
ABSTRACT 

GIRASE, ARJUNSING GAJENDRASING. Application of Pitch-based Carbon Fiber in Flexible 

Heatsinks (Under the direction of Dr. Philip Bradford). 

 

Composites have been recognized as one of the most versatile materials due to their 

outstanding properties and ability to tailor their design through selection of fiber and matrix.  

Sectors such as aerospace, energy, automobile, construction have all observed a large growth in 

application of the composite materials. Pitch based carbon fibers have high thermal conductivity 

along with high mechanical properties and have been used in many composite applications 

requiring heat transfer. Initially heat sink structures were made of metals but recently composites 

have been incorporated in making heat sink structures. Flexible, light weight, high energy 

electronic devices are future trends and such devices need efficient flexible heat dissipation 

system. In this work, flexible unidirectional composite structures were created with pin-shaped 

fins of two different cross sections-rectangular and circular. The mini heat sink structures were 

created with a simple fabrication technique utilizing highly conductive pitch-based carbon fibers 

and flexible PDMS (poly-dimethyl-siloxane). The thermal resistances of these structures were 

tested for different parametric variations in two different cross sections of fins. Thermal and 

mechanical properties of these structures were evaluated. Inter comparison as well as intra-

comparison of the samples were done based on these properties.  
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Introduction 

With growth of advanced high power electronics, the issue of thermal management has 

also increased to a great extent. Heat sinks have been used to remove excess heat thus increasing 

the life-span of these devices. Traditionally thermal management was considered as secondary 

parameter in evaluation of product performance. But with growth in miniaturization of devices, 

thermal management has become a driving factor in product design to avoid failure of electronic 

devices due to excess concentrated heat. Various researchers have addressed these problems by 

fabricating heat sink structures with different materials and techniques. Miniaturization of heat 

sinks was first done by Tuckerman in early 80s and concluded that with decreasing size of heat 

removal channels, high heat flux can be removed. Since then novel heat sinks have been proposed 

in various studies for improving efficiency. Heat sink types include plate fin heat sinks, pin-fin 

heat sinks, finned metal foam heat sinks etc. Various faculties like parametric optimization, fin 

design, material optimization were researched for improving efficiency of heat sinks in terms of 

lowering the thermal resistance. Initially metals like copper, aluminum were used in manufacturing 

heat sinks with alloys following this trend. As research progressed ceramics were used due to their 

corrosive resistant properties and were followed by various composites. Although metals have 

high thermal conductivity they are heavy, have very low flexibility, less corrosive resistant and 

require complex manufacturing techniques. Such rigid heat sinks are difficult to bond to surface 

of heaters and devices making the contact area small. Irregular contours and non-flexibility leave 

an air gap between heat source(device) and heat sinks which decreases efficiency of a heat sink 

since air as an interface is a bad conductor of heat. Hence such structures need flat surfaces which 

impose huge application constraints. Flexible structures have high tolerance for bending and less 

structural restrictions. A huge amount of research has been done on improving heat sink’s thermal 
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dissipation efficiency but less on developing flexible structures. Demand for flexible components 

in power electronic devices is ever increasing for ease of portability. 

Composite materials consist of two different phases, a reinforcement and a matrix. The 

matrix phase is a continuous phase that envelopes reinforcements which are generally fiber 

structure and is a discontinuous phase. Matrix protects reinforcements from mechanical damage 

when present in bulk. Composite materials have numerous advantages over traditional materials 

like light weight, flexible, high mechanical strength, high thermal stability etc. These distinctive 

properties make composites a versatile material for various applications like aerospace, industrial, 

construction, electronics etc. 

Carbon fibers have high thermal conductivity and mechanical properties thus making them 

one of the most widely used material known to mankind. Although various carbonaceous materials 

have been used in thermal management applications like carbon nanotubes, carbon foams, graphite 

limited amount of research has been conducted in incorporating pitch-based carbon fibers in 

fabricating heat sinks. Pitch based carbon fibers have high thermal conductivity as compared to 

carbon fibers from other polymeric precursors. Similarly, poly-dimethyl siloxane(PDMS) has been 

rarely used in thermal management applications despite of many advantages. Primary objective of 

this study was to construct flexible heat sinks made from unidirectional carbon fiber and PDMS 

with simple and economical fabrication technique and test its heat dissipation technique.  

Chapter 3 describes heat sink mold design and experimental procedure for fabrication of 

non -woven fiber structure. Further design of experiments is explained with variations in parameter 

and various testing methods for which heat sinks are tested. Chapter 4 explains the background for 

an experimental procedure. Structural and process optimizations are described in this chapter. 

Through SEM images we were able to determine diameter of carbon filaments which helped to 
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calculate fiber volume fraction of composites. Results of various tests were analyzed and discussed 

in chapter 5 which concludes that geometry and structural configuration affects the thermal 

performance of materials. 
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Literature Review 

2.1 Heat Sink Structure 

Heat sink is a device that is used mainly in heat dissipation and absorption. These structures 

have engineered geometric surfaces such as fins, spines which help in heat absorption and heat 

dissipation. Heat sink structures mainly have fin arrays for its application in heat dissipation. 

Various techniques are used to increase the thermal performance, such as increasing the thermal 

conductivity of fins, surface area of fins, heat transfer coefficient, altering its geometry, [1].  

2.2 Materials used in Heat Sinks 

Heat sinks are used in heat dissipation of electronic devices. It’s thermal management 

potential depends on number of factors such as geometric parameters that includes fin spacing, fin 

length, number of fins, channel width. Along with this, one important parameter that needs to be 

considered is the thermal conductivity of the material. Various materials have different thermal 

conductivity. Metals have high thermal conductivity hence are used in conventional heat sinks. As 

research progressed other materials like silicon, alloys, ceramics, glass, polymeric materials etc 

were incorporated in heat sink production. 

Metals like copper, silver, aluminum are used in production of heat sinks due to high 

thermal conductivity. Copper has high thermal conductivity (400 W/m-K) than steel and 

aluminum. Along with high thermal conductivity other factors that need to consider are ease of 

fabrication, availability, cost etc [43]. Conventional heat sinks were made from metals especially 

copper extensively due to high thermal conductivity. Qu and Mudawar used copper micro channels 

heat sink for testing its performance [34]. Randeep singh used copper made heat sinks for its thermal 

characterization [37]. Titanium impregnated materials like carbon-copper composites showed high 
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thermal performance [39]. Various surface treatments on copper plates such as porous structures 

were incorporated to improve thermal performance of heat sinks [41]. Sometimes phase changing 

materials such as n-eicosane were used to improve thermal performance of metals like aluminum 

heat sinks [42]. Aluminum in the form of foam is also used extensively in heat sink structures [45-

46].  Steel is generally used in heat sinks due to its light weight property [43]. Judy used stainless 

steel micro channels along with fused silica for testing laminar flow in micro-channels [40]. 

Ceramic is also used extensively in making heat exchangers. Corrosion resistance, high 

thermal stability, economical production are some of the advantages that make ceramic heat 

exchangers highly desirable in thermal management systems. Silicon nitride, alumina, zirconia, 

alumina nitride are some of the ceramics that are primarily used in heat exchangers. Silicon carbide 

is most used ceramic material in heat sinks. Demerits include hindrances in metallic mechanical 

sealing, brittleness in tension, lower thermal shock resistance, complex fabrication as metals [38]. 

Aluminum oxide is one of the most widely (90% of total ceramic substrates) used materials but its 

lower thermal conductivity is one the major hindrance in its usage (20 W/m-K). Silicon micro 

channels have been experimentally tested by various researchers in heat sink devices due to its 

superconductive property. Silicon microchannels have been tested by Park and Punch [64], Rahman 

[65], Xue [66]. Phase change materials(PCM) are potential materials in thermal management system. 

Phase change materials have certain advantages such as chemical stability, high latent heat, non-

toxicity, small volume change. Low thermal conductivity is a major disadvantage that prevents the 

use of these materials in high power devices. To increase its thermal conductivity various methods 

are incorporated such as internal fins are created inside PCM walls to improve thermal dissipation. 

Inserting various nanofillers such as carbon nanotubes, hexagonal Boron Nitrides, graphene 

nanoplatelets, carbon nanofibers are used to increase conductivity of PCM based composites. 
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Wang introduced paraffin in porous metal composites which improved heat transfer of phase 

change materials for high heat fluxes [47] 

2.3 Heat Sink Principles 

Newton’s Law of cooling [1], [51] 

This law states that the intensity of energy transfer depends on temperature difference of 

interacting physical states. 

Q=α (Tw - T∞) 

Q=heat flux(W/m2), Tw= surface temperature(K), T∞= temperature of surrounding/ ambient 

temperature(K), α= heat transfer coefficient(W/(m2/K)) 

Fourier’s law of heat conduction [69] 

Figure 2.1 describes transport of heat through a given surface via conduction . Rate of heat 

transfer through a medium by conduction is proportional to the temperature gradient in flow 

direction and cross-sectional area(A) through which heat is transferred. Q as amount of heat 

transfer(Joules-J), q denoting heat transfer rate(J/s) direction, Fourier’s law can be stated for 

direction-x: 

𝑞𝑥𝛼 − 𝐴𝑥

ⅆ𝑇

ⅆ𝑥
 

𝑞𝑥 = −𝑘𝐴𝑥

ⅆ𝑇

ⅆ𝑥
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Figure 2.1 Transport of Heat by Conduction [69] 

K is a proportionality constant and thermal conductivity of a medium, negative sign due to fact 

that temperature gradient is negative in x-direction (heat flows from higher temperature to lower 

temperature, T2 < T1)  

Temperature gradient flows through the slab of material of thickness Δx and face 

temperatures are maintained at T2 and T1. 

Hence above equation becomes: 

qx = - k Ax 
𝑇2 – 𝑇1

Δx
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Fin effectiveness equation [1] 

Figure 2.1 shows a rectangular fin through which heat is transferred to ambient. Fin is of 

height b, length L and thickness t. Heat entering through cross section is qx and leaves with a 

differential change qx+ (dqx /d x) dx .Heat transfer through convection is dq conv.  

 

Figure 2.2 Rectangular fin of uniform cross section [1] 

Heat Transfer through fin [1] 

Θ= Tb-T∞ 

m2=
ℎ𝑝

𝑘 𝐴𝑐
,     

ⅆ𝑇

ⅆ𝑥
=

ⅆ 𝛩

ⅆ𝑥
   as T∞ is constant, 

m=√(ℎ𝑃/𝑘Ac) 
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=√ℎ
2(𝐿+𝑡)

𝑘∗𝐿∗𝑡
 

=√
2ℎ

𝑘𝑡
∗ (1 +

𝑡

𝐿
) 

≈√2ℎ/𝑘𝑡 

qf=√(ℎ𝑃/𝑘Ac) θb tanh mb 

Fin effectiveness is defined as the ratio of heat transfer rate through a fin to ratio of heat transfer 

rate without a fin structure. 

Εf =  
qf

h Ac θb
 

  Ef =  
√(ℎ𝑃/𝑘Ac) θb tanh 𝑚𝑏

ℎ 𝐴𝑐 𝜃𝑏
 

Ef =√(
𝑘

ℎ
) ∗ (

𝑃

𝐴𝑐
) tan h 𝑚𝑏 

(
𝑘

ℎ
):  for fin to be effective for air cooling smaller value of h is recommended. 

𝑃

𝐴𝑐
: increasing perimeter and decreasing cross sectional area will increase effectiveness of fin. 

Fin efficiency equation [1] 

Fin efficiency is the ratio of heat transfer from a fin to maximum heat transfer possible through a  

fin. Condition for maximum heat transfer for dissipation of thermal energy is possible only when 

entire fin surface is at the base temperature. 

Efficiency can be defined as: 

ηf = 
𝑞𝑓

𝑞𝑓𝑚𝑎𝑥
 = 

𝑞𝑓

ℎ 𝑃𝑏 𝜃𝑏
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= 
√(ℎ𝑃𝑘𝐴𝑐) 𝜃𝑏 𝑡𝑎𝑛ℎ 𝑚𝑏

ℎ 𝑃𝑏 𝜃𝑏
 =√

𝑘𝐴𝑐

ℎ 𝑃  
 * tanh mb* (

1

𝑏
) 

m=√
ℎ𝑃

𝑘 𝐴𝑐
 

ηf = 
tanh 𝑚𝑏

𝑚𝑏
 

fin efficiency generally lies between 0.5 and 0.7. 

