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Abstract 
 
If a heat fin’s temperature becomes excessive or insufficient, it might lose functionality or cause other parts to heat 
or cool inadequately. By conducting heat transfer analysis, it is possible that such disasters can be avoided. Though 
previous studies have tested the performance of heat fins with thermocouples, none offer thermal images and 
intuitive understanding of how heat travels in fins. This research uses an infrared thermal imaging camera and 
thermocouples to measure temperature distribution and capture thermal images from heated fins. The infrared 
camera is used to document the thermal energy being emitted by the heated fins. The camera is calibrated to provide 
the surface temperature based on emissivity value of the material. The surface temperature data are obtained 
experimentally; and control volume energy balance method is used to numerically analyze the gradient heat fin. The 
prospect of understanding heat transfer will help rapid prototyping greatly. This research will help optimize the 
understanding of heat transfer in heat fins by studying the 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 on controlled and non-controlled factors and variables. Factors such as 
heat must be carefully analyzed in order to minimize un-desired results. The study of heat transfer is extremely 
important in the rapid prototyping process. It is crucial that sufficient heat is used in order to assemble a complete 
and accurate part. It is also crucial that excess heat is not created that can pose harmful to the final product. Further 
research of heat transfer in heat fins will help maximize sufficient heat and minimize excess heat. 
 
1.1. thermally gradient TetralatticeTM  heat fin 
 
A thermally gradient TetralatticeTM heat fin is a unique design that is shaped in the form of a cylindrical rod with a  
diameter of 1.5 inches and a length of 7.5 inches. The cylinder is composed of small units that imitate the shape 
taken from the covalent bonded carbon atoms that exist in a diamond. The heat fin provides maximum surface area 
in a minimal volume. The fin is 100% solid on one end and decreases in material density in an approximately 
linearly gradient fashion along its length.  
     Heat fins are used to remove excessive amounts of heat from a place where heat is not desired. A good heat fin is 
one that has a high thermal conductivity and a large amount of surface area exposed. A large amount of thermal 
conductivity allows the fin to conduct a significant amount of heat from the heat source. Likewise, a large amount of 
surface area allows the fin to transfer more of this heat to the surroundings. The complex geometry of the thermally 
gradient heat fin makes it impossible to manufacture through conventional means. Thus, the gradient heat fin was 
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built out of stainless steel (with a thermal conductivity of 25W/mK) using selective laser melting [1] which is a 
Solid Freeform Fabrication process. Figure 1 shows a thermal gradient fin. 
 

 
Figure1 shows a thermal gradient fin 

 
1.2. Solid Freeform Fabrication 
 
Solid Freeform Fabrication (SFF) is the name given to a host of related technologies that are used to fabricate 
physical objects directly from CAD software. The basic operation of any SFF system consists of slicing a three-
dimensional computer model into thin cross sections, translating the result into two-dimensional position 
information, and using this data to control placement of solid material. This process is repeated for each cross 
section and the object is built up layer by layer with a laser [3].  
 
1.3. heat sinks and heat fins 
 
Controlling temperature is a crucial operation; engineers need methods of optimizing heat flow. The most common 
method of dissipating heat from media is with the use of heat sinks. Heat sinks are devices constructed to direct heat 
from an area of higher temperature to an area of lower temperature. Heat sinks and its many variations can be found 
in microprocessor chips, motor vehicles, and air-conditioners. Heat sinks use components called heat fins to transfer 
heat.  A heat sink consists of many heat fins that are collectively attached. When the heat sink is attached to a hot 
body, these fins act as bodies that absorb heat from the material.  
     Heat fins are composed of thermally conductive metals that readily absorb heat such as copper and silver. The 
construction of the heat sink is what gives it functionality. One end of a heat sink is tightly compacted and the other 
end is less compacted. The higher compacted/dense end is attached to the source of heat. As heat travels up the heat 
sink, it is dissipated at the less dense end. Finally, the heat is carried away by the surrounding air. Rapid prototyping 
machines utilize heat sinks as well as help create them. Certain heat sinks are very complex for example, the 
thermally gradient fin and can only be produced through solid freeform fabrication.  As the solid freeform process 
evolves, so will the capabilities of heat sinks. 
 
