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Abstract 

Nanofluids as an innovative class of heat transfer fluids created by dispersing nanometre-sized 

metallic or non-metallic particles in conventional heat transfer fluids displayed the potential to 

improve the thermophysical properties of the heat transfer fluids. The main purpose of this study is to 

investigate the influence of the use of nanofluids on two-phase heat transfer, particularly on the 

thermal performance of the heat pipes. In the first stage, the properties of the nanofluids were studied, 

then, these nanofluids were used as the working fluids of the heat pipes. The thermal performance of 

the heat pipes when using different nanofluids was investigated under different operating conditions 

experimentally and analytically. The influences of the concentration of the nanofluids, inclination 

angles and heat loads on the thermal performance and maximum heat flux of the heat pipes were 

investigated. 

This study shows that the thermal performance of the heat pipes depends not only on thermophysical 

properties of the nanofluids but also on the characteristics of the wick structure through forming a 

porous coated layer on the heated surface. Forming the porous layer on the surface of the wick at the 

evaporator section increases the wettability and capillarity and also the heat transfer area at the 

evaporator of the heat pipes.  

The thermal performance of the heat pipes increases with increasing particle concentration in all cases, 

except for the heat pipe using 10 wt.% water/Al2O3 nanofluid. For the inclined heat pipe, irrespective 

of the type of the fluid used as the working fluid, the thermal resistance of the inclined heat pipes was 

lower than that of the heat pipes in a horizontal state, and the best performance was observed at the 

inclination angle of 60o, which is in agreement with the results reported in the literature. Other 

advantages of the use of nanofluids as the working fluids of the heat pipes which were investigated in 

this study were the increase of the maximum heat flux and also the reduction of the entropy generation 

of the heat pipes when using a nanofluid. 

These findings revealed the potential for nanofluids to be used instead of conventional fluids as the 

working fluid of the heat pipes, but the commercialization of the heat pipes using nanofluids for large 

scale industrial applications is still a challenging question, as there are many parameters related to the 

nanofluids which are not well understood. 

 

Keywords: Nanofluid, heat pipe, thermal resistance, heat transfer coefficient, evaporator, condenser, 

wick, porous layer, heat flux, inclination angle, thermal conductivity, viscosity  
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1. Introduction  
 

 

1.1. Background	
 

A heat pipe is a two-phase heat transfer device for transferring heat with a small temperature 

difference over a long distance. For this purpose, the latent heat of vaporization of the working fluid is 

exploited. Each heat pipe consists of three sections including an evaporator section, which is attached 

to a heat source, an adiabatic section and a condenser section which is attached to a heat sink. A two-

phase thermodynamic cycle is realized by evaporating a liquid in the evaporator and subsequently 

condensing the vapour in the condenser. A capillary action, provided by a porous structure, is 

employed to return the condensed liquid back from condenser to evaporator. A simple heat pipe 

typically consists of a sealed container lined with a wicking material. The initial formulation of the 

heat pipe including a wicking structure was first introduced by Gaugler in 1944, but received little 

attention until 1964, when Grover et al. published their results and first applied the word heat pipe 

[1,2]. They described a “synergistic engineering structure which is equivalent to a material having a 

thermal conductivity greatly exceeding that of any known metal.” There are at least two main 

advantages in using heat pipes which make them unique heat transfer devices. The first advantage is 

the higher heat transfer coefficients of the heat pipes due to the occurrence of the two-phase heat 

transfer, and the second advantage is that there is no need to any external or bulk forces such as 

gravity, centrifugal, etc. to circulate the working fluid. It is noted that these sources may have 

influences on the performance of the heat pipes. For example, when a heat pipe operates at different 

orientations, gravitational force has an influence on thermal performance. 

Beside the above-mentioned advantages, there are some physical phenomena that limit the 

performance and ability of the heat pipes to transfer heat. These limits are the capillary, boiling, 

entrainment, sonic and viscous limits. To improve thermal performance of the heat pipes and 

overcome their limits, particular interest should be paid to the wick design and also the selection of 

working fluids. Nanofluid as a state-of-the-art engineered solid/liquid composite material may 

improve the characteristics of the wick and enhance the thermal properties of the conventional 

working fluids. Nanoparticles, dispersed in a base fluid, increase the thermal conductivity and may 

alter the characteristics of the wick such as contact angle, wettability and nucleation site density. So, 

nanofluids can affect the thermal performance of the heat pipes and their capability to transfer heat. 
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1.2. Aim	of	the	study	

The main purpose of this study is to investigate the potential for nanofluids to improve the thermal 

performance of heat pipes. Despite the time which has passed since nanofluids were first used as 

working fluids in heat pipes, heat transfer and fluid flow in heat pipes when using nanofluids are not 

fully scientifically understood, as these phenomena in nanofluids are still confusing. Our intention in 

this study is to answer these questions: Would it be beneficial to replace conventional heat transfer 

fluids such as water with nanofluids? And what are our expectations when we use nanofluids? Due to 

the fact that phase change heat transfer occurs in the heat pipes, the heat transfer mechanisms are 

different than in single-phase standard heat transfer applications which operate with nanofluids. As the 

properties of the nanofluids and also the presence of nanoparticles in heat pipes may have influences 

on the heat transfer and fluid flow, the contributions of different parameters affecting the thermal 

performance of the heat pipes when using a nanofluid must be investigated.  

One of the aims of this study is to investigate the properties and characteristics of nanofluids, as the 

nanofluid properties may be important for the heat transfer phenomena in the different parts of the heat 

pipes, and requires further attention to obtain a deeper understanding. In addition to that, the influence 

of nanoparticles on fluid flow and phase change heat transfer will be studied. The operating conditions 

such as tilt angle may have an important role to play in the maximum heat flux, which can be 

transferred through a heat pipe and should be taken into consideration during performance evaluation. 

The influence of nanofluids on these phenomena will be investigated in order to improve our 

understanding of the advantage of using nanofluids in heat pipes. 

Finally, it is important to propose a simple method to estimate the thermal performance of heat pipes 

using nanofluids based on thermodynamic laws. In this study, different approaches, including 

theoretical and experimental methods, are employed in order to investigate the effect of nanofluids on 

thermal performance of heat pipes.  
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1.3. Project	Description	and	Methodology	

In this project, the thermophysical properties and characteristics of the nanofluids and also their 

influence on the thermal performance of the heat pipes are investigated experimentally and 

analytically. The aim of the experimental study is to measure the thermophysical properties of the 

nanofluids including thermal conductivity and viscosity, and also to measure the thermal resistance 

and maximum heat flux of the heat pipes using nanofluids. For this purpose, a series of experimental 

setups were employed. In the heat pipe systems, working fluids filling ratio and the amount of non-

condensable gas inside the tube have a significant influence on thermal performance. To ensure the 

optimum performance and reliability in terms of liquid charge and non-condensable gas inside the 

pipes, the heat pipes were built, filled and sealed at Thermacore Co. in the UK, a well-known and 

high-tech manufacturer of thermal solutions. The next step is designation and preparation of an 

experimental setup to measure the thermal performance of the heat pipes with reasonable accuracy. To 

achieve this goal, a designated setup manufactured at Thermacore Co. was used. This setup has been 

used for both academic and industrial purposes before, and the accuracy of the results obtained was 

proved. In addition, so as to measure thermal conductivity and viscosity of the nanofluids, two 

experimental devices, which were used in a European project named NanoHex, were employed. The 

two measurement devices were tested and calibrated for a long time and the accuracy of the results 

were confirmed. The nanofluids used in this study were prepared and synthesized at the Department of 

Materials and Nano Physics at KTH, one of the partners of the NanoHex project.  

The aim of the analytical study is to investigate the thermophysical properties of the nanofluids and 

also the thermal performance of the heat pipes. The properties of the nanofluids, measured 

experimentally, were compared to existing models. In addition, the second law of thermodynamics 

was employed to investigate the thermal performance of the heat pipes when using nanofluids and 

base fluid. The purpose of the analytical study is to provide a simple and reliable method to estimate 

the heat transfer performance improvement of the heat pipes when using nanofluids instead of only the 

base fluids.   
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2. Literature review 

 

 

This chapter provides an overview of previous research on the thermal performance of heat pipes 

when using nanofluids. The first part of this review of the literature will describe research on the 

construction, limitations and applications of the heat pipes. The second part is a summary of research 

on nanofluids and the third part is to explore the literature that is relevant to understanding the effect 

of nanofluids on the thermal performance of heat pipes.  

 

2.1.	Heat	pipe;	construction,	limitations	and	applications		

2.1.1.	Heat	pipe	construction	

Heat pipes are two-phase heat transfer devices in which heat is allowed to be transferred at a high rate 

with a very low temperature drop over a certain length. To designate a heat pipe without any material 

compatibility issues, all heat pipe components need to be taken into consideration. These components 

are container material, wick structure and working fluid.  

 

Container	material	

The container of a heat pipe, as a sealed envelope, can be made from different materials including 

metals, glass and plastic. Groll et al. [1] performed a very comprehensive overview of the container 

materials of the heat pipes which are used in electronic cooling applications. They studied different 

metals and stated that the most common material for electronic cooling application is copper. The 

reasons are the high thermal conductivity of the copper and its compatibility with water. Another 

metal, studied by Groll et al. [1] is aluminium, which is widely used in cooling application and thermal 

management. Its low density and consequently low weight as well as compatibility with ammonia 

make it beneficial to be used for satellite thermal management.  

The same statements are provided by Reay and Kew [2] for the container material of heat pipes. 

Copper, aluminium and stainless steel are the materials tested in their studies. They emphasized that 

aluminium is the preferred choice for the aerospace industry, due to its low weight. Another metal 

which was studied is stainless steel. The advantage of using stainless steel is its compatibility with 
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liquid metals such as mercury, sodium and potassium. Finally, they stated that copper which can be 

available in an oxygen-free type is the best choice for electronic cooling applications. To eliminate 

non-condensable gas generation problem, neither aluminium nor stainless steel can be used with water 

as a working fluid, while copper is a good choice instead of them. Compatibility results of several 

combinations of working fluid and container/wick materials are summarized in Table 1. 

 

Table 1. Working fluid, wick and container compatibility [2] 

 

 

	

Wick	

A wick as a capillary structure is a porous layer attached to the inner surface of the container, and is 

used to provide liquid return from the condenser section to the evaporator section. The main purpose 

of the wick is to make it possible for the heat pipe to work also in applications of zero gravity, and 

perhaps where the heat source is positioned at a higher level than the heat sink or applications where 

source and sink are at equal levels.  

All wicks can be categorized into three main types including screen mesh, sintered powder and 

grooved heat pipes [3]. Also, some other types of wicks such as arterial wicks are derived from the 

above-mentioned wick categories. The major characteristics of the aforementioned wick types are 

studied and reported in the literature [2, 3]. 

In a screen mesh wick, high capillary pressure and moderate permeability can be achieved due to the 

possibility of controlling the numerous pores per unit length and the tightness of the structure,. But, 

the screen mesh wick has low thermal conductivity, as the screens are not thermally connected to each 

other very well.  

Wick material Working fluid 

 water acetone ammonia methanol   

Copper RU RU NU RU   

Aluminium GNC RL RU NR   

Stainless steel GNT PC RU GNT   

Nickel PC PC RU RL   

Fibre RU RU RU RU   

RU, recommended by past successful usage; RL, recommended by the literature; PC, 
probably compatible; NR, not recommended; GNC, generation of gas at all temperatures; 
GNT, generation of gas at elevated temperatures, when oxide is present. 
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A grooved wick has low capillary pressure, as the scale of grooves cannot be reduced beyond several 

tens of micrometres. But, this type of wick structure has high thermal conductivity because of the 

sturdy thermal path. In terms of permeability, wide and straight flow path can provide high 

permeability. 

For sintered particle wick, high capillary pressure and moderate-high effective thermal conductivity 

are expected as the particles size, with fused contact between them, is adoptable. But, a narrow flow 

path may cause a relatively low permeability of this type of wick structure. 

Comprehensive studies have been performed on the selection and performance of the wick structure 

[2–5]. Screen mesh wicks, as one of the most common wicks, are mostly manufactured from a range 

of materials including copper, nickel, stainless steel and aluminium as well as their alloys [2]. 

Kempers et al. [4] studied the influence of different numbers of screen mesh layers on the thermal 

performance in a heat pipe. Their results revealed that an increasing number of mesh layers increases 

the thermal resistance of a heat pipe, but not in a linear way. Also, they reported that implementation 

of three layers of meshes may cause a steady state in thermal performance while increasing the 

number of screen meshes can positively affect the maximum thermal resistance before failure of the 

heat pipe. 

Leong et al. [5] conducted a study to investigate the effect of sintered copper wicks on the thermal 

performance of heat pipes. They reported that sintered wicks may provide smaller pore size compared 

to wire mesh wicks, as well as better controllability of porosity, which may lead to optimal 

performance of the heat pipes.  

In terms of capillarity of different wick structures, it is revealed that heat pipes with a grooved wick 

have a lower capillary limit compared to screen mesh and sintered wicks, but, under the conditions 

with favourable gravitational force, using a heat pipe with a grooved wick would be a good choice 

because of its superior thermal performance [2,3].   

 

Working	fluid	

Working fluid, as the medium inside a heat pipe, plays an important role in the performance of the 

heat pipe, and must be taken into account during heat pipe design. Thermophysical properties of the 

working fluids have a paramount influence in the performance of the heat pipes. In a heat pipe system, 

two-phase heat transfers including evaporation and condensation and also liquid flow by means of 

capillary force are dependent on the properties of the working fluid. In heat pipe design, to ensure 

normal operation of the device, a figure of merit, M, may be employed which is defined as [2]: 
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where ρl, σl, L and μl are density, surface tension, latent heat of vaporization and viscosity of the liquid, 

respectively. For selection of working fluids, a higher merit number is desired. Figure 1 shows the 

figure of merit of various working fluids. 

 

   

Figure 1. Figure of merit for different working fluids 

 

Chaudhry et al. [6] studied and calculated Merit number, M, values for five different working fluids 

including water, ammonia, acetone, pentane and heptane at temperatures between 293 K and 393 K. 

They reported that water has the highest Merit number compared to the other four heat transfer fluids. 

In addition, it was stated that the Merit number of water increases with increasing temperature in the 

temperature range mentioned, while, for other working fluids, the Merit number decreased with 

increasing temperature. 

Another factor which must be taken into account when selecting a working fluid for heat pipes is the 

useful operating range of the working fluid. Based on the applications of the heat pipes and the 

particular temperature ranges, a proper working fluid is needed for the heat pipe to operate. Table 2 

illustrates a useful operating range as well as the melting and boiling points of various working fluids 

reported in the literature.  
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Table 2. Heat pipe working fluid operating range [2] 

Medium Melting point (oC) Boiling point at 
atmospheric pressure (oC) 

Useful range (oC) 

Helium -271 -261 -271 to -269 

Nitrogen -210 -196 -203 to -160 

Ammonia -78 -33 -60 to 100 

Pentane -130 28 -20 to 120 

Acetone -95 57 0 to 120 

Methanol -98 64 10 to 130 

Ethanol -112 78 0 to 130 

Water 0 100 30 to 200 

Mercury -39 361 250 to 650 

Sodium 98 892 600 to 1200 

Lithium 179 1340 1000 to 1800 

Silver 960 2212 1800 to 2300 

 

 

Reay and Kew [2] listed various criteria for a proper selection of a working fluid, which are:  

 Compatibility of the working fluid with container and wick materials 

 Wettability of the wick and wall materials 

 Having proper vapour pressure (not too high or low over the operating temperature range) 

 High latent heat 

 Low viscosity 

 High surface tension 

 High thermal conductivity 

 Acceptable operating range and freezing point 

Yau and Foo [7] studied the effect of refrigerants including R134a, R22 and R410A as working fluids 

on the thermal performance of revolving heat pipes. They reported that the best performance in liquid 

return and highest heat transfer capacity were shown by R410A refrigerant, and also the most 

economical refrigerant among three tested refrigerants was R134a with the lowest saturation pressure. 