2.4 Geometric Optimization of Heat Sink 

Concept of microchannel heat sink structures was initially explained by Tuckerman [2] in 

1981.Experiment was conducted using silicone chips with deionized water and heat dissipation as 

high as 790W/cm2 was obtained. Fig 2.3 shows compact heat sink structure created by Tuckerman 

and Pease. It was shown in the experiment that heat transfer coefficient can be increased by 

decreasing the diameter of channel.  

 

Figure 2.3 [2] Compact Heat Sink Structure incorporated in integrated circuit 
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This concept revolutionized the field of thermal energy management. Missagia used single layered 

microchannel heat sink in experiment which provided valuable improvements for microchannel 

heat sink design. Experiment concluded that resistance of an array depended strongly on the 

geometry of an array and it decreased with increased spacing of channels [11]. 

Goldberg used narrow channel concept and used air as a cooling medium and created 

structures with different fins. Channel to fin width ratio was kept constant for whole experiment. 

Smallest channel width structure having largest pressure drop demonstrated lower thermal 

resistance [12]. Hwang designed a thermal module for advanced packaging. This design was 

innovative in a way as channels were parallelly aligned to heat source rather than in perpendicular 

direction. Design was tested for both laminar and turbulent flow of water. For turbulent flow, 

structure showed minimum thermal resistance [13]. Mahalingam prepared silicone based micro heat 

sink structures. Air and water both were used as mediums for convection. For water, structures 

yielded very low thermal resistances as compared to air nonetheless proving that packaging design 

can play a significant role in thermal management [17]. Similar geometric optimization studies were 

performed by Knight [15] on theoretical design proposed by Knight [16]. Experiment was performed 

on aluminum fin system with 3 different designs and computational optimal design offered 

minimum thermal resistance.  

 A two-layered microchannel concept (figure 2.4) was introduced in heat sink structures by 

Zhu. These structures used counter current flow arrangement which helped in reducing 

temperature rise as compared to single channel structures [3].  
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Figure 2.4 Two layer Microchannel [3] 

Zhai developed new complex structure and studied entropy generation rate. Under same 

volumetric flow double layered micro heat sink structures exhibit better thermal cooling than 

single layered micro heat sink with simple structures. Internal thermal stresses were eliminated in 

the double layered micro structure due to uniform temperature distribution [4] Gongnon Xie 

prepared structures with multi stage bifurcations and investigated laminar flow and thermal 

performances using computational fluid dynamics. Using multistage bifurcations, overall thermal 

resistance was reduced, and surface temperature was uniform as compared to structures without 

bifurcations. This study prompted the use of constructal theory and multi bifurcations in heat sink 

structures [5]. Horizontally oriented natural convective heat sink with rectangular base and fins was 

studied by Yuncu and concluded that fin spacing to fin height ratio and number of fins are 

important parameters in convective heat transfer. For convective heat transfer, heat transfer rate 

increases for fin spacing to fin height ratio and decreases for further increase in fin spacing [6]. 

Hung performed parameter analysis for microchannel heat sink which indicated that thermal 

resistance depends on channel aspect and channel width ratio. Also, keeping channel aspect ratio 
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and channel width ratio constant thermal resistance first increases then decreases for increasing 

the number of channels [7]. Grooved microchannel heat sink structures were designed by Ahmed 

which studied geometric variables such as depth, tip length, pitch and orientation of cavities for 

optimization of heat sink structures [8]. Truncated top channel design was made by Leng which 

improved thermal performance of double layered heat sink structures. This special design as shown 

in figure 2.5 was studied numerically and compared against double layer structure. Truncated 

position was optimized for top channel at point where coolant temperature for both channels (top 

and bottom) is equal. This design improved overall performance of heat sinks in minimizing 

thermal resistance and reduced maximum temperature difference on bottom wall. For variations 

in certain parameters like channel number, bottom channel length and channel to pitch width ratio 

truncated channels showed lower thermal resistance nearly by (30-35) % [9] 

 

Figure 2.5 Truncated Top Channels [9] 
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Trapezoidal channels were introduced in micro channels which further improved thermal 

performance in heat sinks [10] 

 Harms created single and multiple channel heat sinks with deep rectangular channels. Both 

theoretical and experimental model were studied for geometric optimizations. Parametric analysis 

indicated that by decreasing channel width along with increasing channel depth heat sinks perform 

better [14]. Li studied natural convective heat transfer using chimney effect on a heat sink. Chimney 

is extended long surface from heated surface as seen in figure 2.6. Chimney can be used in 

increasing thermal performance keeping weight and volume constant. He studied both numerical 

and experimental models and concluded that with optimal structure thermal performance increased 

nearly by 20% as compared to structure without a chimney [19]. 

 

Figure 2.6 Structure of radial based heat sink [19] 
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Lei Chai innovated a design for enhancing thermal performance in microchannel heat sink. 

Heat sinks with periodic expansion and constrictions cross sections were constructed and tested. 

Each structure was 0.1 mm wide and 0.2 mm deep with 10 parallel micro channels. Each 

microchannel consisted of periodic expansion and constriction cross sectional arrays. Material 

used was silicon and these special structures seen in figure 2.7 were tested and compared against 

rectangular straight microchannel heat sink structure (R), fan shaped reentrant cavities (F), 

triangular shaped reentrant cavities (T). Nusselt number increased by about 1.8 times [20]. 

 

Figure 2.7 Different shapes of microchannels [20] 

 Shim studied effects of cross section on thermal conductivity of carbon fibers. Cross sections 

studied were C shaped, round and hollow shape. Thermal conductivity was measured using steady 

state method both in perpendicular and parallel directions of reinforcing fibers. Materials used 

were mesophase pitch carbon fibers along with epoxy as resin. C shaped structures showed higher 
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thermal conductivity as compared to other shapes due to higher hollowed out surface area. This 

results in increase contact with matrix and has high thermal resistance in perpendicular direction. 

Also, C shape structure has high thermal diffusivity ratio due to fact that axis of C shape structure 

coincides with basal plane of graphite [18].  

T.C Hung studied detail analysis of parameter optimization of a double layered heat sink. He 

concluded that [21]: 

• For double layered heat sink structure pressure drop is inversely proportional to channel 

width ratio.  

• Keeping channel width ratio constant thermal resistance initially decreases and then 

increases with channel number. 

• Thermal resistance initially decreases with channel width ratio but can increase if ratio 

increases more. Thus, an optimum value for channel width is very important for 

minimum thermal resistance. 

Huang studied optimization of slotted channels for micro heat sinks (Figure 2.8). Heat transfer 

characteristics in three different types of slotted channels were studied- rectangular parallel 

slot(RP), rectangular stagger(RS) slot, trapezoidal stagger(TS) slot. In rectangular parallel and 

rectangular staggered, with increasing distance between rectangular channels heat transfer 

improved significantly. For RP and RS structures with increasing inlet velocity RS structures 

demonstrated better thermal performance than RP structures. Overall thermal performance of 

Trapezoidal slot(TS) was better than RP and RS structures as indicated by observing Nusselt 

number. In case of Trapezoidal Staggered structures geometric optimizations concluded optimum 

base angle for better thermal performance [22] 
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Figure 2.8 Slotted Microchannels [23] 

Fu analyzed performance of refrigerant HFE-7100 flow in mini channel heat sinks with 

saw tooth structures (figure 2.9). Three studies were performed considering non-modified surface 

as reference sample, saw tooth parallel arrangements and counter flow arrangements. Heat sink 

was made from copper which had four mini channels. Critical Heat flux improved by 44% for 

parallel arrangement and 36% for counter arrangement as compared to non-modified surface [23] 
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Figure 2.9 Saw tooth structures [23] 

Alfaryjat studied micro channels heat sinks with different cross section channel shapes that 

can be seen in figure 2.10. He analyzed influence of geometric parameters on heat transfer 

characteristics. Numerical model was proposed for aluminum metal with three different cross 

sections: Hexagonal, rhombus, circular. Thermal resistance was minimum for rhombus cross 

sections followed by hexagonal. Rhombus was considered as best geometry for channels for high 

heat dissipation. An interesting observation noted was smallest channel for hexagonal cross section 

had highest heat transfer co-efficient and high pressure drop as compared to the other cross sections 

[24] 
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Figure 2.10 Cross sections-rhombus, circular, hexagonal [24] 

Similarly, Mohammed studied different cross section of channels such as zig-zag, curvy, 

step micro channels and compared against straight and wavy channels (figure 2.11). It was seen 

that zig-zag channels had high heat transfer co-efficient as well as high pressure drop. All other 

cross sections demonstrated better thermal performances than conventional straight channels. For 

better thermal performances zig-zag shaped channel is best followed by step channels [25] 

 

      

 Zig-zag                               Wavy                                    Step 

Figure 2.11 Cross sections-zig zag, wavy and step 



  20 

 

2.5 FIN Structures 

Fins are most widely used extended surfaces in heat sink structures for improving thermal 

performances. Most widely used fin structures include pin shaped fins, plate fins due to simple 

geometry and low manufacturing cost.  

Feng constructed an innovative cross fin structure seen in figure 2.12 for studying natural 

convection and compared with plate-fin heat sink. Cross fin structure includes a series of long 

parallel fins with short fins placed perpendicular to the long fins. Long fins have same length as 

fins in reference sample. This perpendicular arrangement helped air to reach center of the heat sink 

as compared to conventional plate fin heat sink. This helped in higher heat dissipation. Heat 

transfer coefficients increased by nearly 15% as compared to regular plate fin structures [26]. 

 

 

Figure 2.12 [26] (a)Conventional and (b) Proposed heat sink 

Kim studied thermal performances of different types of fin structures. Duct fan was used for air 

forced convection cooling. Types of fin structures included: Plate fin (figure 2.14), Round fin 

(2.13), off set strip fins (figure 2.16). Round fins included inline (figure 2.15 (a)) and staggered 

pin fins (figure 2.15(b)) structures. Comparison was based on constant fan power assumption. It 

was observed that round pin fins offered higher thermal resistance than optimized plate fin heat 

sink. This was due to lower allowance of the frontal area. Offset pin fin structured showed lower 
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thermal resistance than plate fin structures. Increasing frontal area would have improved thermal 

performance of round pin fin structures [48] 

 

Figure 2.13[48] Round Pin Heat Sink            Figure 2.14[48] Plate fin Heat Sink 

 

 

Figure 2.15[48] Pin Fin arrangement (a) Inline pin fins, (b) Staggered Pin Fins 
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                                  Figure 2.16 [48] Off Set-Fins 

Jeon performed numerical analysis of thermal performances of plate fin structures with 

dual height fin profile as seen in figure 2.17. The effect of dual height configuration, channel length 

and fin spacing on thermal performance was studied. Thermal resistance along with mass of the 

heat sink was primarily considered as an objective function in characterizations of the heat sink. 

Thermal performance per unit mass of heat sink is an important attribute in heat sink performance. 

Conventional heat sink was considered as the reference sample. Results indicated a minimum 

threshold value for primary fin height(H1). As spacing increased between fins threshold value of 

primary fin height increased. Where mass of heat sink is considered as important in determining 

the value of product, dual height fin structure is best possible option for improving thermal 

performance [27] 



  23 

 

 

Figure 2.17 Dual height fin structure [27] 

Zhao performed comparative studies between micro square fins and column fins. He also 

performed numerical and experimental investigation on thermal performance and its relationship 

with pin fin angles and fin porosity. Figure 2.18 describes two models that were created of micro 

square pin fin structures with different porosity and different rotation of angles. Results indicated 

that with decrease in porosity heat transfer was enhanced and pressure drop increased. Although 

small porosity can provide better thermal performance, optimal pin-fin porosity needs to be 

considered to have suitable heat transfer area and optimum pressure drop. Pin fin located angle 

was insensitive to flow resistance yet provided better thermal performance. Nusselt number 

increased gradually with increased angle. As boundary of square fins aligned with streamline flow 

of air or any fluid better convective heat transfer was obtained. However larger angles decreased 

thermal performances. For same porosity micro square pin fins demonstrated better thermal 

performances than micro column pin fins. For given models structures having porosity of 75% and 

θ=30° showed best thermal performance [28]. 
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Figure 2.18 [28] Model 1-Different Porosities           Model 2-Different angle 

Jeng proposed a novel finned structure (Figure 2.19) with inbuilt air-driving device for 

vertical air flow passages. Heat sink was made from aluminum alloy in cup shaped cylinder having 

fin structures extended radially. Figure 2.20 describes the experimental setup. Heat source was 

LED bulb. Air flow was driven through inside of heat sink with the help of multiple motor fans 

mounted in hollow chamber. Air flow velocity was measured within vertical passages. Overall 

heat transfer was a combination of forced air convection as well as natural convection. 

