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Abstract 

A relatively new way for utilizing the thermal performance of heat pipes is to use nanofluids as 

working fluids in the heat pipes.  Heat pipes are effective heat transfer devices in which the 

nanofluid operates in the two phases, evaporation and condensation. The heat pipe transfers the 

heat supplied in e.g. a laptop, from the evaporator to condenser part. Nanofluids are mixtures 

consisting of nanoparticles (e.g. nano-sized silver particles) and a base fluid (e.g. water).  

The aim of this bachelor’s thesis has been to examine the effect of nanofluids on heat pipes on the 

subject of temperature parameters and thermal resistance in the heat pies, through findings in 

literature and an applied model.  

The study, based on literature and an applied model, found that higher particle conductivity and 

higher concentration of nanoparticles consequently decrease the thermal resistance in the heat 

pipes, resulting in an enhanced thermal performance of the heat pipes with nanofluids as working 

fluids.  

It is however concluded that difficulties in finding the optimal synthesis of nanofluids, the 

concentration level of nanoparticles and the filling ratio of nanofluids in heat pipes, set bounds to 

the commercial use of nanofluids in heat pipes.  

It is suggested that, in order to enhance the heat transfer performance of nanofluids in heat pipes, 

to conduct further research concerning e.g.  synthesis of nanofluids and  concentration level of 

nanoparticles in nanofluids. 



   
 

Sammanfattning 

Ett relativt nytt sätt för att förbättra den termiska prestandan i en heat pipe är att använda 

nanofluider som arbetsmedium. Heat pipe är ett effektivt värmeöverföringsinstrument som 

överför värme från en värmekälla som t.ex. i en bärbar dator, genom att nanofluider verkar i faserna 

förångning och kondensering. Nanofluider är en blandning av nanopartiklar (exempelvis silver 

partiklar i nanostorlek) och en basvätska (exempelvis vatten).  

I detta kandidatexamensarbete är syftet att undersöka effekten av nanofluider på heat pipe med 

avseende på temperaturskillnader mellan förångare och kondensor samt termisk resistans. Denna 

undersökning baseras  på litteraturstudier och validering av en analytisk modell.  

Resultaten visar att både högre värmeledningstal hos nanopartiklar och högre koncentration av 

nanopartiklar leder till en lägre termisk resistans och således till en ökad termisk prestanda hos heat 

pipe med nanofluider som arbetsmedium.    

Med anledning av svårigheter i att hitta ett optimalt sätt för framställning av nanofluider, dras 

slutsatsen att en optimal koncentrationsnivå av nanopartiklar och fyllnadsgrad (filling ratio) av 

nanofluider i heat pipe begränsar möjligheten för kommersialisering av nanofluideri heat pipe.   

Det föreslås att genomföra mer djupgående forskning rörande bl.a. nanofluiders syntes och 

koncentrationsnivåer av nanopartiklar i nanofluider för att förbättra nanofluiders 

värmeöverföringsförmåga i heat pipes.  
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Nomenclature 

Term Symbol Unit 

Particle concentration  𝜙 (-) 

Density  𝜌 (kg/m3) 

Thermal conductivity  𝑘 (W/mK) 

Dynamic viscosity  𝜇 (N s/m2) 

Constant for Maxwell´s equation 𝑗 (-) 

Porosity of the wick  𝜀 (-) 

Effective thermal conductivity of the liquid-saturated wick 𝑘𝑒𝑓𝑓 (W/mK) 

Thermal conductivity of the heat pipe wall 𝑘𝑤𝑎𝑙𝑙 (W/mK) 

Length  𝐿 (m) 

Outer radius of the heat pipe 𝑅0 (m) 

Vapor core radius  𝑅𝜈 (m) 

Inner radius of the heat pipe  𝑅𝑤 (m) 

Radius   r (m) 

Heat input (100% efficient heat pipe) 𝑄𝑒 (W) 

Temperature  T (K) 

Cooling: Single phase convective heat transfer coefficient ℎℎ (W/m2K) 

Cooling: Bulk temperature of the coolant in cooling jack  𝑇𝑏 (K) 

Thermal resistance of the heat pipe 𝑅𝑡ℎ (K/W) 

Convective resistance   𝑅𝑐𝑜𝑛𝑣 (K/W) 

Temperature difference between evaporator and compensator 𝑇𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (K) 

Temperature difference  ∆𝑇 (K) 

 
Subscripts 

Base fluid  liquid 

Nanofluid  nf 

Nanoparticle  p 

Evaporator section  e 

Adiabatic section  a 

Condenser section   c 

Inner , outer   i, o 
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1 Introduction 

Heat pipes are used to transfer heat in vehicles and hard ware applications as for instance laptops. 

With continues development of technological equipment it is necessary to find effective ways to 

manage heat transfer in heat pipes. By using nanofluids as working fluids in heat pipes the 

thermal performance of heat pipes is enhanced (Shafahi et al., 2010a). Consequently, the key 

questions in this bachelor’s thesis to be answered, in order to increase the comprehension of the 

topic, are the following: 

1. What is a nanofluid?  

o How are nanoparticles synthesized?  

o What are the key parameters affecting a nanofluid? 

2. How does a heat pipe work? 

3. What is the effect of nanofluids on heat pipes regarding thermal resistance?  

o What about the effect of concentration and thermal conductivity in nanofluids? 

1.1 Report structure 

The heart of the report is divided into three interrelated parts. In part one (see chapter 3 and 4), a 

literature study of nanofluids concerning their definition, synthesis and thermal conductivity will 

be provided.   

Part two (see chapter 5 and 6) will describe the basic function of a heat pipe and the effect of 

nanofluids in heat pipes by investigating the incremental effect of nanofluids from eight different 

studies.  

Part three (see chapter 7 and 8) will discuss the methodology of the report as well as defining the 

model limitations and calculations steps of the model. Furthermore the thermal resistance network 

in heat pipe and the applied model will be presented.  

In chapter 9, the results from the applied model on i.e. thermal resistance in the heat pipe will be 

analyzed in relation theoretical background. A sensitivity analysis is then presented in chapter 10 

by identifying key parameters in the model and the nanofluid related parameters are discussed. 

Furthermore, essential findings from part one, two and three will be discussed compared and 

concluded in the final chapters.  In Appendix A, the program code of the model is attached.  

2 Problem and objective statement  

In order to understand the importance and functionality of nanofluids and the effect of nanofluids 

in heat pipes, an adequate bachelor’s thesis on the subject is needed. It is proposed to complete a 

study in the interface between nanofluids and heat pipe with focus on heat transfer principles e.g. 

thermal resistance and thermal conductivity, through a literature study and model analysis on the 

subject.  

The objective of this bachelor’s thesis has been to deliver a study on nanofluids and their effect 
on heat pipes based on thermophysical parameters. Consequently the intermediate objective has 
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been to produce a model for analysis of the effect of nanofluids on heat pipes regarding 
temperature and concentration parameters and thermal resistance. The results from the model are 
then to be discussed in relation to the literature studies in order to draw conclusions from both 
model and literature studies.  

3 Definition of Nanofluids 

Fluids have been utilized as a working fluid for cooling purposes include engine oil, water and 

ethylene glycol. These fluids have lower thermal conductivity than metals and ionic components 

such as: copper, silver, silicon carbide and copper oxide. The characteristics of these metals and 

ionic components gave rise to a fluid that consisted of a mixture of a base fluid and metals, initiated 

by Maxwell. This idea of a suspension, led to the improvement in one of the most important 

parameters in a working fluid: thermal conductivity (Behi and Mirmohammadi, 2012). A 

suspension is a heterogeneous mixture in which solute-like particles settle out of a solvent-like 

phase sometime after their introduction (Chemicool, 2014). 

Choi et al. defined the nanofluids as “an innovative new class of heat transfer fluids that can be 

engineered by suspending nanoparticles in conventional heat transfer fluids” (Iborra Rubio, 2012) 

where nano-sized particles of 1-100 nm were added to base fluids in order to improve performance 

of heat transfer by significantly enhancing the thermal conductivity of the fluid. The benefits of 

nanofluids in comparison to microfluids (of micro-sized particles) have been researched and it is 

found that nanofluids possess longer suspension time, higher thermal conductivity and are more 

energy efficient. Improving thermal transport properties of nanofluids has been claimed to be vital 

for obtaining a higher heat exchanging efficiency, cost reduction and reducing the system size 

(Iborra Rubio, 2012). 

Nanoparticles exist in form of e.g. metals, metal oxides and carbon materials. They are of various 

morphological characteristics and appear as spheres, cylinders, disks etc. (Nagarajan, 2008). The 

thermal conductivity of nanoparticles is usually up to hundred times larger than base fluids. For 

instance, non-metallic solids such as diamond have a thermal conductivity if 3300 W/mK while 

non-metallic liquids such as water have a thermal conductivity of  0,613 W/mK (Das et al., 2007b). 

In addition to thermal conductivity, there are three other parameters impacting nanofluids: specific 

heat capacity, dynamic viscosity and density (Das et al., 2007a, b, d). However, they are not included 

in the scope of this report and therefore not deeply discussed.  

3.1 Synthesis of nanoparticles 

The preparation procedure and synthesis of nanofluids is a vital process to obtain better 

performance of nanofluids and improved thermal transport properties. It is important to achieve 

homogenous suspensions in order to optimize thermophysical properties of nanofluids. Current 

scientific experiments and researches are focusing on improving the thermal conductivity by 

considering the effective parameters of thermal conductivity and predicting the behavior of 

nanofluids (Behi and Mirmohammadi, 2012). Substances, also known as additives, are used to 

prepare nanofluids by utilizing base fluids and nanoparticles in order to increase the stability and 

enhance the performance of the dispersion of nanofluids.  
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The production process of nanoparticles is divided into two approaches: top- and bottom-down 

synthesis of nanomaterial and fabrication of nanostructures (Iborra Rubio, 2012).  The top down 

approach involves the process of breaking down bulk material into nano-sized particles and 

structures. The approach is an extension of methods that have been used for producing micro-

sized particles, considered more suitable for creating cohesive structures.  Mechanical size 

reduction such as grinding and milling are examples of top down approaches. The more 

economical alternative, the bottom up approach, refers to a controlled assembly process in the 

build-up of a material, using atom-by-atom, or molecule-by-molecule procedures. This method is 

preferable for creating identical structures with atomic precision (Das et al., 2007a, b, c, d, e).  

