto the car on down force. It was not critica to determine accurate force magnitude
information, but was more important to be able to assess whether a design change would have a
positive affect. The primary focus of the project was to obtain a basdine for the existing design.
Possible design changes were to be evauated if time permitted.
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1. Rules and Specifications
The design of the car is governed by the STARS racing rules and specifications.

Figure 1 shows asdeview of thecar. Thereare
no windows, so the drivers compartment is

open. Theroof is made of sheetmeta, and both
the top and bottom of the roof affect the
aerodynamics of the car. Many of the features
which affect the aerodynamic characteritics of
the car are controlled by the rules and
gpecifications of STARSracing. The areas of
interest for this project were the roof, the frornt end, and the spoiler.

Figure 1

The roof is condrained by severa dimensons. The rules give the maximum overdl height of the
car, minimum and maximum dimensions from the ground to the front and back edges of the roof,
rake (or dope) dimensions on the front and rear of the roof, and an envelope on the length and
width. For the spailer, the rules give maximum size dimensons, and alocation, as well as other
specifications regarding the congtruction of the spailer.

Thefirg indination of the design team wasto try not only to develop a method to evauate the
effects of design changes on the down force, but also to try to propose possible changes based on
their tests. It was decided that this was too ambitious a plan for a senior project, so the students
decided to limit the scope to developing a method for analyzing design changes proposed by the
project sponsor.

[11. Planning the Project

Early in the planning of the project, the sudents looked into two
options for the evaluaion. One was thewind tunndl test
approach and the other was to use a computationa fluid
dynamics (cfd) program available at the school. The cfd
program was relaively old, and had a very difficult user
interface. The students were not familiar with ether the program
A or cfd, so they decided to use wind tunnedl testing astheir
.~ 2N approach to the problem.

Figure 2

The students aso had no experience in using awind tunnd, and
50 they had to learn the basics quickly. They wereinstructed on
the operation of the wind tunnel, on some of the cgpabilities of the tunnel, and on generd
principles to consider in the design of their test model. The key thing they learned was that the
frontal area of the mode should not exceed 5% of the cross-sectiond area of the wind tunndl.
Since the unit thet was availableisa small, educationd unit, shown in Figure 2, with a cross-
section of only 24”x 247, this dramaticaly limited the size of the model. They had to limit the
fronta area of the mode to gpproximately 29in’. By using ascalefactor of 12.3 the frontal area
was modded within arectangle of approximatey 7 ¥4* x 4.
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Once the sze of the mode was determined, the next issue for the students was to determine how
the model would be made. Some of the students on the project were concurrently taking a course
in rapid prototyping, and so it was decided to use that process to make the modd.

IV. Designing the Modd

The heart of the project was the design and manufacturing phase. The objective of the team was
to modd the exiging car as closely as possible. Measurements were taken from the actud car,
and afull scale solid model was made in Pro/Engineer (Pro-E). Thefull scde mode was then
scaed down for thewind tunnd. Severd questions arose at this point concerning the amount of
detail that was needed to get meaningful results from the wind tunnd testing. The questions
centered on making the tests as redlitic as possible. Some of the issues were:

One of the main concerns of the team was whether the rapid prototyping process would
produce a mode which would be strong enough to hold up in the wind tunndl.

How much detail was needed under the car? The students considered the need for a
smulated road surface for the car to sit on. If aroad surface was to be used, should the
wheds befixed or rotating, and how would they make the mode with the wheels
turning?

After the model was scaled down, many of the features were too small to manufacture.
The two areas of most concern were the roof and the spoiler, since those features are
mede of sheet metd.

Many of the body contours were very difficult to measure accurately, so the students
were concerned about those contours on the mode!.

Finally, the model needed to be mounted in the wind tunnel, so a bracket had to be
designed whichwas strong enough to hold the model solidly in place but would have
minimum effects on the results.

The students decided to keep the modd as smple as possible. Nothing was done to smulate the
whedsturning. The road was Smulated by dightly flattening the tires and placing a sheet of
Plexiglas under the car. Findly, the very smal parts such asroll bars and other brackets were
eiminated from the modd.

The students used a Z-Corporation Z402 3d printer to produce the prototype. This process
placed limits on the design of the roof. Thickness limitations will be discussed in the next
section. This has the potentid to cause the most error in the results, and more testing will be
conducted by a future senior project team.

Dueto the sze of the model and the limits of the Z402 printer, the students decided to make the

\ modd out of three separate sections. Figure 3 shows
the origina design. The car was designed with a front
section, mid section, and rear section. The parts were
made and evauated. During the manufacture and
evauation of the modd aflaw in the desgn was
discovered. The mid section used alarge amount of
Figure 3 build materia, and took along timeto produce. Thisis
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discussed in the manufacturing section of this paper. Many of the anticipated design changes
that might be considered would affect this section, causing high cost and manufacturing times for
every change.

Figure 4 shows the redesigned assembly. Notice that
the front end, the roof, the spoiler section and the

main body were all manufactured as separate sections.
This design diminated the need for alarge main body
section, and isolated each of the areas where design
changesto the car might be made. If the sponsor were
to propose a changein any of these areas they could
be easlly modeled and tested. The students decided to make this the find design of the model for
this project.