Experiments were performed in closed chamber to avoid interference of outside temperature and 

air. As compared to the heat sink without built in motor fan, structures with motor fan demonstrated 

high heat transfer. Nusselt number value increased in the range of (28-102) % for different air flow 

velocities [29] 
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(a)                                              (b) 

Figure 2.19 Heat sinks (a) Without Fan (b) With Motor-fan 

 

Figure 2.20 Assembly of experiments [29] 

Joo performed comparative study in pin fin heat sinks (Figure 2.21-a) and plate fin heat 

sinks (Figure 2.21-b) under fixed volume conditions in natural convection. Both structures were 
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made from aluminum alloy. Two objective functions were considered: (1) Total heat dissipation 

(2) Heat dissipation per unit mass. For total heat dissipation, plate fin heat sinks demonstrated 

larger heat dissipation than pin fin heat sinks. As heat sink length and fin length increased for plate 

fin heat sink total dissipation increased. When larger heat dissipation is required in finite volume 

plate fin heat sink is recommended. When objective function per unit mass was considered pin fin 

heat sink was more effective than plate fin heat sink. Pin fin heat sinks demonstrated heat 

dissipation per unit mass in larger amount for decrease in fin length. Thus, when weight of heat 

sink is an important factor in application pin fin heat sink should be preferred over plate fin heat 

sink [63] 

 

Figure 2.21 [63] (a)Pin Fin Heat sink                 (b)Vertically aligned plate fin heat sink 

2.6 Performance evaluation of Heat Sink 

Performance evaluation of heat sink structures is equally important as optimization of the 

structures for micro-heat sinks. Performance is measured in terms of thermal resistance for 

constant value of pressure drop, heat transfer coefficients for air convection. In determining the 
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thermo-hydraulic performance generally thermal resistance is determined for laminar and 

turbulent flows by calculating Reynolds number.  

After revolutionary concept of Tuckerman and Pease that stated correlation between 

thermal resistance and channel geometry many researchers studied further to improvise this theory. 

All studies concluded that parametric variations have significant effect on thermal performance of 

a heat sink. Thermal resistance of a heat sink is lowered by increasing heat transfer surface area or 

volumetric flow rate [35]. Thermal resistance greatly decreased by increasing spacing between 

channels [11], decreasing the channel width [12], increasing the channel number [20]. Thermal 

resistance was lower in value for double layered heat sinks than single layered [4]. Wu evaluated 

compact air-cooled carbon foam heat sink for studying thermal management. Experiments were 

performed to calculate heat transfer coefficients and pressure drop. Heat transfer coefficient as 

high as 2210 W/m2 K and pressure drop of 1320 Pa was obtained. These values were calculated 

for an air velocity of 1.2 m/s and power of 30 W was supplied to the heat sink. Area of base of 

heat sink was (51 mm X 51 mm).  These values indicated that carbon foam heat sinks can be used 

as a potential alternative to conventional heat sink [30]. Deshmukh investigated performance of an 

elliptical pin fin heat sink under forced and natural convection. Fin spacing increased the heat 

transfer coefficient for the heat sink [31]. Chumpia studied aluminum foams wrapped heat 

exchangers for thermal performance evaluation. Performances of the foam heat exchangers were 

assessed, and conventional finned tube was considered as the reference sample. Thickness of foam 

was an important factor in determining the thermal performance since pressure drop increased with 

thickness of foam however an optimum thickness was required for better thermal performance as 

higher thickness also decreased the pressure drop [32]. Dialameh performed numerical analysis for 

an array of horizontal rectangular thick fins and concluded that natural convective heat transfer 
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coefficient value decreased with fin length and increased with fin spacing. Fin thickness did not 

have significant effect on an average heat transfer coefficient [33]. Channel geometry also 

contributed in lowering the thermal resistance of the heat sink [24]. Qu and Mudawar tested different 

heat fluxes on copper mini-channel heat sinks. Experimental values for pressure drop and 

temperature distribution obtained were satisfactory and validated classical theory of the 

conventional heat sinks [34]. Pfund tested varied height micro channels to calculate the pressure 

drop of water through micro channels and obtained high friction factors than conventional 

channels. Xie performed numerical analysis and found mini channel heat sinks offered better 

thermal performances at high pressure drop than conventional channels for turbulent flow of water 

channel [36]. Nusselt number is generally used in determining performance of the heat sink in single 

phase flow microchannels. Nusselt number is higher for microchannels than conventional channels 

[43]. 

2.7 Flexible Heat Sinks 

Heat sinks and heat source traditionally were rigid materials which left an air gap in 

between them. Layer of air has low thermal conductivity which causes hindrances in effective heat 

dissipation thus increasing the thermal resistance. Also, surfaces are never flat which makes the 

total contact surface for effective heat transfer very small. Heat sinks made of non-composite 

materials like metal, alloys, ceramics have non-flexibility along with high thermal conductivity 

leaving an air gap at the interface. Thus, a soft, flexible material with high thermal conductivity is 

very important to decrease thermal resistance. Thermal interface materials have been used to fill 

the gaps between the heat source and the heat sink. Thermal transfer efficiency increases due to a 

high cross plane thermal conductivity. 
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Various studies showed that flexible composites can be made from pitch-based carbon 

fibers, carbon nanotubes and matrices like PDMS, epoxy etc. [64]. CNTs are very light in weight 

and have high thermal conductivity. Hence CNTs can be used as thermal interface material. In one 

study CNTs were used in thermal interfaces for evaluating thermal resistances of contacting 

surfaces. Results obtained were satisfactory concluding that CNTs improve thermal conductance 

of contacting surfaces. Qiu and Wang proposed an innovative way to increase in-plane thermal 

conductivity and decreased reduction in thermal resistance. They applied sheer pressing of CNTs 

by aluminum plate in CNT-SiO2. This aligned CNTs in horizontal direction thus decreasing free 

space and increasing the density of transport channels. Figure 2.22 shows horizontally aligned 

CNTs by applying sheer stress. This novel structure CNTs acted as anisotropic heat spreader thus 

eliminating heat spots [72] 

 

Figure 2.22 [72] Fabrication of Horizontally Aligned CNT 
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Liew devised passive thermal management devices in the form of flexible thermal ground 

planes. Structure was a horizontal pipe with wicking capability. Wick was manufactured from 

copper mesh along with polyether ether ketone(PEEK). Flexible thermal ground planes structures 

offered very low thermal resistances around half of an equivalent copper references for an input 

of 3-6 W/cm2 [65]. Various studies fabricated and studied different types of heat dissipation 

devices such as flexible metal foams [66], flexible pipes [67], [68]. Flexible heat pipes designed 

in [67] were passive thermal management devices that were fabricated using metallic bellows 

attached to copper pipes. Yang in [68] designed flexible heat pipes by inserting copper tube in 

fluororubber tube and bonding them with adhesive. Inside of copper tube was filled with copper 

mesh and spring. Khaled analyzed heat transfer inside flexible fluidic films channels. Experiment 

concluded that keeping the lower plate fixed and upper plate flexible significantly increased the 

cooling effect [70]. Above studies indicated that in creating flexible structures for thermal 

management devices complex method of fabrication is required as seen from [67], [68]. Kong 

designed a graphene paper by depositing graphene oxide in a carbon precursor. Unidirectional 

carbon fiber was used as reinforcements for mechanical strength. This architecture demonstrated 

high mechanical and thermal properties making it highly desirable for lateral heat spreading [73]. 

Since present age demands portable and flexible devices, such devices should also have flexible 

heat dissipation system. From above studies it can be concluded that research and development on 

flexible heat sinks as well as materials that are used in creating them is still in very preliminary 

stage. 
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2.8 Application of carbon-based materials and fiber composites in heat 

spreading and heat sinks 

2.8.1 Carbon based composite thermal materials 

Carbon-matrix composites and carbon containing materials have huge potential in heat 

sinks and heat exchangers. Carbon is stable for a wide range of temperature and chemically inert 

in nature. Carbonaceous materials such as graphite, carbon foams, carbon nanotubes have high 

thermal conductivity than most metal alloys which makes carbon an ideal material for an 

application in heat sink designs. Graphite is a crystalline form of carbon and due to its structural 

conformations possess high degree of anisotropy. Graphite has high thermal conductivity. 

Norley discovered natural graphite which had high in plane thermal conductivity equal to 

metals like copper, aluminum but the major advantage was of lighter weight. Weight of laminated 

composites was almost half of the metals required possessing equal thermal conductivity [50]. 

Highly oriented pyrolytic graphite(HOPG) is highly anisotropic material with in plane thermal 

conductivity of 1700 W/m-K. The main disadvantage of the material is its brittleness. Encapsulated 

HOPG are used in thermal cores in aerospace applications which have better thermal distribution 

properties. Fluoroplastic bonded graphite was developed by Gilham in making a plate heat 

exchanger which demonstrated high thermal conductivity and light weight material. It was 

commercially named as Diabon and can be substituted for metals like aluminum, stainless steel 

etc for due to its corrosion resistant property [53]. First thermally conductive carbon foam was 

produced by Wright Patterson Air Force base from mesophase pitch. Coal based carbon foams 

have lower bulk thermal conductivity but have higher flexibility. Graphite foams have high 

isotropic thermal and mechanical properties. Graphitic foams can be used in weight sensitive 

applications along with thermal management. Hence carbon foams are great alternative in 
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replacing metal fins in heat sinks, heat exchangers. Its inherent structural weakness is one major 

hurdle in its application in heat sinks structures. Klett developed radiator for the automobiles from 

coal based graphitic foam, which was lighter in weight and experimentally measured the heat 

transfer coefficient of up to 3500 W/m2-K. Air humidity had significant effect on its thermal 

performance which was one measured hindrance in its application [54] 

Carbon nanotubes(CNT) have gained attention in early 1990s. They are the new form of 

carbon and extensive research has been done for CNT characterization and its properties. Along 

with great mechanical properties CNTs have high thermal conductivity. Single walled CNTs have 

reported thermal conductivity of 3000W/m-K [49].  Multiwalled CNTs have thermal conductivity 

of 20 W/m-K in form of mats due to domination of large thermally resistive thermal junctions [50]. 

CNTs have found major application in nanocomposite structures for thermal dispersion. These 

composites have demonstrated better thermo-mechanical properties than macro and micro scale 

heat sinks [52]. Huang prepared carbon nanotube arrays and sponge carbon nanotube consisting of 

flocculent carbon fibers with tiny CNTs on their surface with the help of Chemical Vapor 

Deposition. Heats sink structures based on these two structures were prepared to study their 

thermal performance under natural and forced air convection. CNT arrays demonstrated better heat 

dissipation in natural convection while carbon fibers with CNTs showed better performance in 

forced air convection. This study concluded with application of CNTs-heat sinks in chip cooling 

[55]. Laser patterned films with CNT fins mounted on it were prepared by Kordas .These films were 

used in developing an efficient thermal management system for cooling chips. These films proved 

better heat spreading devices than metallic materials with an additional advantage of being light 

weight [60]. Velliere created an innovative composite heat sink material of copper alloys/carbon 

fiber composites. Carbide element (chromium or boron) was added for the carbon-copper bonding. 
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After testing for thermo-mechanical properties structures showed better thermal performance and 

coefficient of thermal expansion was lower than conventional copper heat sinks by about 25% [56]. 