1.4. problems with conventional heat fins 
 
Heat sinks work very well in transporting heat, but their capabilities have limits. If temperatures are too extreme, the 
heat sinks themselves will not be able to dissipate enough heat in time, and become a heat source themselves.  Most 
heat sinks are also known to be fragile. If some heat fins on a heat sink are damaged, the functionality of the heat 
sink will be compromised. Heat sinks work well only when there is optimal contact with the heat source, if not the 
heat sink will not absorb enough heat.                                                                           
 
2. Research Objective 
 
The goal of this research is to capture thermal images using an infrared thermal imaging camera and thermocouples 
to see the different temperature change in three materials; a thermally gradient fin, a heat sink and a hollow steel bar. 
The behavior of a thermally gradient TetralatticeTM heat fin is further studied and analyzed. Using all three modes of 
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heat transfer, fifteen heat equations are written and solved simultaneously to obtain the temperature history at each 
node with the aid of MATLAB programming.  
 
2.1. heat transfer 
 
Heat can be defined as the process by which energy transport takes place [2]. When a physical body (object or fluid) 
is at a different temperature than it surroundings, transfer of thermal energy is known as heat transfer. This occurs in 
such a way that the body and the surroundings reach thermal equilibrium. Thus, heat always flows spontaneously 
from a hot material to a cold one (2nd Law of Thermodynamics). Transfer of energy occurs mainly through 
convection, conduction, and radiation.                                                                                                                                                                                                                                      
 
2.2. convection 
 
Convection deals with the movement of a mass away from a heat source into an area of lower temperature or 
pressure. As the mass leaves the area, it carries energy with it which will dissipate to the cooler surroundings with a 
lower pressure [10]. The equation that governs the rate of heat transfer by convection in a heat fin is known as 
Newton’s law of cooling [8] and is expressed as 
 
     ( )¥-= TThAQ s

�                                                                                                                                                     (1) 
 
where Q�  is the amount of heat transfer, h is the thermal convection coefficient, As is the heat fin surface area, T is 
the temperature of the heat fin at a specific location, and T�  is the temperature of the surroundings [8]. 
 
2.3. conduction 
 
Conduction is a means of heat transfer where a material’s molecules will get excited by high temperatures and as a 
result, transfer energy throughout the material. As the molecules start to collide with each other, the material will 
begin to give off heat. This process occurs while the material is completely static [10]. The equation that governs the 
rate of heat transfer by conduction in a heat fin is known as Law of Thermal Conduction [11] and expressed as 
 

     
dx
dT
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where Q�  is the rate of heat transfer by conduction, k is the thermal conductivity, Ac is the cross-sectional area of the 
heat fin, and dT/dx is the variation of temperature with respect to position [8]. 
 
2.4. radiation 
 
Radiation involves the movement of energy from a material by emanating thermal electromagnetic waves [9]. These 
waves will carry energy with them away from the material in order to lower its temperature. The equation that 
governs rate of heat transfer by radiation is known as Stefan Boltzmann’s law and is expressed as 
  

     4 4( )sQ eA T Ts ¥= -�                                                                                                                                         (3) 

   
where Q�  is the amount of heat transfer, � �is the Stefan-Boltzmann’s constant, e is the heat fin’s emissivity, As is the 
heat fin surface area, T is the temperature of the heat fin at a particular location, and T�  is the temperature of the heat 
fin’s surroundings [8].  �
 
3. Infrared Thermal Imaging Camera 
 
An infrared thermal imaging camera is a device used by fire fighters to see in low visibility conditions. The device is 
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an important life safety tool used to quickly locate victims in emergencies regardless of the environmental 
conditions of smoke, flames and hot gases. Infrared is an energy similar to visible light, but with a longer 
wavelength.  While visible light energy is emitted by objects only at a very high temperature; infrared energy is 
emitted by all objects at ordinary temperatures, but is invisible to the human eye [6]. Everything has infrared energy. 
The hotter the object, the more energy it gives off. An infrared camera detects this thermal energy and translates it 
into a picture. The hotter the object, the brighter it appears [7].The model used in this project was manufactured by 
Forward Looking Infra Red Systems (FLIR) [5]. Figure 2 shows a picture of the infrared thermal imaging camera 
model ThermaCAM PM595. 
 

