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Abstract

The need to improve thermal efficiency has nevenlgreater. Due to the growing need, rising o, the
environmental challenges associated with energgymtion, the world has become more energy conscious
Currently, a large percentage of energy create@darer production, or transportation is wasted ueefficient
heat transfer in a variety of applications. Firsaften used in automobiles, motorcycles, aircgadtver-plants,
and nuclear reactors to improve heat transferozedall system efficiency. Fin performance gerigriakcreases
with its surface area to volume ratio. Large stefarea to volume ratios can be achieved via ategeetrahedron
lattice, or Tetralattice" structure. This structure is modeled after theatent bonding between the carbon atoms in
diamond. This complex fin structure can be repéidehrough rapid prototyping technology and fadied in metal
via an additive manufacturing technique known dsctiwe laser melting. However, mathematical moupbf
these structures can prove to be quite difficuihguossible at times. Manufacturing and testingéhins can also
prove to be quite expensive and difficult to accbsipas well. This research used finite elementio to analyze
fins of a variety of different geometries, in pediiar by varying the lattice thickness of a unifoFetralatticé fin.
The software packadeatran, was utilized in order to determine temperatustritiutions of each fin. A variety of
different geometries of uniform fins were also gmal in an attempt to improve fin design. Duehi® ¢omplex
geometry of the Tetralattice™ unorthodox methodeeveamployed for fin analyses.
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1. Introduction

Thermal energy is an extremely complex phenomeaanadel. It is not perceived as well as other piajs
attributes in life; perhaps because temperatunetisomething that is easily visualized. Testihthermal devices
can be very relevant to a plethora of applicatiohdost modern technology depends heavily on tla transfer,
which is the transfer of thermal energy. Compuyteasomobiles, and power plants depend on effetidat transfer
in order to maintain operation.

Thermal fins are nothing more than extendedases used to improve heat transfer between antajdcan
adjacent fluid. Fins are found in just about applecations where there is a large temperaturedifice and heat
dispersion or absorption is imperative. Often 8rtlee degree to which a heat source or sink istabigove heat
correlates directly to the overall efficiency ofysten.

Ineffective heat transfer often accounts for sahthe largest losses a system will experienagparation.
Minimizing this effect could drastically improve Wwaenvironmentally friendly several systems are.

Testing a system for heat transfer can proveeteelatively expensive as well as time consumi@gtimizing a
system can become even more arduous. An obvidigogould be to model a fin mathematically. Seer



geometries of fins have generally accepted matheahamodels for temperature distributions and hiesatsfer
rates. However, as fin geometry becomes more ampiiese models become useless.

Due to the complex nature of Tetralattice™ figifferent approach is needed to conduct analySisite element
method offers an option. In finite element analystructures are discretized into small sectioredements and
energy balances are applied to each element basedboundary conditions. The two major factors #ifect the
heat transfer of a fin are its surface area tomweluatio and the convection heat transfer coefiici@he higher
both of these values are, the greater achievalalettamsfe.

The convection heat transfer coefficient is etid by fluid properties, flow rates and flow typé&he
Tetralattice™ structure mimics the covalent carbonding in diamond and provides on the higheseserarea to
volume ratios of any known structure. One woulsLiase that this type of structure would work greatfeat
transfer applicatioris

1.1. objective

The objective of this research is to perform fidtement analysis on a Tetralattice™ fin of unifdmetkness in
order to determine the temperature distributiondlgh the fin. Thicknesses of the lattice will beied to see its
impact on heat transfer. Due to the extremely dermngeometries of these fins unorthodox methodmnafysis
may need to be implemented in order to obtain atewesults from the software. Being able to perfbnite
element analysis on the Tetralattice™ fin will peaxtremely beneficial in determining an idealdiructure.
Secondly full scale models of this analysis willgg@ted in 3D to provide a better visualizatiortloé temperature
distribution of fins of varying geometry, given teame boundary conditions, and material properties.

2. Theory

Heat transfer occurs through three different meidmast conduction, convection, and radiation, eaunsti(1-3)
below. These effects always occur such that eneogly any one of these entering a system is equilet sum of
the energy stored within the system or expelled.b$econdly these effects always occur suchtibat flows from
higher thermal energy to lower thermal enérgy
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A is the surface area of an object expoémf) &is the emissivity of a surface
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T, is the temperature of the surroundings in KeI(JIﬁ)
2.1. fin equation

Steady state heat transfer for uniform fins is nedi®y the following differential equation:
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Where:
T is the temperature at a given point along the leogthe fin, ( K)

X is the distance from the heat source in the doeaif the heat transfe(rm)

A, is the cross sectional area of the fin at a gleeation (mz)
, (W

h the convection heat transfer coefficignt———
m=* K

w
Kk the thermal conductivity of a materip——
m* K

A\, is the surface area of the fin at a given incran((mz)

T, is the temperature of the surroundings in KeI(JIﬁ)
Note when conducting steady state analysis the refdyant thermophysicial property is thermal caotdlity, the

density(’o) , and the specific hea(tcp) of the material do not factor into the fin eqoatsince temperature is no
longer changing with time.