Natural graphite heat sink was constructed by Smalc for cooling hard drive in laptop. This heat 

sink reduced an overall temperature gradient of laptop effectively [57]. Similar natural graphite heat 

sinks were created by Sooshastri [58], Chen [59] for testing their thermal performances in power 

electronic devices. Gandikota manufactured composites consisting of pin-fins made from carbon 

fiber and epoxy which developed anisotropic thermal conductivity. Thermal conductivity along 

length of carbon fiber was higher (500 W/m-K) as compared in perpendicular direction and were 

able to demonstrate high heat flux dissipation than conventional pins [62]. Gandikota and Fleischer 

investigated the use of highly thermally conductive graphite foam in the surface enhancement i.e 

decreasing the surface temperature in pool boiling where FC-72 thermosyphon is used as cooling 

liquid. Device constructed was very complex one with the thermosyphon chamber consisting of 

FC-72 liquid and an evaporative surface made of copper with graphite foam bonded on the surface. 

Thermal resistance for liquid cooling system as low as 0.024 K/W was recorded for heat flux of 6 

W/cm2 [61]. Graphene paper was fabricated by Kong by depositing graphene oxide on carbon fiber. 

This paper provided high in plane photon transmission and thus demonstrating high thermal 

conductivity along with high mechanical strength [73] 

2.8.2 Carbon fiber based Thermal materials 

(a)Unidirectional Fiber Composites 

Polymer composites have numerous advantages such as mechanical strength, light weight, 

high thermal stability. Material properties for composites are influenced by many factors such as 

volume fractions of constituents, individual properties of fiber and matrices, microstructural 

arrangements, unidirectional fiber orientation or bi-directional fiber orientation in composites. 



  34 

 

Vast research has been conducted on unidirectional composites and its application in thermal 

management. Unlike metals that use free electrons for an effective thermal conductivity, 

carbonaceous materials use phonons. Free electrons in metals have high degree of freedom hence 

they can pass through a small contact surface area. Phonons have lattice vibrations hence contact 

area must be sufficiently larger to efficiently transport heat [81]. 

Fang studied geometrical effect on thermal properties of Copper-Carbon unidirectional 

composites. Laser Flash analysis was used in measuring in-plane thermal conductivity in different 

directions. Results indicated that in-plane thermal conduction for unidirectional composites was 

greatly influenced by sample geometry at in plane orientation of 0° to 90° [75]. Korab performed 

similar study and measured thermal conductivities in longitudinal and transverse directions. He 

concluded that longitudinal conductivity was much higher than transverse conductivity and did 

not change by increasing the temperature. As fiber content increased thermal conductivity 

decreased in longitudinal direction. Primary reason was thick fiber clusters destroyed heat flow 

[76]. Shape of fibers have significant variation in transient thermal conductivity of unidirectional 

fiber composites [82]. Several other studies were demonstrated that investigated effect of addition 

of fillers in unidirectional composites. SiC long fiber-reinforced copper composite was studied 

which showed decreasing transient thermal conductivity due to increase in fiber volume fraction 

[77]. Effect of aluminum carbide on longitudinal thermal conductivity was studied by Lee. 

Longitudinal thermal conductivity decreased due to damages on carbon fiber induced by 

Aluminum Carbide [78]. Zhang prepared carbon composites of high thermal conductivity by two 

different processes. One was prepared from pitch-based carbon fibers and phenolic resin with 

subsequent chemical vapor infiltration. Second structure was prepared by densification of pitch 

carbon fibers by chemical vapor infiltration. Both structures exhibited high thermal conductivity 
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of 569 W/m.K and 675W/m.K respectively [79]. Rao constructed hybrid unidirectional composites 

with banana-jute fibers in epoxy resin and transient thermal conductivity obtained results were 

satisfactory for using in thermal management applications [80].  

(b) Application of Carbon fiber in thermal management 

Carbon fiber exhibit excellent thermal conductivity but due to its anisotropic nature its 

thermal conductivity is affected in final composites. Phase change materials have been recently 

used in large scale since they exhibit good thermal transfer characteristics. Babapoor added carbon 

fiber in phase change materials to enhance its heat dissipation capacity in battery pack [71]. Solder 

based thermal interface materials have been widely used in high functioning electronic devices 

due to their low thermal contact resistance. Carbon fibers were manufactured with electrospinning 

of mesopitch combined with polyamide. Post carbonization at 1000°C fibers were coated with 

gold and titanium. This material showed anisotropic thermal conductivity of 41 W/ m.K in-plane 

and through plane thermal conductivity of 20 W/ m.K. Carbonized fibers in film form offered 

thermal conductivity of 4 W/m.K. This application demonstrated potential use of the carbon fiber 

in thermal management [74]. Ali used carbon fibers in energy storage to improve thermal 

conductivity of stearic acid used as phase change materials. Carbon fibers were used in different 

mass fractions from 2% to 10% and were added to stearic acid fabricating stearic acid-carbon fiber 

composites. Mass fraction and thermal conductivity showed linear relationship. Results indicated 

that thermal conductivity of stearic acid increased by almost 266% by adding carbon fibers [83]. 

Samimi added carbon fibers in Li-ion battery. Melted paraffin and carbon fibers were mixed to 

form carbon fiber loaded phase change material. Such mixture improved thermal conductivity of 

a Li-ion battery by 105% on an average [84]. Altan showed that activated carbon fiber can be used 
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in adsorption cooling cycles and has high potential that can be implemented in solar adsorption 

refrigeration technology [85]. 

2.8.3 Thermal conductivity in fiber based composites 

Heat transfer occurs through various modes such as radiation, conduction, convection. For 

solid materials conduction is the main mode of heat transfer. Conduction is a transfer of vibrational 

energy of a particle to adjacent particle that does not involve any motion of particles. Thermal 

conductivity mechanism is multistage process. Thermal energy is first transmitted initially to 

surface atoms and thus they gain vibrational energy. Thermal energy transfers in the form of wave 

to adjacent atoms and it diffuses inside a sample. Thermal energy is transferred through phonons. 

As heat reaches opposite surfaces it is transferred through conduction or radiation. 

Thermal conduction is measured in W/m.K. It has conductivity parameter K which 

measures how fast the heat dissipates. Heat flow rate can be defined as the energy passing through 

the material in specific amount of time dt. 

ɸ = 
ⅆ𝑄

ⅆ𝑡
 

heat flow equation can be written as  

q=-KT’ 

where q is heat flux W.m-2 due to thermal gradient T’ (K m-1) in a material having thermal 

conductivity K (W/m. K)  

Conductivity of composites are provided with the help of isotherms. To indicate heat flow 

in long fiber composites slab model is used 
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Figure 2.23 Slab model of composites 

Total heat flux given through a composite is given by total heat flowing through fiber and 

matrix. 

q1c= f q1f + (1-f) q1m 

in terms of conductivities and thermal gradient it can be written as  

K1c T’= f Kf T’ + (1-f) Km T’ 

hence 

K1c= f Kf + (1-f) Km  

Above equation is called as “Rule of mixtures” 

Thermal conductivity is anisotropic property. Structural aspect is a key factor in determining 

thermal conductivity of final composite. Hence alignment in single direction can increase thermal 

conductivity of composites. 

 

 

q1m 

q 1f 

q2m 

q 2f 
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2.8.4 Pitch Carbon Fiber [44]
 

Carbon fibers have number of potential applications which make them highly desirable 

materials. Carbon has multiple distinct molecular crystalline forms which are defined as allotropes. 

Carbon fibers generally contain (92-100) % fibers. Carbon fibers are poly crystalline and in non-

graphitic stage. Carbon fibers manufactured from synthetic fibers require heating and stretching 

treatments although different precursors require different processing conditions. 

Pitch precursors are divided into isotropic pitch and anisotropic pitch also known as 

mesophase pitch. They are further classified as High-Performance carbon fibers(HP) and general-

purpose carbon fibers (GP) based on their properties. Isotropic pitch-based fibers are general 

purpose carbon fibers. High performance fibers are derived from mesophase pitch fibers. Pitch is 

a spinoff of petroleum and coal industry but petroleum based pitch is preferred. Synthetic pitch 

can be produced from synthetic polymers poly vinyl chloride and naphthalene. It is also derived 

from rayon precursor fibers with help of carbonizations. Crystal structure of carbon in graphitic 

crystalline regions consists of sp2 hybridized carbon atoms. Single sheet of graphite crystal is 

called as graphene. They are stacked parallel in graphite structure and carbon atoms are covalently 

bonded. Due to delocalization of pz orbitals i.e π electrons graphite structures have high thermal 

and electrical conductivity. Mesophase pitch fibers have well stacked graphitic structures. 
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Figure 2.24 [44] stacks of graphitic crystal 

2.9 Conclusion 

As reviewed from literature it can be concluded that with the development of power 

electronics, requirements of thermal management devices is more stringent and demand for such 

devices is ever increasing. Over the years as the research progressed various materials were used 

to manufacture the heat sinks with various fabrication techniques. Developments in the heat sink 

have shown that research was primarily focused on following characteristics 

• High Thermal Conductivity: High thermal conductivity is most important 

requirement for material used to construct heat sink. Metals like copper, aluminum, 

alloys were used in conventional heat sinks. Due to decrease in size of devices 

power density of devices has increased which ultimately increased the requirement 
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of higher thermal conductivity of packaging. High heat dissipation devices are 

required due to increase in multi-chip technology. 

• Low density: Weight reduction is of primary importance due to ever increasing 

demand for portable devices. Also, lightweight materials are used in aerospace 

application. Hence low density plays an important role in material selection. 

• Lower Thermal resistance: For higher heat dissipation lower thermal resistance is 

required. This factor may depend on parameters such as selection of materials, 

structural configuration and geometric optimization.  

• Ease of fabrication: Although technology has increased in micro machining and 

fabrication of materials for heat sinks, tedious and complex fabrication of heat sink 

structures is always a hindrance in application of heat sinks. Thus, easier the process 

of manufacturing a heat sink, lower will be the cost of production and higher its 

consumption. 

Although research in heat sinks have progressed over many years, very limited research 

has been done on development of flexible heat sinks. Similarly pitch based carbon fibers in 

fabrication of unidirectional directional composites have been rarely used along with PDMS. The 

present study has focused on all the above points and has tried to create the heat sink structures 

made from pitch-based carbon fibers which have potential to overcome some of the shortcomings 

of rigid conventional heat sinks. 
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Experimental 

3.1 Heat Sink Design 

 
The main objective of the design of our new heat sink was to construct unidirectional 

flexible structure with simple fabrication technique. For high thermal conductivity material, we 

chose a pitch-based carbon fiber and to make structures more flexible we chose PDMS as the 

matrix. Longitudinal thermal conductivity is higher than transverse thermal conductivity. Hence, 

we decided to make structure unidirectional fiber composite structures. Also, to improve its heat 

dissipation efficiency the design contained pin-fins to increase the total surface area of the 

structure. To construct a mold, we selected acrylic sheet and acrylic tube, as the cured PDMS did 

not adhere to its surface. The mold was fabricated using acrylic tube and acrylic sheets. Thickness 

of the acrylic sheets determined the height of fins, which was 5 mm. Laser cut holes in the acrylic 

sheets determined diameter of the fins that was equal to 1.8 mm. Acrylic tube used was 5 cm in 

length. For rectangular fins, length of holes equal to 4.04 mm and breadth of samples=0.73 mm. 

Horizontal distance was 1 mm and vertical distance between them was different for each sample. 

So, we prepared samples with two different cross-sectional shape of fins cylindrical and 

rectangular. Simple fabrication technique was passing the carbon fiber tows from one end to 

another end through holes.  

3.2    Materials 

Pitch based carbon fibers were purchased from Mitsubishi Chemical Company. Fiber Type 

used was K 13916 which has filament Count of 16000 in one single carbon fiber tow. Tensile 

Modulus of fiber given is 110 msi and Tensile Strength is 435 ksi. Thermal Conductivity of given 

type of fibers is 200 W/m K. For matrix of composite, resin used was Sylgard 182 along with 
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curing agent in ratio of 10:1. Acrylic tubes with size 1-inch with operating temperature of 130°C 

were used. Hexane with 98% purity was used as solvent for dissolving PDMS. Thermal 

conductivity of PDMS in MSDS provided by DOW is 0.17 W/m. K. 

Machine for etching and cutting acrylic sheets used is Laser Cutting Machine (Model -EPILOG 

Mini Helix). Parameters for laser cuttings were as follow: Job type: Vector (generally used for 

cutting) with resolution of 600 dpi (dots per inch). Vector settings were speed of laser cutter = 20% 

and Power of laser cutter was adjusted to 90% for 3 cycles.  

