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Abstract

If a heat fin's temperature becomes excessivequfiitient, it might lose functionality or causénet parts to heat
or cool inadequately. By conducting heat transfeaysis, it is possible that such disasters caavoéded. Though
previous studies have tested the performance affimsavith thermocouples, none offer thermal imaged
intuitive understanding of how heat travels in filkis research uses an infrared thermal imagingeca and
thermocouples to measure temperature distributioihcapture thermal images from heated fins. Thauvied
camera is used to document the thermal energy leenitied by the heated fins. The camera is cabiréd provide
the surface temperature based on emissivity véltieeamaterial. The surface temperature data atesirodl
experimentally; and control volume energy balanethmd is used to numerically analyze the gradieat fin. The
prospect of understanding heat transfer will hajgid prototyping greatly. This research will hefgtimize the
understanding of heat transfer in heat fins by@hglthe behavior of a thermally gradient fin.

Keywords: heat transfer, infrared thermal imaging camera, thermal images, emissivity value, thermal
conductivity

1. Introduction

Engineering design involves critical analysis onteolled and non-controlled factors and variabkesctors such as
heat must be carefully analyzed in order to minenin-desired results. The study of heat transfextiemely
important in the rapid prototyping process. Itrigaial that sufficient heat is used in order toemsisle a complete
and accurate part. It is also crucial that excess is not created that can pose harmful to thed firoduct. Further
research of heat transfer in heat fins will helpximméze sufficient heat and minimize excess heat.

1.1.thermally gradient Tetralattice™ heat fin

A thermally gradient Tetralattit¥ heat fin is a unique design that is shaped iffdha of a cylindrical rod with a
diameter of 1.5 inches and a length of 7.5 inclis. cylinder is composed of small units that ingitdte shape
taken from the covalent bonded carbon atoms that iexa diamond. The heat fin provides maximunfaue area
in a minimal volume. The fin is 100% solid on omel@nd decreases in material density in an appairim
linearly gradient fashion along its length.

Heat fins are used to remove excessive amadifisat from a place where heat is not desiregodd heat fin is
one that has a high thermal conductivity and aglagount of surface area exposed. A large amouhtaoial
conductivity allows the fin to conduct a signifitcamount of heat from the heat source. Likewidayge amount of
surface area allows the fin to transfer more of tigat to the surroundings. The complex geomettiyeothermally
gradient heat fin makes it impossible to manufacthrough conventional means. Thus, the gradieattfiewas



built out of stainless steel (with a thermal contdity of 25W/mK) using selective laser melting [dhich is a
Solid Freeform Fabrication process. Figure 1 shawsermal gradient fin.

Figurel shows a thermal gradient fin

1.2. Solid Freeform Fabrication

Solid Freeform Fabrication (SFF) is the name gitcea host of related technologies that are usdahtiacate
physical objects directly from CAD software. Thestosoperation of any SFF system consists of slieitigree-
dimensional computer model into thin cross sectitnasislating the result into two-dimensional piosit
information, and using this data to contptdcement of solid material. This process is regmb&ir each cross
section and the object is built up layer by lay&hwa laser [3].

1.3. heat sinks and heat fins

Controlling temperature is a crucial operation;iaagrs need methods of optimizing heat flow. Thesthsommon
method of dissipating heat from media is with tlse of heat sinks. Heat sinks are devices consttuotdirect heat
from an area of higher temperature to an areavedildemperature. Heat sinks and its many variatiamsbe found
in microprocessor chips, motor vehicles, and airditioners. Heat sinks use components called liesitd transfer
heat. A heat sink consists of many heat finsdhatcollectively attached. When the heat sinktechied to a hot
body, these fins act as bodies that absorb hemttihe material.

Heat fins are composed of thermally conductietals that readily absorb heat such as coppesibsa. The
construction of the heat sink is what gives it fiimtality. One end of a heat sink is tightly comjgacand the other
end is less compacted. The higher compacted/dewkis attached to the source of heat. As heatlgayethe heat
sink, it is dissipated at the less dense end. Fyirthle heat is carried away by the surroundingRépid prototyping
machines utilize heat sinks as well as help créwm. Certain heat sinks are very complex for exantpe
thermally gradient fin and can only be producedtigh solid freeform fabrication. As the solid fieen process
evolves, so will the capabilities of heat sinks.