4 Thermal conductivity of nanoparticles and base fluids  

The heat transfer performance of a heat pipe (see chapter 5) is related to the thermophysical 

restrictions of the working fluid. Thermophysical restrictions on the other hand depend mainly on 

the thermal conductivity of the working fluid. Thermal conductivity illustrates the ability of a 

substance to conduct heat. The higher the thermal conductivity of the fluid the more effective is 

the heat transfer capability of heat pipe (Iborra Rubio, 2012). 

In order to enhance the thermal conductivity, highly conductive solid nanoparticles can be added 

to a base fluid (Shafahi et al., 2010a) e.g. water, ethylene glycol or pump oil (Behi and 

Mirmohammadi, 2012).  The result is a nanofluid i.e. a colloidal suspension of solid particles with 

the size lower 100 nanometers (Behi and Mirmohammadi, 2012).  Table 1 illustrates the variance in 

thermal conductivity from base fluids (non-metallic liquids) to nanofluid solid particles (metallic 

solids) which are usually over hundreds times more conductive (Iborra Rubio, 2012).  

Table 1: Thermal conductivity of different solids and liquids (Das et al., 2007a, b, c, d, e) 

 

4.1 Parameters affecting the thermal conductivity of 

nanofluids 

Figure 1 illustrated that the parameters affecting the thermal conductivity of the nanofluid are: 

morphology, temperature, concentration and motion of nanoparticles (Behi and Mirmohammadi, 

2012). Each parameter will be deliberated in the proceeding text. 

Solid/Liquid Material Thermal Conductivity (W/mK) 

 
Metallic solid 

Silver 429 

Copper 401 

Aluminum 237 

 
Non-metallic solids 

Diamond 3300 

Carbon nanotubes 3000 

Silicon 1458 

Aluminum oxide (𝐴𝑙2𝑂3) 40 

Metallic liquids Sodium @ 644K 72,3 

 
Non-metallic liquids 

Water 0,613 

Ethylene glycol 0,253 

Engine oil 0,145 
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Figure 1: Parameters affecting the thermal conductivity of nanofluids (Behi and 
Mirmohammadi, 2012) 

4.1.1 Morphology of nanoparticles 

Morphology is by biologists describes as the study of the size, shape and structure of organisms 

and the relationship of the parts including them (Britannica, 2014).  

Research done by Li et al. has shown that nanofluids with smaller nanoparticles enhance the 

thermal conductivity. In this particular experiment aluminum nanoparticles of diameter 36 and 47 

nm were used in the same base fluid.  Experiments were performed between the temperature 27 - 

37 ℃ witch volume fractions between 0.5 - 6 %. The result was an 8 % higher thermal conductivity 

for nanofluids with the 36 nm particles i.e. the smaller particles (Sankar et al., 2012). 

The influence of shape was first studied by Xie et al., who reported changes in thermal conductivity 

of a silicon carbide (𝑆𝑖𝐶) nanofluid based on whether spherical or cylindrical nanoparticles were 

used (Xie et al., 2002). In another research, conducted by Murshed et al., the application of spherical 

and rod-shaped titanium oxide (𝑇𝑖𝑂2) nanoparticles showed that rod-shaped particles enhance the 

thermal conductivity (Behi and Mirmohammadi, 2012). 

The structure of nanoparticles can be evaluated by the specific surface area (SSA), which states the 

relationship between the surface area and volume of the particle (Rice University, SSA). Xie et al., 

has in research declared that a higher SSA of nanoparticles enhances the thermal conductivity of 

the nanofluid (Xie et al., 2002). The SSA is related to the pH value of the nanofluid. An increasing 

difference in pH from the isoelectric point induces hydration forces among the particles. This 

results in a higher SSA and mobility of the particles which both increase the thermal conductivity 

(Das et al., 2007a, b, c, d, e). 

Thermal 
conducitvity of 

nanonfluids

Morphology

of nanoparticles

Size

Shape

Structure - SSA 
and pH

Temperature Concentration Motion

Thermophoretic

Brownian

Osmophoretic
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Figure 2: Effect of temperature on thermal conductivity (Das et al., 2007) 

4.1.2  Temperature 

Research done by Yu et al. confirms that a small increase of thermal conductivity with higher 

temperature of nanofluids.  In that experiment, base fluids propylene and ethylene glycol with 10 

vol. % concentration of aluminum oxide were used. The results indicate a thermal conductivity 

enhancement of less than 5% when increasing the temperature from 10 to 60 ℃ (Yu et al., 2011). 

But at the same time there are restrictions on thermal performance. The thermal conductivity of 

most solid metals is weakly affected by temperature ranges between 0 and 1000℃ as can be seen 

in Figure 2.  As illustrated, aluminum oxide has in fact a decreasing thermal conductivity with higher 

temperature (Das et al., 2007b).  

 

 

 

 

 

 

 

 

  

 

 

Das et al.., have in their research applied copper oxide (𝐶𝑢𝑂) and aluminum oxide (𝐴𝑙2𝑂3) particles 

in water-based fluids between 21 and 55 ℃ and concluded that a higher temperature of the 

nanofluid increases its thermal conductivity more than three times. With 𝐴𝑙2𝑂3 the thermal 

conductivity increased from 2% to 10.8% at a 1% particle-volume fraction while with 𝐶𝑢𝑂 it 

increased from 6.5% to 29% for a 1% particle-volume fraction (Das et al., 2007a, b, c, d, e). 

4.1.3  Concentration 

The concentration of particles has been proven to be essential for the thermal conductivity of the 

nanofluid (Sankar et al., 2012). Eastman et al. conducted research where they added copper (𝐶𝑢) 

nanoparticles of mean diameter smaller than 10 mm, in the base fluid ethylene glycol. With 𝐶𝑢 

concentration of approximately 0.3 % the thermal conductivity of the ethylene glycol i.e. the 

nanofluid increased with 40% (Eastman et al., 2001b).  
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4.1.4  Motion 

Wang et al. firstly discussed the effect of motion of the nanofluid related to its thermal conductivity. 

Motion of particles causes a temperature gradient in the fluid referred to as the  thermophoretic 

motion (Behi and Mirmohammadi, 2012). 

Due to the fact that the thermal conductivity enhancement of nanofluid was higher than predicted 

in theoretical models, researchers began to explore mechanisms of heat transfer of high significance 

in nanofluids (Sankar et al., 2012). One of these mechanics was the Brownian motion of the 

nanoparticle, which some researchers believe to be an important parameter resulting in the increase 

of the thermal conductivity of the nanofluid (Aminfar et al., 2010). Brownian motion occurs when 

nanoparticles collide with water molecules in base fluids. The collision makes the nanoparticles 

endure a random walk referred to as the Brownian motion (UIC, 2001). Research shows that the 

Brownian force has a higher impact on particle velocity than thermophoretic forces (Aminfar et 

al., 2010). 

Motion of particles also causes a concentration gradient called the osmophoretic motion. Koo et 

al. determined that the effect of the thermophoretic and osmophoretic motion is insignificant 

compared to the Brownian motion (Behi and Mirmohammadi, 2012). 

4.1.5  Synopsis table of thermal conductivity parameters 

In Table 2, a synopsis table of the findings in chapter 4, regarding parameters affecting the thermal 

conductivity of nanofluids, is presented. As can be seen, an increase of a certain parameter has 

either a positive (+) or negative effect (-) on the thermal conductivity. A negative effect means that 

the thermal conductivity decreases, while a positive effect means that the thermal conductivity 

increases.  

Table 2: Synopsis table of thermal conductivity parameters of nanofluids 

Parameter Increase of Thermal Conductivity 

Morphology Size of particles - 

Specified Surface Area (SSA)of particles + 

Temperature Temperature + 

Concentration Concentration + 

 
Motion 

Thermophoretic + 

Brownian + 

Osmophoretic + 

 

5 Heat pipe description 

Heat pipes are effective heat transfer devices with a phase transformation of an intermediate heat 
medium in a closed cycle (evacuated tube). The two phases: evaporation and condensation are used 
to transfer the heat supplied e.g. from a processor.  Heat pipes are used due to their ability to 
achieve high thermal conductance in steady state operations (Bozorgan and Bozorgan, 2013).  
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Figure 3: Technical description of a heat pipe (2, Heat pipe, 2010) 

As seen in Figure 3 heat pipes are composed of three sections: evaporator (hot part), condenser 
(cold part) and an adiabatic section, where vapor and liquid circulates between evaporator and the 
condenser (2, Heat pipe, 2010). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The general heat pipe transfers heat efficiently between two solid interfaces using capillary forces 
generated by a wick and a fluid as seen in Figure 3. The heat is transported at high rate (with two 
phase heat transfer) with temperature drop and does not require any external pumping power. 
Thus, heat pipes have two distinct advantages. First, it does not require an external source to 
circulate the working fluid. Second, the two phase heat transfer occurs with one-two order of 
magnitude higher heat transfer coefficient than that of a single phase heat transfer (Reay and Kew, 
2007a, b). 
 