3.3 Construction of Heat-sink structures 

Table 3.1 Experimental Procedure for fabrication of fins structures 

Step 

Numb

er 

Description Figure 

1 Acrylic slabs were cut in 25 mm square 

pieces using laser cutter. On these 

square shape pieces holes of 1.8 mm 

diameter were etched with 

predetermined distance between holes. 

Acrylic tube of 5 cm in length was taken 

and holes were drilled on sides of tube 

 

 

2 Above square pieces were attached on 

either side of the tube with help of glue 

to create a mold of structure.  
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Table 3.1 Experimental Procedure for fabrication of fins structures (Continued) 

3 Fiber tows were passed from one end to 

another end through holes. Every fiber 

tow was passed through one end hole to 

its exactly opposite end.  

 

4 After all fiber tows were passed through 

the holes any extra length of fiber was 

trimmed down with help of scissors. 

 

5 Sylgard 182 was mixed with curing 

agent in ratio of 10:1. This mixture was 

then dissolved in hexane solution (60% 

w/w). These fiber structures were 

impregnated with PDMS-solution for 

24 hours. Afterwards, the sample was 

kept in vacuum oven at room 

temperature for 24 hours. Vacuum was 

applied till all volatiles have been 

removed from solution.   
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Table 3.1 Experimental Procedure for fabrication of fins structures (continued) 

6 This resin impregnated sample was then 

removed from resin bath and kept for 

curing in an oven at 110⁰C for 24 hours. 

 

7 Post curing acrylic shell of the sample 

was broken by applying mechanical 

force using clamp. 

 

8 The prepared sample was then cut down 

in small pieces using blades. Sample 

size kept was 3cm in length. 

Fig 3.1 indicates heat sinks designed 

through process. Fig 3.1 (a)heat sinks 

with cylindrical fins and Fig3.1(b) heat 

sink with rectangular fins. 

 

 

 

Figure 3.1 Heat sinks designed through process (a) Cylindrical fins (b) Rectangular fins 
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3.4 Parametric variation 

Fiber volume fraction 

Fiber volume fraction(f) is percent of the fiber present in composite. Since fiber volume 

fraction directly affects mechanical and thermal properties of a structure we calculated 2 types of 

fiber volume fraction for heat sinks. Fibers used had high thermal conductivity of 200 W/m.K. To 

obtain maximum heat transfer through structure, high fiber content in the structure was necessary. 

Pin-fins were used to increase the surface area of the heat sink structure. Hence, fiber volume 

fraction inside a single pin should be maximum.    

(1) Total fiber volume fraction(f):  

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑛𝑠  𝑖𝑛 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 ∗ 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑖𝑛𝑔𝑙𝑒 𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 ∗ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡𝑠 ∗ 100 

𝑇𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑏𝑎𝑠𝑒
 

Number of holes =number of pins  

Area of single filament = π R2  

(2) Fiber volume fraction of single pin 

 R = radius of filament which was determined by characterization of carbon fiber tow , 

number of filaments in single carbon fiber tow is given as 16000  

Fiber volume fraction of single pin: 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑖𝑛𝑔𝑙𝑒 𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡 ∗  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑖𝑙𝑎𝑚𝑒𝑛𝑡𝑠

𝐴𝑟𝑒𝑎 𝑜𝑓 ℎ𝑜𝑙𝑒 
 

 Area of single filament = π R2, number of single carbon fiber tow =16000 

Area of holes= πr2 where r= radius of hole= 0.9 mm 

 

Heat sink efficiency depends on various parameters such as fin height, diameter of fins, 

distance between fins. Diameter of holes is equal to diameter of fins. So, we determined smallest 
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possible diameter of holes through which carbon fiber tows can pass easily. Smallest diameter 

enabled us to have higher fiber volume fraction inside holes. Also, smaller holes can help in 

keeping maximum number of holes in given area enabling higher fiber volume fraction. Height of 

fins was equal to thickness of the acrylic sheet which was 5 mm. Moderately thick acrylic sheet 

was easy to etch and cut. To keep with material consistency height of fins was kept constant. 

Keeping the first two constant we decided to study effect of inter fin distance on heat sink’s 

efficiency. To study the effect of geometric structure of heat sinks on thermal diffusion capability 

of heat sinks samples with two different cross sections fins were prepared-(1) Rectangular (2) 

Circular. Our primary hypothesis was rectangular fin shaped cross section offered better thermal 

resistance between fins for equal number of fins. Also, we wanted to study effect of inter fin 

distance on thermal resistances. For rectangular fins alignment of fins along parallel(PL) and 

perpendicular(PD) direction of air flow is taken into consideration to determine which orientation 

will lead to lower thermal resistance.  

 

 

   

 

 

 

(a)                                                          (b) 

Figure 3.2 Parametric variation inter fin distance(h)-(a) cylindrical fins(b) Rectangular fins 

By rule of mixtures theoretical value for thermal conductivity for sample of 9x9 fins should be  

K1c= f Kf + (1-f) Km  

f= fiber volume fraction, 

h 

 

h 
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Kf= thermal conductivity of fiber= 200 W/m.K 

Km= thermal conductivity of matrix= 0.17W/m.K 

K1c= (0.14*200) +(0.86*9.17)  

K1c=28.14W/m.K 

  

Cylindrical fins 

Radius of fins=0.9 mm area of fins= 2.54 sq mm 

Table 3.2  Structural configuration of Cylindrical fins 

Spacing 

between 

fins (h) in 

mm 

Fins in 

row and 

column  

(m X n) 

Number 

of fins in 

given area 

Total area 

covered 

by holes 

Fiber 

volume 

fraction 

in holes 

Total fiber 

volume 

fraction 

Designs 

0.9 9 x 9 81 38.95 45.35 17.65 

 

1.1 8 x 8 64 30.77 45.35 13.94 

 

1.5 7 x 7 49 23.55 45.35 10.67 
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Rectangular Fins 

Length=4.04 mm, breadth= 0.73 mm, area of heat sink structure=2.9492 sq mm 

Table 3.3 Structural configuration of Rectangular fins  

Vertical 

Spacing 

between 

fins (h) in 

mm 

Fins in 

row and 

column  

(m X n) 

Number of 

fins in 

given area 

Total area 

covered by 

holes 

Fiber 

volume 

fraction in 

holes 

Total fiber 

volume 

fractions 

Designs 

0.7 17x4 68 37.91 39.11 14.81 

 

0.8 16 x 4 64 35.08 39.11 13.94 

 

1.3 12 x 4 48 26.31 39.11 10.45 

 

 

Rectangular fin structures were prepared to do a direct comparison with cylindrical fins with 

equal number of fins to determine thermal and mechanical performance of structures. Structures 

(9x9 -17x4), (12x4 - 7x7) did not have equal number of fins due to structural constraints as 

discussed in chapter 4. 8x8 and 16x4 have equal number of fins in given area so that direct 

comparison can be made. 



  49 

 

3.5 Mechanical Analysis 

Heat sink structures were compressed to large strains. The tester used was an Instron 5544 

equipped with a 2000 N load cell between two platens. Strain rate was kept 10 mm/min for 

longitudinal direction. For a cyclic compression the sample was tested for 10 cycles. Samples were 

tested for ε=10%, ε=20% compression and ε=10% cyclic compression and ε=20% cyclic 

compression. Mechanical properties evaluated: 

1. Compression stress, strain  

2. Elastic modulus 

 

                          Figure 3.3 Compression testing 
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3.6 Thermal properties Analysis 
 

Thermal Conductivity and Resistivity 

Thermal conductivity of heat sinks was measured using a custom device constructed on 

steady state measurement technique [87,88]. The device consisted of two pillars for hot side and cold 

side measurements. A set of four thermocouples with 6 mm spacing between them is attached to 

each pillar. Whole set of thermocouples is at a distance of 1.5 cm from each pillar. Thermally 

conductive silver epoxy paste was applied at interfaces of the pillars to decrease contact resistance 

and facilitate conductivity. This whole setup was placed in vacuum to avoid heat loss through 

convection. Both pillars are made of SS316(stainless steel) with known thermal resistance and 

distance. Thus, temperature will decrease linearly across pillars. ΔT sample can be calculated by 

determining temperature at edge of the sample surface through extrapolation of linear temperature 

drop. At equilibrium uniform heat will flow through hot and cold pillar with sample between them. 

Thus, amount of heat that passes through hot pillar can be found out using Fourier’s law [69]  

𝑄𝑝𝑖𝑙𝑙𝑎𝑟 = −𝑘𝐴𝑝𝑖𝑙𝑙𝑎𝑟

ⅆ𝑇

ⅆ𝑥
 

Where - 
ⅆ𝑇

ⅆ𝑥
 is slope of temperature profile, k= thermal conductivity of pillar, 

𝐴𝑝𝑖𝑙𝑙𝑎𝑟=Area of pillar are known quantities. Since equal amount of heat flowed through sample 

which connected both hot and cold pillars thermal conductivity Κsample can be found out using 

formula 

𝜅𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑄 𝑥𝑠𝑎𝑚𝑝𝑙𝑒

Δ𝑇𝑠𝑎𝑚𝑝𝑙𝑒𝐴𝑠𝑎𝑚𝑝𝑙𝑒
 

Thermal resistance of sample was measured by mounting the heat sinks on a thermoelectric 

heater with help of silver epoxy. A controlled DC power was supplied to thermoelectric heater. 
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For forced air convection, a fan was fixed at one end of wind tunnel to supply laminar air flow to 

heat sink. A thermocouple was attached at the interface of the heat sink and the heater for 

measuring surface temperature of heater. Ambient temperature is measured by attaching another 

thermocouple to the inlet region. Thermal Resistance can be measured by change in temperature 

for power supplied[2]. 

𝑅𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
(𝑇𝐻𝑜𝑡 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡)

𝐼𝑛𝑝𝑢𝑡 𝑃𝑜𝑤𝑒𝑟
 

Thot = Temperature of hot surface   

Tambient = Ambient temperature 

 

    Figure 3.4 Testing of Thermal resistance of samples 

3.7 Characterization of the structure 
 

Characterization of the heat sink structures was done using a scanning electron microscope. 

Images collected were from the middle part of the samples. Images of 60% PDMS infiltrated 

f
a
n 

Heat 
Sink 
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carbon fiber tows were taken along the cross section and side view of the structure. A single carbon 

fiber tow consisted of 16000 filaments. SEM images were taken to determine whether the PDMS 

successfully infiltrated between the carbon fibers in the structure or not. Also, thermal imaging of 

the heat sink structures was done using an infrared camera when samples were mounted on electric 

heaters to observe heat flow from the heater to the sample. 
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Preliminary Trials 

Main objective of the preliminary work was to develop a process to construct a flexible 

unidirectional composite that were void free. Also, the structures should have high fiber volume 

fraction. To calculate the fiber volume, fraction the diameter of each filament was needed. 

Diameter of carbon fiber filaments was found using SEM.  

4.1 Measurement of the diameter of Pitch based carbon fibers 

SEM images of pitch carbon fibers were obtained and using ‘Image-j’ software, diameter of carbon 

filaments was determined. Figure 4.1-(a) shows multiple filaments in single fiber tow and figure 

4.1(b) shows image of one single filament. It can be concluded that all filaments were cylindrical 

in shape. 

 

(a)                                                                b) 

Figure 4.1 SEM image of (a) multiple filaments (b) single filament 
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Diameter of carbon filament: Measurement of around 30 different filaments were taken and mean 

of all diameters was considered for all further calculation. Diameter of filament found out was 

9.584 μ m, radius of single filament(R) was 4.79 μ m 

4.2 Preliminary trials for composite fabrication 

Structural Optimization 

The primary focus of fabricating our heat sink structures was to create pin-fins. To 

determine the smallest diameter possible for pin-fins, holes of different diameters were etched in 

acrylic sheet using the laser cutter. Diameters used were-(1) 2.4 mm, (2) 2.2 mm (3) 2.0 mm (4) 

1.8 mm (5) 1.6 mm. Carbon fiber tows passed easily through the holes of diameter of 1.8 mm or 

greater. If holes of smaller diameter were used fiber tows splintered while passing through them 

decreasing number of filaments in single fiber tow. Next step was to fit the maximum possible 

holes in square shaped cross section of 23mm (1 inch) side length. The smallest spacing obtained 

between two adjacent holes was 0.9 mm. With spacing smaller than 0.9 mm, major problem 

occurred in creating a mold. Since holes were etched out using laser cutting at smaller distance 

than 0.9 mm adjacent holes were distorted due to excess melting damaging the overall structure. 

