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Abstract 

 

Heat pipes are highly effective heat transfer devices used for thermal management in different 

fields. The working fluid within the heat pipes provides the heat transport from the evaporator 

to the condenser and limits their thermal performance. Thus, substitution of conventional 

working fluids with nanofluids has been a promising solution to enhance the thermal 

performances of heat pipes. 

The wickless gravity assisted heat pipe, called also Two-phase closed thermosyphon (TPCT) is 

the subject of this study, regarding its importance in various applications such as, permafrost 

de-icing, solar collectors, nuclear reactors and heat recovery systems.  

This study provides important findings of an experimental investigation performed on a 

miniature copper two-phase closed thermosyphon using three different cellulose nanofiber 

concentrations with three filling ratios at different heat loads. Effects of these parameters on 

wall temperature, thermal resistance, and startup are analysed and compared to each other. 

Furthermore, transient wall temperature variation from the minimum to the maximum applied 

heat load is analysed for cases of highest and lowest wall temperature distribution. 

Keywords: Heat pipes; Two-phase closed thermosyphon; nanofluid; cellulose nanofiber; 

Filling ratio; Thermal efficiency.  
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Résumé 

 

Les caloducs sont des dispositifs de transfert de chaleur très efficaces, utilisés pour la gestion 

thermique dans différents domaines. Le fluide de travail à l'intérieur des caloducs assure le 

transport de la chaleur de l'évaporateur vers le condenseur et limite ses performances 

thermiques. Ainsi, la substitution des fluides de travail conventionnels par des nano fluides s’est 

avérée une solution prometteuse pour améliorer les performances thermiques des caloducs. 

Le caloduc sans mèche assisté par gravité, également appelé thermosiphon fermé biphasé 

(TPCT), fait l'objet de cette étude, compte tenu de son importance dans diverses applications 

telles que le dégivrage du pergélisol, les capteurs solaires, les réacteurs nucléaires et les 

systèmes de récupération de chaleur.  

Cette étude fournit les résultats importants d'une étude expérimentale réalisée sur un 

thermosiphon fermé biphasé miniature en cuivre utilisant trois concentrations différentes de 

nanofibre de cellulose avec trois taux de remplissage à différentes charges thermiques. Les 

effets de ces paramètres sur la température des parois, la résistance thermique et le démarrage 

sont analysés et comparés les uns aux autres. En outre, la variation transitoire de la température 

des parois depuis la charge thermique appliquée de sa valeur minimale jusqu'au maximale est 

analysée pour les cas de distribution de température de paroi la plus élevée et la plus basse. 

Mots-clés : Caloducs ; Thermosiphon fermé biphasé ; nanofluide ; nanofibre de cellulose ; 

Taux de remplissage ; Efficacité thermique. 
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 ملخص

 

 

تعتبر الأنابيب الحرارية أجهزة فعالة للغاية لنقل الحرارة وتستخدم لإدارة الحرارة في مجالات مختلفة. يوفر سائل العمل 

داخل الأنابيب الحرارية نقل الحرارة من المبخر إلى المكثف ويحد من أدائه الحراري. وبالتالي، كان استبدال سوائل العمل  

 التقليدية بالسوائل النانوية حلاً واعداً لتعزيز الأداء الحراري لأنابيب الحرارة. 

إن الأنابيب الحرارية المدعومة بالجاذبية عديمة الفتيلة، والتي تسمى أيضًا السيفون الحراري المغلق ثنائي الطور، هي  

، موضوع هذه الدراسة، نظرًا لأهميتها في تطبيقات مختلفة مثل إزالة الجليد من التربة الصقيعية، ومجمعات الطاقة الشمسية

 والمفاعلات النووية، وأنظمة استعادة الحرارة.  

تقدم هذه الدراسة نتائج مهمة للبحث التجريبي الذي تم إجراؤه على سيفون حراري مغلق ثنائي الطور من النحاس باستخدام 

ثلاثة تراكيز مختلفة من ألياف السليلوز النانوية مع ثلاث نسب تعبئة عند أحمال حرارية مختلفة. يتم تحليل تأثيرات هذه  

المعلمات على درجة حرارة الجدار والمقاومة الحرارية وبدء التشغيل ومقارنتها ببعضها البعض. علاوة على ذلك، تم  

تحليل اختلاف درجة حرارة الجدار العابر من الحد الأدنى إلى الحد الأقصى للحمل الحراري المطبق في حالات توزيع  

 درجة حرارة الجدار الأعلى والأدنى.