   
Figure 2 ThermaCAM PM595 [5] 

 
       Calibration is crucial in operating the thermal imaging camera. For every time a material is changed, the 
emissivity value has to be reset. Emissivity value in short, is a measure of how much radiation is emitted from an 
object. Normally, objects materials and surface treatments exhibit emissivities ranging from approximately 0.1 to 
0.95. A highly polished (mirror) surface falls below 0.1 while an oxidized or painted surface has much higher 
emissivity. Oil-based paint, regardless of color in the visible spectrum, has an emissivity over 0.9 in the infrared. 
Human skin exhibits an emissivity close to 1. Emissivity of metals is low, only increasing with temperature. For 
non-metals, emissivity tends to be high, and decreases with temperature [5].  
       The camera works on the principle of radiation emitted by the hot surface and yields the temperature of a heat 
fin at a particular location by knowing all other variables in the given equation [5].  
 
3.1. experimental procedure 
 
A Hewlett-Packard 34970A Data Acquisition System was used to take temperature readings in each experiment. 
These readings were taken through the use of thermocouples constructed with type K-wire. A Corning PC-420 was 
used as a source of heat. Three heat fins were tested: a thermally gradient TetralatticeTM heat fin, an aluminum heat 
sink [4A], and a hollow stainless steel bar nicknamed “Holey Cow” [5A]. The hollow steel bar was spray painted 
black to eliminate reflection and to give it an emissivity value of one. The thermally gradient TetralatticeTM heat fin 
is made of stainless steel with the emissivity value of 0.25. Likewise, the aluminum heat sink had the emissivity 
value of 0.84. The gradient heat fin and the hollow steel bar had the length of 7.5 inches and a radius of 0.75 inches. 
The heat sink measured 8 inches long and 5 inches wide. Five thermocouples were placed on one side of the 
TetralatticeTM heat fin to account for the temperatures in the center. The heat sink had five thermocouples attached 
vertically in the middle fin because it was assumed that the heat fin will have constant heat at any given horizontal 
cross-section. Holey Cow had only three thermocouples in one plane. The hot plate was heated to its maximum 
capacity in order to maintain the level of consistency in the amount of heat. Each experiment lasted four to five 
hours until the required steady state was reached. The infrared thermal imaging camera was placed about five feet 
away from the fins to document the thermal energy being emitted by the heat fins and translate them into pictures. 
To ensure that the thermal imaging camera was not reading the surrounding temperatures on the hot plate, Thermal 
Ceramics Kaowool insulator was used to eliminate unwanted heat. Experiments were done in a dark room to 
eradicate reflection from all light sources. Figure 3 shows a picture of the experiment setup. 
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Figure 3 Experiment setup 

 
     In previous experiments, thermocouples were used to document temperatures profiles of the heat fins. Only the 
core temperatures were recorded. By using the thermal imaging camera and thermocouples together, both the core 
and surface temperatures are obtained. This makes the experimental setup very efficient. The use of a thermal 
imaging camera allows for such detailed images that, it would require several hundreds of thermocouples to produce 
the same results. 
 
4. Results 
 
Using an infrared camera, thermal images of the three heat fins (heat sink, hollow steel bar and gradient fin) were 
captured. The gradient fin was further studied using numerical analysis.   
 
4.1. experimental results 
 
Figure 4B shows a picture of the heat sink at steady state. It was placed in an aluminum pan filled with water and 
allowed to reach the desirable steady state. It did not reach the temperature of 100°C (212°F) as expected because 
the air conditioner sent cool air into the testing area. However, the numbers the camera recorded corresponded with 
the numbers the thermocouples read. The hottest part (white area) of the fin, the base, got heat directly from the 
water and read a temperature of 96.7°C (206°F). The surroundings (dark area) read about 18.0°C (64.4°F). The 
temperatures of the heat sink varied because as heat traveled, the air gaps in the heat sink allowed heat to dissipate 
more quickly. The pink wavy lines in the background are the thermocouple wires which were used to verify 
temperatures recorded by the thermal imaging camera. 
 

               
                                         Figure 4A heat sink                       Figure 4B thermal image of a heat sink 
 
Figure 5A shows the hollow steel bar after it had been spray painted black. It was put directly on the hot plate and 
surrounded with an insulator. The bar was then heated until the desirable steady state was reached. As seen on 
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Figure 5B, the hollow nature allowed heat to escape very quickly. The dark surroundings were the coldest, at a 
measured temperature of 20.4°C (68.7°F). The hottest part of this fin was the bottom, which had direct contact with 
the hot plate. It measured at 273.9°C (525°F). 
 