When modeling a simple fin several assumptioastrhe taken into account including:
» Constant cross-sectional area
» One-dimensional conduction along the length ofttbat fin
» Constant thermal conductivity throughout the fin
* Radiation is negligible
» Thermal convection coefficient is uniform over firés surface.
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Figure 1.Visual representation of key geometric variablethinithe fin equation.

3. Finite Element Method

Finite element methods were developed during tf®’s%y aerospace engineers in hopes to optimizeat.

Finite element methods, finite element analysigBA as it is commonly referred to takes complidaguctures,
and discretizes them into individual elements. sTgrouping of elements is called a mesh. Once plenmesh is
created, the FEA software then applies equaticatspibrtain to the specific analysis (i.e. strudfutermal,
vibrational) and solves these equations simultasigourhese solutions are often only approximatimnisue results
but becosme more accurate as one creates a monadigie by shrinking the size of the elements withen
structure’



4. Tetralattice™ Structure

The Tetralattice™ structure mimics the covalentding that carbon atoms make within diamond. Thiscsure
has one of the highest surface areas to volunasrafiany known structure making it a desirablecttire to use for
in thermal fins. Due to the complex geometry @ gtructure, computer processing becomes extreditigult to
implement in most 3D CAD packages and FE software.

Figure 2. An individual tetrahedron lattice madé&mlidworks. ™

5. CAD Model

A thermal fin was made vigolidworksby building up a block of individual tetrahedron®nce this block was built
up, a cylinder of tetrahedrons was cut from itth# cylindrical base was mated with the bottonm,tfe sole
purpose of creating a face for a constant bountsmperature to be applied to. This fin was corséa from
tetrahedrons which had a diameter of twenty thodigesnof an inch.

Figure 3.A uniform Tetralatticé'T("’I thermal fin.
6. Additive Manufacturing

This research project used parts created from ditivael manufacturing process known as stereolitapgy (SLA).
The process is demonstrated in the previous seEtgure 3. The part itself is made in horizontass sections one
layer at a time as a Helium-Cadmium laser scans @V sensitive polymer (Liquid photopolymer). té&f a layer
is complete, the table drops and the laser scagistbg liquid again creating a new layer of polyme&his process
repeats for the entire thickness of the part. Qmeated these SLA parts are extremely fragilevaeak, but built
with great precisioh

Basze

Elevator Platform

o = Liguid Photopolymer
Figure 4. Stereolithography (SLA) Process.
7. Justification of Research

Additive manufacturing techniques have been implaegtin previous research to fabricate a fin oflggat lattice
Figure 5 thickness via a process referred to &stet laser melting (SLM). Selective laser mgjtia a process
similar to SLA in that the part is built up layey kayer, one cross-section at a time. Howevees$of the laser
curing layers of resin, the laser melts togethevger metal in order to create the fin. The pafigure 5 was
made through this process by a German company $Ffereolithographitechnik GmbH). This was a \ane
consuming and expensive process. The part digpliay€igure 5 is a gradient Tetralattice fin 7.6éngth and
1.5” in diameter that cost over $2000.00 USDhe thermal testing was then performed on thdigra lattice fin by
attaching several thermocouples to the fin Figuire @& der to plot a temperature distribution of flreand compare
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its heat transfer properties to that of a solithitas steel of the same dimensions. The grafliemtas found to
have better heat transfer properties than the falidThe next thermal testing was conducted usgifigired
thermography. This testing involved the use dfearmal imaging camera which can cost up to $200@0SD
Figure 7. Finite element analysis provides a definite atig® in determining the heat transfer propertiehef
Tetralattice structure, especially when severakbtians are to be studied for optimization.

Figure 5. Gradient Tetralattice™ fabricated vias#le laser melting.

$FLIR Thernaan e

Saving G0707-07

Figures 7. Previous research performedn a gEIraIatticeTM fin via infrared thermography.

8. Analysis and Results of FEA

In order to perform FEA on a part drawSolidworks the part was first saved 8olidworksas a parasolid file type.
The part file was then imported inkSC Nastran Patranwhich the author will refer to @atran After the part
file was successfully imported, the part was diized into smaller tetrahedrons by the softwarétera proper
mesh was applied to the part, material propertewassigned to the fin. These properties are ledehp arbitrary
and can be applied to the part for any material: the purpose of this research properties closleatioof stainless
steel were used. The major thermo physical prgpgkatPatranrequires of the user is the thermal conductiviy,

W
stainless steel this value ks= 15'1{TKJ . After material properties of the fin were pnéised, boundary

m

conditions were applied to the fin. To keep thé\FE this fin manageable for computing purposes/ dwo major
boundary conditions were applied to the fin. Oras & constant 500 K temperature applied to the difatbe fin,