1.4. problems with conventional heat fins

Heat sinks work very well in transporting heat, their capabilities have limits. If temperatures &o extreme, the
heat sinks themselves will not be able to dissipataugh heat in time, and become a heat sourcesétess. Most
heat sinks are also known to be fragile. If sore fias on a heat sink are damaged, the functignafithe heat
sink will be compromised. Heat sinks work well omihen there is optimal contact with the heat saufaet the
heat sink will not absorb enough heat.

2. Research Objective

The goal of this research is to capture thermabasaising an infrared thermal imaging camera a@drthcouples
to see the different temperature change in thrdenmds; a thermally gradient fin, a heat sink arfabllow steel bar.
The behavior of a thermally gradient Tetralattit@eat fin is further studied and analyzed. Usinghaee modes of



heat transfer, fifteen heat equations are writtehsolved simultaneously to obtain the temperatis®ry at each
node with the aid of MATLAB programming.

2.1. heat transfer

Heat can be defined as the process by which eriexggport takes place [2]. When a physical bodye(ttor fluid)
is at a different temperature than it surrounditigs)sfer of thermal energy is known as heat texndthis occurs in
such a way that the body and the surroundings riecimal equilibrium. Thus, heat always flows spo®ously
from a hot material to a cold on€"{2aw of Thermodynamics). Transfer of energy oceuasnly through
convection, conduction, and radiation.

2.2. convection

Convection dealsvith the movement of a mass away from a heat santoean area of lower temperature or
pressure. As the mass leaves the area, it carm@gyewith it which will dissipate to the coolersaundings with a
lower pressure [10]. The equation that governsdke of heat transfer by convection in a heatdikriown as
Newton’s law of cooling [8] and is expressed as

Q=hA(T-T,) @)

where Q is the amount of heat transféris the thermal convection coefficied, is the heat fin surface aréhis
the temperature of the heat fin at a specific locatandT is the temperature of the surroundings [8].

2.3. conduction

Conduction is a means of heat transfer where ariaBsemolecules will get excited by high temperatsiand as a
result, transfer energy throughout the materialthesmolecules start to collide with each otheg, imterial will
begin to give off heat. This process occurs whikematerial is completely static [10]. The equatiwat governs the
rate of heat transfer by conduction in a heatdikriown as Law of Thermal Conduction [11] and egpeel as

Q=kA )

a7
dx

where Q is the rate of heat transfer by conductiois the thermal conductivityl, is the cross-sectional area of the
heat fin, anddT/dxis the variation of temperature with respect teifian [8].

2.4. radiation
Radiation involves the movement of energy from aemal by emanating thermal electromagnetic wa@ésihese

waves will carry energy with them away from the enet in order to lower its temperature. The equathat
governs rate of heat transfer by radiation is knasistefan Boltzmann's law and is expressed as

Q=seA(T'- T) 3)

where Q is the amount of heat transferjs the Stefan-Boltzmann’s constaais the heat fin's emissivityls is the
heat fin surface ared,is the temperature of the heat fin at a particldeation, andr is the temperature of the heat
fin’s surroundings [8].

3. Infrared Thermal Imaging Camera

An infrared thermal imaging camera is a device usefire fighters to see in low visibility conditis. The device is



an important life safety tool used to quickly loza&ictims in emergencies regardless of the envientai
conditions of smoke, flames and hot gases. Infrereth energy similar to visible light, but witHanger
wavelength. While visible light energy is emittegl objects only at a very high temperature; infdagaergy is
emitted by all objects at ordinary temperatures,idinvisible to the human eye [6]. Everything lafsared energy.
The hotter the object, the more energy it givesAifinfrared camera detects this thermal energlyteanslates it
into a picture. The hotter the object, the briglit@ppears [7].The model used in this project wmasufactured by
Forward Looking Infra Red Systems (FLIR) [5]. Figut shows a picture of the infrared thermal imagiagera
model ThermaCAM PM595.

FSi 595 Radiometer

Figure 2 ThermaCAM PM595 [5]

Calibration is crucial in operating the timat imaging camera. For every time a material engjed, the
emissivity value has to be reset. Emissivity vafushort, is a measure of how much radiation istteihifrom an
object. Normally, objects materials and surfacattreents exhibit emissivities ranging from approxieha0.1 to
0.95. A highly polished (mirror) surface falls bei®.1 while an oxidized or painted surface has mhigher
emissivity. Oil-based paint, regardless of colothia visible spectrum, has an emissivity over A.8he infrared.
Human skin exhibits an emissivity close to 1. Emiggof metals is low, only increasing with tempéure. For
non-metals, emissivity tends to be high, and deg®avith temperature [5].