Figure 3 illustrates the heat pipe as a closed tube where the inner surface is lined with a wick or a 
porous material that is filled with liquid near its saturation temperature.  The liquid in the wick and 
the open vapor corridor is separated by a vapor-liquid interface, which is found in the inner surface 
of the wick. Heat pipe characteristics are dependent upon size, shape, material construction, 
working fluid and heat transfer rate. The operational characteristic of a heat pipe is defined by heat 
boundaries, effective thermal conductivity and temperature difference. Heat pipes have been used 
in controlling the temperature of vehicles and space units (Chi, 1976). Furthermore they are used 
in innovation intensive hard ware applications as for instance laptops and game consoles (1, Heat 
pipe, 2010).  

6 The incremental effect of nanofluids in heat pipes 

Nanofluids are used in heat pipes in order enhance the thermal efficiency of the heat pipe and they 
are evaluated by their effect on the thermal efficiency. The thermal efficiency represents the ratio 
of heat rejected at the condenser section and the heat input at evaporator section (Senthilkumar et 
al., 2011). The considered parameters of thermal efficiency are the following (Naphon et al., 2008):  
 

 Charge amount of working fluid 

 Tilt angle of heat pipe 

 Volumetric concentration of nanoparticles  

 Thermal resistance 
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 Temperature gradient 
 
Table 3 summarizes experiments on the effect of nanofluids on heat pipes, which are discussed in 
detail in the proceeding text. 
 

Table 3: Descriptive summary of experiments on effect of nanofluids on thermal   
performance of heat pipes 

Year Researcher Heat pipe 
description 

Working fluid Effect on thermal 
performance 

2012  

Moraveji et. al 1) 

Straight copper tube 
with length 8 and 190 
mm, 1mm wick-
thickness sintered 
circular tube 

Al2O3 0%, 1% and 3 % 
wt 

+ (with higher %wt 
of nanofluid) 

2013  

Senthilkumar et al.2) 

Copper with legth 
600mm, outer 
diameter 20mm and 
stainless steel wick 

Copper nanoparticles 
of size 40 nm with four 
different 
concentrations:25, 50, 
100 and 125 mg/lit 

+ up to 100 mg/lit 
concentration 

2008  

Naphon et al.3) 

Copper tube with 
length 600mm and 
diameter 15mm 

Titanium nanoparticles 
of size 21nm 

+ 

2010  

Teng et al.4) 

Straight copper tube 
with length 600mm 
and diameter 8mm 

𝐴𝑙2𝑂3 0%, 1% and 3 % 
wt 

+ 

2013  

Asirvatham et al.5) 

Straight copper tube 
with length 180mm 
and diameter 10mm 

Silver nanoparticles of 
average size 58.35nm 
and volumetric 
concentration from 
0.003% to 0.009% 

+ 
 

2006  

Kang et al.6) 

211 microm wide 
and 217 microm 
deep grooved 
circular heat pipe. 
Outer diameter 6mm 
and length 200mm 

Silver nanoparticles of 
size 10 nm and 35nm 
of concentrations f 1 
mg/l, 10 mg/l, 50 
mg/l, and 100 mg/l 
(ppm 

+ 

2003  

Tsai et al.7) 

Straight copper tube 
with length 170 mm 
and diameter 6 mm 

Four different volumes 
of Monodispersed gold 
nanoparticles by 
reducing aqueous 
hydrogen 
tetrachloroaurate 
(HAuCl4). Variying 
Particle size from 2 to 
75nm.  

+ 

2009  

Shafahi et al.8)  

Cylindrical heat pipe 
with total length 
890mm and inner 
radius 9.4 mm.  

𝐴𝑙2𝑂3, 𝐶𝑢𝑂 𝑎𝑛𝑑 𝑇𝑖𝑂2 + 

 
1) Experimental input data and results (Keshavarz Moraveji and Razvarz, 2012) 
2) Experimental input data and results (Senthilkumar et al., 2013) 
3) Experimental input data and results (Naphon et al., 2008) 
4) Experimental input data and results (Teng et al., 2010) 
5) Experimental input data and results (Asirvatham et al., 2013)  
6) Experimental input data and results (Kang et al., 2006)  
7) Experimental input data and results (Tsai et al., 2004) 
8) Experimental input data and results (Shafahi et al., 2010b)  
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Moraveji et al. studied the effects of aluminum oxide (𝐴𝑙2𝑂3 ) and water-based nanofluids in heat 
pipes. The experiment was based on a straight copper tube with an outer length of 8 and 190 mm 
and a 1mm wick-thickness sintered circular heat pipe. Three working fluids were used: pure water 
and water-based aluminum oxide with volumetric concentration of 1 and 3 %. Furthermore the 
heat load varied from 5 to 60 W. The essential findings are referred to two effects (Keshavarz 
Moraveji and Razvarz, 2012): a) the temperature difference between evaporator and condenser in 
relation to heat load and b) the thermal resistance of the heat pipe in relation to heat load. 
Concerning effect a) Moraeveji et al. concluded that higher volumetric concentrations of aluminum 
oxide resulted in smaller temperature differences up to heat loads of 52 W. With higher heat load 
than 52 W, the temperature difference of 1% aluminum oxide turned out to have the smallest 
temperature difference, while pure water constantly had the highest temperature difference. All 
working fluids also present the same sequential behavior with increased heat load: increasing 
temperature difference, sudden decrease in temperature difference and another cycle of increased 
temperature difference.  This behavior depends on the improved rate speed between condenser 
and evaporator and the fraction of vapor in the process (Keshavarz Moraveji and Razvarz, 2012). 
 
The incremental decrease of thermal resistance was negligible for heat loads higher than 40 Watt 
for all three working fluids: pure water, 1 % and 3% aluminum oxide based water. In fact, there 
was also a notable anomaly in regard to the 3% concentration of Aluminum oxide. A decrease in 
temperature difference between evaporator and condenser with increasing heat input to critical 
point was observed in the findings of Moraveji et. al. The temperature decrease of aluminum oxide 
was identified as smaller than that of the base fluid. Moraveji et al. also concluded that increased 
nanoparticle concentration resulted in decreased thermal resistance ensuing an improved thermal 
performance (Keshavarz Moraveji and Razvarz, 2012). 
 
Research conducted by Senthilkumar et al. on a copper heat pipe is based on three variable 
parameters: inclination of heat pipe to the horizontal axis, heat inputs and concentration of 

nanoparticles.  The maximum thermal efficiency, approximately 60 %, is obtained at 45 ℃ angle 
of inclination, at maximum heat input of 70 W and with the 100 mg/lit concentration of copper 
nanoparticles. The highest concentration of 125 ml/lit did not outperform due to the fact of 
resistance to the fluid flow caused by the nanoparticles Notably, the thermal efficiency of 50 mg/lit 
nanofluid is higher or equal to the thermal efficiency of 125 mg/lit nanofluid at all heat inputs and 
angle of inclinations. Consequentially, this has positive economic and environmental outcome, with 
less nanoparticles performing overall better than more.  The most effective nanofluid of 100 mg/lt 

has an incremental increase in thermal efficiency of less than 5 % at 70 W input and 45 ℃ angle of 
inclination. This increase does not differ much at other heat inputs and inclinations (Senthilkumar 
et al., 2013). 
 
Naphon et al. evaluated the thermal efficiency of various volumetric concentrations at the optimum 

of 45 ℃ angle of inclination. Due to the suspension of nanoparticles the overall thermal efficiency 
increased with the nanoparticle concentration. The volumetric concentration of 0.1 % titanium 
nanoparticles in pure alcohol (base fluid) resulted in the highest thermal efficiency of approximately 

80% at heat flux of 7.27 𝑘𝑊/𝑚2.  Compared with pure alcohol the incremental thermal efficiency 
enhancement is 10.5 % (Naphon et al., 2008).  
 
Teng et al. conducted comparable research to Moraveji et al. and came to the conclusion that 

nanofluid of aluminum oxide weight fraction 1% at inclination 60 ℃ and charge amount 20% had 
the highest thermal efficiency with 79.3%. Analogous to experiments by Naphon et al., the higher 
concentration of aluminum oxide nanoparticles  with 3% wt. (weight percent) resulted in fact in a 
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lower thermal efficiency reaching 75.6%, due to reduced convection performance at the evaporator 
section (Teng et al., 2010). 
 
Research by Asirvatham et al. showed the that thermal conductivity of silver based nanofluid 
increased with 42.4%, 56.8% and 73.5% respectively for 0.003%, 0.006% and 0.009% volumetric 
concentration. Additionally a 76 % decrease in thermal resistance is observed for the 0.009% 
volumetric concentration. The authors declared three reasons for the heat transfer enhancement. 
First, an increased thermal conductivity due to the silver nanoparticles. Second, the coating layer 
formed on the wick and heating surface by the nanoparticles that improved the heat transfer effect. 
Third, the occurrence of Brownian motion due to silver and distilled water particles collision 
(Asirvatham et al., 2013). 
 
Research conducted by Kang et al. focused on heat pipe temperature distribution and thermal 
resistance as parameters of thermal efficiency. Experiments on heat loads 30 W, 40 W, 50 W and 
60 W with 10 nm nanoparticles reveal that the highest temperature gradient decrease from the base 
fluid (water) occurred when nanofluids with 50 ppm concentration were applied. However the 
highest incremental decrease of temperature gradient occurred when going from base fluid to the 

1ppm nanofluid concentration, shifting from 41.06 ℃ to 40. 56 ℃ at the same position with 30 W 
heat-load (Kang et al. 2006). The application of 35 nm nanoparticles revealed analogous results in 
temperature gradient variations for the same concentrations and heat loads, implying that there is 
no significant difference in using 10 nm to 35 nm nanoparticles at given heat loads concerning 
temperature gradients (Kang et al., 2006). 
 