Wong et al. [8] investigated the influence of three different working fluids including acetone, water 
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and methanol on the thermal performance of heat pipes. Their studies revealed that water has the 

highest figure of merit, M, compared to acetone and methanol, and also the maximum heat loads for a 

heat pipe using water was found to be greater than that of the heat pipes when using acetone and 

methanol.  

 

2.1.2.	Performance	limits	of	heat	pipes	

The capability of a heat pipe to transport heat from the heat source to the heat sink is limited by 

various parameters. These parameters and limitations should be taken into consideration when 

designing a heat pipe. Those parameters which put limitations on the normal operation of the heat 

pipes include the properties of the working fluid, operating condition and temperature, wick structure 

and size/shape of the pipe [3]. The limitations are as [2, 3]: 

 

Capillary	limit	

In a heat pipe system with a particular wick structure, the pumping ability provided by the capillary 

structure to circulate the working fluid is limited. When the sum of the gravitational, liquid and vapour 

pressure drops is more than the capillary pumping pressure, the wick structure is not able to supply 

adequate liquid to the evaporator, and it may cause dry-out and a sudden increase in the temperature in 

the evaporator section. So, the maximum capillary pumping pressure must be greater than the sum of 

the liquid, vapour and gravitational pressure drops: 

,  

The capillary limit is given by 

	

2

μ 8μ  

 

where hfg, K, σ, rc,, θ and Leff are the latent heat of vaporization, the permeability of the wick, the liquid 

surface tension, the wick pore radius, the tilt angle and the effective length of the heat pipe, 

respectively. Here, µl and ρl are viscosity and density of the liquid and µv and ρv are viscosity and 

density of the vapour, respectively. 
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Boiling	limit	

In a heat pipe system, the radial heat flux that can be transferred by a heat pipe is limited. In case of 

too high radial heat flux in the evaporator section, boiling of the working fluid occurs and vapour 

bubbles generated prevents the liquid from wetting the wall of the pipe and affects the circulation of 

the working fluid. This phenomenon which causes dry-out of the evaporator section is defined as the 

boiling limit. The maximum heat flow for the boiling limit of a cylindrical heat pipe is given as 

 

	
2

	 

where  

2
	
1 1

 

 

where Tw and Tv are the heat pipe wall and vapour temperatures at the evaporator section, Le is the 

length of the evaporator section, keff is the effective thermal conductivity of the wick, ri and rv are the 

inner radius of the pipe wall and the vapour space radius, Rb is the effective radius of the bubble and 

Rmen is the radius of the liquid-vapour meniscus.   

Sonic	limit	

When the velocity of the vapour reaches sonic values, the heat transfer rate cannot be increased by the 

condenser temperature. This condition, which is usually associated with liquid-metal, is defined as 

choked condition, and the limit is called the sonic limit and is given by 

	 2 1 .  

where ρv and c0 are the vapour density and the speed of sound at the evaporator and γ is the ratio of the 

vapour specific heats (Cp/Cv).  
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Entrainment	limit	

Tearing the liuid from the wick surface and entraining it into the vapour flow steam toward the 

condenser section, caused by shear force existing at the liquid-vapour interface due to high relative 

vapour velocity, reduces the liquid return from condenser section to evaporator section. This limitation 

of the heat transport capability is defined as entrainment limit and is given by 

 

	 2 ,

.

 

where Rh,w is the hydraulic radius of the wick pore. 

 

Viscous	limit	

At low operating temperatures, the saturation vapour pressure may be of the same order of magnitude, 

as the pressure drop required for driving the vapour flow in the heat pipe, and it is expected that the 

vapour pressure to be very small and reaches zero at the condenser. Under this condition which is an 

insufficient pressure available to drive the vapour, the limitation of heat pipes to transport heat is 

defined as viscous limit and is given by 

 

	 16	μ
 

 

Figure 2 illustrates the heat pipe operating limits discussed in this section. It is important to choose a 

proper working fluid for a heat pipe and also design the heat pipe and wick structure in such a way that 

the normal operation of the heat pipe is guaranteed.  
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Figure 2. Limitations to heat transport in a heat pipe 

 

Nemec et al. [9] studied heat transport limitations of heat pipes at temperatures between 30oC and 

140oC, mathematically. They reported that the limitations of the heat pipes are dependent on the 

thermophysical properties of the working fluids, wick structure and heat pipe parameters. Based on 

their studies, viscous and sonic limits are neglected in most cases, as they have the highest values 

compared to capillary, boiling and entrainment limits. In addition, they stated that it is important to 

take into account the effect of the wick structure on limitations during designing the heat pipe as the 

optimization of thermal performance of the heat pipes can change the wick characteristics.  

 

2.1.3.	Applications	of	the	heat	pipes		

Today, heat pipes are widely used in various applications. The role of heat pipes in different 

applications can be classified as separation of heat source and sink, temperature flattening, temperature 

control and heat flux transportation [2,3]. Some of the common applications of the heat pipes 

presented in the literature are quoted here [10–17]:  

 

 Heat pipes in energy storage system 

One of the most common uses for heat pipes is in energy storage systems. In a latent heat storage 

system, heat pipes can deliver heat effectively and compensate for the poor thermal properties of the 

phase change materials. In sensible heat storage devices, in particular solar energy, the heat pipe can 

absorb solar energy and either transfer it to water or convert it to heat to heat up spaces. 
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 Heat pipes in aerospace application 

Heat pipes are widely used for satellite thermal control as well as for temperature equalization in 

spacecraft. The reasons which make heat pipes as attractive component in the area of aerospace are 

their low weight penalty, zero maintenance, reliability and the capability of heat pipes to work in zero 

gravity environment. 

 

 Heat pipes in electronic cooling 

Heat pipes can be employed for cooling hot spots as well as prolonging the lifetime of electronic 

devices by reducing the temperatures they have to withstand. The effective thermal conductivity of the 

heat pipes is some order of magnitude greater than the common metal rods which are used in 

electronic cooling. 

 

 Heat pipes in transportation system 

Heat pipes and an energy source can be employed for de-icing to melt ice and snow on road, airfield 

runways, bridges and so on. This system, comprising a heat source and heat pipes, can be used 

efficiently in cold regions. 

 

Other applications of the heat pipes are the improvement of refrigeration and food cooling, spreading 

of heat from production tools, medicine and human body temperature control and ventilation and heat 

recovery [2]. 
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2.2.	Nanofluids	

Nanofluids are defined as a new innovative class of heat transfer fluids created by dispersing 

nanometre-sized metallic or non-metallic particles having a high thermal conductivity in conventional 

heat transfer fluids such as water, ethylene glycol/water, oils, etc. [18]. A schematic preparation of 

nanofluid is shown in Figure 3. 

	

 

Figure 3. A schematic preparation of nanofluid using two-step method [19] 

 

This concept, nanofluid, was first promoted and innovated in 1995 by Choi and Eastman at the 

Argonne National Laboratory, USA [20]. As reported in the literature, nanofluids show interesting and 

unique properties such as dimension-dependent physical properties, a large surface area to volume 

ratio, and higher thermal conductivity. These characteristics make it possible to have improved heat 

transfer fluids with adjustable properties such as surface wettability and thermal conductivity by 

selecting a proper concentration [21–23].  

 

2.2.1.	Applications	of	nanofluids	

Today, it is apparent that nanofluids can be employed by a wide variety of industries including 

transportation, petroleum, electronics systems and energy production, etc. The reason that nanofluids 

have attracted increasing attention is their unique and improved properties, which will be discussed 

later in this chapter.  
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Some of common applications of nanofluids, reported in the literature, are:  

- Cooling of electronics [24] 

- Industrial cooling [25] 

- Biomedical (drug delivery) [26] 

- Lubricant [27] 

- Engine cooling/vehicle thermal management [28] 

- Solar water heating [29] 

- Petroleum (enhanced oil recovery) [30] 

 

2.2.2.	Thermophysical	properties	of	nanofluids	

Dispersing nanoparticles in liquids has a significant influence on the thermophysical properties of heat 

transfer fluids. Some of the properties which are related to heat transfer phenomena include density, 

specific heat, thermal conductivity, viscosity and surface tension.  

 

Density	

The density of a nanofluid increases with an increase in the volume fraction of the nanoparticles. A 

very simple correlation, derived from the mixture rule principle, is commonly used to calculate the 

density of nanofluids. The correlation is expressed as: 

1   

The validity of the correlation to predict the density of nanofluids is approved by Pak and Cho [31] 

and Ho et al. [32] as they measured the density of water based Al2O3 nanofluids experimentally and 

confirmed an excellent agreement between their results and predicted results. Another correlation to 

predict the density of a nanofluid as a function of temperature is proposed by Khanafer and Vafai [33]. 

Using the experimental results of Ho et al. [32], they developed a correlation as: 

1001.064 2738.6191 0.2095   0 0.04 , 5 40  

Comparing the experimental data and predicted values, the maximum relative error is found to be 

0.22%, which shows that the correlation proposed by Khanafer and Vafai [33] can predict the density 

of nanofluids quite well. 
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Specific	heat	

The specific heat of a nanofluid decreases with an increase in the volume fraction of the nanoparticles. 

Considering thermal equilibrium between the nanoparticles and the base liquid, the following 

correlation is derived: 

1
 

 

Khanafer and Vafai [33] investigated the accuracy of the above correlation by comparing predicted 

values with the experimental data of Zhou and Ni [34]. It was found that the correlation can predict the 

specific heat of nanofluids very well. 

 

Surface	tension	

For the surface tension of nanofluids, there is a limited number of studies in the literature and 

contradictory results are reported about the effect of nanoparticles on surface tension of the liquids. 

Some researchers reported that the surface tension of nanofluids decreases with increasing volume 

concentrations [35,36]; meanwhile, some other experimental studies revealed an enhancement of 

surface tension with increasing volume concentrations [37,38]. For example, more than a 7% 

increment in surface tension of base fluid with the addition of 3.0 vol.% of ZnO nanoparticles is 

reported by Moosavi et al. [37], while a significant reduction in the surface tension of water-TiO2 

nanofluid at 0.1 vol.% is reported by Murshed et al. [35]. In addition, there are also researches that 

have showed an insignificant effect of nanofluids on surface tension compared to the base liquid [39-

41]. Golubovic et al. [39] stated that using Al2O3 nanoparticles at concentrations up to 0.01 g/l did not 

have an influence on the surface tension of the nanofluids, and their surface tensions were found to be 

almost the same as the base liquid.  

In addition to nanoparticles concentration, there are other parameters which have a significant effect 

on the surface tension of nanofluids, including the temperature and the use of surfactant in the 

suspension. According to the literature, it is observed that the surface tension of a nanofluid decreases 

with increasing temperature and adding surfactant to the base liquids [42–44]. 
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Thermal	conductivity	

The thermal conductivity of a nanofluid increases with an increase in the volume fraction of the 

nanoparticles. Although there is no agreement on the mechanisms for heat transfer enhancement of the 

nanofluids, a wide range of experimental studies revealed that dispersing nanoparticles into a base 

liquid increases the thermal conductivity of the suspension compared to the base liquid. Thermal 

conductivity of a nanofluid is affected by various parameters, including nanoparticles concentration, 

temperature, particle morphology, surface modifier and fabrication method [45–50]. A major 

discrepancy in thermal conductivity of nanofluids reported in the literature may be caused by affecting 

the above-mentioned parameters. Table 3 represents the thermal conductivity of the nanofluids 

reported in the literature. 

 

Table 3. The thermal conductivity enhancements of nanofluids cited in the literature 

Ref. Nanofluid Particle size Concentration knf/kbf 

[45] Water-Al2O3 38.4 nm 4.0 vol.% 1.24 

[46] Ethylene Glycol-CuO 18.6 nm 4.0 vol.% 1.20 

[47] Ethylene Glycol-Al2O3 28 nm 5.0 vol.% 1.24 

[48] Water-Cu 100 nm 2.5 vol.% 1.23 

[49] Water-Al2O3 47 nm 1.0 vol.% 1.10 

[50] Water-SiC 170 nm 1.0 vol.% 1.04 

[51] Water-Al2O3 11 nm 5.0 vol.% 1.08 

[52] Ethylene Glycol-Ag 20 nm 1.0 vol.% 1.06 

[53] Water-TiO2 13 nm 1.0 vol.% 1.08 

[54] Kerosene-Fe2O3 15 nm 0.25 vol.% 1.04 

[55] Ethylene Glycol -CuO 10 nm 0.18 vol.% 1.07 

[56] Water-Al2O3 131 nm 4.0 vol.% 1.24 

[21] Water-Al2O3 13 nm 4.4 vol.% 1.33 
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Viscosity	

The viscosity of a nanofluid increases with an increase in the volume fraction of nanoparticles. As in 

thermal conductivity, many parameters such as nanoparticle concentration, temperature, particle 

morphology, surface modifier and preparation method have influences on the viscosity of the 

nanofluids [57–62]. Table 4 represents the viscosity of the nanofluids reported in the literature. 

 

Table 4. The viscosity enhancements of nanofluids cited in the literature 

Ref. Nanofluid Particle size Concentration Viscosity ratio 

[57] Water-Al2O3 30 nm 0.3 vol.% 1.029 

[58] Water- Al2O3 36 nm 13 vol.% 3.1 

[59] Water-Cu 200 nm 2 vol.% 1.24 

[60] Water- Al2O3 80 nm 5 vol.% 1.82 

[61] Ethylene Glycol-CuO 152 nm 6 vol.% 1.32 

[62] Water- Al2O3 43 nm 5 vol.% 2.36 

[63] Ethanol-SiO2 35 nm 5 vol.% 1.95 

[63] Ethanol-SiO2 94 nm 7 vol.% 1.85 

[60] Water-TiO2 15 nm 5 vol.% 1.86 

[61] Water- Al2O3 45 nm 8 vol.% 1.06 

[61] Water- Al2O3 100 nm 6 vol.% 1.57 

[64] Water-TiO2 95 nm 1.18 vol.% 1.11 

[65] Water-TiO2 21 nm 2 vol.% 1.15 
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2.3.	Fundamental	studies	of	nanofluids	applied	in	heat	pipes	

Although the heat transfer and fluid flow mechanisms in heat pipes have been well understood for 

some decades, these phenomena become more complicated when using a nanofluid as the working 

fluid of heat pipes. Since the nanofluid itself is a complicated phenomenon and mechanisms of heat 

transfer, thermal properties and rheological behaviour of nanofluids are not well understood yet, it is 

quite problematical and controversial to illustrate how nanofluids affect the heat transfer and fluid 

flow in heat pipes. From 2003, when the first research on using a nanofluid in a heat pipe was 

published [66], many studies have been performed to investigate the thermal performance of the heat 

pipes when using nanofluids, although these studies are in the initial stage yet. A summary of 

researches on heat pipes when using nanofluids is shown in Table 5. As reported in the literature, most 

of the experimental studies showed that the thermal performance of the heat pipes charged with 

nanofluids is higher than that of the base liquid, and proved the potential for nanofluids to be 

employed as the working fluids in the heat pipes. 