The camera works on the principle of radiat&mitted by the hot surface and yields the teatpez of a heat
fin at a particular location by knowing all otheriables in the given equation [5].

3.1. experimental procedure

A Hewlett-Packard 34970A Data Acquisition Systenswaed to take temperature readings in each expefrim
These readings were taken through the use of tleeraptes constructed with type K-wire. A Corning BZD was
used as a source of heat. Three heat fins wersitesthermally gradient Tetralatti®eheat fin, an aluminum heat
sink [4A], and a hollow stainless steel bar nickedrfHoley Cow” [5A]. The hollow steel bar was spiaginted
black to eliminate reflection and to give it an esivity value of one. The thermally gradient Teita¢e™ heat fin
is made of stainless steel with the emissivity ga€0.25. Likewise, the aluminum heat sink hadethssivity
value of 0.84. The gradient heat fin and the hol&d@el bar had the length of 7.5 inches and a saafi0.75 inches.
The heat sink measured 8 inches long and 5 inchies wive thermocouples were placed on one sideeof
Tetralattice™ heat fin to account for the temperatures in theeare The heat sink had five thermocouples attached
vertically in the middle fin because it was assuried the heat fin will have constant heat at amgrghorizontal
cross-section. Holey Cow had only three thermocesipi one plane. The hot plate was heated to ixsnmsn
capacity in order to maintain the level of congistein the amount of heat. Each experiment lasted to five
hours until the required steady state was reachtegl infrared thermal imaging camera was placed fbmifeet
away from the fins to document the thermal enemgjndpemitted by the heat fins and translate thempictures.
To ensure that the thermal imaging camera wasaaaling the surrounding temperatures on the hag,platermal
Ceramics Kaowool insulator was used to eliminatwamed heat. Experiments were done in a dark raom t
eradicate reflection from all light sources. Fig@rshows a picture of the experiment setup.



Figure 3 Experiment setup

In previous experiments, thermocouples wees s document temperatures profiles of the haat ©nly the
core temperatures were recorded. By using the tdlémaging camera and thermocouples together, theticore
and surface temperatures are obtained. This mhkesxperimental setup very efficient. The use thfeamal
imaging camera allows for such detailed images thatould require several hundreds of thermocosipdeproduce
the same results.

4. Results

Using an infrared camera, thermal images of theetlveat fins (heat sink, hollow steel bar and gradin) were
captured. The gradient fin was further studied gisinmerical analysis.

4.1. experimental results

Figure 4B shows a picture of the heat sink at ststate. It was placed in an aluminum pan fillethwiater and
allowed to reach the desirable steady state. Ihdideach the temperature of 100°C (212°F) as@gdeébecause
the air conditioner sent cool air into the testamga. However, the numbers the camera recordedspmmnded with
the numbers the thermocouples read. The hottestyhite area) of the fin, the base, got hdiatctly from the
water and read a temperature of 96.7°C (206°F).sin@undings (dark area) read about 18.0°C (64.41ke
temperatures of the heat sink varied because asrhealed, the air gaps in the heat sink allowedttio dissipate
more quickly. The pink wavy lines in the backgrownd the thermocouple wires which were used tdyeri
temperatures recorded by the thermal imaging camera
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Figure #haat sink Figure 4B thernmhge of a heat sink

Figure 5A shows the hollow steel bar after it hagribspray painted black. It was put directly onhtbeplate and
surrounded with an insulator. The bar was thendueantil the desirable steady state was reachede&s on



Figure 5B, the hollow nature allowed heat to esoag quickly. The dark surroundings were the csidat a
measured temperature of 20.4°C (68.7°F). The haqites of this fin was the bottom, which had direchtact with
the hot plate. It measured at 273.9°C (525°F).