Tsai et al. applied gold nanoparticles of diameters 2-75 nm by reducing adjusted amounts of the 
materials: aqueous hydrogen tetrachloroaurate with trisodium citrate and tannic acid. The 
nanoparticles were then added to distilled water (base fluid) at four different synthesis conditions 
of the materials mentioned. The thermal resistance of the base fluid and nanofluid during various 
heat inputs were evaluated on thermal performance. Distilled water obtained an average thermal 
resistance of 0.27 ℃/𝑊 compared to nanofluid of condition A (0.2 ml trisodium citrate, 2.5 ml 
tannic acid and 3 ml tetrachloroaurate) with an average thermal resistance of 0.17 ℃/𝑊. That 
corresponds to a 37 % decrease in thermal resistance (Tsai et al., 2004). 
 
Shafahi et al., performed experiments on a cylindrical heat pipe using three different nanofluids at 

various concentrations consisting of water and aluminum oxide (𝐴𝑙2𝑂3), copper oxide (𝐶𝑢𝑂) and 

titanium oxide (𝑇𝑖𝑂2) nanoparticles The heat pipe was exposed to different heat inputs for 

exploration of thermal resistance; temperature gradient and maximum heat transfer limits (Shafahi 

et al., 2010b). The thermal resistance was studied under heat load varying from 200 W to 800 W 

for all three nanofluids at four different concentrations. The study reveals that increasing 

concentrations of nanoparticles result in decreasing thermal resistance, implying a better thermal 

performance. Copper oxide particles had throughout the biggest effect on thermal resistance 

reduction, accounting for 75 % reduction with a 4% concentration. At the same concentration level 

aluminum oxide and titanium oxide particles accounted for a 77% and 86 % reduction respectively. 

The temperature gradient changes were studied with up to 4% particle concentration. The results 

reveal an incremental decrease of end to end temperature gradient (evaporator to condenser) with 

5 % for  nanoparticles aluminum oxide and titanium oxide,  while copper oxide account for a 3% 

decrease (Shafahi et al., 2010b). It is notable that the temperature difference between evaporator 

and condenser increases with bigger nanoparticle diameter implying that smaller sized nanoparticle 

are more effective. That corresponds to the findings of Li et al. (see chapter 4.1.1.). 
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The experimental results of Shafahi et al. also reveal that there for every nanofluid exist a maximum 

heat transfer capacity at a given concentration level. A continues increase of concentration after 

reaching given levels in fact decreases the heat transfer. The optimum concentration level were 

found to be approximately 5 %, 15 % and 7 % for aluminum oxide, copper oxide and titanium 

oxide respectively (Shafahi et al., 2010b).  

The model applied in this report is based on the mathematical model of Shafahi et al. for 

investigating the thermal performance of cylindrical heat pipes using nanofluids (Shafahi et al., 

2010b).  However, the model applied in this report is an overall simplification of realistic heat pipe 

functions with focus on nanofluids impact for solely temperature parameters (𝑇𝑒,𝑇𝑎, 𝑇𝑐 and 

𝑇𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒) and thermal resistance. For more information on the model, see chapter 7. 

7 Methodology 

The methodology applied in this report is derived from the definition of a paradigm. Science is a 

collection of facts, theories and methodologies. Homogenous rules in methodologies are vital in 

order to classify a science as legitimate (Kuhn, 1996). Consequential to this logic the following 

operations framework is applied in this report, where the operations 1 and 3 as well as 2 and 3 are 

conducted concurrently: 

1. Definition: literature study in order to gain fundamental knowledge of nanofluids and their 
effect on thermal performance of heat pipes  

2. Implementation: Modeling with experimental data from KTH Lab research by 
Ghanbarpour and analytical data from the web 

3. Reporting: analysis, comparison and evaluation of findings in literature and results from 
the model 
 

Definition, the first operation, embeds an extensive literature study, divided in to two parts. Part 

one is concentrated on nanofluids in respect to inter alia: the concept, definition and thermal 

conductivity of nanofluids. Part two emphasizes the effect of nanofluids on the thermal 

performance of heat pipes.  

Implementation, the second operation, consists of modeling the effect of nanofluids on heat pipes. 

The framework for the model is derived as mentioned from (Shafahi et al., 2010b) . The model will 

be based on analytical and experimental data. Laboratory research results of nanofluids in heat 

pipes performed by PhD student Morteza Ghanbarpour, at the Energy and Technology 

Department at KTH, accounts for the experimental data (see Appendix B). The analytical data is 

derived from the web (see Appendix C). The program language used for the modeling of formulas 

is the computer algebra system Maple. The code is attached to this report (see Appendix A).  

Reporting, the third operation, deans as tool for keeping track of the alignment of the study. 

7.1 Model inputs and limitations 

The model used in this study focuses on the effect of nanofluids based temperature parameters 

and thermal resistance of the heat pipe. The temperature parameters include specific temperature 

at evaporator, adiabatic and condenser section. Additionally the temperature difference between 
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evaporator and condenser can be derived, which indicates the overall thermal efficiency of the heat 

pipe. Furthermore the thermal resistance of the heat pipe can be studied by using the data of 

temperature difference between evaporator and condenser as well as the heat transfer rate in the 

heat pipe. The results based on analytical data for alumina oxide (𝐴𝑙2𝑂3) are then compared to 

experimental results of Ghanbarpour on the effect of alumina oxide in a heat pipe.  

The model nanoparticle variables (Eq.1-3) and heat transfer rate in the heat pipe (Eq.20) inconstant 

data. Data for the heat pipe (Eq.11, 13-19) and inputs (Eq.21-22) are derived from Ghanbarpour 

and considered as constant data. Ghanbarpour used in his experiment a copper tube with a screen 

mesh wick with 70% porosity, with length of evaporator, adiabatic and condenser section of 3 cm, 

14 cm and 3 cm respectively. The heat pipe was thin-walled with outer and inner radius of 3.175mm 

and 2.93mm (see Appendix B). The experimental study conducted by Ghanbarpour, consists of a 

two-phase (vapor and fluid) heat pipe with water as a base fluid at 323 K. 

7.2 Model calculation steps  

The programming code of the model is presented in Appendix A, where the equations are 

numbered 1-27. The equations presented in chapter 7 and 8 are labeled with letters a-h. 

Since the study of nanofluids refers to the amount of solute (nanoparticles) that dissolves in solvent 

(base fluid), the volume concentration is used when preparing solutions of liquid.  The volumetric 

concentration ∅𝑖 also called volume fraction in the study is defined as the solute volume Vi divided 

by the sum of all the volume constituent V of the solution according to equation a: 

           ∅𝑖 =
𝑉𝑖

∑ 𝑉𝑖
=

𝑉𝑖

𝑉
       (a) 

Nanoparticle density (Eq.2) and thermal conductivity of the nanoparticle (Eq.3) are solid factors 

and are not temperature dependent in the small temperature range applied in the study. These solid 

factors are therefore assumed to be constant. 

Viscosity is an important property that has an immense effect on heat transfer and pressure drop. 

Einstein’s well known correlation derives the effective viscosity of nanofluids according to 

equation b (Shafahi et al., 2010b): 

𝜇𝑛𝑓

𝜇𝑓
= 1 + 2.5∅     (b) 

An experimental study carried out by Ghanbarpour et al., where the dynamic viscosity was 

compared with different correlations at temperatures of 293 K and 313 K, showed that the viscosity 

strongly depends on solid particles concentration (Ghanbarpour et al., 2014). A large deviation 

from the results was observed using Einstein’s correlation in comparison to Corcione’s and 

Krieger’s correlations on viscocity.  Ghanbarpour et al. showed that Corcione’s and Krieger’s 

correlations predicted the viscosity of Al2O3 with highest accuracy and lowest deviation of  ±10 % 

error in all concentrations (Ghanbarpour et al., 2014). Since Krieger’s correlation strongly depends 

on the nanoparticle morphology, the shape and structure of the nanoparticle is needed to use this 

correlation (Ghanbarpour et al., 2014).  Anoop et al., concluded that Einstein’s correlation, which 
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involves viscosity value of 2.5, significantly underestimates the effective viscosity of nanofluids in 

comparison to experimental data. Anoop et al., proposed therefore a viscosity value of 10 (see Eq. 

c), which matched better with their experimental data, and is also applied in the model in this study 

(Anoop et al., 2009).  

          
𝜇𝑛𝑓

𝜇𝑓
= 1 + 10∅          (c) 

Thermal conductivity of the nanofluid in the wick structure can be determined using two 

approaches: an engineering approach involving e.g. Maxwell’s correlation of thermal conductivity 

or a material approach, in which data for Brownian motion is necessary and not available in this 

study.  

In this report the engineering approach is applied using Maxwell’s classical analysis of heat 

conduction correlation is based on effective heat theory and defined in equation d (Xue, 2003):  

𝑘𝑛𝑓 = (1 +
3(𝑗−1)∅

(𝑗+2)−(𝑗−1)∅
)𝑘𝑙     (d) 

where 𝑘𝑛𝑓, 𝑎𝑛𝑑 𝑘𝑙 represent the thermal conductivity of the nanofluid and water. The non-

dimensional variable 𝑗 is equivalent to nanoparticle conductivity divided by water conductivity (see 

Eq. 9). Maxwell’s correlation is based on analyzing the heat flow in the material surrounding and 

the particle behavior in where the analysis is carried out in an infinite region (This approach leads 

to problems since the result and application of Maxwell’s model only can be applied to a highly 

disperse fluids where the particles are so far apart that energy change and reactions between each 

particles are negligible (Macdevette et al., 2013). Thus, increasing particle concentration will limit 

the accuracy of this model and lead to source of errors. Maxwells’s model of thermal conductivity 

is based on a steady-state solution, which also leads to issues since one would wish to study the 

nanofluid behavior in a time-dependent region (Chi and S.W. 1976). Furthermore, problems of 

applying Maxwell model become apparent when particle size decreases to nano-scale (MacDevette 

et al., 2013).  