 

Table 5. Summary of experimentally investigated heat pipes/thermosyphons using nanofluids 

Type of heat pipe Ref.  Nanofluid Concentration & size Effect 

Mesh wick heat pipe 

 

[67] Au-water 21 nm + 

[68] CuO-water 50 nm, 1 wt.% + 

[69] Ag-water 35 nm, 0.01 wt.% + 

[70] Al2O3-water 5 vol.% + 

Grooved heat pipe 

 

[71] Ag-water 10 nm, 0.01 wt.% + 

[66] Au-water 17 nm + 

[72] Ag-water 35 nm, 0.01 wt.%  + 

[73] CuO-water 50 nm, 1 wt.% + 

Sintered wick heat pipe 
[74] Ag-water 10 nm, 0.01 wt.% + 

[75] Ni-water 40 nm, 3.5 wt.% - 

Two-phase thermosyphon 

 

[76] CuO-water 15-50 nm, 1 wt.% + 

[77] Al2O3-water 20 nm, 3 wt.% + 

[78] Al2O3-water 13 nm, 0.075 vol.% + 

[79] TiO2-water 42 nm, 0.4 vol.% + 
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2.3.1.	Mesh	wick	heat	pipe	

Tsai et al. [67] investigated the thermal performance of a mesh wick heat pipe when using aqueous 

solution of various-sized gold nanoparticles. The heat pipe tested was made of copper with a length of 

170 mm and inner diameter of 6 mm, while a 200-mesh screen was attached to the inner surface of the 

tube. Their experimental results revealed a significant reduction in the thermal resistance of the heat 

pipe when using the nanofluid compared to the base liquid. The reduction in thermal resistance of the 

heat pipe was found to be between 20% and 37%. The authors stated that bombarding vapour bubbles 

created at liquid-vapour interface by the suspended nanoparticles is the main mechanism of the heat 

transfer enhancement in the heat pipe when using a nanofluid compare to the base liquid.  

Liu and Shu [68] conducted an experiment to study the performance of a mesh wick heat pipe using 

water based CuO nanofluid. The length and inner diameter of the heat pipe were 350 mm and 10 mm, 

respectively, while two layers of 160 mesh screen were attached to the inner surface of the tube. 

According to their results, the thermal resistance of the heat pipe when using CuO nanofluid was 

lower than that of the base liquid. Also, an optimal mass concentration was found under a variety of 

operating temperatures. Their results revealed that the heat pipe with CuO nanofluid at a mass 

concentration of 1.0% produced the best performance compared to other tested working fluids.  

Chen et al. [69] investigated experimentally the heat transfer characteristics of a flat mesh wick heat 

pipe with water based silver nanofluids. The length and height of the heat pipe were 200 mm and 3 

mm, respectively. They found that the nanofluids improved the thermal performance of the heat pipes 

significantly due to the increase of the wettability and thermal conductivity of the working fluid.  

Different types of nanofluids including Al2O3–water, Al2O3–ethylene glycol, TiO2–water, TiO2–

ethylene glycol and ZnO–ethylene glycol nanofluids were tested by Putra et al. [70] to investigate the 

thermal performance of the screen mesh wick heat pipes. According to their results, the heat pipe 

when using Al2O3–water nanofluid at a volume concentration of 5% produced the best performance. 

They observed that a porous layer formed on the mesh surface at evaporator section which promoted 

good capillary structure. As shown in Figure 4, the presence of such a thin porous coating layer was 

observed experimentally. 
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(a) (b) 

  

(c) (d) 

Figure 4. SEM image of the screen mesh wick (a) before experiment and with (b) Al2O3-ethylene glycol (c) 

Al2O3-water and (d) TiO2-water nanofluids [70] 

 

2.3.2.	Grooved	heat	pipe	

Wei et al. [71] carried out an experiment to investigate the thermal performance of a micro-grooved 

heat pipe when using silver-water nanofluids. The length and inner diameter of the heat pipe were 200 

mm and 6 mm, respectively, while the rectangular grooves with the depth of 217 μm and the width of 

211 μm were fabricated on the inner surface of the tube. Their results revealed that the thermal 

resistance of the heat pipes decreased by 28%–44% with nanofluids at volume fractions of 1 ppm to 

100 ppm compared to water.  

Chien et al. [66] performed an experiment to investigate the application of nanofluids on grooved heat 

pipes. A disk-shaped miniature heat pipe made of aluminium with a diameter and thickness of 9 mm 

and 2 mm, respectively, were employed while the width, and the depth of rectangular micro-grooves 

were 0.35 mm and 0.4 mm, respectively. The working fluid employed in their experiment was water 

based gold nanofluid, and the results were compared to water. They reported that the thermal 

resistance of the heat pipe with nanofluid was 40% lower than that of water.  
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Kang et al. [72] studied the influence of using water based silver nanofluids on the heat transfer 

performance of grooved heat pipes. They tested two different particle sizes, including 10 nm and 35 

nm, at different heating powers. The reduction in thermal resistance of the heat pipe using nanofluid 

compared to water was found to be between 10% and 80%. In addition, they found that the overall 

thermal resistance of the heat pipe decreased with increasing nanoparticle size. They reported that the 

thermal resistance of the heat pipe decreased by 52% with 10 nm and by 80% with 35 nm 

nanoparticles when nanofluids were used as the working fluid compared to water. 

Thermal performance of a miniature grooved heat pipe when using CuO nanofluid was studied 

experimentally by Wang et al. [73]. The heat pipe was made of copper, and the length and outer 

diameter of the heat pipe were 350 mm and 8 mm, respectively, while the grooves with the height of 

0.14 mm and the top width of 0.2 mm were fabricated on the inner surface of the heat pipe. According 

to their experimental results, the thermal resistances of the heat pipe using nanofluids were up to 50% 

lower than when using water, and also the maximum heat removal capacity of the heat pipe increased 

by 40% when using CuO nanofluid instead of water. In addition, they stated that the properties 

improvement and formation of a coating layer on the evaporator surface made significant contributions 

to the thermal performance improvement of the heat pipe when using nanofluids. The presence of the 

coating layer formed on the heated surface is shown in Figure 5. 

 
 

Water Nanofluid 

Figure 5. SEM images of the evaporator surface with (a) water and (b) CuO nanofluid  [73] 

	

 



27 
 
 

2.3.3.	Sintered	metal	wick	heat	pipe	

Kang et al. [74] investigated the thermal performance of a cylindrical sintered wick heat pipe when 

using water-silver nanofluids with particle sizes of 10 nm and 35 nm. The length and outer diameter of 

the heat pipe tested were 200 mm and 6 mm, respectively, while a 1 mm-thick sintered-wick made of 

copper powders was formed on the inner surface of the tube. According to the results, the maximum 

heat loads increased by 40% and the thermal resistance decreased by 88% when using nanofluids 

compared to water. They explained that higher wettability could enhance the maximum heat flux of 

the heat pipes when using nanofluids. Riehl [75] studied the thermal performance of a sintered metal 

wick miniature loop heat pipe. They employed water-nickel nanofluids as the working fluid. Their 

results showed that the thermal performance of the heat pipe when using nanofluid was diminished. 

The wettability analysis revealed that the nanofluid did not provide good wettability in the sintered 

copper. They stated that the higher density and viscosity of the nanofluid compared to the base liquid 

might lead to higher flow drag and a reduction in capillary force in the sintered wick layer. 

 

2.3.4.	Two‐phase	thermosyphon	

Liu et al. [76] performed an experiment to study the influence of the use of nanofluids on thermal 

performance of a miniature closed two-phase thermosyphon. As a working fluid they employed CuO 

nanofluids without a surfactant. The tube diameter and length of the thermosyphon were 8 mm and 

350 mm, respectively. They reported that the best performance of the heat pipe was obtained at a 

nanoparticle mass concentration of 1% and at this concentration the heat transfer coefficient and the 

critical heat flux increased by 160% and 120%, respectively. By substituting the nanofluids for water 

as the work liquid a reduction of about 30%–90% in the thermal resistance was reported in their 

studies. The effect of Al2O3 nanofluids at different volume concentrations of 1%–3% on the thermal 

performance of a two-phase closed thermosyphon was studied by Noie et al. [77]. Their results 

showed that the nanofluids at concentrations tested improved the thermal performance of the heat 

pipes compared to water. The efficiency of the heat pipe when using nanofluids increased up to 14.7% 

compared to water. 

Kamyar et al. [78] studied the influence of employing nanofluids on the thermal performance of a two-

phase closed thermosyphon. Two types of nanofluids were used including water based Al2O3 and 

TiSiO4 at volume concentrations of 0.01%, 0.02%, 0.05% and 0.075%. Their results revealed that the 

thermal resistance of the heat pipe when using Al2O3 nanofluid at a volume concentration of 0.05% 

was 65% lower than that of the heat pipe when using water. Also, the highest reduction of the thermal 

resistance of the heat pipe when using TiSiO4 nanofluid was obtained at volume concentration of 

0.075% which was 57% compared to water. Buschmann and Franzke [79] performed an experiment to 
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study the influence of water based titanium dioxide and gold nanofluids on the thermal performance of 

a thermosyphon made from a borosilicate glass cylinder. The length and inner diameter of the 

thermosyphon were 500 mm and 25 mm, respectively. The thermal resistance of the thermosyphon 

when using nanofluid decreased by 24% compared to water, and the optimum concentration was 

found to be between 0.2 vol. % and 0.3 vol. %. They explained that the thermal performance 

improvement was due to the formation of a nanoparticle layer on the evaporator surface. The coating 

layer on the evaporator surface is shown in Figure 6. 

 

 

Figure 6. SEM image of evaporator surface after operation with 0.1 vol. % H2O/TiO2 [79] 

 

2.3.5.	Influence	of	nanoparticles	size	and	shape	

Ji et al. [80] performed an experiment to investigate the influence of nanoparticles shape on the 

thermal performance of heat pipes. In their studies, they employed alumina as nanoparticles and a 

binary mixture of ethylene glycol and deionized water at 50%–50% volume as base fluid. They 

studied four different shapes of nanoparticles including blade, platelet, brick and cylinder. Their 

results revealed that the thermal performance of the heat pipe increased significantly using all shapes 

of alumina nanoparticles, while the best thermal performance of the heat pipe was obtained when 

using cylinder-like alumina nanoparticles. 

Studies of nanoparticle size confirmed that the particle size has a significant influence on the thermal 

performance of heat pipes. Lower thermal resistance of the evaporation section was obtained by 

enlarging the size of the gold nanoparticles from 8 nm to 24 nm, reported by Tsai et al. [67]. Also, a 

thermal resistance reduction of 50% for silver-water nanofluid with nanoparticles size of 10 nm was 

achieved, while the reduction was about 80% for the nanofluid with the particles size of 35 nm, 

reported by Kang et al. [72] and Kang et al. [74]. 
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2.3.6.	Inclination	angle	

It is reported in the literature that the inclination angle, which is the angle between the heat pipe and 

horizontal state, has a significant effect on the thermal performance of the heat pipes when using 

nanofluids. The inclination angle which corresponds to the best thermal performance of the heat pipes 

studied in the literature is shown in Table 6. 

 

Table 6. Inclination angle effect on heat pipe with nanofluid studied in literature 

Ref. Nanofluid Concentration Particle size  Findings 

[81] Water/CuO 0.5-2.0 wt.% 50 nm 

The inclination angle of 45o 

corresponds to the best thermal 

performance for heat pipes 

[82] Water/Al2O3 0.5-3.0 wt.% 20 nm 
The angle that maximizes thermal 

performance of the heat pipe ranges 

from 40o to 70o 

[83] Water/Al2O3 0.5-3.0 wt.% 20-30 nm The optimal thermal efficiency for heat 

pipes occurred at 60o 

[84] Water/CuO 0.5-2.0 wt.% 50 nm 
The inclination angle of 45o 

corresponds to the best thermal 

performance for heat pipes 

[85] Water/Cu 100 mg/lit 40 nm Best thermal performance is reported 

at 45o 
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3. Theoretical formulas and analytical solution 

 

 

In this chapter, analytical solutions and the correlations which are used to evaluate thermal 

performance of the heat pipes are presented. 

 

3.1.	Theoretical	formula	

For thermal performance evaluation of the heat pipes, the temperature difference between the 

evaporator and condenser sections and consequently the thermal resistance of the heat pipes is of 

particular interest. The overall thermal resistance of the heat pipe is defined as:  

 
(1)

where Q, Te and Tc are heat input, evaporator and condenser wall temperatures, respectively. The 

evaporator and condenser heat transfer coefficients are defined as: 

 where      (2)

 where      (3)

where Ae and Ac are evaporator and condenser surface areas, respectively. In the above equations, the 

saturation temperature, Tsat, can be measured at the surface of the adiabatic section [73]. In order to 

investigate the capability of the heat pipes to conduct heat, the effective thermal conductivity of the 

heat pipe is defined and calculated by [82]: 

.
 (4)

where A is the actual area of heating and Leff  is the effective transport length calculated by [86]: 

0.5	 	 0.5	  (5)

where Le, La and Lc are evaporator, adiabatic and condenser lengths, respectively.  
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	3.2.	Analytical	Analysis		

The analytical model, used in this study, was proposed by Shafahi et al. [87] to study the effect of 

nanofluids on the thermal performance of a heat pipe. This analytical model provides us with the 

pressure and temperature distributions along the heat pipe.  

According to their studies, by considering nanofluid as a continuous media with thermal equilibrium 

between the base fluid and solid nanoparticles, Navier-Stokes equations for steady two-dimensional 

flow were solved by integrating the momentum equations and applying proper boundary conditions 

[88]. The liquid and vapour pressure distributions are derived as: 
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(7)

where 1 and 2  are vapour injection and suction velocities, respectively. To determine the vapour 

suction velocity, the mass balance in the vapour region was employed. The parameters defined and 

used in the analytical correlations are presented in Table 7. These parameters are functions of liquid 

and vapour properties and dimension of the heat pipe and wick structure. 

 

Table 7. Analytical correlations parameters [87] 
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For determination of the wall temperature distribution, Zhu and Vafai [88] used a one-dimensional 

heat conduction model for the wall and wick regions. Utilizing proper boundary conditions, the 

temperature profile can be presented as: 
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(8)

 

where Q, h and Tb are the heat input, outside convective heat transfer coefficient and bulk temperature 

of the coolant at the heat sink. The effective thermal conductivity of the porous structure, is defined as: 
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where ε, knf and ks are the porosity and thermal conductivities of the nanofluid and solid matrix, 

respectively. 
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3.3.	Thermal	resistance	network	

The overall thermal resistance of a heat pipe, R, comprises a number of partial resistances arranged 

between the heat source and heat sink [3]. Figure 7 shows the equivalent thermal resistance of a heat 

pipe. 

 

 

Figure 7. Thermal resistance network of a heat pipe 

 

The resistances, shown in Figure 7, are summarized in Table 8. As can be seen, the overall thermal 

resistance of the heat pipe consists of a series of conductive and convective resistances in radial and 

axial directions.   

 

Table 8. Definition of different thermal resistances in the network 

Resistance Definition 

R1 Radial conductive resistance of the heat pipe wall 

R2 Radial conductive resistance of the wick 

R3 Resistance of the liquid/vapour interface at the evaporator 

R4 Axial resistance of the pipe wall 

R5 Axial resistance of the liquid/wick combination 

R6 Resistance of the adiabatic vapour section 

R7 Radial conductive resistance of the heat pipe wall 

R8 Radial conductive resistance of the wick 

R9 Resistance of the liquid/vapour interface at the condenser 
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Now, some simplification can be made according to the order of magnitude analysis as presented in 

Table 9. It is noted that the values reported in Table 9 are merely estimations, and the thermal 

resistances in a heat pipe system depends strongly on the geometry, dimension, pipe and wick 

materials and pressure inside the tube [3]. In the thermal resistance network of a heat pipe, the axial 

resistances including R4 and R5 can be considered infinite, while R6 may be assumed to be negligible 

due to the comparative magnitudes of the resistance of the vapour space and axial resistances of the 

wick and pipe wall [3].  More details about R6 are presented in Appendix A. The radial conductive 

resistances of the heat pipe including R1, R2, R7 and R8 calculated from Fourier’s Law, and the 

resistances of the liquid/vapour interface at the evaporator and condenser including R3 and R9 are 

presented in Table 10. 

 

Table 9. Comparative values for heat pipe [3] 

Resistance K/W 

R1, R7 10-1

R2, R8 10+1

R3, R9 10-5

R6 10-8

R4 10+2

R5 10+4

 

Table 10. Thermal resistances of the heat pipe 

2 	
 

2

1
2 	

	

2 	 2
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2 	

 

where ro, rw and rv are pipe outer, wick inner and wick outer surface radiuses, respectively, kwall and 

kwick are the thermal conductivity of the pipe material and effective thermal conductivity of the wick, 

respectively, and heva and hcond are evaporation and condensation heat transfer coefficients at liquid-
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vapour interface at the evaporator and condenser, respectively. The overall thermal resistance of the 

heat pipe from the heat source to the heat sink can be simplified as: 

 

1
2

. 1
1 1

1 1
.  