Figure 5A hollow dtear Figure 5B therritahge of hollow steel bar

Two different experimental approaches were useddbthe gradient fin. Figure 6A shows the theryngiidient
Tetralattice” heat fin at steady state. The gradient fin wasgldn a steel plate with water and left to heat up
Since the thermal conductivity at a given crossigealecreases from bottom to top, heat escapitsrasels
vertically along the fin. Channel one, the bottointhe fin, is the hottest and measured 100°C (2).2PRis was the
maximum temperature reached because the gradiemriducted heat directly from the water. The highe
temperature recorded by the camera was the exhetl¥00°C, which is the boiling point of water. The
surroundings or the dark areas measured 1.8°C°@@ph#nce, the temperature at the bottom decressbdat
traveled along to the top.

Figure 6B shows the gradient fin placed dlyech the hot plate with insulation around it tinghate the
surrounding temperatures. The steady-state foettperiment was 273.89°C (525°F). Temperatures tigiein
this experiment because the gradient fin conduagad directly from the hot plate. The hot plate pogettings
allow a maximum temperature of 327°C.

Figure 6A thermal image of gradient fin intara Figure 6B thermal image of gradient fin an plate

4.2. analysis of the gradient fin

Analysis of the thermal gradient fin was an inttécpart in this research. It was assumed that there five
horizontal (axial) control volumes, each with thradial nodes. Radial nodes were .375 inches aweay €ach
other. Axial nodes were 1.5inches apart. Heat énpusitvere carefully established for all fifteen eedConvection,
conduction and radiation were all taken into actautmen writing the heat transfer equations. Theaéiqus were
solved simultaneously using a MATLAB program. lider to ensure accuracy, the following boundary ¢
were set. The base temperature was specified &€3RTvas assumed that rate of heat transfertmsndings was
by radiation and free convection with surroundiegperature of 27°C. A heat transfer coefficient @fvV/m”2K



was used for free convection. Due to the compleogsry of the gradient fin, writing and solving heguations
would be very difficult to do. With these conditmrequations were solved using varying thermal gotidty
which simulated the gradient fin as a solid stegl Bhe thermal conductivity was varied linearlyrfr 100% at the
base to 10% at the fore end of the gradient fithisi numerical analysis. The power dissipated Wss @alculated
for both cases; constant and varying thermal cotndtyc

From the results, materials with constantrtte@rconductivity (solid objects) will require moneattage to
transfer the same amount of heat compared to griafittiewhich has a varying thermal conductivity.

Table 1 calculated wattages at different tempeeatuiith constant and varying thermal conductivity

Base temperature (°C) Constant thermal conductivity | Varying thermal conductivity
327 45 W 42 W
227 30 W 27 W
127 15w 13W

In comparing the results by calculating theperature history at each node, radially, tempegatwere about
the same. However, axial temperatures varied gregtis data is shown in Figure 7. So, at any gieerss-section,
the gradient fin had constant temperatures (seesbd6, 11). Axially, temperatures decreased asthaveled up
along the gradient fin (for example, from node rbtigh 5).
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Figure 7 Graph of temperature history at each mgtfeconstant and varying thermal conductivity

With these results, it may be possible to nfacture more heat fins using the thermal gradiengéometry.
These heat fins could have a maximum surface aitbanvinimal volume. Also, as withessed with theeagh
results, the objects with varying thermal conduttilike the gradient fin tend to dissipate heatreneffectively and
quickly compared to objects with constant thernaadductivity.

5. Conclusions

Several heat fins were tested for heat transferguie thermal imaging camera. Proper care wageasa
accurately calibrate the thermal imaging cameraraedsure surface temperatures for various fins.

It was observed that the infrared camera hadriocouples recorded the same numbers when thsihkand
gradient Tetralattic® heat fin were placed in water. The thermally geatliTetralatticE” heat fin underwent a



series of different experimental procedures. It thedlargest drop in temperature between the bhad¢ha top
compared to two heat fins; the heat sink and ho#iteel bar. The thermally gradient fin was simuads a solid
steel bar of varying thermal conductivity and thenerical results are in agreement with the behafitihe
gradient fin. This research provides an insigtthefperformance of the gradient fin that have @ltqiotential for
use in the industry.

6. Further Work

Different fin geometries should be further studigth both the camera and the nodal analysis metimoidcompared
with the performance of the thermally gradient ffore tests need to be conducted to prove thagradient fin is
most suitable for effective heat transfer. Alsteraate ways of testing should be devised. One mségp would be
to test all fins in water. Other work may includmtrolling room temperature to ensure a steadyrenmient for all
experiments.
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