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Abstract

Solid Freeform Fabrication (SFF) is a powerful ealogy that allows the creation of custom desigvtsich would
be impossible to build using conventional fabrigatiechniques, become a reality. Several heagfeadevices
have been custom designed and manufactured udidgreeform fabrication at the Milwaukee School of
Engineering research facilities by prior NSF-REUtiggpants. One of these heat transfer devicestiermally
gradient cylindrical heat fin whose structure inmmates an extremely complex gradient Tetraldffigeometry.
The goal of this project was to test the perforneatitaracteristics of this unique heat transferaesnd compare
and contrast them to those of conventional cyloalrilesigns that are used in a variety of engingeapplications.
The experiments performed involved the use of stestate conduction and convection principles thadslight
into the thermodynamic abilities of this new sturet A detailed understanding of the dynamics @apmhbilities of
this heat transfer device is important as it haspibtential to both exceed the performance of cotweal heat fins
and provide a wide range of applications in th@sgace, automotive, heating, and cooling industries

1. Introduction

Heat fins are heat transfer devices that facilitéetransfer of heat from one location to anothEneir most
frequent application is one in which an extendatbse is used specifically to enhance heat transfereen a solid
and an adjoining fluid [1]. These devices candaenfl in a number of engineering applications wissieessive
amounts of heat are undesirable. All heat finskwomccordance with the laws of thermodynamichese laws are
made manifest in a heat fin by three unique priesixnown as conduction, convection, and radiation.

1.1 conduction

Conduction is a material’s inherent ability to distite heat within itself from an area of high centration to an
area of lower concentration. The rate at which thstribution occurs is known as the thermal catigity of the
material. Substances that have a high thermaluwdivity are classified as conductors. Furthermetbstances
that have a low thermal conductivity are classifisdnsulators. All known materials possess anuarinof thermal
conductivity and, consequently, there is now sihéfgtas a perfect insulator. The equation thaegmy heat
transfer through conduction in a heat fin is knagrthe law of thermal conduction [2] and is expedsas

Q=kA (1)
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where Q is the amount of heat transfkiis the thermal conductivity of the materidl,is the cross-sectional area of
the heat fin, andT/dx is the variation of temperature with position.

1.2 convection

Convection occurs when a low temperature fluid rsada@ntact with a solid that has a higher tempegatnd
absorbs heat from the solid. The term fluid apgpieeany type of gas or liquid. This process caulibided into
two types: free convection and forced convectibree convection occurs when the fluid flow is calisg natural
means, such as density differences in the aircdebconvection occurs when the fluid flow is caulsgdn external
source such as a fan or a pump. The equatiomtivatrns heat transfer through convection in a fiedés known as
Newton’s law of cooling [3] and is expressed as

Q=hA(T-T.) )

where Q is the amount of heat transféris the thermal convection coefficie, is the heat fin surface arehis
the temperature of the heat fin at a particulaation, andT,, is the temperature of the fluid.

1.3 radiation

Radiation is an object’s ability to reflect and atiiselectromagnetic waves. All objects radiatergyneontinuously
in the form of electromagnetic waves produced leyrtfal vibrations in its constituent molecules [2] body that is
hotter than its surroundings radiates more endrgy it absorbs, whereas a body that is cooleriteaurroundings
absorbs more energy than it radiates. The equdtairgoverns heat transfer through radiation fireat fin is
known as Stefan’s law and is expressed as

Q=0eA(T*-T.) 3)

where Q is the amount of heat transfer,is the Stefan-Boltzmann constaats the heat fin's emissivity constant,
Asis the heat fin surface aréhijs the temperature of the heat fin at a particldeation, andr,, is the temperature
of the heat fin's surroundings. In the case oéatliin, the surroundings temperature is the teaipe of the fluid
that it makes contact with.