(10)

 

In this equation, hheating and hcooling are the heat transfer coefficients of the heating and cooling 

processes of the heat source and heat sink, respectively.  

 

3.4.	Entropy	generation	

In this work, the second law of thermodynamics is used to compare the thermal performance of heat 

pipes when using nanofluids relative to those of base fluids. In the thermodynamic cycle of a heat 

pipe, the entropy generation is caused by temperature differences between the vapour and external 

reservoirs as well as vapour and liquid pressure drops during the process. 

 

3.4.1.	Entropy	generation	due	to	heat	transfer	

To calculate the entropy generation due to temperature difference between vapour and external 

reservoirs, based on the second law of thermodynamics, the following equation is employed [89]: 

.
.

 (11)

where Th and Tl are heat source and heat sink temperatures. It is noted that the contact resistances 

between heat source/sink and pipe wall at the evaporator and condenser are neglected. After easy 

calculations, the entropy generation due to the heat transfer can be written as a function of the heat 

load, overall thermal resistance and temperature of the heat source as: 

ˑ
ˑ

 (12)
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3.4.2.	Entropy	generation	due	to	vapor	pressure	drop 

The entropy generation due to the vapour pressure drop can be formulated as [89], 

ˑ
ˑ

 (13)

In eq. 13, the pressure drop in laminar flow and mass flow are given by, 

8μ ˑ ˑ
 (14)

 (15)

where T, , u, Leff, rv and hfg are the temperature, vapor density, velocity, effective length, vapor 

channel radius and latent heat of vaporization, respectively. Substituting equations 14 and 15 into eq. 

13, the entropy generation due to the vapour pressure drop is given by 

8μ ˑ ˑ ˑ

ˑ ˑ ˑ
 (16)

 

3.4.3.	Entropy	generation	due	to	liquid	pressure	drop 

The entropy generation due to the liquid pressure drop can be formulated as [89], 

ˑ
ˑ

 (17)

The liquid pressure drop along the wick is calculated by [89] 

μ ˑ ˑ
ˑ ˑ ˑ

 (18)

where , μ  and  are liquid density, liquid viscosity and wick cross-sectional area, respectively. 

Substituting eq. 18 into eq. 17, the entropy generation due to the liquid flow friction can be formulated 

as  

μ ˑ ˑ

ˑ ˑ ˑ ˑ
 (19)
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The overall entropy generation ratio for a heat pipe when using nanofluids and base liquid is defined 

as 

∗ , , ,

, , ,
 (20)
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4. Experimental Procedure and uncertainty Analysis 

 

 
In this chapter, the experimental setups and procedures are explained briefly.  

4.1.	Thermal	Conductivity	

To measure the thermal conductivity of the base fluids and nanofluids, a Transient Plane Source 

(TPS)-analyser (model 2500, HotDisk AB, Sweden) is used. In this technique, a planar sensor behaves 

both as a heat source and temperature sensor. The sensor, involving the use of a very thin double metal 

spiral sandwiched between two layers of Kapton, is immersed in the static liquid sample maintained at 

a stable temperature. A cooling bath (model C50P, Thermo Haake, Germany) with an accuracy of ±0.1 

˚C is used to provide constant temperatures. The schematic diagram of the TPS setup is shown in 

Figure 8. The Fourier Law of heat conduction as a fundamental principle for measuring the thermal 

conductivity is employed in the TPS technique. The thermal conductivity, thermal diffusivity and 

volumetric specific heat capacity of the liquids are calculated according to the analysis of the transient 

temperature response to a small amount of heat provided by the sensor. There are some advantages to 

the TPS technique which make it attractive, including eliminating the error due to natural convection, 

fast measurement, easy operation and capability for measuring a wide range of thermal conductivities 

[90]. According to the literature, this technique has been used in a number of studies successfully and 

accurate results were obtained [90–93].  

 

 

Figure 8. TPS analyser, sensor, sample holder and cooling bath [94] 
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4.2.	Viscosity	

The effective viscosity of the nanofluids was measured by a rotational viscometer (DV–II+Pro with 

UL adapter, Brookfield, USA) with coaxial cylinder geometry. To measure the viscosity, a spindle’s 

speed of rotation is measured, as the viscous drag or resistance to flow is proportional to this speed. 

The experimental setup measures the torque required to rotate a spindle, an immersed element, in a 

fluid. In order to obtain extremely accurate viscosity, the test section is connected to a cooling bath 

(TC–502, Brookfield model, USA) with an accuracy of ± 0.5 ˚C to keep the temperature of the sample 

constant. This instrument provides the possibility of measuring the viscosities of both Newtonian and 

Non-Newtonian types of fluids. In this technique, the shear rates were measured at different rotating 

speeds which are controlled by Rheocalc 32 software. The schematic diagram for the DV–II+Pro 

viscometer with UL adaptor and the cooling bath are shown in Figure 9. 

It is noted that it is important to stir the sample prior to the test due to the substantial role of the 

homogeneity of the samples in the measurement. 

 

 

Figure 9. DV–II+Pro viscometer with UL adaptor and cooling bath [94] 
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4.3.	Thermal	Performance	of	the	Heat	Pipe	

According to the literature, it is found that most of the test rigs used to test the thermal performance of 

heat pipes are more or less of the same design and are merely modified in the areas where particular 

research is planned to be carried out. In this study, a test rig designed for the characterization and 

testing of heat pipes was employed, as shown in Figure 10. The test rig consists of a cooling system 

connected to the condenser section, a heating system connected to the evaporator section, a data 

acquisition system and the main test section.  

 

(a) 

(b) 

Figure 10. (a) Test rig setup and (b) schematic of the experimental apparatus 
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On the heating side, cartridge heaters evenly distributed through the copper blocks provide uniform 

heating in the evaporator section. It is necessary to ensure that good thermal contacts between the 

copper blocks, heat pipe and cartridge heater are applied. For this purpose, a thermal grease is applied 

to the interfaces between the copper blocks, heat pipe and cartridge heater. The heat is supplied via a 

power supply, while the power level is controlled via a power meter. On the cooler side, the condenser 

section was cooled by re-circulating water as a coolant in a closed loop combined with a constant-

temperature cooling bath and a flow meter to maintain a steady cooling condition in the condenser 

section. The cooling capacity of the system was measured by monitoring the inlet and outlet 

temperatures of the coolant using thermocouples embedded directly into each liquid stream as well as 

the flow rate of the coolant. The copper blocks, used as the heat source and heat sink in the 

evaporation and condensation sections, respectively, are shown in Figure 11. As shown in this figure, 

a special type of plastic called Delrin was chosen for the mounting brackets, as it does not act as a 

thermal conductor because of its poor thermal properties. For the heat pipe performance monitoring, 

the temperatures of the heat pipe wall surface were measured using K-type thermocouples as standard 

sensor probes. Thermocouples were attached to the evaporator, adiabatic and condenser sections by 

thermally but not electrically conductive epoxy. Details of the experimental equipment are listed in 

Table 11. 

 

(a) (b) 

Figure 11. (a) Heater blocks and (b) cold plates of the test rig 
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Table 11. Details of experiment setup 

Pump Gear pump (MCP-Z, Ismatec, Switzerland)  

Flow-meter Coriolis flow meter (CMFS015, Micromotion, Netherlands) 

Data acquisition system Agilent 34970A (Malaysia) 

Power supply 
DC power supply (PSI 9080-100, Elektro-Automatik GmbH, 

Germany) 

 

To minimize the heat losses, the heat pipes and the copper blocks were well insulated, so a very low 

transfer of heat occurred to the ambient. During the tests, the input power increased monotonically and 

the wall surface temperatures were recorded when the steady state was attained. 

The heat pipes tested in this study were made from copper at different lengths of 20 cm, 25 cm and 30 

cm, while the outer pipe diameter and thickness of the pipe wall were 6.35 mm and 0.71 mm, 

respectively. As a wick structure, two wraps of 150 Mesh with aperture size and wire diameter of 

0.106 mm and 0.063 mm, respectively, were employed and placed on the inner surface of the tube.  

An important issue related to the investigation of thermal performance of the heat pipe is to eliminate 

or at least minimize the influence of parameters other than those being studied. These parameters 

include the existence and volume of non-condensable gas, filling ratio and leakage rate. To increase 

the reliability and obtain reliable results in terms of the charge amount, leakage rate and pressure 

inside the tubes, most of the heat pipes used in this study were built, evacuated and filled at 

Thermacore Co., a well-known heat pipe manufacturer in Europe. In terms of the repeatability, it is 

reported by the manufacturer that the difference between performances of all similar heat pipes 

produced by the company is very small and can be neglected. So, in this study it was assumed that the 

improvement or deterioration of the performance of the heat pipes when using nanofluids was related 

to the use of the nanofluids, and the influence of other parameters was minimal. 
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4.4.	Characterization	techniques	

In this study, different techniques were employed for characterization of the materials. Using a variety 

of different techniques provides information about morphology, size, shape, stability region and 

crystal phase of the nanomaterials. The characterization of the nanomaterials was carried out by the 

project partners at Department of Materials and Nano Physics at KTH. These techniques include: 

 

Dynamic Light Scattering (DLS)- DLS analysis was performed to estimate the average dispersed 

size of the nanoparticles in the base liquid media. For this purpose, the Beckmann-Coulter Delsa Nano 

C system was utilized to analyse the size of solid particles in liquid media. 

 

Scanning electron microscopy (SEM)- In order to study the Microstructure and morphology of the 

nanoparticles, SEM analysis was carried out using FEG-HR Zeiss-Ultra 55 SEM system. 

 

Transmission electron microscopy (TEM)- TEM analysis of the nanoparticles was performed using 

JEOL 2100 at 200 kV acceleration voltages. 

 

X-Ray Diffraction analysis (XRD)- In order to identify and investigate the crystal structure of 

nanoparticles, XRD was carried out on a Philips X´pert pro super Diffractometer with Cu Kα source 

(λ=1.5418 Å). 

 

Zeta potential analysis- Zeta potential analysis of nanoparticles was performed for assessing the 

nanofluids stability using Beckmann-Coulter Delsa Nano C system. 
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4.5.	Uncertainty	Analysis	

4.5.1.	Thermal	conductivity	and	viscosity	

In order to check the validity and repeatability of the thermal conductivity and viscosity 

measurements, experimental results for distilled water were compared with the reference values from 

the International Association for the Properties of Water and Steam (IAPWS) [95, 96]. The results for 

the thermal conductivity and viscosity measurements are shown in Figure 12. According to the results, 

it is found that most of the experimental data are within 2% and 4% errors compared to the data from 

IAPWS for thermal conductivity and viscosity of distilled water, respectively. It was stated by the 

manufacturer of the TPS that the accuracy of the TPS instrument is better than 5%. 

 

 

(a) (b) 

Figure 12. (a) Thermal conductivity and (b) viscosity of distilled water at different temperatures 
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4.5.2.	Temperature	

Temperature, as an independent parameter, is one of the most important parameters in the calculation 

of thermal resistance of the heat pipes, and the accuracy of the temperature measurement has influence 

on the uncertainty of the calculations. To check the accuracy of the thermocouples, which were used 

for temperature measurement, a calibration bath (ISOTECH, 936 Hyperion Plus, UK) using the RTD 

probe 935–14–61/DB with accuracy better than 0.005 ˚C was employed. The accuracy of the 

thermocouples was calculated in the temperature range 293–333 K. According to the results, the 

differences between the temperature values of the thermocouples and probe were within ± 0.2 K. As 

an example, Figure 13 shows the results of such a measurement.  The temperature measured by the 

probe was 292.9 K, and the temperatures of the thermocouples were recorded in the steady state 

condition. 

 

Figure 13. Measurement by some of the thermocouples used in this study 
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4.5.3.	Thermal	characteristics		

To acquire reliable results, it is necessary to calculate the uncertainties of the quantities, parameters 

studied, based on the accuracy of the instruments which were used for the measurement. In this study, 

the uncertainties in the measurement of the heat input, thermal resistance, heat flux and heat transfer 

coefficient are calculated as [81]: 

 

 

 

 

The maximum uncertainties of the voltage and the current were found to be 0.1%, stated by the 

manufacturers. Also, the uncertainty of the heating area was found to be 0.7%. The energy balance 

between the heat source and the heat sink was measured so as to calculate the percentage of the heat 

which was dissipated from the condenser section. The uncertainties of the heat loss and wall superheat 

were found to be less than 5% and 2%, respectively, provided by the test rig manufacturer. Therefore, 

the maximum uncertainties of the heat input, thermal resistance, heat flux and heat transfer coefficient 

are 5.2%, 7.2%, 5.9% and 7.9%, respectively. 
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5. Results and discussion 

 

 

This chapter provides the experimental results and discussion for the heat transfer characteristics of the 

heat pipes when using nanofluids. The characterization and properties of the nanofluids and also the 

influence of the use of nanofluids on the thermal resistance, critical heat flux and heat transfer 

coefficient of the heat pipes at different operating conditions will be presented, and the results will be 

discussed in this chapter. 

 

5.1.	Nanofluids	–	Characterization	and	properties	(Papers	1,	2	and	3)	

As the thermal performance of a heat pipe relies heavily on the characterization and properties of the 

working fluid, the characterization, rheological and thermal properties of the nanofluids are described. 

The nanofluids employed and tested in this thesis include water/Ag, water/SiC, water/Al2O3, 

water/TiO2 and diethylene glycol (DEG)/Cu nanofluids.  

The nanofluids used in the heat pipes as the working fluids were fabricated using the two-step method 

in which the particles are produced and then dispersed in the base liquid. A deficiency of the two-step 

method is that the nanoparticles tend to agglomerate during storage and dispersion. To overcome this 

issue, surfactant can be employed to have more stable suspensions. As surfactants themselves have 

influences on the rheological and thermal properties of the nanofluids, they were only used in some 

nanofluids for which higher agglomeration rates were expected, according to the project partners’ 

recommendations. In addition, the morphology, particle size and the hydrodynamic size of the 

nanoparticles in water media were analysed and studied. It is noted that, in one case, the DEG/Cu 

nanofluid, one-step method, in which the nanoparticles are synthesized in the base fluid, was used to 

show the influence of the preparation method on the properties of the nanofluid. 

Different parameters including temperature, surface modifier, base liquid, fabrication method as well 

as particle loading, morphology and crystal structure can influence the thermal properties of the 

nanofluids. In this thesis, the effects of particle loading, temperature and fabrication method on 

thermal conductivity and viscosity of the nanofluids are investigated. 
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Water/Ag	Nanofluid	

Silver nanoparticles were purchased and used to fabricate water based nanofluids at a mass 

concentration of 0.25%, 0.5% and 0.75% using the two-step method. Morphology and hydrodynamic 

size distribution were analysed using TEM and DLS, respectively. As shown in Figures 14 and 15, the 

Ag nanoparticles have a spherical morphology, with an estimated average size of 30 nm, while the 

hydrodynamic size of the Ag nanoparticles in water was estimated to be in the range of 15 nm – 650 

nm with an average hydrodynamic size of 165 nm. As expected, there is a difference between the sizes 

for Ag nanoparticles investigated by TEM and DLS which can be due to the presence of aggregated 

Ag nanoparticle in water because of the fabrication process of Ag nanofluids. 

 

Figure 14. TEM image of silver nanoparticles 

 

 

Figure 15. Particle size distribution of silver nanoparticles in water media 
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Thermal conductivity and viscosity of water/Ag nanofluids are listed in Table 12, and the 

experimental results are compared with the Maxwell and Einstein correlations, respectively. 