The number of holes that could fit into the structure was 81 holes (9 rows and 9 columns). 

To develop a prototype, square pieces of acrylic slab were cut down with holes of 1.8 mm diameter 

with distance of 0.9 mm between them. Similar procedure was followed for the rectangular fin 

structure. Primary aim was to create a rectangular fin having equal cross section area to that of a 

cylindrical fin. The smallest possible dimensions obtained for rectangular holes were length=4.04 

and breadth=0.7 mm. Lowest spacing between the holes obtained was 0.7 mm since at lower 

distances, holes were distorted due to melting during the laser etching process. With these 

parameters for fins, the maximum number of fins that could fit in the given area was 17x4= 68. 
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Process Optimization  

Primary purpose of this step was to create an optimized experimental procedure for uniform 

impregnation of fiber structure in PDMS(matrix). Since PDMS is a very viscous liquid it was 

dissolved in hexane. Initially 90% (w/w) PDMS-hexane solution was used, with the structure being 

impregnated for 3 hours. After 3 hours of impregnation, this sample was cured in an oven at 110⁰C 

for 24 hours. Higher number of voids were present in structure which resulted in failure of structure 

Primary reason speculated was due to high viscosity of matrix and less impregnation time, resin 

did not infiltrate sufficiently in fiber tows. Similar procedure was followed for different 

impregnation times such as 6, 9 ,12, 24 hours. All samples contained voids and dry spots which 

resulted in failure. Hence 80% (w/w) PDMS solution was used with 24 hours impregnation time 

and voids were still present resulting in failure. In another iteration for 80% (w/w) PDMS solution, 

after 24 hours of impregnation sample was kept in vacuum oven for 24 hours to remove volatiles 

from solution. Voids in the structure persisted. Same results were obtained with 70% (w/w) PDMS 

solution, but an interesting observation was noted that voids decreased in large amounts. Hence, 

we further prepared solution with 60% PDMS. At 60% PDMS solution with 24 hours of 

impregnation and applying vacuum for 24 hours void free structure was obtained. Figure 4.2 shows 

unoptimized structures during optimization. Figure 4.2(a) shows side view of an unoptimized 

sample indicating voids in structure. Figure 4.2(b) shows the bottom part of an unoptimized sample 

with voids. Voids in the structure occurred mainly due to volatiles escaping from resin solution 

during vacuuming process. Figure 4.3 shows an optimized sample structure of heat sink cut down 

in pieces. 
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(a) 

 

                                                                      (b) 

Figure 4.2 Unoptimized samples (a) Voids in Side (b) Voids at bottom side 
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Figure 4.3 Optimized sample 
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Results and Discussions 

Thermal resistance offered by heat sink is defined as ratio of temperature difference to 

heat flux or power supplied to the device[2].  

𝑅𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
(𝑇𝐻𝑜𝑡 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡)

𝐼𝑛𝑝𝑢𝑡 𝑃𝑜𝑤𝑒𝑟
 

Thot = Temperature of hot surface T ambient = Ambient temperature 

Higher temperature difference for power supplied indicates higher thermal resistance. Thus, 

thermal resistance indicates amount of heat energy that is built up in device which is not transferred 

through conduction or convection to the environment from the device. Thus, lower the thermal 

resistance, higher the amount of heat dissipated to the surrounding air, which indicates effectivity 

of heat sink.  

Higher heat dissipation occurs through heat sinks having higher fin efficiency which depends on 

[1]: 

(1) Radius and height of fins, inter-fin distance. 

(2) (P/A) value where P is perimeter of fin and A is area of fin. 

      For cylindrical fins P/A value is 2.24 and for rectangular fins P/A value is 3.28 

Thermal Conductivity 

Through thickness thermal conductivity of sample is 2.165 W/m.K. Theoretical value 

calculated for the structure was 29.76 W/m.K as calculated by the rule of mixtures. Such low value 

obtained was mainly due to an uneven thickness of the sample used that left air gap at the interface. 

Low through thickness thermal conductivity indicates that heat transfer rate from a device to a heat 

sink is very low. Thus, such samples will have less impact when natural convection will be 

considered. 



  59 

 

Table 5.1 determines the values of thermal resistances of the heat sink structures when they are 

subjected for forced convection of 1 minute. Such results can be beneficial in determining results 

of sample when transient thermal resistance is considered. Such results can be useful in 

applications when motion of device is considered. Table 5.3 shows results of thermal resistance 

testing of all heat sink structures when they were subjected to forced air convection for 5 mins. 

These values helped in determining efficiency of samples when they were subjected for constant 

air convection. Table 5.4 shows the corresponding values for decrease in percentage in thermal 

resistances as compared with the control sample.   Control sample is plain heater without any heat 

sink mounted on it. Consider figure 5.1 which shows bar chart of thermal resistances for all 

samples at different velocities. A general trend is observed in all charts that for higher velocity low 

thermal resistance is obtained. Sample 7x7, 12x4 parallel and 12x4 perpendicular show sharp 

decrease in resistances for increase in velocity followed closely by 16x4 parallel. 

Figure 5.3 and figure 5.4 shows a decreasing trend of thermal resistance for different air 

velocities for samples with cylindrical fins for time frame of 1 minute and 5 minutes respectively. 

Even for natural convection that is at 0m/s air velocity, samples exhibit lower thermal resistance 

than control sample. 
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5.1 Thermal Testing 
Table 5.1 Thermal Resistance(K/W) after 1 min 

Sample 0 m/s 0.5 m/s 1m/s  1.5 m/s 

Control 33.97 30.66 30.24 28.90 

9x9 32.71 29.47 26.51 23.93 

8x8 31.96 28.46 23.57 21.21 

7x7 31.56 19.91 17.61 15.17 

12x4 PL 30.92 20.90 16.81 15.66 

16x4 PL 32.43 28.39 24.28 20.90 

17x4 PL 32.50 29.56 25.99 22.40 

12x4 PD 32.09 25.90 21.16 18.32 

16x4 PD 32.64 28.50 26.89 23.81 

17x4 PD 32.70 29.98 28.48 25.38 

 

Table 5.2 Percentage decrease in resistances as compared to control sample after 1 min 

Sample 0 m/s 0.5 m/s 1m/s  1.5 m/s 

9x9 
3.69 3.86 12.32 17.17 

8x8 
5.89 7.15 22.06 26.58 

7x7 
7.07 35.05 41.76 47.49 

12x4 PL 
8.97 31.81 44.41 45.81 

16x4 PL 
4.51 7.38 19.70 27.66 

17x4 PL 
4.30 3.57 14.055 22.48 

12x4 PD 
5.53 15.51 30.011 36.58 

16x4 PD 
3.89 7.04 11.05 17.60 

17x4 PD 
3.74 2.21 5.81 12.17 
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Table 5.3 Resistance of samples(K/W) after 5 mins 

Sample 0 m/s 0.5 m/s 1m/s  1.5 m/s 

Control 33.60 28.58 24.58 22.94 

9x9 32.17 23.24 22.22 18.18 

8x8 30.97 19.82 15.13 14.07 

7x7 30.71 15.54 13.08 10.66 

12x4 PL 30.31 15.85 13.90 9.18 

16x4 PL 31.70 19.75 16.75 13.58 

17x4 PL 32.24 21.39 18.46 15.41 

12x4 PD 31.70 17.35 15.54 10.54 

16x4 PD 32.35 20.55 18.11 14.45 

 17x4 PD 32.47 22.07 19.16 16.75 

 

Table 5.4 Decrease in resistances(percentage) of sample as compared to control sample after 5 

minutes 

Sample 0 m/s 0.5 m/s 1m/s  1.5 m/s 

9x9 4.25 18.70 9.60 20.74 

8x8 7.82 30.65 38.41 38.64 

7x7 8.60 45.64 46.77 53.53 

12x4 PL 9.79 44.54 43.44 59.98 

16x4 PL 5.65 30.89 31.82 40.77 

17x4 PL 4.04 25.15 24.87 32.80 

12x4 PD 
5.65 39.30 36.78 54.06 

16x4 PD 
3.73 28.09 26.29 36.97 

17x4 PD 
3.36 22.79 22.04 26.95 

 



  62 

 

 
Figure 5.1 Thermal resistance after 1 min for different air velocity 

 
Figure 5.2 Thermal resistance after 5 mins for different air velocities 
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Cylindrical Fins 
 

Figure 5.4 describes the trend of thermal resistances of sample when they are subjected for 

forced air convection for 5 minutes. Control sample had resistance of 33.60 K/W for 0 m/s (natural 

convection). For 9x9, sample natural convection value was slightly smaller than control sample by 

4%. If, we look at figure 5.3 where resistance is measured after 1 minute of forced air convection 

sample 9x9 had gradual decrease in thermal resistances for all the air velocities thus it can further 

decrease heat dissipation for higher air velocities before approaching the constant value. For air 

velocity of 0.5 m/s resistance was 23.24 K/W which was decreasing by around 18% of the 

resistance offered by control sample. Looking at air velocities of 0.5 m/s and 1 m/s, 9x9 sample 

did not offer much change in thermal resistances but it has sharp decrease at 1.5 m/s. Referring to 

table 5.4 decrease was nearly by 20.74% in resistance at 1.5 m/s From this we can conclude that 

air velocities between 0.5 to 1 m/s did not affect significantly on heat dissipation when fin spacing 

was 0.9 mm and air velocities higher than 1 m/s were required to increase its heat dissipation 

capacity. Considering Newton’s law of cooling through convection changes in temperature 

(Tsurface- Tambient) for both air velocities 0.5 m/s and 1 m/s were significantly indifferent which 

indicates that heat was not transferred effectively. Thus, in case of forced-air convection for inter 

fin distance (h=0.9 mm) air velocity greater than 1m/s was favorable. For natural convection and 

0.5 m/s samples decreased the resistances by around ~ 4%. At 1 m/s decrease in thermal resistances 

was around 12% and 17% for 1.5 m/s. So, for obtaining lower transient thermal resistances for 9x9 

fin with inter-fin distance of 0.9 mm device should move at greater speed.  

For sample 8x8 trendline in figure 5.4 had steep slope till 1 m/s and then gradual one till 

1.5 m/s. For natural convection this sample lowered the resistance by 7.82% and then sharply 

decreased by 30% at 1 m/s. Such small increase in air velocity created high difference in 
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resistances by nearly 23% which indicated structure’s efficiency for heat dissipation in forced 

convection. Gradual slope from 1 m/s to 1.5 m/s of trendline indicates that increase in air velocity 

from 1 to 1.5m/s did not have significant effect on thermal resistance. Difference in temperatures 

(Tsurface- Tambient) for 1m/s and 1.5 m/s were equal which indicated that resistances offered by 

structures were not significantly different for given power. Increase in air velocity above 1.5 m/s 

possibly can decrease further resistances for inter-fin distance of 1.1mm. Looking at trendline in 

figure 5.3 for sample it had decline by 5% of resistance offered by control sample in natural 

convection. For 0.5 m/s air velocity there was small decrease of 7% but steep one for 1 m/s. 

Decrease in transient thermal resistance was by 22% which indicated that object moving at velocity 

greater than 1 m/s will have better results since small elevation in air velocity indicate sharp decline 

in thermal resistance.  