2. Solid Freeform Fabrication

Solid Freeform Fabrication (SFF) is a technologt #mables the fabrication of custom-designed tbjeith
unique properties directly from computer data. bhsic operation of any SFF system consists dhglia three-
dimensional computer model into thin cross sectitmasislating the result into two-dimensional piosit
information, and using this data to control thecplaent of solid material. This process is repefiedach cross
section and the object is built up one layer aine {4].SFF is also known as additive manufactubegause
material is added to a design to produce an obopposed to conventional fabrication techniquesrematerial
is subtracted in order to produce a final product.

2.1 selective laser melting

Selective laser melting (SLM) is a solid freeforafication tool that has the capability to prodi68% dense
metal parts from customary metal powders [5]. Skbtks by inputting a three-dimensional computeredidesign
file into a computer. The SLM software divides theee-dimensional design into layers of/3t thickness and
then sends this information to an infrared lasgmne laser traces the layer’'s geometry and melislets steel
powder where it is needed until the layer is fieidh Another layer is then started above it ancgtioeess is
repeated until the design is fully manufactureeguFe 1 shows an example of a selective laser ngeétpparatus.
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Figure 1 Selective laser melting apparatus Figure 2 Gradient Tetralattice™ heat fin

2.2 gradient Tetralattice™ heat fin

A thermally gradient Tetralattit¥ heat fin is a unique design that is shaped iffdha of a cylindrical rod with a
radius of 0.75 inches and a length of 7.5 inctiise cylinder is composed of small Tetralattitenits that imitate
the shape taken by covalently bonded carbon atbat®kist in diamond. The fin is 100% solid on enel and
decreases in material density in an approximategally gradient fashion along its length. Asetlatarlier, heat
fins are used to remove excessive amounts of heatd place where heat is not desired. A gredtfiress one
that has a high thermal conductivity and a largewam of surface area exposed to a fluid. A largeant of
thermal conductivity allows the fin to conduct grsficant amount of heat from the heat source.eliise, a large
surface area allows the fin to transfer more of ttgat to the fluid that surrounds it. One oftthenphs of a
gradient Tetralattic®' heat fin is that it exposes a large amount ofamerfarea to a fluid within a given volume.
Since surface area is directly related to convactm increase in surface area also augments therdrof heat
released into a fluid by the gradient heat finr the purpose of this research, the fluid in questias air flowing
through the fins through free convection. Figuh@ws a picture of the thermally gradient Tettaat" heat fin.
The complex geometry of this design makes its nastufe through conventional means impossible. Bsraf
this, the gradient heat fin was built out of stagd steel using selective laser melting.

2.3 resear ch objectives

The objective of this research was to test thegperdince characteristics of this unique heat tramkfeice and
compare and contrast them to the characteristicglofdrical designs of the same material and disiems that are
commonly used. In order to accomplish this, aadlét experiment had to be developed that had thabdéy to
measure the performance of both the conventiorthtiza gradient TetralattiC® heat fins. The experiments
performed on these devices involved steady-statdumion and convection principles that shed ligtd the
behavior of the gradient device.

3. Heat Fin Theory

When a cylindrical heat fin of constant cross-sewl area working at steady-state is consideréifexential
equation that describes its conductive and convegtioperties can be derived by the use of a @iffieal heating
element. The final form of the differential equoatis expressed as



d°T + (i%jdj - (iﬂd_'a&j('r —Tw) (4)
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whereA. is the fin's cross-sectional arel,is the fin's surface areh,is the thermal convection coefficiektis the
fin’s thermal conductivityx is the distance from the heat sourEés the temperature at a given location on the fin,
andT,, is the temperature of the air. The assumptiordenta derive this equation were the following:

» Constant cross-sectional area

« One-dimensional conduction along the length oftibat fin

« Constant thermal conductivity throughout the fin

« Radiation is negligible

» Thermal convection coefficient is uniform over firés surface.