According to the results, the thermal conductivity of the nanofluids increased by 6%, 8% and 9% at 

nanoparticles concentrations of 0.5 wt.%, 1wt.% and 2 wt.%, respectively while the viscosity of the 

nanofluids increased about 3% at all three concentrations. Comparing the results to the predicted 

values, it is observed that the Maxwell and Einstein correlations underestimated the thermal 

conductivity and viscosity of water/Ag nanofluids at tested concentrations. 

 

Table 12. Thermal conductivity and viscosity of water based silver nanofluid (293 K) 

Concentration 
Thermal Conductivity (W/m.K)  Viscosity (Pa.s) 

Exp. Maxwell  Exp. Einstein 

Base fluid 0.598 -  1.003 10-3 - 

0.5 wt.% 0,638 0.5988  1.0318 10-3 1.0042 10-3 

1 wt.% 0.645 0.5997  1.0321 10-3 1.0054 10-3 

2 wt.% 0.652 0.6014  1.0325 10-3 1.0078 10-3 

	

	

Water/SiC	Nanofluid	

Water based silicon carbide nanofluids with the mass concentration of 0.35 %, 0.70 % and 1.0 % alpha 

type crystal structure (α-SiC) nanoparticles were fabricated. The two-step method was used as the 

preparation technique to fabricate the nanofluids. For this purpose, α-SiC nanoparticles were dispersed 

in distilled water, and the suspension was mixed by ultrasonic mixing and the pH of nanofluids was 

adjusted. As shown in Figure 16, the stability region and the optimum pH value of the nanofluids were 

studied using zeta potential analysis in the pH region from 2 to 10. The iso-electric point (IEP) of α-

SiC nanoparticles was found to be around pH 4, at which, the agglomeration and precipitation of α-

SiC nanoparticles are observed. It is observed that the most stable dispersion was achieved at pH 9.5 

with a very high negative surface charge of -44.5 mV. Hence, this value is chosen as the optimum pH 

for nanofluid formulations. It is noted that the use of surfactant/surface modifiers was strictly avoided. 

X-ray diffraction (XRD) analysis was carried out to identify the crystal phase of the SiC nanoparticles. 

As shown in Figure 17, the powder XRD pattern of SiC nanoparticles was indexed for hexagonal 

crystal structure of SiC (JCPDS # 01-073-1663), namely α-SiC. 
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Figure 16. Zeta potential as a function of pH for α-SiC 
nanoparticles in water 

Figure 17. (a) XRD pattern of α-SiC nanoparticle 

 

Figure 18 shows the morphology of the α-SiC nanoparticles, analysed by SEM. A wide size dispersion 

was observed, which makes it difficult to estimate the size of α-SiC nanoparticles, however, a rough 

estimation was carried out by counting more than 200 particles resulting in an average particle size of 

115±35 nm. DLS analysis was performed in order to estimate the dispersed size of α-SiC nanoparticles 

in the base liquid. As shown in Figure 19, a wide range of particle size distribution, from 150 to 4500 

nm, with an average peak value of ~1290 nm was achieved.  

 

 

Figure 18. SEM micrograph of α-SiC 
nanoparticle 

Figure 19. Particle size distribution of α-SiC nanoparticles 
in water media 

 

Thermal conductivity, viscosity, density and specific heat of water/SiC nanofluids are presented in 

Figure 20. Thermal conductivity, viscosity and density of the nanofluids increased with increasing 
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nanoparticles concentration, and the viscosity increase is higher than the thermal conductivity and 

density increases at all concentrations. Also, the calculation of the specific heat showed a linear 

decrease in specific heat with increasing nanoparticles concentration. 

 

Figure 20. The effect of α-SiC nanoparticle weight fraction on the properties of nanofluids 

	

Water/TiO2	Nanofluid	

Water based TiO2 nanofluid was produced by Evonik AG and the pH was adjusted to 6.7. The 

morphology and primary particle size were determined by TEM analysis, and the hydrodynamic size 

of the nanoparticles was analysed by DLS. According to Figure 21, TiO2 particles were observed to 

have polygonic morphologies with the particle size in the range of 15 nm – 50 nm. Also, as shown in 

Figure 22, the hydrodynamic particle size distribution is found to be between 50 nm and 400 nm, with 

an average hydrodynamic size of 120 nm. 
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Figure 21. TEM images of TiO2 nanoparticles 
 

Figure 22. Particle size distribution of TiO2 
nanoparticles in water media 

The thermal conductivity and viscosity ratios of the nanofluids, knf/kbf, at room temperature are 

presented in Table 13. It is found that the viscosity increase is much higher than the thermal 

conductivity increase at the same concentrations. The thermal conductivity of the water/ TiO2 

nanofluid increased up to 9.3%, while the viscosity increased up to 48.4% at mass concentration of 

15%. 

Table 13. Thermal conductivity and viscosity ratios of the nanofluids  

Nanofluid Concentration knf/kbf µnf/µbf  

Water/TiO2 

3 wt.% 1.018 1.102  

6 wt.% 1.036 1.182  

9 wt.%  1.058 1.276  

15 wt.% 1.106 1.484  

	

	

Water/Al2O3	Nanofluid	

Water based alumina nanofluids were fabricated by the two-step method while using Silane as the 

surface modifier. The nanoparticles size and morphology were analysed using TEM and the 

hydrodynamic, or dispersed, size of Al2O3 particles was determined using DLS. As shown in Figure 

23, Al2O3 particles have polygonic morphologies with a particle size in the range of 100 nm – 200 nm. 

DLS analysis showed a dispersed particle size in the range of 100 nm – 400 nm, with the average 

hydrodynamic size of 235 nm, as observed in Figure 24.  
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Figure 23. TEM images of alumina nanoparticles Figure 24. Particle size distribution of alumina 
nanoparticles in water media 

 
 

The measured thermal conductivity of Al2O3 nanofluids and the enhancement in the temperature range 

20 oC – 50 oC and in the concentration range 0 – 50 wt.% are shown in Figure 25. The thermal 

conductivity of the nanofluids increased with increasing temperature and nanoparticles concentration. 

The experimental results revealed that the thermal conductivity increase of the Al2O3 nanofluid is 

almost independent or at least has a weak relation to the temperature at different concentrations. The 

viscosity and viscosity increase of the Al2O3 nanofluids at different temperatures and concentrations 

are shown in Figure 26. Results revealed that the viscosity of the nanofluids increased significantly 

with increasing particles loading, but decreased with increasing temperature. Also, it is found that the 

viscosity enhancement for these nanofluids is not temperature-dependent, and it is almost constant at 

each concentration. Finally, it is observed that the viscosity increase is much greater than the thermal 

conductivity increase for the tested nanofluids. 
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(a) (b) 
Figure 25. (a) Thermal conductivity of Al2O3-water nanofluid and (b) the thermal conductivity enhancement 

at different concentrations and temperatures 

 

 

(a) (b) 
Figure 26. (a) Viscosity of Al2O3-water nanofluid and (b) the viscosity enhancement at different 

concentrations and temperatures 
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DEG/Cu	Nanofluid	

Two different diethylene glycol based copper nanofluids were fabricated using one and two-step 

methods. In the one-step method, microwave-assisted heating was employed to form copper 

nanoparticles in diethylene glycol directly. Uniform heating of reagents and solvent and also 

accelerating the nucleation of metal clusters were provided using this technique which lead to 

monodispersed nanostructures. In the two-step method, copper nanoparticles, purchased from Alfa 

Aesar, Germany, were dispersed in a known weight of diethylene glycol while surfactant was avoided. 

Then, ultrasonic mixing of the suspension was performed for 25 minutes to prepare stable nanofluids. 

The morphology and primary particle size were determined by SEM analysis, and the micrographs 

were shown in Figure 27. The hydrodynamic size of the nanoparticles was analysed by DLS as shown 

Figure 28.  

 

(a) (b) 
Figure 27. SEM micrographs of copper nanoparticles used in (a) one-step and (b) in two-step methods 

preparation techniques 
 
 

 
 

(a) (b) 
Figure 28. Particle size distribution of copper nanoparticles in water used in (a) one-step and (b) in two-step 

methods preparation techniques 
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SEM micrographs revealed that the copper nanoparticles have spherical morphology. The average 

estimated primary particle size of the copper nanoparticles used in the one-step method was 75±25 

nm, while it was in the range of 20 nm–40 nm for the copper nanoparticles used in the two-step 

method. Also, DLS analysis revealed that the size of the copper nanoparticles in the nanofluid made 

by the one-step method was in the range of 180 nm-700 nm with an average of 360 nm. For the copper 

nanoparticles made by the two-step method, the hydrodynamic particle size distribution was found to 

be between 40 nm and 1600 nm, with the average hydrodynamic size of 420 nm.  

The thermal conductivity and viscosity ratios of DEG/Cu nanofluids are shown in Figure 29. It is 

observed that the thermal conductivity of DEG/Cu nanofluids made by the one-step method was 

higher than that made by the two-step method for all tested concentrations. Comparing the viscosity of 

the nanofluids made by the one-step and two-step methods, it is found that nanofluids made by the 

one-step method had a higher viscosity than nanofluids made by the two-step method. Although the 

increase in viscosity for the nanofluids made by the one-step method is higher than the viscosity 

increase for nanofluids made by the two-step method, the thermal conductivity enhancement for the 

nanofluids made by the one step method, compared to the two-step method, is much greater than their 

viscosity increment. For example, the enhancement in thermal conductivity of the nanofluid with mass 

fraction of 1.6 % made by the one-step method is around 2.5 times higher than that for the nanofluid 

with a mass fraction of 3% made by the two-step method, while their viscosity increases are nearly the 

same. 

 

 

(a) (b) 

Figure 29.  (a) Relative thermal conductivity and (b) relative viscosity of DEG/Cu nanofluids 
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5.2.	 Influence	 of	 nanoparticles	 concentration	 on	 thermal	 performance	 of	 heat	 pipe	
(Papers	4,	5	and	6)	

Thermal resistance of the heat pipes when using water/Ag and water/SiC nanofluids at different heat 

loads is shown in Figure 30. The thermal resistance of the heat pipes decreased with increasing 

nanoparticles concentration. In this heat load range, the thermal resistance of the heat pipe when using 

nanofluid is almost independent of the heat load, especially at higher heat loads. However, for the heat 

pipe when using water, the thermal resistance decreased with increasing heat load at the beginning and 

then remained almost constant.  

The average thermal resistance of the heat pipes when using water/Ag nanofluids decreased by 3%, 

10% and 19% at mass concentrations of 0.25%, 0.5% and 0.75%, respectively compared to water, 

while the reduction of the thermal resistance of the heat pipes when using water/SiC nanofluids is 

found to be around 11%, 21% and 30% at mass concentrations of 0.35%, 0.7% and 1.0%, respectively. 

 

(a) (b) 

Figure 30. Thermal resistance of the heat pipes using (a) water/Ag and (b) water/SiC nanofluids 

 

As presented in section 5.1, the thermal conductivity of the nanofluids increased with increasing 

concentration of nanoparticles. Another influence of the use of nanoparticles is that they alter the 

characteristics of the evaporator. Figure 31 displays SEM images of the evaporator wick surface with 

and without the presence of nanoparticles. A nano-porous layer formed on the surface of the wick at 

the evaporator section for the heat pipes when using nanofluids. The presence of such a layer has a 

significant effect on the thermal performance of the heat pipes which will be explained 

comprehensively later in this chapter. 
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The evaporator heat transfer coefficient, HTC, calculated by eq. 2, of the heat pipes when using 

water/SiC nanofluid is shown in Figure 32. The results demonstrate that the heat transfer coefficient of 

the evaporator increased up to roughly 40% with water/SiC nanofluid at mass concentration of 1.0%. 

Also, a fluctuation in the heat transfer coefficient trends with heat flux is observed when nanofluid is 

used as the working fluid which can be a result of the time-dependent alteration of the characteristics 

of the evaporator surface at the presence of nanoparticles. 

  

(a) (b) 

  

(c) (d) 

Figure 31. SEM images of the evaporator wick surface (a) without and (b) with water/Ag nanofluids and (c) 

without and (d) with water/SiC nanofluids 
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Figure 32. Evaporator heat transfer coefficient of the heat pipes with water and water/SiC nanofluids  

As there are many parameters affecting the thermal performance of a heat pipe when using nanofluid, 

it is really difficult to predict the improvement or deterioration in the thermal performance, precisely. 

These parameters include the properties and characteristics of the nanofluid, presence of non-

condensable gas, heat pipe dimension and geometry, etc. Mousa [97] proposed an empirical relation to 

predict the percentage of the thermal resistance reduction of the heat pipes when using nanofluids 

compared to base liquid.  

RR = (0.84ϕ – 0.3ϕ2 )*100 

where ϕ and RR are volume concentration of nanoparticles and the percentage of the thermal 

resistance reduction, respectively. According to the correlation, the thermal resistance of the heat pipes 

when using nanofluids decreases with increasing nanoparticles concentration. Although it is a second 

order curve, the reduction in the thermal resistance is almost linear at very low concentrations of 

nanoparticles and then by increasing the nanoparticles concentration, it gradually decreases. The 

comparison between the experimental thermal resistance reduction of the heat pipes when using 

water/Ag nanofluids and the predicted values is shown in Figure 33. It was reported by the author that 

the relative error of the empirical relation is around 12%. But, our results showed that the empirical 

correlation underestimated the thermal resistance reduction of the heat pipes dramatically, especially at 

higher nanoparticles concentrations. The maximum difference between the measured thermal 

resistance reduction and the values predicted by the empirical correlation was found to be around 65%. 
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Figure 33. Comparison between empirical relation [97] and experimental thermal resistance reduction of the 

heat pipes when using water/Ag nanofluids 

 

Effective thermal conductivity of the heat pipes when using water/SiC nanofluids, calculated by eq. 4 

and using measured thermal resistance of the heat pipes when using nanofluids at different 

concentrations of nanoparticles is shown in Figure 34. The effective thermal conductivity of the heat 

pipes increased with increasing nanoparticles concentration. Also, at each concentration, the effective 

thermal conductivity of the heat pipes increased gradually with increasing heat flux and then remained 

almost constant.  

 

Figure 34. Effective thermal conductivity of the heat pipes when using water/SiC nanofluids 
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To investigate whether nanofluid has only positive influence on thermal performance of the heat pipes, 

nanofluids with much higher concentrations of nanoparticles were used as the working fluid of the 

heat pipes. The wall temperature at evaporator section of the heat pipes when using water/Al2O3 

nanofluids at mass concentrations of 5% and 10% is shown in Figure 35. From the results, it is 

apparent that the evaporator wall temperature of the heat pipe when using 5wt.% water/Al2O3 

nanofluid is lower than that of the heat pipe when using water. In contrast, using 10 wt.% of 

water/Al2O3 nanofluid increased the evaporator wall temperature compared to water.  

Figure 36 shows the overall thermal resistance of the heat pipes when using water/Al2O3 nanofluids. 

Results indicate that the overall thermal resistance of the heat pipes is noticeably affected by the 

concentration of the Al2O3 nanoparticles. The overall thermal resistance of the heat pipe decreased by 

up to 24% with 5 wt.% water/Al2O3 nanofluid, but, increased around 206% with 10 wt.% Al2O3 

nanofluid. The apparent discrepancy between heat transfer capability of the heat pipes with 5 wt.% and 

10 wt.% of water/Al2O3 nanofluids may be caused by the difference in the nature of the wick surface in 

these two cases. 

 

 

  

Figure 35. The evaporator wall temperature of the 
heat pipes when using water/Al2O3 nanofluids 

Figure 36. The thermal resistance of the heat pipes 
when using water/Al2O3 nanofluids 
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Figure 37 shows the SEM images of the evaporator wick surface for the heat pipes with and without 

water/Al2O3 nanofluids. It is apparent that the nano-porous layers formed on the surface of the wicks at 

evaporator sections for the heat pipes with 5 wt.% and 10 wt.% are different in surface roughness, pore 

size and density aspects. For the heat pipe with 5 wt.% Al2O3 nanofluid, the porous layer can spread 

the liquid on the heated surface and provide additional active heat transfer area which can results in 

higher heat transfer coefficient. But, for the heat pipe with 10 wt.% Al2O3 nanofluid, a thick layer may 

provide extra thermal resistance at the evaporator. Also, the probability of partial detachment of the 

coated layer increases due to the weak adhesion of the nanoparticles in the layer. Aggregated 

nanoparticles and detached particles may block the liquid passage in the wick which prevents the 

liquid return from the condenser to the evaporator and decreases the heat transfer coefficient of the 

evaporator as a consequence.  