Sample 7x7 offered lowest thermal resistances amongst cylindrical fin structures. It had 

inter-fin spacing of 1.5 mm. Looking at trendline for sample in figure 5.3 we can observe steep 

slope as phenomenon changed from natural to forced convection and gradual one for forced 

convection. This indicated that resistance value will approach constant value in thermal resistances 

for higher velocities. When subjected to natural convection for 5 minutes sample offered low 

thermal resistance of 30.71 K/W which is lower by 8% than control sample. When subjected to 

forced air convection for 0.5 m/s air velocity resistance decreased by nearly 45.6% to value of 

15.54 K/W. Further it decreased to 10.66 K/W which is nearly 59% lower than control sample. 

Higher fin spacing to fin height ratio increased the heat flow rate [6] which decreased thermal 

resistance. Trend line in figure 5.3 sample has sharp decline for transient thermal resistances as 

phenomenon changes from natural to forced convection and then gradual one for increasing air 

velocity which indicated that values were approaching constant values. Decrease in resistance was 
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nearly by 35% for an air velocity of 0.5 m/s in time frame of 1 minute and continued to decrease 

further to 47.49% for air velocity to 1.5 m/s. It can be concluded that for a given temperature 

difference, fin spacing of 1.5 mm was favorable for heat transfer. Heat sinks with fins spacing of 

1.5 mm can operate at low air velocity to dissipate high heat flux.  In figure 5.3 we can see that 

trend line had steep slopes as we increased air velocity. Sharp decline for 7x7 sample was observed 

at 0.5 m/s, for 8x8 sample steep decline was at 1 m/s, for 9x9 there was a gradual decline which 

stated the fact that for higher fin distance lower values of transient thermal resistance are obtained 

at low velocities. Thus, heat sinks with larger fin distance can dissipate larger amount of heat even 

when device is moving at low speed.  

Above samples had equal cross sections area of fins. Although 7x7 sample had less number 

of fins than other structures it still offered lowest thermal resistances. This concludes that fin 

spacing plays a significant role in heat dissipation capacity and fin spacing to fin height ratio should 

be considered for optimum number of fins. Thus 1.5 mm fin distance with 49 fins can be 

considered as optimum parameters for fin height of 5 mm and diameter 1.8mm. 

Heat sinks depend on factors such as number of fins, fins spacing to fin height ratio [6] and 

there exists an optimum fin spacing for a given height and cross section of fins at which structures 

demonstrate lower thermal resistances. 
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Resistances of cylindrical fins 

 

  

Figure 5.3 Trend of Thermal resistance for increasing air velocities 

 
 

Figure 5.4 Trend of Thermal resistance for increasing air velocities 
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Rectangular Fins 

For rectangular fin structures intra comparison between the samples of same number of 

fins but different alignments (Parallel-PL and Perpendicular-PD) were taken into consideration. 

Looking at figure 5.1 rectangular fins with higher inter-fin distance offered lower thermal 

resistance. When fin alignment along air flow was taken into consideration parallel alignment of 

fins to air flow showed more promising results than perpendicular alignment to air flow since 

parallel alignment had high number of channels in alignment to air flow which increased its heat 

dissipation efficiency even for small air velocity. Sample 17x4 PL offered a thermal resistance of 

32.24 K/W when subjected to natural convection for around 5 mins which meant it was decreasing 

thermal resistance by 4.04%. As air velocity increased to 0.5 m/s it showed very large drop in 

thermal resistance to around 21.93 K/W which was nearly by 25% less of control sample. 

Furthermore, resistance gradually decreased for higher air velocities. At 1 m/s the thermal 

resistance offered was 18.46 K/W (24.87%) and it further decreased to 15.41 K/W which was 

around 32% less than resistance offered by control sample. A gradual decrease in thermal 

resistance can be observed in trendline in figure 5.8 for 17x4 PL sample from which we can 

conclude that if we extrapolate to higher air velocity we can obtain lower thermal resistance for 

higher velocities before achieving a threshold value. If we look at figure 5.1 perpendicular 

orientation of fins to air flow values of thermal resistance offered by same sample are little higher. 

Difference in values of resistances increased with increased air convection. 17x4 PD offered 

thermal resistance of 32.47 K/W for natural convection which was not significantly different than 

17x4 PL. For higher velocity at 0.5 m/s 17x4 PD offered thermal resistance of 22.07 K/W which 

decreased nearly 22.79% of resistance offered by control sample. At higher velocity of 1.5 m/s 

thermal resistance decreased to 16.15 K/W which is around 26.95% less than control sample. 
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Looking at figure 5.6 sample 17x4 PD has similar trendline as that of 17x4 PL in figure 5.8. Similar 

conclusion can be derived that lower thermal resistance value can be obtained for higher air 

velocity. Sample 16x4 PL offered thermal resistance of 31.70 K/W for 0 m/s (natural convection) 

and it decreased to 19.74 K/W for air velocity of 0.5 m/s which is nearly equal to 30.89% less than 

control sample. For such small increase in air velocity thermal resistance decreased by nearly 12 

K/W which shows its suitability when forced air convection is taken into consideration. Further 

for increase in velocity to 1 m/s thermal resistance decreased to 16.75 K/W (31.82%) and low 

value to 13.58 K/W which is nearly 40% less than resistance offered by control sample. Small 

increase in fin distance by 0.1 mm decreased the resistances by around 2 K/W for forced 

convection when we compared 16x4 PL to 17x4 PL even when later provided greater surface area 

which highlights the importance of geometry of structures. 16x4 PD had resistance of 32.35 K/W 

that was 3.65% decrease in resistance offered by control sample. Like parallel alignment 16x4 PD 

showed very high decrease in thermal resistance to 20.55 K/W for an increase in air velocity to 0.5 

m/s. 16x4 PD had low thermal resistance of 14.45 K/W for air velocity of 1.5 m/s which was 

slightly higher than 16x4 PL.  Sample 12x4 PL offered lowest resistances for forced convection 

among all samples. Even for natural convection thermal resistance offered is 30.32 K/W which 

was nearly about 9% decrease in resistance offered by control sample. For forced convection with 

the air velocity of 0.5 m/s the decrease was nearly by 44% with value of 15.85 K/W. For further 

increase in air velocity to 1 m/s value is 13.90 K/W which is 43.44% less of resistance offered by 

control sample. For higher velocity of 1.5 m/s resistance is 9.18 K/W which was lowest amongst 

all samples. If we consider sample 12x4 PD resistance of sample for natural convection thermal 

resistance is 31.70 K/W which was around 5.6% less than control sample. For forced convection 

similar to parallel alignment sample 12x4 PD had sharp decrease in its thermal resistance to around 
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17.35 K/W for air velocity of 0.5 m/s. 12x4 PD has second lowest value at 1.5 m/s of 10.54 K/W 

which was nearly around 54.06% less of control sample.  Looking at trendline for samples in 

parallel alignment in figure 5.8, 17x4 and 16x4 had gradual decline for slopes and were almost 

parallel to each other unlike 12x4. There was sharp declination as we increased air velocity from 

1 to 1.5 m/s thus 12x4 sample was much more sensitive to changes in forced convection. For 

perpendicular direction samples followed similar trend with small variation in 16x4 sample which 

had sharp decline at 1 m/s. Thus, we can conclude that lower the fin distance higher the air velocity 

required to dissipate heat through forced convection. 

When rectangular fins were subjected to forced convection for time frame of around 1-

minute difference between the values for perpendicular and parallel fins was much larger. 

Although all samples did not show any significant difference for natural convection if we look at 

figure 5.5 and 5.7 results obtained for forced convection were satisfactory. For velocity of 0.5 m/s 

differences between values for transient thermal resistances of 17x4 PL and 17x4 PD was around 

1.5% but for higher velocities like 1.5 m/s difference was around 10% which meant parallel 

alignment was 10% more efficient than perpendicular fins. Similarly, when transient thermal 

resistance is considered for 16x4 samples at velocities of 1 m/s to 1.5 m/s parallel alignment was 

(8-10) % effective than perpendicular direction. In case of 12x4 samples parallel alignment was 

more effective at 0.5 m/s and 1 m/s where values are 15% and 14 % more than perpendicular 

direction. In figure 5.5, 17x4 and 16x4 had identical gradual declination in their values for increase 

in velocity unlike 12x4 which was continuously declining with steep slope representing higher 

sensitivity to change in air velocity. Looking at figure 5.7 for parallel alignment similar trend can 

be observed for 17x4 and 16x4. 12x4 parallel alignment had distinctive behavior which can be 

seen in figure 5.7. After sharp declination through natural convection gentle declination was seen 
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indicating that resistances were approaching towards constant value. Thus, rectangular structures 

with higher fin spacing can dissipate large heat flux even when device is moving at smaller speed. 

Samples 16x4 and 17x4 had difference of 4 fins. 16x4 had fin spacing of 0.8 mm and 17x4 

had fin spacing of 0.7 mm. Even for difference of 4 pins, 16x4 offered significantly lower thermal 

resistance than 17x4 which highlights the importance of optimizing the number of fins and their 

spacing. Fin spacing to height ratio was lower for 16x4 than 17x4 which increased heat transfer 

rate for 16x4. 12x4 PL has offered lowest thermal resistances amongst rectangular fin structures 

which had inter-fin spacing of 1.3 mm which highlighted the effect of optimized fin spacing on 

heat transfer. Also, for rectangular fin structure alignment of sample had significant role in heat 

dissipation capability of fins. 
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Resistance of Rectangular fins in Perpendicular direction 

 

Figure 5.5 Trend of Thermal resistance for increasing air velocities 

 

Figure 5.6 Trend of Thermal resistance for increasing air velocities 
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Resistance of Rectangular fins in parallel direction 

 

Figure 5.7 Trend of Thermal resistance for increasing air velocities 

 

Figure 5.8 Trend of Thermal resistance for increasing air velocities 
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5.2 Mechanical Testing 

We completed mechanical testing on heat sink structures to determine their compressibility 

and recoverability. Structures were loaded in single compression and cyclic compression cycles 

for 10% and 20% strain. Cyclic compression was done for 10 cycles. Curves of 1st,2nd and 10th 

cycle were taken into consideration for cyclic compressions. All samples buckled under given load 

applied on them (Figure 5.27). All samples retained their original shape without any plastic 

deformation (figure 5.29).Rectangular fin structures did not compress at all for 10% compression 

testing. All samples were deformed at 50% compression (Figure 5.28) 

At 10% compression testing 7x7 sample showed elastic recovery for 10% single 

compression. In figure 5.9 we see a gradual slope till 8% compression and sharp upward slope 

after that indicated heavy buckling was caused due to higher load. Similarly for 20% single 

compression testing in figure 5.11 , sample had elastic behaviour till 16% and downward bend 

indicated that fins were fully compressed  which indicated elastic limit for sample. Even after 

compression the sample did not lose shape after compression. In case of cyclic compression after 

1st cycle for 10% compression (figure 5.10) fins lost compressive strength after every cycle. Loss 

in strength after 1st cycle was 11.85% and 22.23% after 10th cycle. For 20% cyclic compression 

loss in strength was 19% after 1st cycle and 40 % after 10th cycle (figure 5.12). All the curves had 

identical shape which indicated elastic behavior at every cycle. Figure 5.13 shows 10% single 

compression testing for 8x8 sample. Upward bending in curve indicated that higher stress was 

required for fins to compress at given value. Primary reason for this can be due to increase in 

resistance to compress applied by the fins. In figure 5.14 we can observe unique behavior of 

sample. At about 5% compression stress was proportional to strain which can be defined as elastic 

limit of sample 8x8. After 5% compression force exerted by fins was decreasing for further 
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compression which indicated that ultimate tensile strength was observed at 6% and after that 

samples lost elasticity. For such low values primary reason speculated was larger fin height with 

very thin base. In case of cyclic compression, for 10%(figure 5.15)  sample lost 19.23% of strength 

after 1st cycle and 38.46% after 10th cycle. For 20% cyclic compression testing, looking at figure 

5.16 sample lost high strength after 1st cycle. This was due to loss in elasticity after 1st cycle. 

Curves from 2nd to 10th had identical trend which showed that after 1st cycle no major damage has 

happened to sample. After 1st cycle loss in compressibility strength was around 59.25% of original 

strength and after that loss in strength as compared to second cycle was around 31%. This indicated 

importance of thicker base for fins. In case of 9x9 fin structure sample showed gradual increase in 

slope that shows elastic behaviour for 10% single compression (figure 5.17). For 20% compression 

for the sample (Figure5.18) till 10% stess was linearly proportional to strain and after that fins 

were completely compressed thus exerting unequal stress after that but retaining their original 

shape after removal of load thus maintaining elastic behaviour. In case of cyclic compression for 

10%, looking at figure 5.19 every cycle followed an identical pattern that stress exerted by 

structure was proportional to strain following elastic behaviour. After every cycle compressibility 

strength decreased which was 10% after 1st cycle and 21% of initial strength after 10th cycle. For 

20% cyclic compression same elastic behaviour was followed by sample. Partial buckling of fins 

can be observed till 10% and when they are fully compressed decrease in stress can be observed. 