Figure 4

V. Manufacturing the Model

The Z-Corporation Z402 printer (Figure 5) builds
modd s from either starch or plaster by using alayering
technique common to most additive prototyping
gystems. A cross section of the

geometry is“printed” using awater based binder on a
layer of powder, and the build areais covered with a
new powder layer and the process repeated. Thisraw
part can then be infiltrated with wax, resin or epoxy
depending on the materid propertiesrequired. One of
the advantages of the Z402 printer is that no support
gructure is required to produce overhanging geometry,
as unbound powder is used for support. This makes Figure 5

fairly complex geometry easier to build because there is no need to clean up supporting structure.
Excess powder is smply vacuumed and blown from the mode in the de-powdering unit as
shown in Figure 6. One of the disadvantages of the processis the fact that there is alower limit
to the wall thickness of parts due to the inherent weakness of the raw (un-infiltrated) parts.

[ It was decided to build the model using plaster as this materia produces a

. mode with the greatest accuracy and green strength. Using plagter,

sections can be built with alayer thickness of .0035 inches. Even using
: : plaster, the roof had to be thickened to a point where it could survive
being extracted from the build chamber of the machine and infiltrated
before being subject to forces from the wind tunnd. In other words, while
it is possible to build geometry one layer thick, it would be impossible to
extract or move such a part, given the unsupported region of the roof of
4 the modd.

1 The model was built in three pieces. Thiswas afunction of the build
region of the printer whichis10” x 8" x 6” for plagter. The main portion

FifieE
e of the body (Figure 7), including the roof was produced in one build. This
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turned out to be a problem for the following reasons.
Frg, building in plaster isrdatively dow. The
meachine takes about one hour to build about %5 in the
vertica direction. Second, building in plaster costs
about $1.00 per cubic inch of volume and findly, after
the part isbuilt, it must beinfiltrated. Thisisa
somewheat time consuming process depending on the
geometry. After building this part, it became obvious
: how fragile the roof structure was. If somebody
Figure 7 bumped this part the wrong way before it was
infiltrated, or handled it too roughly during the infiltration phase, the roof would break and the
part need to be rebuilt. That possible problem coupled with the fact that multiple roof
modifications was expected to be made and tested brought us to the conclusion that the roof
proper should be built as a separate piece and assembled to the rest of the vehicle. Thiswould
enable fagter turn around times if problems arose either in the design or handling of this
somewheat delicate Structure.

While this seemed to be a good solution, there of course were problems with this approach.
Since the roof structure was diced from the CAD modd, thiswould require essentidly alinefit
asfar asbuild tolerances were concerned. Anytime you build a part on an additive machine that
uses a binder to adhere materia, there is some bleed of the binder into adjacent materia. A hole
will become dightly smaller in diameter, and a cylinder becomes dightly larger in diameter. The
materid will dso swell dightly upon infiltration. This required that the roof section be sanded to
reduce the overdl length of the part before assembly. Not doing thiswould prevent the part from
fitting into the notch in the body. Trimming off afew thousands from the CAD models would

fix this problem.

These parts were successfully infiltrated with athin epoxy resin to make them strong enough to
withstand the force of the air in the wind tunndl.

VI. Resaults and Recommendations

The gods of this project were to devise a method for evauating the effects of changesin design
of the car on down force and to evauate various changes using this method. The results were
mixed. The students spent their time devel oping the rapid prototype mode of the car, designing
amethod for mounting the mode, and running preiminary tests on the model. There was very
little time available for evauation of dternate car designs, however one variation was tested.

In some races the drivers are permitted to remove the
roof entirely. The sponsor of this project had never
~  tried this, and wanted the students to see what would
~ heppeninthewind tunnel. Figure 8 shows the model

| that was used to test this configuration. The testing
showed a dramétic increase in down force with the
roof removed, so the sponsor to try itinarace. He
reported better control on curves during that race, and was very encouraged by the students

Figure 8
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work. Removing the roof isavery sgnificant change in the car design. While the resullts gave
the students confidence that the combination of rapid prototype modding and wind tunne
testing held promise for further studies, there were questions | eft open about how sengitive the
tests would be in evauaing minor design changes.

It isunlikely that the magnitudes of the down force generated by this testing are accurate when
compared to actud down force magnitudes on the race car, but the purpose of this project isto
evauate if a proposed change has promise, not necessarily to determine accurate down force
magnitudes. The sponsor was very pleased with the results to date, and has decided to return for
asecond year to continue the study. The wind tunnel tests will continue, dong with other

methods, to find an economica way to evauate the down force before actua changes are made
to the car.

ROBERT EDWARDS
Robert Edwardsis currently a Lecturer in Engineering at The Pennsylvania State University at Erie where he
teaches Statics, Dynamics, and Fluid and Thermal Science courses. He earned a BS degreein Mechanical

Engineering from Rochester Institute of Technology and an MS degree in Mechanical Engineering from Gannon
University.

DAVID FORSMAN

David R. Forsman is an Instructor of Engineering at Penn State Erie. He received hisB.S. in Engineering
Technology from the Pennsylvania State University and his M.E. in Manufacturing Systems Engineering from
SUNY, Buffalo. He has been involved with engineering computer analysis since 1974. He has experiencein
teaching Computer-Graphics, Programming, CAD and Rapid Prototyping for the last 19 years.

“ Proceedings of the 2002 American Society for Engineering Education Annual Conference & Exposition Copyright
0 2002, American Society for Engineering Education”

9'86°/ abed