 

 

(a) (b) (c) 

Figure 37. SEM images of the evaporator wick surface (a) before testing with nanofluid and after testing with (b) 

5 wt.% and (c) 10 wt.% water/Al2O3  nanofluids 

 

5.3.	 Analytical	 investigation	 of	 thermal	 performance	 of	 heat	 pipes	 using	 nanofluid	

(Papers	7	and	8)	

Analytical results, obtained from thermal resistance network analysis presented in section 3, are 

compared to those of the experimental study for the heat pipes with and without nanofluids. The 

comparison between experimental results and analytical thermal resistance is shown in Figures 38 and 

39. It is noted that the influence of two-phase heat transfers at evaporator and condenser sections on 

overall thermal resistance of the heat pipes is not taken into consideration in the model proposed by 

Shafahi et al. [87]. In their model, the influence of nanofluids on thermal performance of the heat 

pipes appears only on the reduction of thermal resistance of the wick structure by increasing the 

effective thermal conductivity of the wick structure. The analytical results shown in Figure 38 are 
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obtained from Shafahi et al. [87] model. From Figure 38, it is observed that the analytical results are 

independent of the heat load. Moreover, the analytical model predicted the average thermal resistance 

of the heat pipes when using water and water/Al2O3 nanofluid at mass concentration of 5% with 

almost acceptable accuracy. 

 

(a) (b) 

Figure 38. Thermal resistance of heat pipes using (a) water and (b) water/Al2O3 nanofluid at 5wt.% 
 

As presented in Appendix B, an analytical model for heat transfer coefficient at liquid-vapour interface 

at evaporator and condenser for grooved wick heat pipes was employed to investigate the influence of 

forming a layer of nanoparticles on the surface of the wick in the evaporator section. The results 

presented in Figure 39 are related to the grooved wick heat pipes in which the nanoparticles formed a 

porous layer on the surface of the evaporator, and it is assumed that a composite wick structure was 

provided. As shown in Figure 39, the experimental and analytical results indicate that the thermal 

resistance of the heat pipes when using water/Al2O3 and water/TiO2 nanofluids decreased with 

increasing nanoparticles concentration at the concentration range tested. According to the results, the 

analytical model overestimated the thermal resistance of the heat pipes when using nanofluids.  
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(a) 

 
(b) 

Figure 39. Thermal resistance of the heat pipes using (a) water/Al2O3 and (b) water/ TiO2 nanofluids (Q=25W) 

 

Liquid pressure drop along the heat pipe operated at horizontal state, calculated analytically using eq. 

6, is shown in Figure 40. The liquid pressure drop depends on the liquid viscosity and density. The 

viscosity and density of the nanofluids increase with increasing nanoparticles concentration. But, these 

two properties have the opposite influence on liquid pressure drop. The shear stress decreases with 

increasing density because of the reduction in liquid velocity. In contrast, higher viscosity results in 

higher shear rate and pressure drop along the wick. For the heat pipe when using 5 wt.% water/Al2O3 

nanofluid, the increase in the viscosity surpassed the effect of increased density, leading to a larger 

pressure drop compared to water. 

 

Figure 40. Liquid pressure drop along the heat pipe with and without nanofluid 
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According to the literature, the characteristics of the wick as well as thermal conductivity of the 

working fluid have influences on the thermal performance of the heat pipes. Thermal conductivity of 

the working fluid affects the effective thermal conductivity of the wick structure and consequently the 

overall thermal resistance of the heat pipes. The overall thermal resistance of the heat pipes as a 

function of the thermal conductivity of the nanofluids and porosity of the wick structure is shown in 

Figure 41 (a). Using nanofluid with higher thermal conductivity results in higher effective thermal 

conductivity of the wick and lower thermal resistance of the heat pipe. 

Also, Figure 41 (b) shows the overall thermal resistance of the heat pipe when using 5 wt.% 

water/Al2O3 nanofluid as a function of the porosity and thickness of the wick. The overall thermal 

resistance of the heat pipes increased with increasing wick thickness. By increasing the wick thickness 

the radial conductive thermal resistance of the wick structure increases and the increase of the overall 

thermal resistance of the heat pipe is more dominant at higher wick thickness. In terms of porosity, as 

the thermal conductivity of the wick matrix material is higher than the thermal conductivity of the 

liquid, the effective thermal conductivity of the wick decreased with increasing porosity. So, an 

increase in the porosity of the wick results in higher thermal resistance of the heat pipe. 

 

 

 

  

(a) (b) 

Figure 41. Thermal resistance of the heat pipe as a function of (a) porosity of the wick and thermal conductivity 

of the working fluid and (b) porosity and thickness of the wick 
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5.4.	Influence	of	operating	conditions	on	thermal	performance	of	the	heat	pipes		

5.4.1.	Effect	of	inclination	angle	(Papers	5	and	6)		

The relative evaporator heat transfer coefficients of the inclined heat pipes when using water/SiC and 

water/Ag nanofluids are shown in Figures 42 and 43, respectively. The relative evaporator heat 

transfer coefficient is defined as the ratio between evaporator heat transfer coefficient of inclined heat 

pipes with nanofluid and that of the horizontal heat pipe with water, HTCnf,θ
o

 / HTCw,0
o. It is apparent 

that the inclination angle has an influence on the heat transfer performance of the evaporator. The 

inclination angles tested in this study were between 0o and 90o, and the condenser of the heat pipes 

was placed at a higher level than the evaporator. It is found that, for all heat pipes with and without 

nanofluids, the evaporator heat transfer coefficients of the inclined heat pipes were higher than the 

evaporator heat transfer coefficient of the heat pipe in a horizontal state. In addition, the inclination 

angle of 60o is found to be the tilt angle which gives the best performance of the evaporator of the heat 

pipes. 

 

 

 

Figure 42. Relative evaporator heat transfer coefficient as a function of inclination angle for the heat pipes with 

water/SiC nanofluids  

 

 



67 
 
 

 

Figure 43. Relative evaporator heat transfer coefficient for the heat pipe with 0.75 wt.% water/Ag nanofluid 

 

It is observed that the evaporator heat transfer coefficient increased with increasing inclination angle 

from the horizontal state to the tilt angle of 60o, and beyond the tilt angle of 60o, the evaporator heat 

transfer coefficient decreased. Also, results revealed that the heat flux has only a weak influence on 

the relative evaporator heat transfer coefficient of the heat pipes, but the inclination angle can affect 

the evaporator heat transfer coefficient. The average increase in the evaporator heat transfer coefficient 

of inclined heat pipes when using water/Ag nanofluids compared to the horizontal state with pure 

water was found to be around 18%, 22% and 9% at 30o, 60o and 90o, respectively. 

The relative thermal resistance of the heat pipes when using water/SiC and water/Ag nanofluids is 

shown in Figures 44 and 45, respectively. The relative thermal resistance of the heat pipe is defined as 

the ratio of the thermal resistance of inclined heat pipes with nanofluids to that of the horizontal heat 

pipe with base fluid, Rnf,θ
o
 / Rw,0

o. Similar to the relative heat transfer coefficient of the evaporator, the 

lowest thermal resistance of the heat pipes occurred at an inclination angle of 60o. A maximum 

reduction of around 35% in the thermal resistance of the heat pipe at an inclination angle of 60o is 

observed for the heat pipes when using water/SiC and water/Ag nanofluids. 
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Figure 44. Relative thermal resistance as a function of inclination angle for the heat pipes with water/SiC 

nanofluids 

 

 

Figure 45. Relative thermal resistance as a function of inclination angle for the heat pipes with water/Ag 

nanofluids 

 

The overall thermal resistance of the inclined heat pipe is mainly affected by the gravitational force’s 

influence on the speed of the backflow from the condenser to the evaporator of the heat pipe. By 

increasing the inclination angle, the condensed liquid at the condenser flows back to the evaporator at 

higher speed, as the gravity effect assists the capillary action of the wick in circulating the working 

fluid at higher speed. In addition to the positive effect of the gravitational force on circulating the 

liquid at higher speed, it may have a negative influence on the thermal performance of the heat pipe. It 
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is observed that for inclination angles from a horizontal state to 60◦, the gravitational force encourages 

the liquid flows from the condenser to the evaporator at higher speed, which may lead to improved 

performance of the heat pipes, as more liquid is supplied at the evaporator. More liquid in the 

evaporator can wet dry and hot points at the evaporator and consequently larger active heat transfer 

area can be provided which leads to higher heat transfer coefficient. For higher inclination angle than 

60o it is observed that much more liquid supplied at the evaporator as a result of very higher inclination 

angle may affect the performance of the evaporator by increasing the radial thermal resistance of the 

evaporator because of the thicker liquid film at the evaporator. Also, it is reported in the literature that 

increasing the inclination angle affects the heat exchange time at the condenser negatively[81-85].This 

is the reason for the existence of an optimum inclination angle for the best thermal performance of the 

heat pipes.  

Effective thermal conductivity of the heat pipes when using water/Ag nanofluids at different 

inclination angles, calculated by eq. 4, is shown in Figure 46. The effective thermal conductivity of the 

heat pipes increased with increasing concentration, and the best performance was observed at the 

inclination of 60o. For the heat pipe when using 0.75 wt.% water/Ag nanofluid and at an inclination 

angle of 60o, the effective thermal conductivity is found to be around 2500 W/m.K which is more than 

6 times greater than the thermal conductivity of the copper rods. 

 

 

 

 

Figure 46. Effective thermal conductivity of the heat pipes when using water/Ag nanofluids  
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5.4.2.	Effect	of	alternating	heat	fluxes	(Paper	4)	

In order to acquire a better understanding of the influence of the nanofluids on thermal performance of 

the heat pipes in electronic devices in which the power density changes over time during their 

operations, some tests were conducted to study the effect of alternating heat fluxes. The heat input was 

increased and then decreased consecutively, and the thermal performance of the heat pipes was 

investigated. Figure 47 shows the wall temperature of the evaporator for the heat pipes when using 

water and water/Al2O3 nanofluids at increasing and decreasing heat fluxes. The evaporator wall 

temperature of the heat pipe when using 5 wt.% water/Al2O3 nanofluid is lower than that of the heat 

pipes when using water and 10 wt.% water/Al2O3 nanofluid at increasing and decreasing heat fluxes.  

Generally speaking, the heat transfer coefficient at the evaporator of a heat pipe is affected by the heat 

flux.  

For the heat pipe when using water, the evaporator wall temperature at decreasing heat flux is greater 

than at increasing heat flux. It can be due to the possibility of the generation of small bubbles at 

moderate heat fluxes which may have an influence on thermal behaviour of the evaporator. If bubble 

formation occurs at the evaporator, the risk of the creation of hot spots and occurrence of the dry-out 

will increase. It may affect the liquid return from the condenser to the evaporator. So, it can explain 

the higher temperature of the evaporator at decreasing heat flux compared to the increasing heat flux.  

The bubbles which may generate during increasing heat fluxes can remain, so, during decreasing heat 

fluxes, such bubbles can cause local dry-out and hot spots at the evaporator which increases the 

evaporator wall temperature during decreasing heat fluxes compared to increasing ones. 

For the heat pipe with 5 wt.% of water/Al2O3 nanofluid, the evaporator wall temperatures with 

increasing and decreasing heat fluxes are almost the same. As we know, the thermal performance of 

the evaporator is affected by different parameters, including the properties of the working fluid, the 

characteristics of the heated surface and the operating conditions. The presence of the nano/micro-

porous layer on the surface of the evaporator and its characteristics has influence on the evaporator 

heat transfer coefficient. Such a layer can increase the heat transfer coefficient and also eliminate the 

problem of the bubble generation by generating smaller bubbles as the nucleation site density 

increases which do not lead to local dry-out, and also by bombarding the vapour bubbles during their 

formation with nanoparticles [67]. Hence, the thermal behaviour of the evaporator is strongly 

dependent on the characteristics of the porous layer. For the heat pipe with 5 wt.% of water/Al2O3 

nanofluid, the experimental results depict that the evaporator wall temperature is independent of the 

heat flux alternation.  
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(a) (b)  (c)  

Figure 47. The evaporator wall temperature of the heat pipe using (a) DW, (b) 5wt% water/Al2O3 and (c) 10wt% 

water/Al2O3 nanofluids at increasing and decreasing heat fluxes 

 

For the heat pipe with 10 wt.% water/Al2O3 nanofluid, the evaporator wall temperature is found to be 

higher at decreasing heat flux than in the increasing step. As shown in Figure 37, the nature of the 

wick surface at the evaporator of the heat pipe with 10 wt.% water/Al2O3 nanofluid is different from 

that of the heat pipe with 5 wt.% water/Al2O3 nanofluid. So, the benefits of the presence of 

nanoparticles in such a way described for 5 wt.% water/Al2O3 nanofluid is not expected for 10 wt.% 

water/Al2O3 nanofluid. The formation of the porous layer and also partial detachment of this layer are 

time-dependant, so, the probability of the partial detachment increases with time as thicker wick is 

provided with time. Partial detachment of the layer during decreasing heat flux can affect the heat 

transfer negatively.   

Figure 48 shows the evaporator heat transfer coefficient ratios of the heat pipes when using nanofluids 

and water, HTCnf / HTCw, at increasing and decreasing heat fluxes. The heat transfer coefficient of the 

heat pipe when using 5 wt.% water/Al2O3 nanofluid at decreasing heat flux is higher than at increasing 

heat flux, while for the heat pipe when using 10 wt.% water/Al2O3, it remains almost constant at 

increasing and decreasing heat fluxes. The evaporator heat transfer coefficient ratios for the heat pipe 

when using 10 wt.% water/Al2O3 nanofluid drops below unity, which means that utilizing 10 wt.% 

water/Al2O3 nanofluid instead of water is not a good choice to improve the thermal performance of the 

heat pipe. Although there is no temperature difference for increasing and decreasing heat flux for the 

heat pipe when using 5 wt.% water/Al2O3 nanofluid, as shown in Figure 47 (b), it is found that the heat 

transfer coefficient of the evaporator at increasing and decreasing heat flux is not the same for this 

case. The reason is due to the influence of nanoparticles on the temperature of the adiabatic section, 

which is used for calculation of the heat transfer coefficient of the evaporator, as presented in eq. 2. It 

is reported in the literature that the nanoparticles can form a porous layer on the adiabatic section, 

especially in the area close to the evaporator [98]. Due to weak adhesion of the nanoparticles and 

partial detachment of nanoparticles, the wall temperature in the adiabatic section may change, which 
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results in the changes of the heat transfer coefficient of the evaporator. A similar explanation can be 

used for the differences of the results for the heat transfer coefficient of the evaporator for the heat 

pipe when using 10 wt.% water/Al2O3 nanofluid.  

 

Figure 48. Evaporator heat transfer coefficient ratio of heat pipes using water/Al2O3 nanofluid 

The comparison between the thermal resistances of the heat pipes when using water and water/Al2O3 

nanofluids at increasing and decreasing heat fluxes is shown in Figure 49. It is found that the thermal 

resistances of the heat pipes when using water and 10 wt.% water/Al2O3 nanofluid have almost the 

same trend, in which the thermal resistance at increasing heat flux is lower than that at decreasing heat 

flux. In contrast, the thermal resistance of the heat pipe when using 5 wt.% water/Al2O3 nanofluid at 

decreasing heat flux is lower than increasing heat flux, and a reduction of up to 10% in the thermal 

resistance at decreasing heat flux compared to the increasing step is observed. 