In order to identify the effective thermal conductivity in the wick, the porosity of the wick needs 

to be considered according to equation e (Shafahi et al., 2010b): 

𝑘𝑒𝑓𝑓 =
𝑘𝑛𝑓[(𝑘𝑛𝑓+𝑘𝑝)−(1−𝜀)(𝑘𝑛𝑓−𝑘𝑝)]

[(𝑘𝑛𝑓+𝑘𝑝)+(1−𝜀)(𝑘𝑛𝑓−𝑘𝑝]
         (e) 

In an experimental study done by Huang et al., it can be observed that the heat pipe performance 

is linked to the employed working fluid properties, where the temperature distribution is a function 

of the effective thermal conductivity of the porous wick an therefore were found to be in a good 

agreement according to Huang et al., experimental results (Huang, 1993). 

As can be seen in equation e, by using nanofluid as a working fluid within the heat pipe, the thermal 

performance improves due to increase in the thermal conductivity of the working fluid (Shafahi et 

al., 2010b). 
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Figure 4: Thermal resistance network in a heat pipe with axial cross section view (modified from 
Reay and Kew, 2007b) 

8 Thermal network in model 

Figure 4 illustrates an axial cross section of the heat pipe together with a thermal resistance network. 

As seen there are in total 11 thermal resistances, of which 𝑅2, 𝑅3 , 𝑅4 , 𝑅8 , 𝑅9 , 𝑅10 have a radial 

effect and 𝑅1, 𝑅5 , 𝑅6 , 𝑅7 , 𝑅11 have an axial effect on the heat transfer in the heat pipe. 𝑅1𝑎𝑛𝑑 𝑅11 

can be obtained by all three different heat transfer manners depending on heat pipe contact with 

surroundings.: conduction from heat source/sink, convection or thermal radiation (Reay and Kew, 

2007b).  

 

 

 

 

 

 

 

 

 

 

 

 

8.1 Model Assumptions 

Temperature parameters and thermal resistance of the heat pipe arise from the thermal resistance 

network. In the model in this study, it is assumed that the heat pipe for electronic cooling with 

operating heat input 10-50 W. Furthermore it is assumed that the adiabatic section is totally 

insulated and that the evaporator section is well attached to the heat source resulting in the heat 

input 𝑄𝑖𝑛 being equal to 𝑄𝑜𝑢𝑡. Additionally it is assumed that the wick is uniformly filled by the 

working fluid resulting in a consistent temperature gradient in the wick. In the model, only thermal 

resistances 𝑅2, 𝑅3 , 𝑅9 , 𝑅10 𝑎𝑛𝑑 𝑅11 are considered. The other resistances can be neglected due to 

insignificant effect on the overall thermal network resistance as to be explained later in chapter 8.2. 

Furthermore the model operates under the assumption that the working fluid saturates the wick 

(Shafahi et al., 2010b). 
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8.1.1  Experimental input 

In the experiment conducted by Ghanbarpour at KTH lab, the condenser is attached in a heat sink. 

Due to this, the single-phase heat transfer coefficient (hh) and bulk temperature of the coolant in 

jack  𝑇𝑏 are constants and derived from Ghanbarpour (see Appendix B).  

8.2 Sequential description of the thermal network in the 

applied model 

𝑹𝟏: The equation for thermal resistance of one dimensional heat flow is according to equation f 

(Holman, 2010):  

𝑅𝑡ℎ =
∆𝑇

𝑄
    (f) 

∆𝑇 states the temperature difference between a hot and cold (less hotter) part of the heat pipe, 

through which the heat flow is transferred. Starting from heat source, Qin, (see Figure 4), heat will 

be transferred to the evaporator section. By assuming that the evaporator section is completely 

attached to the heat source, the temperature difference between the evaporator and the heat source 

is neglected, thus the resistance 𝑅1 is negligible.  

𝑹𝟐 and 𝑹𝟑: The equation for thermal conductive resistance with radial effect in a cylinder/pipe is 

according to equation g (Holman, 2010):   

𝑅𝑖 =
𝑙𝑛 (

𝑟0
𝑟𝑖

)

2𝜋𝑘𝑖𝐿
       (g) 

Hence, the resistance R2 depends on the outer and inner radius of the wall (𝑟0 𝑎𝑛𝑑 𝑟𝑖), thermal 

conductivity of the wall (𝑘𝑖) and the length of the evaporator(𝐿𝑒). The characteristics of the heat 

pipe used in Ghanbarpour’s experiment reveal a heat pipe thickness of 0.175 mm consisting of 

wall, wick and vapor core (see Appendix B). With only wall thickness to be evaluated for 𝑅2 the 

relation between outer and inner radius will be very small but still evident. With the other given 

values from Appendix B: copper specific value of k =400 (W/mK) and evaporator length 𝐿𝑒= 

0.03 m, the resistance 𝑅2 in the wall will be constant and less than 0.075 mW/K.  

Shafahi et al. studied the thermal resistance in the liquid-saturated wick and concluded an effective 

thermal conductivity, 𝑘𝑒𝑓𝑓 (see Eq.e) of the porous wick depending on solid and nanofluid 

conductivities and porosity of the wick. By ignoring the porosity, 𝑘𝑒𝑓𝑓 can be assumed to be 

conductive. Thus, the equation g of radial effect to can be applied to estimate 𝑅3. 

𝑹𝟒 and 𝑹𝟓:  These resistances operate in the two-phase vapor and liquid in a convectional state 

resulting in a convective resistance according to equation h (Native Dynamics, 2014): 

𝑅𝑐𝑜𝑛𝑣 =
1

ℎ𝐴
     (h) 

Vapor pressure and velocity is high enough to overwhelm the nucleate boiling phase in the 

established liquid film on the wick. Thus, heat is transferred by convection and conduction through 
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the film using evaporation (through 𝑅4) and condensation (through 𝑅8) at the liquid/vapor 

interface (NCSU, 2014). This two-phase condition results in a very high heat transfer coefficient 

subsequently minimizing the convective resistance, 𝑅𝑐𝑜𝑛𝑣. Due to this, 𝑅4 and 𝑅8 have been 

neglected in the applied model in this study. Following this statement, the relation between thermal 

resistances on the evaporator section is (Reay and Kew, 2007b): 

𝑅3, 𝑅2 ≫ 𝑅4 

Hence, most of the heat input must be transferred through the vapor core and resulting in the heat 

transfer relation: 

𝑄3 ≫ 𝑄1, 𝑄2 

𝑹𝟓, 𝑹𝟔 and 𝑹𝟕: Since it is assumed that the adiabatic section is totally insulated and all heat input 

is assumed to be transferred through the vapor core, temperature drop within the adiabatic section 

is neglected. With no temperature difference ∆𝑇 the thermal resistance will be minimized according 

to equation f. Due to the assumptions made, the axial resistances 𝑅5, 𝑅6 and 𝑅7 can also be 

neglected in the model. Comparable to literature, the thermal resistance 𝑅5 is considered negligible 

(Reay and Kew, 2007a).  

𝑹𝟗 and 𝑹𝟏𝟎: Due to the symmetrical proportions between the evaporator and condenser section 

of the cylinder, the radial thermal resistances 𝑅9 and 𝑅10 in the condenser section correspond to 

the radial thermal resistances 𝑅2 and 𝑅3 in the evaporator section, derived from equation g. 

Analogous to the evaporation section the following applies for the thermal resistances at the 

condenser section: 

R9, R10 ≫ R8 

𝑹𝟏𝟏: The outer resistance R11 is dependent on used method of rejected heat from condenser and   

derived from the interface between the condenser section and cooling heat sink in Ghanbarpour’s 

experiment. The interface operates in a single-phase condition. Thus the heat transfer coefficient 

dependents on Reynolds and Prantdl numbers, which determine laminar or turbulent flow and the 

ratio of transport between momentum and energy by molecular means of the cooling fluid 

(Subramanian, 2014).  

8.3 Reflections on the thermal network in model 

The model applied in this study is a general implication of realistic heat pipe functions. Starting 

from the heat source attachment: The evaporator section can only be completely attached to the 

heat source with thermal pad or thermal paste totally filling the gaps in-between the contact 

surfaces.  Pressure differences inside the heat pipe make the fluid and vapor flow in certain 

directions, ultimately enabling the heat pipe to function: from higher vapor pressure at the 

evaporator the vapor flows to the condenser, while the condensate flows back to the evaporator 

thanks to capillary forces in the wick, as shown in Figure 3. 

It should be noted that a total insulation of the adiabatic section is unrealistic. Temperature drops 

through wick are inevitable with heat leaving the pipe through the wall, causing a thermal resistance 
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to exist in the adiabatic section. For instance the thermal resistance R7 may be relevant to include 

in the startup of gas-buffered heat pipes (Reay and Kew, 2007a). 

9 Analytical and Experimental Results 

The model applied in this study is created in Maple with temperature parameters in focus derived 

from e.g. Shafahi et al., 2010a. Based on the model, there have been three essential results obtained. 

Figure 5 and Figure 6 demonstrate explicitly analytical results i.e. simulation from the model, on 

how temperature difference between the evaporator and condenser section varies with heat input 

ranging from 10W to 50 W. Figure 7 reveals analytical results (from the model) and experimental 

results from Ghanbarpour’s experiment (see appendix B) on thermal resistance in the heat pipe 

with the working fluid aluminum oxide (𝐴𝑙2𝑂3) under various concentrations. 

9.1 Different nanofluids but same concentration 

By studying the temperature difference between evaporator and condenser an evaluation of on the 

thermal efficiency of the heat pipe can be made. It also enables studies on the incremental heat 

dissipation enhancement of the heat pipe without increasing the wall temperature of the heat pipe 

(Shafahi et al., 2010a). The working fluids studied in Figure 5 are: pure water, silver (Ag), silicon 

carbide (SiC) and aluminum oxide (𝐴𝑙2𝑂3) based working fluids with 10 % volumetric 

concentration.  

 

Figure 5: Temperature difference between evaporator and condenser depending on 
nanofluid and heat input. Results are based on simulation from attached data in 
appendixes. 