                      
                              Figure 5A hollow steel bar                            Figure 5B thermal image of hollow steel bar 
 
Two different experimental approaches were used to test the gradient fin. Figure 6A shows the thermally gradient 
TetralatticeTM heat fin at steady state. The gradient fin was placed in a steel plate with water and left to heat up. 
Since the thermal conductivity at a given cross section decreases from bottom to top, heat escapes as it travels 
vertically along the fin. Channel one, the bottom of the fin, is the hottest and measured 100°C (212°F). This was the 
maximum temperature reached because the gradient fin conducted heat directly from the water. The highest 
temperature recorded by the camera was the exactly the 100°C, which is the boiling point of water. The 
surroundings or the dark areas measured 1.8°C (35.4°F) hence, the temperature at the bottom decreased as heat 
traveled along to the top.  
     Figure 6B shows the gradient fin placed directly on the hot plate with insulation around it to eliminate the 
surrounding temperatures. The steady-state for this experiment was 273.89°C (525°F). Temperatures were high in 
this experiment because the gradient fin conducted heat directly from the hot plate. The hot plate power settings 
allow a maximum temperature of 327°C.  
 

                            
      Figure 6A thermal image of gradient fin in water    Figure 6B thermal image of gradient fin on hot plate 
 
4.2. analysis of the gradient fin 
 
Analysis of the thermal gradient fin was an intricate part in this research. It was assumed that there were five 
horizontal (axial) control volumes, each with three radial nodes. Radial nodes were .375 inches away from each 
other. Axial nodes were 1.5inches apart. Heat equations were carefully established for all fifteen nodes. Convection, 
conduction and radiation were all taken into account when writing the heat transfer equations. The equations were 
solved simultaneously using a MATLAB program. In order to ensure accuracy, the following boundary conditions 
were set. The base temperature was specified as 327°C, it was assumed that rate of heat transfer to surroundings was 
by radiation and free convection with surrounding temperature of 27°C. A heat transfer coefficient of 10W/m^2K 
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was used for free convection. Due to the complex geometry of the gradient fin, writing and solving heat equations 
would be very difficult to do. With these conditions, equations were solved using varying thermal conductivity  
which simulated the gradient fin as a solid steel bar. The thermal conductivity was varied linearly from 100% at the 
base to 10% at the fore end of the gradient fin in this numerical analysis. The power dissipated was also calculated 
for both cases; constant and varying thermal conductivity.  
     From the results, materials with constant thermal conductivity (solid objects) will require more wattage to 
transfer the same amount of heat compared to gradient fin which has a varying thermal conductivity.                                            
 

Table 1 calculated wattages at different temperatures with 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 15 W 13 W 

 
     In comparing the results by calculating the temperature history at each node, radially, temperatures were about 
the same. However, axial temperatures varied greatly. This data is shown in Figure 7. So, at any given cross-section, 
the gradient fin had constant temperatures (see nodes 1, 6, 11). Axially, temperatures decreased as heat traveled up 
along the gradient fin (for example, from node 1 through 5). 
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Figure 7 Graph of temperature history at each node with constant and varying thermal conductivity 
                       

     With these results, it may be possible to manufacture more heat fins using the thermal gradient fin geometry. 
These heat fins could have a maximum surface area with minimal volume. Also, as witnessed with the research 
results, the objects with varying thermal conductivity like the gradient fin tend to dissipate heat more effectively and 
quickly compared to objects with constant thermal conductivity.  
 
5. Conclusions 
 
Several heat fins were tested for heat transfer using the thermal imaging camera. Proper care was ensured to 
accurately calibrate the thermal imaging camera and measure surface temperatures for various fins. 
     It was observed that the infrared camera and thermocouples recorded the same numbers when the heat sink and 
gradient TetralatticeTM heat fin were placed in water. The thermally gradient TetralatticeTM heat fin underwent a 



 8

series of different experimental procedures. It had the largest drop in temperature between the base and the top 
compared to two heat fins; the heat sink and hollow steel bar. The thermally gradient fin was simulated as a solid 
steel bar of varying thermal conductivity and the numerical results are in agreement with the behavior of the 
gradient fin. This research provides an insight of the performance of the gradient fin that have a lot of potential for 
use in the industry.  
 
6. Further Work 
 
Different fin geometries should be further studied with both the camera and the nodal analysis method and compared  
with the performance of the thermally gradient fin. More tests need to be conducted to prove that the gradient fin is 
most suitable for effective heat transfer. Also, alternate ways of testing should be devised. One major step would be 
to test all fins in water. Other work may include controlling room temperature to ensure a steady environment for all 
experiments.    
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