 

(a) (b) (c) 

Figure 49. The thermal resistances of the heat pipes using (a) DW, (b) 5wt% water/Al2O3 and (c) 10wt% 
water/Al2O3 nanofluids at increasing and decreasing heat input 
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5.5.	 Influence	 of	 concentration	 of	 nanofluids	 on	 maximum	 heat	 flux	 of	 heat	 pipes					

(Papers	5	and	6)	

Experimental results revealed that using nanofluid as the working fluid has a remarkable influence on 

the amount of heat which can be transferred through a heat pipe. The effect of the concentration of the 

SiC nanoparticles on the maximum heat flux of the heat pipes is shown in Figure 50 (a). The relative 

maximum heat flux is the ratio of the maximum heat flux of the heat pipe when using nanofluid to that 

of the heat pipe when using water. According to the results, the maximum heat flux of the heat pipes 

increased around 15%, 22% and 29% at mass concentration of 0.35%, 0.7% and 1.0%, respectively 

compared to water. 

Figure 50 (b) shows the relative maximum heat flux of the heat pipes when using water/Ag nanofluids. 

The relative maximum heat flux increased with increasing nanoparticle concentration, but, has a weak 

relation to the inclination angle. The maximum heat removal capacity of the heat pipes when using 

water/Ag nanofluids increased around 18%–32% compared to water. The great potential for the 

nanofluid to increase the heat transfer capability compared to the base liquid can be explained by the 

improvement of the thermophysical properties of the nanofluids with temperature and the changes of 

the characteristics of the evaporator surface by forming a nano-porous layer on the heated surface. 

Such a layer can spread the liquid on the heated surface by providing a pumping effect to pull more 

liquid onto the surface of the wick. This layer can also reduce the contact angle between the wall of 

the wick and the working fluid which increases the capillary force, and these two effects prevent dry-

out in the evaporator and enhance the maximum heat flux. 

 

 

  

(a) (b) 
Figure 50. Relative maximum heat flux of the heat pipes when using (a) water/SiC in a horizontal state and (b) 

water/Ag nanofluids at different inclination angle 
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5.6.	Entropy	generation	analysis	of	the	heat	pipes	when	using	nanofluids	(Paper	8)	

As described in section 3.4, there are three different sources of entropy generation in a heat pipe. 

According to the second law of thermodynamics, the entropy is generated due to the temperature 

difference between the vapour and external reservoirs, SHT, liquid pressure drop along the wick, Sliquid, 

and vapour pressure drop, Svapor. Among these sources, Svapor is dependent of the vapour properties, as 

presented in eq. 16, which is assumed to be the same for the base fluid and nanofluids. But, other 

sources including SHT and Sliquid can be influenced by utilizing nanofluids. 

The ratio of the entropy generation due to the liquid pressure drop in the heat pipe when using 

nanofluids to that of the heat pipe when using base fluid, ∗ , is shown in Figure 51. According to 

eq. 19 and in thermophysical properties point of view, Sliquid depends on the viscosity and density of 

the liquids. 

∝
μ

 

As the viscosity and density of the nanofluids increase with increasing nanoparticles concentration, 
∗  can be either higher or lower than unity. The experimental results, from the viscosity and 

density measurements, revealed that the ∗  increased 3% - 7% and 5% - 12% for heat pipes when 

using water/Al2O3 and water/TiO2 nanofluids, respectively. It means that, the viscosity increase of the 

nanofluids was greater than the density increase for both nanofluids tested. Also, the different trends 

of the experimental and analytical graphs, shown in Figure 51, may be explained by the different 

viscosity and density increases of the nanofluids. For water/Al2O3 nanofluid, the density increase 

compensated the increase of the viscosity, so, for this nanofluid, ∗  is almost independent of the 

nanoparticles concentration.  

Figure 52 shows the entropy generation due to the temperature difference between the vapour and 

external reservoirs, , for heat pipes when using water/Al2O3 and water/TiO2 nanofluids. As 

presented in eq. 12,  depends on the overall thermal resistance of the heat pipes and the 

temperature of the heat source. From an analytical point of view, nanofluids have an influence on the 

effective thermal conductivity of the wick structure, , and heat transfer coefficient of the two-

phase heat transfer at the liquid-vapor interface of the evaporator section. So, it is expected that the 

overall thermal resistance of the heat pipe decreases with utilizing nanofluid. Experimental results 

showed that  decreased for heat pipes when using nanofluids because of the reduction of the 

overall thermal resistance.  for the heat pipes decreased around 14% with both nanofluids tested. 

Also, the difference between the experimental and analytical results, calculated from the experimental 

and analytical determination of the thermal resistance which you use in eq. 12, was found to be less 
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than 7%, which shows the acceptable capability of the analytical model to predict the entropy 

generation due to temperature difference between the vapour and external reservoirs.  

 

 

(a) 

 

(b) 

Figure 51. Ratio of the entropy generation due to the liquid pressure drop for the heat pipes using (a) 

water/Al2O3 and (b) water/TiO2 nanofluids to that of the heat pipe using water 

 

Figure 53 represents the overall entropy generation ratio, calculated by eq. 20, for the heat pipes when 

using nanofluids. The overall entropy generation of the heat pipes decreased with increasing 

nanoparticles concentration, but, it is found that the heat flux has a weak influence on the overall 

entropy generation of the heat pipes. 3% – 13.5% reduction of the entropy generation in the heat pipes 

when using water/Al2O3 and water/TiO2 nanofluids was observed. It is important to note that the 

irreversibility generated by the heat transfer, SHT, dominates other sources of the entropy generation 

including Sliquid and Svapor. The reason may be explained by the great permeability of the heat pipe and 

some order of magnitude higher latent heat of vaporization than viscosity of the liquid, and also the 

weak influence of the heat flux especially at low and moderate heat fluxes. It may lead to a very small 

entropy generation due to the liquid pressure drop compared to the entropy generation due to the heat 

transfer. 
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(a) 

 
(b) 

Figure 52. Entropy generation due to the temperature difference between the vapor and external reservoirs for 

the heat pipes using (a) water/Al2O3 and (b) water/TiO2 nanofluids 

 

  

(a) (b) 

Figure 53. Relative total entropy generation of the heat pipes with (a) water/Al2O3 and (b) water/TiO2 nanofluids 
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5.7.	Discussion	

5.7.1.	Possible	mechanisms	

The use of nanofluids faces several challenges including the lack of agreement between the results of 

several experimental studies and the lack of theoretical understanding regarding the mechanisms and 

interactions with respect to nanoparticles. Due to the complexity of the fluid flow and heat transfer 

phenomena in a heat pipe system – two phase heat transfer in porous media and capillarity– drawing a 

firm conclusion of the influence of nanoparticles on thermal performance of the heat pipes is even 

more complicated. Although the understanding of the underlying mechanisms with respect to 

nanofluids is rather poor, there are some possible mechanisms which can be suggested to explain the 

thermal performance improvement of a heat pipe when using nanofluid. 

Many researchers argued that the increased effective thermal conductivity of the nanofluids compared 

to the base liquid can reduce the thermal resistance of the heat pipes when using nanofluids. As the 

thermal conductivity of the nanofluids increases with increasing nanoparticles concentration, the 

thermal resistance of heat pipes decreases with increasing nanoparticles concentration. Although this 

explanation seems to be logical at first glance, the significant alterations of the thermal performance of 

the heat pipes – either improvement or deterioration – with a very low concentration of nanoparticles, 

cannot be explained in that way. At low concentration, the changes in the thermophysical properties, 

especially the thermal conductivity, is so weak that it cannot be the only reason or not even the main 

reason for the performance improvement of the heat pipes when using nanofluids. For example, in this 

thesis, the thermal performance improvement of the heat pipe when using only 1.0 wt.% water/SiC 

nanofluid is found to be around 30%, while the thermal conductivity of this nanofluid increased less 

than 2% compared to water. 

In almost all experimental studies, including this study, it is observed that a porous nanoparticles layer 

formed on the surface of the evaporator. Such a layer alters the characteristics of the wick in the 

evaporator section. The formation of the porous layer on the surface of the evaporator has influence on 

the rheological and thermal behaviour in the heat pipes. This layer can promote the capillary action 

and improve the pumping ability. The capillary pressure can be approximated by 

2 .

,
 

where σ, θ and Reff,min are the surface tension of the liquid, contact angle between the liquid and the 

capillary and minimal effective radius of the capillary, respectively. As contradictory results 

concerning the influence of the nanoparticles on the surface tension of the liquids are reported, it is 

very difficult to draw any conclusion about the changes of the capillary pressure with respect to the 
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changes of the surface tension of the nanofluids. The changes in the contact angle in the presence of 

the nanoparticles are dependent on the surface quality which may change with time, so, either increase 

or decrease of the contact angle is expected. But in most cases, it is reported in the literature that the 

contact angle decreases with increasing nanoparticles concentration. In terms of the effective radius of 

the capillary, nanoparticles deposited on the surface of the wick reduce the effective radius of the 

capillary, which results in increasing the capillary pressure and pumping ability of the wick structure 

[99]. 

If the contact angle decreases due to the nanoparticles, then the wettability will increase which results 

in improving the heat transfer performance of the heat pipes. The nanoparticles coated layer increases 

the tendency of the liquid to spread on the surface of the wick in the evaporator. As shown in Figure 

54, as a result of the porous layer forming on the surface of the screen mesh wick, the evaporation heat 

transfer coefficient increases. In this case, at the presence of the porous layer on the heated surface, the 

evaporation heat transfer includes the evaporation of the liquid meniscus surface formed in the screen 

mesh and the evaporation of the liquid menisci in the porous layer on the top of the screen mesh [8]. 

So, extra active heat transfer surface is provided. It can be concluded that the increment of the heat 

transfer area in the evaporator can be assumed to be one of the important reasons of the thermal 

performance improvement of the heat pipes. 
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(a) 

 

(b) 

Figure 54. Cross-section of the characteristic element of a heat pipe with a screen mesh wick structure including 

(a) base liquid and (b) nanofluid 
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5.7.2.	Highlight	

In this section, the influence of the use of nanofluids on different phenomena related to the thermal 

performance of the heat pipes is explained. 

 

Characteristics	of	the	wick	

There are at least three parameters which should be taken into consideration for the proper selection of 

a wick structure for a heat pipe. These parameters include high pumping pressure, permeability and 

thermal conductivity. The size of the pores, which are the channels through which the liquid travels in 

the wick, has significant influence on the pumping pressure and permeability. Large pore size reduces 

the liquid pressure drops and flow resistance, while a smaller pore size increases the capillary pressure. 

So, there should be a balance between the large capillary pressure and low liquid pressure drop.  

As the nanoparticles are deposited on the surface of the wick of the heat pipes when using nanofluids, 

a reduction in pore size is expected [99]. It may lead to a higher capillary pressure as well as higher 

liquid pressure drop. Also, the vapour pressure at the evaporator increases with increasing evaporation 

heat transfer, as a result of the formation of the coated layer. It increases the pressure difference 

between vapour pressure and liquid pressure at the interface. So, the meniscus at the coated wick 

would be smaller than the wick without a coated layer which results in higher capillary pumping 

pressure at the coated wick [99]. 

In terms of the effective thermal conductivity of the wick, it is apparent that higher thermal 

conductivity of the solid matrix/liquid results in a smaller thermal resistance. As mentioned earlier, 

using nanofluids with higher thermal conductivity instead of base liquid increases the effective 

thermal conductivity of the wick structure and reduces the radial conductive thermal resistance of the 

wick structure. 
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Evaporation	heat	transfer	in	a	heat	pipe	when	using	nanofluid	

To explain how the formation of the porous layer on the surface of the evaporator affects the 

evaporation heat transfer, the definition of the evaporation and the parameters which have influence on 

it is described.  

Evaporation can be defined as the process which occurs at the surface of the liquid when the liquid is 

transformed into a gaseous state. Generally speaking, for molecules of a liquid to evaporate, the 

molecules located near the surface must have sufficient kinetic energy to overcome intermolecular 

forces between the molecules of the liquid. During the evaporation, the vapour molecules are 

constantly moving back and forth from the liquid surface, but more molecules leave the liquid surface 

than enter it. It is apparent that molecules with higher kinetic energy can break bonds with their 

neighbours and escape the liquid surface. Increasing the temperature by supplying heat can increase 

the kinetic energy which is required for molecules to escape. Parameters including pressure, 

intermolecular forces, surface area and temperatures, etc., have an influence on the evaporation heat 

transfer. In this study, it is found that the presence of nanoparticles on the heated surface has a 

significant positive influence on the thermal performance of the heat pipes. According to the literature, 

the contact angle of nanofluids is typically lower than that of the base liquids [100–102]. It is also 

known from the literature that the contact angle of pure liquids on the porous layer formed on the 

surface by nanoparticles is lower than that on the smooth surface [100]. This means that the wettability 

in a heat pipe when using nanofluid is enhanced due to the formation of the porous layer on the heated 

surface. So, even if, most of the nanoparticles either migrate from condenser to the evaporator or 

sediment in long-term operation of the heat pipes, the formation of the porous layer increases the 

wettability. As an example, the static contact angles for water and different types of nanofluids on 

clean and fouled surfaces are listed in Table 14. The porous layer can also promote the spreading of 

the liquid on the heated surface at the evaporator of the heat pipes when using nanofluids. Therefore, 

higher wettability and the larger active evaporation surface area, provided by the formation of the 

porous layer, can lead to higher evaporation heat transfer coefficient. The formation of the porous 

layer also results in delaying the maximum heat flux, as this layer strongly promotes the rewetting 

ability of dry spots at the evaporator. 

 

Table 14. Static contact angles for water and nanofluids on clean and fouled surfaces [100] 

Fluid water Al2O3 nanofluid ZrO2 nanofluid SiO2 nanofluid 

Volume fraction 0 0.001 0.01 0.1 0.001 0.01 0.1 0.001 0.01 0.1 

Clean surface 79o 80o 73o 71o 80o 80o 79o 71o 80o 75o 

Fouled surface 8-36o 14o 23o 40o 43o 26o 30o 11o 15o 21o 
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Evaporation	thermal	resistance	pattern		

Figure 55 indicates the variation of the evaporation resistance with water film recession in a heat pipe. 

As shown in Figure 56, the conductive thermal resistance of the wick structure, R2, and also the 

resistance of the liquid/vapour interface, R3, are affected by increasing the heat flux. Generally 

speaking, thermal resistance of the heat pipes decreases with increasing heat flux. The liquid film 

thickness in the evaporator of the heat pipes is higher at lower heat flux due to the lower evaporation 

heat transfer rate [8]. This can lead to higher radial conductive thermal resistance at the evaporator 

section. 

 
Figure 55. Schematic illustration of the correlation between evaporation resistance and water film recession [8] 

 

By increasing the heat flux, the evaporation heat transfer rate increases, which results in decreasing 

liquid film thickness. Hence, the conductive thermal resistance of the wick structure decreases with 

increasing heat flux. Prior to the occurrence of partial dry-out, the lowest thermal resistance is 

observed. At these heat loads, the liquid film thickness is low, so, the maximum evaporation heat 

transfer coefficient is expected. By increasing the heat input, the partial dry-out appears in response to 

the decrease in the film thickness. The best thermal performance of the heat pipes is achieved when 

the liquids are distributed in the form of a thin liquid film at the evaporator. A thin liquid film results 

in a very low thermal resistance, and also prevents dry-out due to wetting the heated surface at the 

evaporator [8,99]. 

Similar patterns for both nanofluid and base liquid are observed. But, using nanofluids as the working 

fluid of the heat pipes provides some advantages compared to base liquid. For a heat pipe when using 

nanofluid, the conductive thermal resistance of the wick structure is lower than that of the base liquid. 