9.1.1 Analysis of results 

Silver-, silicon carbide- and aluminum oxide oxide-based nanofluids have a thermal conductivity 

of 428 W/mK, 114 W/mK and 42.34 W/mK respectively (see Appendix C). This is the main 

variation of solid characteristics of nanofluids that influences the temperature differences between 

evaporator and condenser according in the model applied. Thus, the silver (Ag) nanofluid shows 

the best thermal performance among all nanofluids studied in the model due to higher thermal 

conductivity compared to silicon carbide- and aluminum oxide oxide-based nanofluids.  
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Figure 6 Temperature difference between evaporator and condenser depending on 
concentration and heat input. Results are based on simulation from attached data 
in appendixes. 

As can be seen, the biggest variation between the working fluids occurs at maximum heat input of 

50 W. Compared to pure water, the silver-, silicon carbide- and aluminum oxide oxide-based 

nanofluids decrease the temperature difference between evaporator and condenser with 92.4%, 

80% and 66% respectively. This means accordingly that a 10% silver-based nanofluid has a 92.4% 

higher heat transfer ability compared to pure water. Furthermore the analytical results in the figure 

show that nanofluids with higher thermal conductivity have a smaller slope of increasing 

temperature difference with increasing heat input. This states that nanofluids of higher thermal 

conductivity are less heat input-dependent and are able to keep the heat pipe at operating 

temperature when exposed to higher heat inputs.   

In experimental results by Moraveji et al., a more curved shaped temperature distribution can be 

observed with increasing heat load, compared to the linear results of Figure 5. Furthermore 

Moraveji et al., identified a sudden drop in the temperature difference occurs at the heat load 30 

W, due to the improved value of vapor and rate of transnational speed between the condenser and 

the evaporator (Keshavarz Moraveji and Razvarz, 2012). 

9.2 Different concentrations but same nanofluid 

Figure 6 shows how the temperature difference is influenced by nanoparticle concentration of 

silicon carbide (SiC) compared to water, under varied heat input powers. It can be observed that 

the temperature difference is a linear function of heat input and by increasing the nanofluid 

concentration, the temperature difference is decreased significantly. Also by increasing the heat 

load, an increase in each working fluid is observed, where water as a working fluid has the largest 

inclination and therefore cannot operate under a larger heat load in comparison to silicon carbide 

with various concentration as can be seen in Figure 6.  
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9.2.1 Analysis of results 

The biggest variation between the SiC based nanofluids of different concentrations occur at 

maximum heat input of 50 W. Compared to pure water, the 5 %, 10% and 15% SiC nanofluids 

decrease the temperature difference between evaporator and condenser with 62%, 80% and 88% 

respectively. Based on the synopsis table and as mentioned earlier by Eastman et al., an increase of 

concentration results in increase of the thermal conductivity, consequently decreasing the thermal 

resistance and the temperature difference between evaporator and condenser (Eastman et al., 

2001a) 

According to Table 2, a higher concentration of nanoparticles leads to higher thermal conductivity. 

Also seen in equation 12, higher thermal conductivity of the nanofluid leads to higher effective 

thermal conductivity of the wick, ultimately resulting in a smaller wick resistance. This also indicates 

that 𝑅3 and 𝑅9  are the only thermal resistances affected by nanofluid in the model. 𝑅1 , 𝑅2 , 𝑅10 and 

𝑅11 , are constant in all cases and not depended on the working fluids.  

By applying Maxwell´s equation (Eq. 9-10) the solid factor of particle size was neglected in the 

model and therefore also in the results of Figure 5 and Figure 6. This is considered as an error 

source in the model, since morphology of nanoparticles affect the thermal conductivity, thus 

decreasing the thermal resistance, according to chapter 4.1.1. 

9.3 Analytical vs. experimental results: Effect of water-based 

aluminum oxide nanofluid on thermal resistance   

Figure 7 shows the effect of aluminum oxide nanofluid, with various concentrations, presented in 

the two approaches: analytically and experimentally. The analytical results are derived from the 

model applied in this study. The experimental results are derived Ghanbarpour’s experiments. The 

goal in heat pipe construction is to have as low thermal resistance as possible in order to keep the 

heat pipe highly efficient.  Figure 7 shows an overall higher thermal resistance of analytical results 

than experimental results for all concentrations studied. 
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9.3.1 Analysis of thermal resistance with increasing concentration  

The analytical and experimental results show a resembling continuity with decreasing thermal 

resistance as the volumetric concentration increases. Considering solely the analytical results in 

Figure 7: by using 1%, 3% and 5% water-based aluminum oxide nanofluid (𝐴𝑙2𝑂3), the thermal 

resistance decreases with 46%, 48% and 53% respectively compared to the base fluid. This is due 

to a higher thermal conductivity of the nanofluid (Eq.10) and liquid-saturated wick and (Eq.12) 

decreasing the temperature difference between evaporator and condenser. Considering solely the 

experimental results: by using 1%, 3% and 5% water-based aluminum oxide nanofluid, the thermal 

resistance decreases with 4%, 5% and 8% respectively. This is due to the fact that there are a range 

of uncertainties in experimental results showing very small influence of concentration on thermal 

resistance.  

At 1%, 3% and 5% volume concentration there is respectively a 15%, 12% and 5% higher thermal 

resistance obtained in analytical results compared to experimental results. However, the curve shift 

between the analytical and experimental result curve is complex to clarify. In the model the 

morphology and motion processes inside the heat pipe e.g. Brownian force are not considered. 

These are key elements that influence the thermal conductivity according to chapter 4.1.4. By taking 

these elements into account in the model, a higher conductivity would have been possible to obtain, 

thus a lower thermal resistance corresponding to the experimental results. Such a model requires 

though detailed knowledge about the nanoparticle in aspect of thermophysical data (e.g. viscosity 

and size of particles) and motion process in the working fluid e.g. Brownian force, which is difficult 

to identify in an engineering approach and has therefore not been applied in the model of this 

study.  

By solely analyzing the experimental results it is notable that there is no remarkable decrease of 

thermal resistance with higher concentration. This indicates that the nanofluid reaches a saturation 

point resulting in a minimal thermal resistance. Higher concentration demand larger amounts of 

nanoparticles and it has no economic increased value to continue increasing the nanoparticle 

concentration when reaching this saturation point in aspect of thermal resistance.  

9.3.2 Temperature difference in relation to nucleate boiling 

The reduction of the thermal resistance is due to nucleation boiling by formation of a vapor bubble 

at the liquid-solid interface (Huminic and Huminic, 2011). Bubbles of nucleation sizes create a 

lower thermal resistance in comparison to those of basefluids that prevents substantial heat transfer 

going from the solid surface to the liquid. The nucleate boiling regime starts with bubbles 

developing on the surface and dissipating in to the liquid. With increasing temperature excess, 

bubbles develop faster and dissipate at the liquid surface. Ultimately bubbles coalesce and create a 

vapor film covering the boiling surface. By now the generated heat must first be transferred through 

the film before reaching the liquid. The thermal resistance in the film results in a decrease of 

temperature excess (Holman, 2010) which has been investigated by Moraveji et al. In the study 

carried out by Moraveji et al., it can be observed that 3 wt% of aluminum oxide has a lower decrease 

in temperature difference in comparison to the base fluid (Keshavarz Moraveji and Razvarz, 2012). 

During the bubble formation, the suspended nanoparticles in the working fluid tend to blast the 
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Figure 8: Tornado diagram of parameters affecting the temperature at evaporator section 

nucleated vapor bubbles. The nucleation size bubbles formed in the solid surface tend to be by far 

smaller for the nanofluid with suspended nanoparticles than the fluid without nanoparticles 

suspended. This explains the effective properties of nanofluid in comparison to base fluid (Noie et 

al., 2009)  in the results of Moraveji et al. (Keshavarz Moraveji and Razvarz, 2012). 

10  One-way sensitivity analysis 

In order to determine key parameters influencing the results of the model, a one-way sensitivity 

analysis is applied. By changing one parameter at a time with a certain amount and the incremental 

effect on the result can be examined (Taylor and Matthew, 2009).  

The results of the model in this study centers on temperature parameters temperature parameters 

(𝑇𝑒,𝑇𝑎, 𝑇𝑐 and 𝑇𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒) and thermal resistance (𝑅𝑡ℎ). This sensitivity analysis has been limited 

to studies on the variations of 𝑇𝑒 and 𝑇𝑐  due to the fact that these parameters in their turn are 

variables for 𝑇𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 and thermal resistance For the sensitivity analysis the start values of water-

based aluminum oxide nanofluid 𝐴𝑙2𝑂3 of concentration 10%, heat input 10 W, and given 

nanofluid and heat pipe characteristics (see Appendix B and C) have been applied.   

10.1  Temperature at evaporator section  

Figure 8 shows the incremental effect on the temperature at the evaporator section by increasing a 

depending parameter value in the model with 20 %. There are three key parameters identified: bulk 

temperature, heat pipe’s inner radius and heat pipe’s vapor core radius. It can be seen that the bulk 

temperature and the heat pipe’s inner radius have the largest positive impact on the temperature at 

the evaporator section. An increase of the bulk temperature value (Eq.22) with 20 %, which is from 

288 K to 345.5 K, results in a 16.3 % increase of the temperature at the evaporator section. 

Furthermore the heat pipe’s vapor core radius has the largest negative effect, with a 3.5 % decrease 

of the temperature evaporator section. 
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Figure 9: Tornado diagram of parameters affecting the temperature at condenser section 

10.2 Temperature at condenser section  

Figure 9 shows the incremental effect on the temperature at the condenser section by increasing a 

depending parameter value in the model with 20 %. As can be seen in Figure 9 and equation 25, 

there are four parameters affecting the condenser temperature: bulk temperature, heat input, length 

of condenser and heat pipe’s outer radius. An increase of the bulk temperature value (Eq.22) with 

20 %, results in a 16.4 % increase of the temperature at the condenser section. A 20 % increase of 

heat input increases the temperature with 4 % while the length of the condenser and heat pipe´s 

outer radius decrease the temperature with 3.4 %.  