W
and the other was convection to 300 K ambient fasther surfaces of the fin at a rate lof= 10( o Kj .
m
These temperatures also are relatively close toothareviously conducted research of the gradient A variety of
different fin geometries were explored, first ofisihwas a cylinder which could also be modeledadeepted
mathematical models equation (5). Figure 9 showa@naparison of accepted results via a mathematiodleirto FE
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results fromPatran A mathematical model for non-dimensional tempaetistribution for fins of uniform cross-
section with a constant temperature fin base andaziive fin tip is well-known:

) cosfm(L - x)] +%(sin|’{m(L -x)|

g

6,

()

h .
cosr(mL)+m(smh(mL)

wherex is the location where temperaturés measured, is the length of the firR is the perimeter of the fi is
the cross-sectional area of the fin,is the thermal conductivity of the firh is the convective heat transfer

[hP
coefficient, T, is the base temperaturk, is the free-stream temperature of the surroundingre ﬁ\ , 0=T(X)-

T, andf,=Ty-T..

Figure 8.FE Temperature distribution Results of a simpléncigr.
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500

450 -

400

350 E g

Temperature (K)

]
300 T T T T T T T T T 1

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Distance (m)

@ Theoretical Temperature Distribution M Patran Temperature Distribution

Figure 9.A plot comparingPatranresults to theoretical for a temperature distidoubf a cylindrical fin.

When comparing the results taken fr@atranto theoretical values, one can see that the sodtisseemployed
correctly, since the temperature data from an aedemathematical model matches closely to th&tatfanresults.

8.1. FEA of a Lattice fin

Due to the complex geometry of the Tetralatticeficttire, the part file was cut into a ¥ longitudlipawvith
interior surfaces insulated &atrancould conduct the analysis easier. The ovemals still 1.5 inches in
diameter, and 7.5 inches in length, and havingckathicknesses of 0.02 inches in diameter, witthal same
material properties and boundary conditions applied



Figure 10 FE Temperature distribution results from Patransfa@iniform Tetralattice™ fin.

When comparing Figure 8 to Figures 10, one caritsg®atran models the temperature distribution of the simple
cylinder as reaching ambient temperature much higpen the fin as compared to the uniform Tettialat
However, these results froRatrando not depict a true physical representation efahticipated lattice temperature
distribution. A careful examination of the conveetboundary condition revealed the reason for phigicular
temperature distribution. The fin was convectihtha same rate from all surfaces within the imtedf the fin to,
ambient conditions. This was not an error of thiéwsre, but a misunderstanding of the conditiorgliad to the

fin. To explore this error further the author samulations of 1 in. tall lattice fins of lattichitknesses of 0.02 in.
and 0.08 in. to see the effect lattices of diffgrihickness has on heat transfer. The lengthiof Wwas to keep the
mesh size reasonable for running the simulationtandattice thicknesses were used to see thetaffdattice
thickness on heat transfer.

Figure 11 FEA results of lattice fins of 0.02 inch latticeadieters.

Figure 12 FEA results of lattice fins of 0.08 inch latticeadieters.

When comparing Figure 11 to Figure 12 one canlsstetie 0.02 thickness fin reaches ambient fin &vatpre
much closer to the base of the fin when comparelddad®.08 thickness fin. With the smaller thiclks)gkere is a
greater exposure to the ambient conditions andehamuicker temperature drop. However these eestiltare not
entirely representative of true conditions. A maceurate model would incorporate the changinghthér
properties of air within the fin. A new model waside by filling the negative void within the la#ifin with

another solid which will have the thermal propestig air prescribell = O.OZG:{TKJ , S0 instead of heat

m
flowing directly from the lattice to ambient coridits within the lattice, it is forced to flow thrghout the lattice
(both metal and air) and then to the outer suriiaceder to convect to the surroundings from time flhis would be
a more accurate model of the fin, assuming theviglirin the fin is stagnant. This is a reasonalsisuanption for
natural convection.



Figure 13. FEA results of the lattice with the staugt air condition (air in white).

This analysis more accurately models what one wexpgct the heat transfer of a uniform latticetéiook like,
since heat is drawn further up the lattice, sindb@far end of the 1 in. fin the metal only reesla temperature of
350 K at the center and dropping off slightly as omoves out radially from the center.

9. Conclusion

The refined 1 in. results proved that finite eletr@malysis can be performed on the uniform Tetiiakst fin. This
form of analysis has only been limited by that afdware used to ruPatran The author feels that this analysis
performed on the uniform Tetralattice™ fin will m@invaluable in developing an understanding ofttieemal
properties of the Tetralattice™ structure. In &éiddithis analysis will allow for visualizing angpttmizing, the heat
transfer properties of Tetralattice™ fins priofabrication.
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