It is due to higher thermal conductivity of the nanofluid, which results in higher effective thermal 
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conductivity of the wick structure. Another reason for much better performance of the evaporator is 

related to the formation of the porous layer on the heated surface which results in a better distribution 

of the liquid on the surface. It increases the evaporation heat transfer coefficient which may lead to 

lower liquid film thickness [8]. So, the conductive thermal resistance of the wick structure and 

resistance of the liquid/vapour interface are lower for the heat pipes when using nanofluids compared 

to base liquid. Additionally, formation of the porous layer prevents dry-out by providing a better 

distribution of the liquid on the heated surface and wetting the hot points at the evaporator.    

 

 

Figure 56. Thermal resistances of the evaporator section  

 

Thermal	resistance	network	analysis	

As explained earlier, thermal resistance network analysis is a scientific technique to predict the 

thermal behaviour of a heat transfer system. The overall thermal resistance of a heat pipe comprises 

some partial resistances which are related to different mechanisms of heat transfer. In a heat pipe 

system, the use of nanofluid affects only a few of the partial thermal resistances. It is apparent that 

nanoparticles cannot be evaporated at low and moderate temperatures and nor can they be transported 

by the tiny molecules of the base liquid, so, it is expected to have some nanoparticles at the surface of 

the wick at the evaporator section and in the form of a nano-coated layer. Such a layer can improve 

two-phase heat transfer rate, as explained earlier, but it may provide extra resistance if the thickness of 

the layer is too high. So, in this case, the thermal resistance of the porous layer should be taken into 

consideration. In addition to that, the nanoparticles can be transported within the wick structure by the 

condensed liquid from the condenser to the evaporator by means of capillary force. So, there is no 

transportation of the nanoparticles to the condenser section of the heat pipe. 

A simple and commonly used way to take into account the effect of the existence of the nanoparticles 

suspended in the liquid within the wick is to employ thermal conductivity of the nanofluids in the 
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calculation of effective thermal conductivity of the wick structure. The effective thermal conductivity 

of the wick increases with increasing nanoparticles concentration. But, it is important to note that the 

thickness of the liquid film within the wick is not the same in different sections. As shown in Figure 

57, the thickness of the liquid film at the condenser is greater than that of the evaporator section. In 

addition to that, the thickness of the liquid film is strongly dependent on the heat flux and evaporation 

rate. But, the changes in the liquid film thickness are not usually considered in the calculation of the 

thermal resistance. Other simplifications are made in most studies, such as a fully saturated wick and 

uniform dispersion of the nanoparticles in the liquid in different sections of the heat pipes. These 

simplifications seem not to be logical as they may play important roles in the overall thermal 

resistance network. The formation of the nano-porous layer on the heated surface and migration of the 

nanoparticles from the condenser to the evaporator changes the concentration of the working fluid in 

different sections of the heat pipes, and these changes are strongly time-dependent. Experimental 

studies revealed that the concentrations of the nanoparticles after testing the heat pipes with nanofluids 

were lowered. It means that, without considering the influence of the coated layer formed on the 

heated surface, the proposed thermal resistance network seems to be improper.  

In terms of the resistances related to the condenser, as the nanoparticles’ migration to the condenser 

section is almost impossible, it is reasonable to assume that the partial thermal resistances in the 

condenser section for the heat pipes when using base liquid or nanofluids could be the same. Finally, it 

is important to consider the influence of the stabilizer on the thermal resistance network. Depending 

on the thermophysical properties of the stabilizer, it may vaporize and transfer through the core of the 

pipe to the condenser, so the existence of the stabilizer can affect the evaporation and condensation 

heat transfers. So, the influence of the stabilizer on thermal properties of the working fluid and also 

evaporation and condensation heat transfers should be taken into account in thermal network analysis 

of a heat pipe system. Although all the above-mentioned parameters affect the reliability of the 

thermal resistance network analysis, the model with all its simplifications can still provide us with a 

rough estimation regarding the influence of nanofluids on thermal performance of the heat pipes. 

 

Figure 57. Principle of the liquid film in the wick structure [99] 



85 
 
 

Thermal	performance	deterioration		

The challenging question related to the deterioration of thermal performance of the heat pipes when 

using nanofluids is whether the deterioration has to be attributed to the properties of the nanofluids or 

rather to the characteristics of the porous layer formed on the heated surface. The thermal properties of 

the nanofluids are affected by the concentration and characteristics of the nanoparticles. At higher 

concentrations, viscosity of the nanofluids increases remarkably which affects the liquid flow, 

negatively. In addition to that, at higher concentrations, the tendency of the nanoparticles to 

agglomerate/aggregate increases which may block the liquid channel. Forming a thick porous layer on 

the surface of the wick may have an influence on the characteristics of the layer in different ways. A 

very thick layer increases the radial thermal resistance, which may compensate for the positive 

influence of the existence of the porous layer. In this case, the thermal resistance of the coated layer 

surpasses the extra evaporation heat transfer provided by the porous layer, as the coated layer become 

so thick. In addition to that, the capability of the layer to spread liquid on the heated surface may be 

affected negatively if the pores size and density are not sufficient. For example, our study revealed that 

the characteristics of the porous layer formed on the surface of the evaporator of the heat pipe when 

using 10 wt.% water/Al2O3 nanofluid are not comparable to that of the heat pipe when using 5 wt.% 

water/Al2O3 nanofluid. A blanket of the agglomerated/aggregated nanoparticles without sufficient pore 

density is observed on the surface of the wick with 10 wt.% water/Al2O3 nanofluid. Also, with respect 

to the formation of a porous layer on the heated surface at the evaporator section, at higher 

nanoparticles concentration, the partial detachment of the nanoparticles layer is expected due to the 

weak adhesion of the nanoparticles to the wick surface. Such behaviour reduces the heat transfer 

coefficient of the evaporator after detachment. Finally, the presence of the stabilizer is another 

parameter which should be taken into consideration. If the stabilizer vaporizes with the working fluid 

at the evaporator, it will affect the evaporation and condensation heat transfers and may deteriorate the 

thermal performance of the heat pipes. 
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6. Conclusion and Future Work 

 

 

Nanofluid as a new innovative class of heat transfer fluids created by dispersing nanometre-sized 

metallic or non-metallic particles having a high thermal conductivity in conventional heat transfer 

fluids provides the possibility of thermal performance improvement of single/two-phase heat transfer 

applications. For a heat pipe as a two-phase heat transfer device, the use of nanofluids can affect the 

fluid flow and heat transfer mechanisms. The thermal performance of the heat pipes depends not only 

on the thermophysical properties of the nanofluids, but also on the alteration of the characteristics of 

the wick structure through forming a porous coated layer on the heated surface. 

Generally speaking, adding nanoparticles to the base liquid changes the thermophysical properties of 

the liquid in either a positive or a negative way. For example, increasing the thermal conductivity by 

dispersing nanoparticles into a liquid is a positive influence of the use of nanofluids, but, the viscosity 

of the nanofluid is higher than the base liquid which increases the friction. The thermophysical 

properties of the nanofluids, as well as the effect of nanoparticles on the characteristics of the wick 

should be taken into consideration while discussing the advantages or disadvantages of replacing base 

liquid with nanofluids in a heat pipe. The formation of the porous layer on the surface of the wick 

influences the two-phase heat transfer by affecting the wettability and capillary pressure of the wick.   

Our intention in this PhD project was to investigate the potential for nanofluids to be used as the 

working fluid of heat pipes instead of the conventional heat transfer fluids. For this purpose, in the 

first stage, detailed studies were carried out on the nanofluids in which the thermophysical properties 

of the nanofluids were investigated. In particular, the thermal conductivity and viscosity of the 

nanofluids were studied experimentally and analytically. Other information related to the stability and 

characteristics of the nanofluids were provided by the project partners. Several nanofluids were 

fabricated and their properties tested, and some of them were selected to be used as the working fluids 

of the heat pipes.  

The thermal performance of the heat pipes was investigated at different operating conditions 

experimentally and analytically. The effect of the nanoparticles concentration on the thermal 

performance of the heat pipes was investigated using different types of nanofluids including 

water/SiC, water/Ag, water/TiO2 and water/Al2O3 nanofluids at different concentrations of 

nanoparticles. Although thermal performance deterioration of the heat pipe when using 10 wt.% 

water/Al2O3 nanofluid was observed, the thermal performance of the heat pipes in most cases increases 
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with increasing nanoparticles concentration. The reasons of the thermal performance improvement are 

the higher thermal conductivity of the nanofluids, higher wettability and capillary pressure by forming 

a porous layer on the surface of the wick, as well as the increase of the wetted area and thereby the 

active heat transfer area which increases the evaporation heat transfer. 

The influence of the inclination angles on the thermal performance of the heat pipes was studied using 

water/SiC and water/Ag nanofluids. Results revealed that, irrespective of the fluids used as the 

working fluids, the thermal resistance of the inclined heat pipes was lower than that of the heat pipes 

in a horizontal state. The best performance with the lowest thermal resistance of the heat pipes was 

observed at an inclination angle of 60o, which is in agreement with the results reported in the literature. 

The effect of the gravitational force on returning the condensate liquid to the evaporator at higher 

speed is the main reason of the improved thermal performance of the inclined heat pipes compared to 

the heat pipes in a horizontal state. But, increasing the evaporator radial thermal resistance because of 

the thicker liquid film may result in achieving the best heat transfer characteristic at the inclination 

angle of 60o. 

The maximum heat flux which can be transported by the heat pipes when using either nanofluids or 

base liquid was investigated. It was found that the nanofluids increase the maximum heat flux 

significantly. The enhanced maximum heat flux of the heat pipes when using nanofluids can be 

explained by the improved thermal properties and formation of a porous layer on the surface of the 

wick which alters the nature of the heated surface.  

The entropy generated in the heat pipes when using water/TiO2 and water/Al2O3 nanofluids at different 

mass concentrations were studied experimentally and analytically. Results revealed that the overall 

entropy generation in the heat pipes decreases with increasing nanoparticles concentration due to the 

lower thermal resistance of the heat pipes when using nanofluids. The entropy generation due to the 

liquid friction increases with increasing nanoparticles concentration. This is because of the higher 

viscosity increase than the increase of the density in the tested nanofluids. 

The thermal resistance network analysis was employed for the heat pipes when using nanofluids. The 

overall thermal resistance of the heat pipes comprises a number of partial thermal resistances. Some of 

these partial thermal resistances are affected by the use of the nanofluids. According to this study, the 

thermal resistance network which is commonly used in the literature is not able to take into account all 

the fluid flow and heat transfer mechanisms in the heat pipes when using nanofluids, especially when 

the nanoparticles are deposited on the surface of the wick. But, this method can be used as a quick and 

reliable method to give us an estimation of the advantage of using nanofluids instead of the base 

liquid.  
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It can be concluded that the nanofluids are good candidates to replace conventional working fluids in 

the heat pipes. Although there are a lot of studies in the literature reporting the influence of nanofluids 

on the thermal performance of the heat pipes, currently several phenomena are still not sufficiently 

understood. The rate at which heat is transferred across the liquid-vapour interface and also the 

working fluid flow depend on different thermophysical properties including the vapour pressure, latent 

heat of vaporization, surface tension, density, viscosity and thermal conductivity. But just a few of 

them are well investigated. In addition to that, our knowledge of the interaction between nanoparticles 

and wick is not sufficient. So, it is not logical to expect large-scale industrial applications for the heat 

pipes using nanofluids. The focus of future research must move towards better understanding the 

characteristics and properties of the nanofluids, and especially the properties related to the two-phase 

heat transfer. Also, the influence of the porous layer on heat transfer mechanisms should be studied in 

greater depth, as it seems to be the main reason of the thermal performance improvement of the heat 

pipes. 
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7. Nomenclature 

 

A surface area [m2] 

Cp specific heat [J/(kg.K)] 

h  convective heat transfer coefficient [W/(m2 K)] 

hfg latent heat of the working fluid [kJ/Kg] 

I electric current [A] 

k           thermal conductivity [W/(m.K)] 

keff       effective thermal conductivity of the wick [W/(m.K)] 

L  length of the heat pipe [m] 

Lc  length of the condenser section [m] 

La  length of the adiabatic section [m] 

Le  length of the evaporator section [m] 

m mass flow [kg/s] 

P  pressure [Pa] 

Q input heat [W] 

R thermal resistance [K/W] 

RR percentage of the thermal resistance reduction, [-] 

rv vapour core radius [m] 

ro  outer radius of the heat pipe [m] 

rw inner radius of the heat pipe [m] 

S entropy [W/K] 

T temperature [K] 

Th temperature of the heat source [K] 

Tl temperature of the heat sink [K] 

u velocity [m/s] 
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V electric voltage, [V] 

v1  vapour injection velocity [m/s] 

v2 vapour suction velocity [m/s] 

 
 

Greek symbols 

 

  

ϕ nanoparticles volume concentration [%] 

θ contact angle [rad] 

ε porosity of the wick [%] 

γ porous wick shape parameter [ ε/K] 

σ surface tension [Nm-1] 

ρ  density [kg/m3] 

ρ+ density ratio [ρliquid/ ρvapor] 

μ  dynamic viscosity [Pa.s] 

μ+ viscosity ratio [μliquid/μvapor] 

  

Subscripts  

  

a adiabatic 

bf base fluid 

c condenser 

DW distilled water 

e evaporator 

l liquid  

nf nanofluid 

p particle 
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s solid 

v vapour 

w wick 

  

Superscript  

+ dimensionless quantity 

∗ relative quantity 
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Appendix A: 

 

According to the literature, the axial thermal resistance of the vapor line, R6 in this study, can be 

neglected due to order of magnitude analysis. But, in some cases when other partial resistances in a 

heap pipe are low, then, this resistance would be important. The thermal resistance caused by the 

pressure drop in the vapor flow in axial direction (equivalent to a saturation temperature drop by as 

given by the Clapeyron equation) can be found as below: 

∆ 128
∙
Δ

∙ 273 ∙
1 1

∙  

In this equation L is tube length between evaporator and condenser; d is the inner free diameter of the 

tube;   is the kinematic viscosity of the vapor; ∆h is the enthalpy change in evaporation; T is the 

adiabatic temperature (°C);  ρvapor and ρliquid are the vapor and liquid densities of the working fluid. The 

above equation which is derived is based on laminar flow of the vapor between the evaporator and the 

condenser. The Hagen Poiseuille-relation gives the pressure drop and the Clapeyron equation converts 

pressure drop to saturation temperature drop. 

Hagen Poiseuille-relation: 128μ ˑ . ˑ
 

 
Clapeyron equation:      

 

. . . .
1 1

 

	

The following figure shows the saturation temperature drop due to pressure drop. According to the 

results, for saturation temperature of 40 oC, the thermal resistance of the vapor line is found to be 

0.003 oC/W. So, it can be concluded that this thermal resistance can be neglected if other resistances 

are much greater than this resistance.   
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Appendix B: 

The heat transfer coefficient of evaporator and condenser can be calculated as follow: 

 

 Evaporator heat transfer coefficient: 

It is assumed that the aggregated/agglomerated nanoparticles formed a coated layer on the evaporator 

surface, then, the heat transfer coefficient of the composite wick can be calculated as follow: 

 

 
and the evaporation heat transfer is: 
 

, 	
1

 

where θ is the location of the evaporating region, and assumed to be π/6 according to the literature.  

,  is the total number of particles in the evaporator and at the inner surface of the wick and can be 

calculated by  

,
4 1 /

 

The film thickness profile can be obtained by: 

 

	

2
 

 
where K is the meniscus curvature and can be found by: 

	/ 1 /  

 
The disjoining pressure for the steady-state evaporating process is: 

 

where the values of a and b are 1.5787 and 0.0243, respectively. 

The boundary conditions for solving the evaporation heat transfer equation are: 
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 δ=δo, K=0 and ⁄ 0  at x=0.  

The non-evaporating film thickness, δo, is as below: 

1
1 ln  

 

 

 Condenser heat transfer coefficient: 

The average condensation heat transfer coefficient can be obtained as follow:  

h 0.826
g

μ d

.

 

where  is a modified latent heat and is calculated as: 

0.68	 ,  

 

 

 