 

 

 

 

 

 

 

 

 

 

 

 

10.3  Analysis of nanofluid impact 

In Figure 8 it is shown that the effective thermal conductivity of the wick is the only the nanofluid 

related parameter and has 0.07% positive effect on the change of the temperature at the evaporator 

section when increased by 20%. Figure 9 reveals that change of temperature at the condenser 

section is not dependent on nanofluid characteristics. However, based on analytical results of the 

temperature difference between evaporator and condenser by using aluminum oxide (𝐴𝑙2𝑂3), 

silicon carbide (Sic) and silver (Ag) based nanofluid it still evident that nanofluid characteristics are 

distinguishable factors influencing the temperature difference. As stated the temperature 

differences increase with higher heat input (see Figure 5 and Figure 6). This follows from the fact 

that heat input is a considerable parameter in the change of both evaporator and condenser change 

with 0.5% and 0.4% impact respectively (see Figure 8 and Figure 9) when increased by 20%.  Since 

𝑇𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒  is dependent on 𝑇𝑒  and 𝑇𝑐 the bulk temperature will in fact equal itself out and be 

negligible considering the effect on 𝑇𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 . Thus, 𝑇𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒  depends on what happens 

inside not outside the heat pipe.  
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11  Discussion 

Based on essential findings in the results of the model (chapter 9) it is inclined to discuss these 

findings in relation to the discoveries from the literature study of nanofluids (chapter 3 and 4), the 

effect of nanofluids in heat pipes (chapter 5 and 6). 

11.1  Model evaluation 

The model applied in this study is an overall simplification of realistic heat pipe functions and 

focuses on results for temperature parameters (𝑇𝑒,𝑇𝑎, 𝑇𝑐 and 𝑇𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒) and thermal resistance 

There are two main reasons for this limitation. A) Temperature is the ultimate indicator for limited 

operational function of a heat pipe. If the heat pipe is too hot it will fail to work. At very high 

inputs all working fluid evaporates and therefore there will not be a circulation of the working fluid 

from condenser to evaporator. B) Parameters which have been studied in other reports e.g. vapor 

pressure are considered as a variable affecting the temperature and therefore not directly indicating 

the operational limits of a heat pipe.  

However, the axial temperature gradient in a heat pipe depends on the vapor pressure drop. 

Considering the vapor pressure there are two aspects to deal with. First, the vapor pressure (in the 

vapor core, see Figure 4) must be high enough to minimize high vapor velocities, which result in 

large temperature gradients affecting the counterblow of the condensate. At the same time the 

vapor pressure must not be too high, since that will require a thicker wall of the heat pipe for 

sustainability (Reay and Kew, 2007a). In the applied model the vapor pressure drop in the adiabatic 

section was neglected, thus an error factor to be considered.  

11.2  Thermal resistance in model and literature 

The analytical results on thermal resistance, derived from the model, show an up to 15% higher 

thermal conductivity than corresponding experimental results by Ghanbarpour. This indicates that 

the analytical results are overestimated. The fact that fewer thermal resistances were considered, 

accentuates the overestimation. However, when comparing analytical results on thermal resistance 

with findings by Do et al. there is an identified resemblance.  Do et al. used in their experiment a 

circular copper heat pipe with length up to 300 mm and screen mesh wick. They concluded a 40% 

decrease of thermal resistance at the evaporator-adiabatic section whenusing water-based 

aluminum oxide nanofluid (𝐴𝑙2𝑂3) with 3%. volume concentration (Do et al., 2010) Moraveji et al. 

confirms the findings of Do et al. on higher concentrations of nanoparticles in nanofluids resulting 

in decreasing thermal resistances. Moraveji et al. found a decreased thermal resistance by 30-40% 

with 1% aluminum oxide based nanofluid (Keshavarz Moraveji and Razvarz, 2012).  Figure 7 

reveals a comparable decrease with 46 % of thermal resistance for the same volumetric 

concentration of water-based aluminum oxide nanofluid (𝐴𝑙2𝑂3), obtained in this model.  

The reason for the decrease of thermal resistance is due to the formation of a thin porous coating 

layer on the wick in the evaporator section. The coating layer provides an additional evaporating 

surface and increases the capillary forces moving the working fluid to the wick surface. Thus the 

coating layer, provided by water-based aluminum oxide nanofluid also enhances the maximum heat 

transfer rate of the pipe (Do et al., 2010). This corresponds to the results in the model, revealing a 
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66% enhancement of the heat transfer rate for aluminum oxide nanofluid with volumetric 

concentration 10% (see Figure 5). The presence of coating layer increases evaporation rate and 

consequentially increases the heat transfer coefficient. Due to this, neglecting 𝑅4 made in the model 

is reasonable.  

11.3 Concentration and the optimal level 

The enhanced heat transfer is considered by several factors: higher thermal conductivity, lower 

thermal resistance (by minimizing the temperature difference between the evaporator and the 

condenser) and optimum concentration level of nanoparticles in base-fluids.  

Figure 6 shows how the temperature difference is influenced by nanoparticle concentration of 

silicon carbide, SiC, under varied input powers and compared to water. It can be observed that the 

temperature difference is a function of heat input and by increasing the nanofluid concentration, 

the temperature difference is decreased significantly. Also by increasing the heat load, an increase 

in temperature difference each working fluid is observed, where water as a working fluid has the 

largest inclination and therefore cannot operate under a larger heat load in comparison to silicon 

carbide. When comparing with experimental results from Moraveji et al., a more curved shaped 

temperature distribution can be observed when increasing the heat load. However, a sudden drop 

in the temperature difference occurs at the heat load 30 W, due to the value of vapor and rate of 

transnational speed between the condenser and the evaporator is improved (Keshavarz Moraveji 

and Razvarz, 2012). 

Nanoparticles have two effects on the wick structure i.e. the heat pipe. The positive effect occurs 

when the liquid evaporates leaving the nanoparticles on the wick which provide a porous layer 

(sediment layer) with higher nucleation site density i.e. the evaporation rate increases resulting in a 

higher heat transfer coefficient in the vapor/liquid interface and therefore a lower thermal 

resistance. The negative effect occurs inside wick when aggregated or agglomerated particles work 

as a resistance for the liquid flow by affecting the capillary force. The relation between the positive 

and negative effect determines an optimal concentration level of a nanofluid in a heat pipe (Liu 

and Li, 2012). 

Figure 6 , which illustrates the temperature difference between the condenser and evaporator based 

on a simulation, shows that by increasing the concentration of nanofluids, the total heat transfer in 

the heat pipe is improved. Shang et al., studied the heat transfer properties and characteristics of a 

closed loop oscillating heat pipe with Cu-water nanofluid as the working fluid under various filling 

ratios. The results showed that the maximum heat removal capacity could be enhanced by 83 % in 

comparison of the use of distilled water as working fluid (Liu and Li, 2012). 

11.4 Filling ratio in model and reality 

Filling ratio is the relation between the working fluid volumes to the inner volume of the heat pipe. 

In the model it is assumed that the amount of working fluid is as much as needed to saturate the 

wick. If this assumptions is not implied there are two effects to consider. First, the non-filled part 

of the wick will develop a low thermal conductivity resulting in a significant thermal resistance and 

can in fact be considered as a new material, hence changing the thermal network in the heat pipe. 
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Second, the active wick cross sectional will be decreased which has effect on the capillary force to 

return back the working fluid from condenser to evaporator (Reay and Kew, 2007a). 

In reality larger amounts of working fluids can be used in heat pipes. Lin et al. studied the thermal 

performance of an oscillating heat pipe (OHP) using nanofluids at various volume fractions and 

filling ratios of 20%, 40%, 60% and 80%. The study showed that the thermal performance of the 

OHP was improved using nanofluids than water as a working fluid. Further the study showed that 

the best filling ratio was 60 %, and the optimum volume concentration was 1%, which is equivalent 

to a decrease of the total heat resistance by 15 % at the power input of 85 W. In a pulsating heat 

pipe, the bubbles are used to pulse and encourage liquid blockage and dismiss the heat to the 

condensation section. A considerably high fill ratio will obstruct bubble pulsation along with 

decreased heat transfer efficiency while a low fill ratio pulsate the bubbles easily. However it is easy 

to dry out and is therefore not favorable. The optimal filling ratio is  between 40 % and 60 % where 

a balance between bubble production and effect of pulsation is attained (Lin et al., 2008).  

11.5 Production difficulties of nanofluids 

The production process of nanofluids is a major factor that has hindered from its 

commercialization and usage as coolant in heat exchanging devices (Saidur et al., 2011). The 

production process of nanofluids has employed two approaches: 1) one-step approach, that 

involves the nanoparticle synthesis and dispersion of the nanoparticles at the same time 2) two-

step approach, that involves the synthesis of nanoparticles and then subsequently dispersing them 

into a base fluid (Shafahi et al., 2010b). Both processes involve the synthesis of nanoparticles that 

include ion exchange and reduction reactions.  However the base fluids usually contain other ions 

and reactions that are difficult and sometimes impossible to separate from the fluids (Saidur et al., 

2011). These difficulties and processes cause vast production costs. Since optimal filling and 

concentration levels have not been decided for several heat pipes, excess quantity of surfactant has 

according to Choi et al., a damaging effect on the viscosity and thermal property of the nanofluids 

(Iborra Rubio, 2012). From an economical point of view, the non-known optimal filing and 

concentration levels can lead to overconsumption of nanofluids, ultimately resulting in the marginal 

revenue not being able to cover the marginal cost of applying nanofluids in heat pipes.  