For all cycles samples are following exact behaviour with decrease in strength. After 1st cycle loss 

in strength was around 13.34% and after last cycle it was 26.67%. 
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Cylindrical fins 

Figure 5.9 10% Single Compression Testing

 

Figure 5.10 10% Cyclic Compression Testing 
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Figure 5.11 20% Single Compression Testing 

 
 

Figure 5.12 20% Cyclic Compression Testing 
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Figure 5.13 10% Single Compression Testing 

 

Figure 5.14 20% Single Compression Testing 
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Figure 5.15 10% Cyclic Compression Testing 

 

Figure 5.16 20% Cyclic Compression Testing 
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Figure 5.17 10% Single Compression Testing 

 

 

Figure 5.18 20% Single Compression Testing 
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Figure 5.19 10% Cyclic Compression Testing 

 

Figure 5.20 20% Cyclic Compression Testing 
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Rectangular Fins 

When rectangular fins structures were subjected for 10% compression strain fins did not 

buckle. Primary reason for not buckling at 10% compression testing was structural geometry of 

the samples. Rectangular fin provided higher contact area (2.94 sq.mm) as compared to a 

cylindrical fin (2.54 sq.mm) which indicated that to compress them equally rectangular fin will 

need higher force as compared to a cylindrical fin. Thus, rectangular fins provided higher surface 

area and close compact structure which resulted in higher stress application. Rectangular fins were 

subjected to direct 20% single compression and 20% cyclic compression testing. At 20% single 

compression (Figure 5.21) 12x4 sample demonstrated elastic behaviour till 15% compression. At 

15% fins started to buckle thus exerting  stress was not proportional to the strain applied. In case 

of 20% cyclic compression samples  followed the exact same pattern for every cycle. Major loss 

in compressive strength was after 1st cycle which was 17.39% and after 10th cycle overall 

compressive strength is 26.08% less than initial strength. In case of 16x4 sample due to its close 

compact structure samples did not buckle till 15% compression and after that slope of graph was 

linearly increasing (figure 5.23). 16x4 has spacing of 0.8 mm in between them thus due to its 

closely packed structure ; till 15% compression stress exerted on samples did not compress the 

fins and after 15% compression at higher force fins showed elastic behaviour. Figure 5.24 shows 

20% cyclic compression which followed same trend as its in single compression testing with 

16.40% loss in compressive strength after 1st cycle and 33.59% loss after 10th cycle. Figure 5.25 

shows compressive behaviour of 17x4 sample. Until 15% compression, stress applied was 

proportional to the strain and after that fins started buckling after 15% compression where they 

were completely compressed hence stress was not proportional to strain  after that. Figure 5.26 

showed cyclic compression for the same sample. Here samples exerted stress proportional to strain 
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till 20% compression. Curves were identical for all cycles with decrease in overall compressive 

strength for sample. Samples lost 16.67% of overall strength after 1st cycle and 36.67% after 10th 

cycle. Samples with higher number of fins had more compact structure and hence required higher 

stress to compress them than samples with lower number of fins. Also loss in strength after cyclic 

compression was higher for larger number of fins. This was applicable for both cross section 

shapes-cylindrical and rectangular.  
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Rectangular Fins 

 

Figure 5.21 20% Single Compression Testing 

 

Figure 5.22 20% Cyclic Compression Testing 
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Figure 5.23 20% Single Compression Testing 

 

Figure 5.24 20% Cyclic Compression Testing 
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Figure 5.25 20% Single Compression Testing 

 

Figure 5.26 20% Cyclic Compression Testing 
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Figure 5.27 Fins buckling under stress

 

Figure 5.28 Permanent deformation after 50% compression 
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Figure 5.29 Rectangular fin structure after 20% cyclic compression retaining its original          

shape 

Figure 5.30  and figure 5.31 showed flexibility of cylindrical fins structure and rectangular 

fin structure respectively. Both the structures were compressed and after the removal of force 

retained their shape thus indicating elastic bhevior. If we compare cylindrical and rectangular fins 

in terms of compressibility strength and recovery, rectangular fins have less loss in compressive 

strength than cylindrical ones for cyclic compression. Rectangular fins structures had close and 

compact structure as compared to cylindrical. Also surface area of rectangular fins(2.94 sq.mm) 

was higher than cylindrical fins(2.54 sq.mm). So to apply equal stress force applied on rectangular 

fins will be higher than cylindrical due to which rectangular samples were difficult to compress. 

Thus, rectangular fins can be considered more durable than cylindrical ones. Also in terms of 

thermal measurements rectangular fins in parallel alignment had low thermal resistances than 

cylindrical ones at 1.5 m/s air velocity. For natural convecton cylindrical fins had low thermal 
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resistance. Although lateral surface area of cylindrical fins was larger than rectangular fins parallel 

allignment of rectangular fins offered slightly lower thermal reistance. This can be related to the 

fact that in parallel alignment design around 15 microchannels were present through which heat 

can be dissipated by forced convections and fin distance to fin height rato was larger for higher fin 

distance. Hence rectangular fin structures were more effective than cylindrical counterparts. Also 

(P/A) ratio was higher for rectangular fins than cylindrical fins. Thus higher the P/A ratio, greater 

fin effciency[1] 

 

Figure 5.30 Cylindrical fin structure demonstrating flexibility 
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Figure 5.31 Rectangular fin structure demonstrating flexibility 

 

 

5.3 Characterization 

 
Figure 5.32 shows SEM image of single carbon fiber tow along cross section and figure 

5.35 shows lateral view of fiber tow infiltrated with PDMS. PDMS has successfully infiltrated 

within a carbon fiber tow which contains around 16000 filaments. If we look at high magnification 

images figure 5.33, figure 5.34 is the close view of structure and single filament which is 

cylindrical in shape respectively. Similarly, figure 5.36 and 5.37 shows side view of filaments with 

PDMS between them. No voids or micro fractures can be seen in structure thus concluding that 

composite is void free structure 
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Figure 5.32 PDMS lodged in interstices of filaments in fiber tow. 

 

Figure 5.33 Close view of filaments surrounded by PDMS 
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Figure 5.34 Single filament with PDMS in Surrounding 

 

Figure 5.35 Lateral view of carbon fiber tow infiltrated with PDMS 
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Figure 5.36 Lateral view of filaments with PDMS in between 

 

Figure 5.37 Single filament with PDMS surrounded by it 
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Thermal imaging was done with infrared lenses and SEEK software was used. Imaging 

was done for natural convection and it can be observed that heat is efficiently transferred from 

heater to heat sink. Temperature bar can be seen at left side of image represented by different 

colors for different temperature. 

 

   

(a)                                (b) 

Figure 5.38 Thermal imaging of heat sink structure mounted on heat sink. (a) Cylindrical fins 

(b) Rectangular fins. 

 

 

 

 

 

 

 

 
 



  94 

 

Conclusions 

In the present study an innovative and simple fabrication technique to create heat sink 

structures has been introduced using pitch based carbon fiber and PDMS. The primary objective 

was to create unidirectional flexible heat sink with fins on its surface. This was accomplished using 

process described in the study. The process can be broken down into two steps: (1) Construction 

of mold (2) Fabrication of fiber reinforced composite. Both steps were optimized successfully 

through multiple iteration. Conclusions obtained through experimental procedure are: 

• Percentage of PDMS (matrix) in solution was key factor in eliminating voids and 

dry spots. Here 60% PDMS solution was used to fully impregnate fiber structure.  

• Impregnation time: Sample were impregnated in solution for 24 hours to avoid dry 

spots and for successful infiltration of resin in structure. 

• Use of vacuum for 24 hours was required to eliminate volatiles from the solution. 

•  Smallest possible diameter of holes through which carbon fiber tows can be passed 

easily was 1.8 mm diameter. Diameter of holes in acrylic slab was equal to diameter 

of fins engineered on surfaces. Thickness of acrylic sheet used was equal to height 

of fins.  Height and diameter of fin determine efficiency of fin. 

• Fins with different cross sections can be constructed and for the present study 

minimum distance between fins was 0.9 mm for cylindrical fin and 0.7 mm for 

rectangular fins. 

SEM images indicated that matrix infiltrated fiber structures successfully and bonded 

effectively. Thermal images of structures showed that heat sink structures absorb heat successfully 

from a device. For fiber volume fraction of around 13%, samples have decreased the thermal 

resistance by nearly 60% than control sample through convection. This highlights potential of 
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these structures in heat dissipation. Distance between the fins had significant impact in lowering 

thermal resistance when convective heat transfer was considered. Higher spacing between fins 

lead to higher convective transfer rate thus higher heat dissipation. Thus, optimum fins spacing 

was needed to be considered for an effective heat transfer. For a heat sink with lower fin spacing 

higher air velocity is required to dissipate high heat flux through a given area. Rectangular fins in 

parallel alignment demonstrated lower thermal resistance amongst all samples due to multiple 

reasons. For parallel alignment spacing between fins acted as micro channels. Hence, number of 

micro channels along with higher fin distance increased as compared to cylindrical and 

rectangular-perpendicular combination. Thus, higher spacing and high number of microchannels 

can decrease thermal resistance of heat sink structures [11]. Also (P/A)-perimeter to cross sectional 

area ratio was higher for rectangular fins than cylindrical fins which increased the fin efficiency 

of structures. Fin distance to fin height ratio is important in convective heat transfer since high 

ratio dissipates larger heat flux through a given surface. Although in a given area higher fin 

distance offered low thermal resistance for forced convection it was concluded that an optimum 

number of fins should be considered since lesser number of fins than optimum can decrease overall 

efficiency even though distance between fins is higher. For natural convection phenomenon, 

samples lowered thermal resistances by maximum of 9% than control sample. This was one of the 

major limitations of these structures. 

For mechanical testing, all samples sustained 10% an 20% single and cyclic compression 

testing without losing elasticity of samples. All samples buckled under stress applied. All 

structures lost compressive strength after each cycle when subjected to cyclic compression. 

Rectangular fin structures had higher surface area 2.9 sq mm than cylindrical fins (2.54 sq mm). 

Due to this reason higher force was required on rectangular fins to compress them equally. 
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Rectangular fin structured samples did not compress at 10% compression and maintained elastic 

behavior at 20% compression Also, loss in compressive strength in cyclic compression was lower 

for rectangular fins. Rectangular fins had more durability than cylindrical fins due to close compact 

structure and higher surface area offered by fins. All the samples successfully demonstrated 

flexibility and considering their application all of them sustained higher compression than 

required.  

Based on results of mechanical and thermal testing it can be concluded that an optimum 

number of fins needs to be selected to have high fin efficiency and durability.  
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Scope of Future Work 

The major focus of research included fabrication of a novel heat sink structure. Structures 

in this study were created by manually inserting carbon fiber tows. Thus, upgrading this technique 

by incorporating automation will help in increasing precision and convenience of producing heat 

sink structure. Incorporation of an established method like injection molding can be used in which 

primary step would be to construct multiple molds to increase production of heat sinks. This will 

help in maintaining consistency of heat sinks fabricated. Incorporating simulations and modeling 

will help in optimization of heat sink structure and increasing performance. A mathematical model 

for optimizing number of fins needs to be developed considering parameters such as fin distance, 

fin height, base height. Simulation and design will also help in increasing compactness of 

structures. 

Present study focused only on cylindrical and rectangular fins structures. Thus, conducting 

multiple studies to study effect of geometric variation on both thermal and mechanical properties 

needs to be done. Samples lost compressive strength after cyclic compression thus designing 

structure with higher fiber volume fraction and more flexibility will help in sustaining higher 

compressions. Incorporating pitch carbon fibers with higher thermal conductivity will help in 

improving performance at natural convection.  

Since carbon fiber composites are practically used in many applications, such fin structures can be 

used for cooling of electronic devices using forced convection. Light weight and flexibility are 

added advantages for such applications. For natural convection incorporating silver nanoparticles 

with high conductivity can be used in fabricating structures that will increase through thickness 

thermal conductivity of the structure. Transient thermal resistances of samples were also low 

which indicates that these structures can be used in vehicle engines where motion of device can 
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help in forced convection. In such systems, a monitoring system needs to be developed and 

incorporated for continuous assessment of thermal and mechanical properties of heat sinks giving 

consumer head start to avoid device failures due to excessive heat energy buildup or due to any 

mechanical damage. 
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