The general solution to this differential equatisexpressed as
x [ -x[M®
T—Tmzclem+cze i (5)

wherep is the perimeter of the heat fin aBdandC, are constants of integration. Assuming that cotioe heat
transfer occurs at the tip of the heat fin andrdefi a new variabl® (labeled excess temperature, whére T-T,,),
a final expression for the temperature distributidthin a cylindrical heat fin can be expressed as

Cosi{m(L - x)] + (r:kjsinl"{m(L - x)]

cosHmL) + (n?kj sinh{mL) (6)

.
g,

where4, is the difference of the base temperature andeti@erature of the aik, is the length of the heat fin, and
mis expressed as

m=,|— (7

wherer is the radius of the cylindrical heat fin.

The heat transfer rate for the entire fin can alsaletermined from equation (6) and is expressed as

sinh(mL) + (r:kj cost(mL)
cosHmL) + (r:kjsinh(mL)

q, =M (8)

where M is expressed as

M = 6,/2hkrr? 9)

The inherent power of the equations just defined iin the fact that all of the variables that cibuigt them can be
easily measured or can be found in tables or boGks variable, however, the thermal convectiorifaent, h,
can only be determined through empirical relatiguslor through experiment. This variable was cotaguhrough
the use of both methods and the results agreedowgranother.



4. Experimental Procedure

A Hewlett-Packard 34970A Data Acquisition Systenswaed to take temperature readings in each expetrim
These readings were taken through the use of tfemapbes constructed from K-wire. A Corning PC-420
Stirrer/Hot Plate was used as the source of HElatee heat fins were tested: a solid stainless stedel, a hollow-
centered stainless steel model nicknamed the “HBtmy”, and the thermally gradient Tetralat{iteheat fin. Each
heat fin had a length of 7.5 inches, a radius 85 nches, and was divided into six different patteat were 1.5
inches apart from each other. Since the assumpfione-dimensional heat transfer was made ondl& and
Holey Cow fins, only one thermocouple was placeddnh plane. Three thermocouples were place dnafahe
six planes of the Tetralattit® heat fin in order to account for possible twolmee-dimensional heat transfer effects
that could be present during the experiments. hidiglate was heated to its maximum capacity ireotd maintain
a level of consistency in the amount of heat deditdo each fin. Each experiment lasted four houosder to
allow each heat fin to reach a satisfactory stestdie temperature. The data acquisition systeorded the
temperatures measured by each thermocouple everpniautes. Figure 3 shows the final experimergtls used
on all three heat fins.

Figure 3 Solid, Holey Cow, and Tetralattice™ heat fin experimental setups

5. Data/ Experimental Results

Figure 4 shows the temperature distributié4) of the heat transfer test conducted on the sdithless steel heat
fin and compares it to the theoretical results sblid heat fin of the same material and dimens{arexis is non-
dimensional length, x/L). A free convection coeifint of 8 W/ni K was used in the analysis which is appropriate
for these experimental conditions. The experimeetults match the theory quite well. Similartsasere
conducted for solid fins made of copper and alumirnwhich yielded results that matched the theory.

Figure 5 shows the experimental temperature digidahs of the three heat transfer tests conduatetth® Holey
Cow heat fin. Similarly, figure 6 shows the expegntal temperature distributions of the three haaisfer tests
conducted on the TetralatticEheat fin.
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Figure 4 Temperature Distribution of solid heat fin
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Figure5 Temperature Distribution of Holey Cow heat fin
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Figure 6 Temperature Distribution of Tetralattice'™ heat fin




Figure 7 compares the temperature distributiomefsolid stainless steel heat fin and the averamedrature
distributions of the Holey Cow and the thermallgdjent TetralatticE' heat fin.
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Figure 7 Comparison of Temperature Distribution in heat fins
6. Discussion of Results

The small amount of error observed between thererpatal and theoretical temperature distributiohthe solid
stainless steel heat fin was strong evidence tiea¢xperimental procedure used throughout thisarekevas
accurate and the one-dimensional assumption wadated. Moreover, the consistent readings recoiléue
temperature distribution of the three tests corehlioin the Holey Cow heat fin were strong evidehe¢ the
experimental procedure used throughout this rekesas precise.