11.6 Challenges for nanofluid based heat pipes 

Recent and existing studies have mainly showed positive effects of applying nanofluids in heat 

pipes by enhancing the heat transfer characteristics of heat pipes. As revealed by the results of the 

model in this study and other studies, the thermal conductivity in heat pipes increases with 

nanofluids applied as working fluids.  

Experiments and research have discovered a sediment layer on the wick after being heated. This 

affects, as mentioned earlier,  the thermal performances of heat pipes both positively and negatively 

(Liu and Li, 2012). Current studies are focused on how the thermal performance will be affected if 

the sediment layer becomes thicker and if the sediment layer will maintain a certain thickness during 

the entire operation since this has a significant impact on the practical engineering application of 

nanofluids in heat pipes (Liu and Li, 2012). 
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Another field of study for improving the thermal performance of a heat pipe is the operating 

temperature. Liu et al. have shown the significance of operating temperature on heat transfer 

enhancement of nanofluids in several kinds of heat pipes. Recent experiment on closed two-phase 

thermosyphons, which are gravity driven heat pipes (KTH, Heat Pipes),  carried out by Liu et al. 

showed that a better heat transfer enhancement was not obtained with a higher operating 

temperature, but at a lower operating temperature .  

Current research are focused on the application of nanofluids in heat pipes trying to find the 

optimal types of nanofluids, nanoparticle size and shape, and nanoparticle concentration in order 

to maximize the thermal performance (Keblinski et al., 2005). Other research are carried to find 

the impact of various operating parameters, such as thermal resistance, viscosity, operating 

temperature, the heat flux and thermal conductivity (Nine et al., 2014).Another difficulty 

encountered in the nanofluids synthesis is the tendency of nanoparticles to agglomerate into larger 

particles which limits the benefits of the high surface between the nanoparticles (Saidur et al., 2011). 

To cope with this issue, particle dispersion additives are most of the time added to the base fluid 

when the nanoparticles are dispersed. However, this practice has a tendency to change the surface 

properties of the particles, and the nanofluids may contain a significant amount of impurities that 

affects the thermal performance of a nanofluids (Lee and Mudawar, 2007).  

11.7 Future research suggestions and sustainability 

A more intensified research and effort is required in the field of nanofluids in where a variety of 

issues, such as synthesis, thermophysical properties, characterization, filling ratio and concentration 

level of nanoparticles needs to be examined.  A multidisciplinary approach comprising researches 

in different field is required. An important focus in the development of nanofluids could be 

determining the key energy transport mechanism in nanofluids. As most heat transfer depends on 

the thermal conductivity of nanofluids as the key function for improved thermal performance, 

future research should focus on the main parameters that affect the thermal conductivity of 

nanofluids. This is based on studies concerning the effect of particle shape and size etc. on the 

thermal conductivity of nanofluids.  

Concerning sustainability, a challenging direction for future applied research in the field of heat 

pipes and nanofluids is to pursue green designs by choosing nontoxic or biodegradable 

nanoparticles (Gupta et al., 2012). This leads to the conclusion that the direction to commercialize 

nanofluids is to aim to low cost, high volume production of stable and sustainable nanofluids. 

12  Conclusions 

Based on the findings in literature studies (Chapter 3-6), results of the model (Chapter 9) and the 

discussion (Chapter 11) the following conclusion can be drawn: 

 A higher particle conductivity of nanoparticles increases the thermal conductivity of the 

nanofluid, which in turn increases the effective thermal conductivity of the heat pipe, 

ultimately decreasing the thermal resistance in the heat pipe (see Figure 5) and enhancing 

the thermal performance. 
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 A higher concentration of nanoparticles increase the thermal conductivity of the nanofluid, 

which in turn increases the effective thermal conductivity of the heat pipe, ultimately 

decreasing the thermal resistance in the heat pipe (see Figure 6) and enhancing the thermal 

performance. 

 

 The difficulties with the production process, e.g. high production cost, of nanofluids stall 

the commercialization of nanofluids in heat pipes 

 More effort must be put on research in the .field of nanofluids concerning synthesis, 

thermophysical properties, filling ratio and concentration level of nanoparticles. 
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Appendix A: Maple code for the model   

 

Nano Particle variables 

 

particle concentration (volumetric) 

> phi:=0.1; (1) 

  

--------------------------------------------------- 
 

> rho[particle]:=3880; (2) 

   

--------------------------------------------------- 

 (3) 
> kp:=42.34; 

   

--------------------------------------------------- 

 

Base Fluid characteristics  
Basefluid is water with data at T= 323 K (50 ℃), see Appendix B and C. 

--------------------------------------------------- 

liquid viscosity (Pa.s) 

> mu[liquid]:=0.00072; (4) 

   

--------------------------------------------------- 

liquid density (kg/m^3) 

> rho[liquid]:=1000; (5) 

   

--------------------------------------------------- 

thermal conductivity of fluid  

> k[liquid]:=0.642; (6) 
   

 

--------------------------------------------------- 

 

Nanofluid variables 

 

> mu[nf]:=mu[liquid]*(1+10*phi); (7) 

   

 

-------------------------------------------------- 

density of nanofluid (Shafahi et al., 2009)  

> rho[nf]:=(phi*rho[particle])+((1-phi)*(rho[liquid])); (8) 
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--------------------------------------------------- 

 

Thermal conductivity of nanofluid Maxwell´s model (Xue, 2003)  

 

> j:=(kp/k[liquid]);  (9) 

 

 

> K[nf]:=(k[liquid]*(1+(3*(j-1)*phi)/((j+2)-(j-1))*phi)); (10) 
 

--------------------------------------------------- 

 

Heat pipe characteristics 

porosity of the wick 

> epsilon:=0.7; (11) 

 

--------------------------------------------------- 

effective thermal conductivity of  

the liquid-saturated wick (W/m K) (Shafahi et. al, 2009)  
> keff:=((K[nf]+kp)-((1-epsilon)*(K[nf]-kp)))/((K[nf]+kp)+((1-

epsilon)*(K[nf]-kp)))*K[nf];  (12) 

 

----------------------------------------- 

thermal conductivity of heat pipe wall (W/m K) 

> kwall:=400; (13) 

 

--------------------------------------------------- 

length of the adiabatic section (m) (14) 
> L[a]:=0.14; 

 

 

--------------------------------------------------- 

length of the evaporator section (m) (15) 
> L[e]:=0.03; 

 

--------------------------------------------------- 

length of the condenser section (m) (16) 
> L[c]:=0.03; 

 

--------------------------------------------------- 

heat pipe’s outer radius (m) (17) 
> R[o]:=0.003175; 

 

--------------------------------------------------- 

vapor core radius (m) (18) 
> R[v]:=0.00293; 
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--------------------------------------------------- 

Inner radius of heat pipe (m) 

> R[w]:=0.003; (19) 
 

 

Input data 

--------------------------------------------------- 

heat transfer rate at the evaporator section (W) 

> Q[e]:=50; (20) 
 

 

--------------------------------------------------- 

cooling:single phase convective heat transfer coefficient (W/m^2K) 

> hh:=2800; (21) 

 

--------------------------------------------------- 

cooling:bulk temperature of the coolant in cooling jack (K) 

> T[b]:=288; (22) 
 

 

Results 

 

Temperature at evaporater, adiabtic and condenser section (Shafahi et al., 2009) (K) 
> 

T[e]:=T[b]+(Q[e]/(2*3.14*L[c]))*((((ln(R[o]/R[w]))/kwall)+((ln

(R[w]/R[v]))/keff))*(1+(L[c]/L[e]))+(1/(hh*R[o]))); (23) 
 

> 

T[a]:=T[b]+(Q[e]/(2*3.14*L[c]))*(((ln(R[o]/R[w]))/kwall)+((ln(

R[w]/R[v]))/keff)+(1/(hh*R[o]))); (24) 
 

> T[c]:=T[b]+(Q[e]/(2*3.14*L[c]*hh*R[o])); (25) 
 

 
Thermal resistance (K/W) and Temperature difference (K) 

> R[th]:=(T[e]-T[c])/Q[e]; (26) 
 

> T[difference]:=T[e]-T[c]; (27) 
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Appendix B  

Table 4: Parameters used in the model 

Parameter Value 
Liquid viscosity 1) 0.00072 Pa.s 

Liquid density 1) 
1000 kg/m3 

Thermal conductivity of liquid 1) 0.642 W/mK 

Porosity of wick (𝜺) 2) 0.7 

Thermal conductivity of heat pipe wall (𝒌𝒘𝒂𝒍𝒍) 
2) 400 W/mK 

Length of adiabatic section (𝑳𝒂) 2) 0.14 m 

Length of evaporator section (𝑳𝒆) 2) 0.03 m 

Length of condenser section (𝑳𝒆) 2) 0.03 m 

Vapor core radius 2) 0.00293 m 

Inner radius of heat pipe 2) 0.003 m 

Single phase convective heat transfer coefficient 2) 2800 (W/m2K) 

Bulk temperature of the coolant in cooling jack (𝑻𝒃) 2) 288 K 
1)   Data (IAPWS, 2011) 
2)   Input data (KTH lab, Ghanbarpour, 2014) 
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Appendix C 

Table 5: Analytical input data in the model 

Nanoparticle Thermal conductivity 
(W/mK) 

Particle density (𝐤𝐠/𝐦𝟑) 

Silver (Ag) 1)  428 10 500 

Silicon Carbide (SiC) 2) 114 3160 

Aluminium oxide (𝐀𝐥𝟐𝐎𝟑) 3) 42.34 3880 

Water 4) 0.642 1000 
1) Data for thermal conductivity and particle density  (Efunda, 2014) 

2) Data for thermal conductivity and particle density (NIST, 2001)  

3) Data for thermal conductivity and particle density (Bazan, 2010) 

4) Data for thermal conductivity and particle density (UCSC) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