The author observed that the Tetralaffitheat fin released a considerable amount of smdie W underwent its
first heat transfer experiment. It was concludeat the smoke was produced when left over resiapore other by-
product formed by the selective laser melting pssc&vas heated to the point of evaporation. Thigoagoncluded
that this smoke augmented the heat transfer cleaistats of the gradient heat fin. This hypothegis verified by
the second and third test where no smoke was graedrthe gradient device did not perform at threeséevel as
the first test.

Due to their consistency, the results of the expenits performed on the Holey Cow were averaged whetpared
to the experimental results of the solid stainktegl| heat fin. The same procedure was used tpamenthe
experimental results of the gradient heat fin,dnly the second and third test were taken into aecoThe heat
transfer characteristics of the Tetralattit@eat fin were assumed to be one-dimensional bedhedargest
temperature difference within a plane was onlykakvin.

When the full length of each heat fin was considetie thermally gradient Tetralattiteheat fin outperformed the
solid stainless steel heat fin and the Holey CadWwe gradient heat fin also had the largest drdprnperature
between its base and its other end. As of thengritf this paper, the author was attempting tontjfiathe heat
transfer rate of both the Holey Cow and the gradieat fin. Knowledge of these quantities will dtight into the
amount of heat conducted from the hot plate byethhe® heat transfer devices. These results walh the compared
with the heat transfer rate of the solid stainksgl heat fin.



7. Conclusion

A heat transfer experiment has been successfutipkshed to study the temperature distributionarfous fins.
The analytical solution for a solid heat fin hagsheerified by the experiment for a solid stainlst&®l fin and solid
fins of known thermal conductivity such as copped aluminum. More over, two other innovative fimsre tested
and the Tetralattid® showed excellent heat transfer characteristidshinee tremendous potential for use in
automotive applications.

8. Acknowledgements

The author would like to express his gratitudeh Mational Science Foundation and the Milwaukde8icof
Engineering for their funding of the 2003 Resedtgperience for Undergraduates (REU) program. Aispéhank
you goes out to Dr. Subha Kumpaty, whose guidapatience, and encouragement truly played a pivotalin the
development and progress of this research. A tlgaokgoes out to the following individuals who madbes project
possible: Ann Bloor for making the REU program thest outstanding experience the author has everdwty
Albrecht for all the smiles and for showing theharthow to always look at things on the bright side Larry
Fennigkoh for his help and books on thermocoumetyy Dr. Anne-Marie Nickel for helping the autHord
equipment that was suitable for heat transfer empants; Rich Phillips for showing the author howptegram and
use the data acquisition system; John Falk for gigpthe author how to make and weld thermocouiesier
Hajny for showing the author how to make the Hdlimwv a reality; and last but not least, fellow REAftiwipants
who made the program an exciting and worthwhileegigmce.

9. References

[1] Incropera, Frank P. and DeWitt, David P. (200R)ndamentals of Heat and Mass Transfer, fifth edition.
John Wiley & Sons: New York.

[2] Serway, Raymond A.; Beichner, Robert J.; JeweltnJ. (2000)Physicsfor Scientists and Engineers, fifth
edition. Saunders College Publishing: Fort Worth.

[3] Moran, Michael J. and Shapiro, Howard N. (1988)indamentals of Engineering Thermodynamics, fourth
edition. John Wiley & Sons: New York.

[4] http://www.msoe.edu/reu/ssf.shtriiVhat is Solid Freeform Fabrication? Milwaukee School of Engineering
Rapid Prototyping Center. Milwaukee, Wisconsin.

[5] http://www.mcp-group.co.uk/rpt/rpttsim.htniRapid Prototyping, Rapid Realization, Rapid Manufacturing,
Rapid Tooling. MCP Group. London, England.