السائل النانوي؛ ألياف السليلوز النانوية؛ نسبة   ؛الطورثنائي  مواسير حرارية; سيفون حراري مغلق  الكلمات المفتاحية:

 الملء الكفاءة الحرارية. 
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General Introduction 

1 

 

 

Heat pipes are efficient thermal management devices, employed in various applications, such 

as: electronic cooling, HVAC systems, solar systems, fuel cells cooling, permafrost 

stabilization, heat waste recovery systems, satellite thermal control, nuclear reactors, medicine 

and human body temperature control. 

Due to their reliability, compact and robust design heat pipes gained a resounding interest in the 

last decades. In nowadays, as the need of thermal control rises, enhancing heat transfer within 

heat pipes became a necessity. The heat transfer improvement can decrease the energy loss and 

scale down the heat pipe size. Therefore, scientists have been striving to optimize the operation 

conditions. Since, heat pipes work with the latent heat of working fluid, improving its 

thermophysical properties was a great idea to enhance heat transfer rate without using external 

energy or enlarging the heat exchange surfaces. Thus, substitution of conventional working 

fluids with nanofluids was found to be an alternative that improve the efficiency of heat pipes. 

Several experimental and numerical studies have shown that nanofluids improved heat transfer 

in heat pipes to some limits. Yet, high cost of nanofluids production and sedimentation of 

nanoparticles within still represent a standing challenges.  

This study aims to contribute to heat transfer improvement of a Two-phase closed 

thermosyphon by using a nanofluid based on the ecofriendly cellulose nanofiber, which is non-

frequently used. 

Thesis is structured as follow: The first chapter provides an overview on heat pipes and 

nanofluids, allowing the redear to recognize the domain of heat pipes and nanofluids. 

Furthermore, impacts of nanofluids on heat pipes thermal performance are summarized.   

Whereas the second chapter possesses the state of the art on Two-phases closed thermosyphons 

using nanofluids. The third chapter represents the experimental study performed to investigate 

the contribution of cellulose nanofiber and filling ratio in heat transfer enhancement in a 

miniature two-phase closed thermosyphon. Results are discussed in the fourth chapter, followed 

by a general conclusion and perspectives for future studies. 

 

 

 



 

 
 

 

 

 

 

 

 

 CHAPTER I 

Overview On Heat Pipes And Nanofluids 

 

 

 

 

 

 

 

 



Chapter I                                                                     Overview On Heat Pipes And Nanofluids 

2 

 

I.1. Introduction : 

 

Du to their efficiency and reliability, heat pipes have been gaining a resounding interest in the 

last decades. Heat pipes are heat transfer devices implemented in various engineering domains, 

such as, electronic cooling, solar systems, fuel cells cooling, permafrost stabilization, aerospace 

thermal control, nuclear reactors, medicine and human body temperature control. This chapter 

represents a study of the art on heat pipes, including their history, operation principle, different 

main types and designs of heat pipes. Furthermore, adoption of nanotechnology and specifically 

nanofluids to enhance their thermal performance is discussed. This given general perspective 

helps to recognize heat pipes and their importance in thermal management. 

 

I.2. Brief history of the heat pipe : 

 

The predecessor of the heat pipe is the Perkins tube, which was invented by the American 

Angier March Perkins in the mid-19th century in UK, then it was developed by Perkins family 

through a series of patents till the 20th century. 

The first closest heat pipe design to nowadays heat pipe was conceived by Gaugler in 1944 for 

General Motors Corporation in the U.S, but his idea recessed and was not used for a 

refrigeration problem. Serious development started in 1964 when Grover filed a patent 

application by reinvention of the heat pipe at Los Alamos National Laboratory in New Mexico. 

Grover and his co-workers demonstrated the reliability of heat pipes as an effective heat transfer 

device and proposed various application domains. The heat pipe knew a scientific renewal since 

1985. This successive development was motivated to overcome the need to resolve different 

cooling issues in different fields.[1,2].  

 

I.3. Operation principle of heat pipe: 

 

In base, the heat pipe is a hollow sealed metal tube evacuated of air and filled with a small 

amount of a vaporizable liquid called working fluid. This filling amount is set to a filling ratio 

which is the volume of the working fluid to the evaporator section volume. Manly, the heat pipe 

is divided into three sections: evaporator, condenser and adiabatic section. The heat applied to 

the evaporator section vaporizes the working fluid, and then the vapor spreads in the adiabatic 
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section toward the condenser where it condenses and provide the heat sink releasing its latent 

heat of vaporization. Thereafter, the condensate returns back to evaporator section by a driving 

force and by this process the heat pipe works passively and continuously. The driving force 

used to return the liquid from the condenser to the evaporator differs according to the type of 

heat pipe. It could be gravitational, capillary, centrifugal, electrostatic and osmotic force [3]. 

 

I.3.1. Types of heat pipes : 

All heat pipes work with same principle of phase change. It exists different heat pipe types 

classified according to their construction, geometry and type of the dominant driving force. The 

most distinguished heat pipes are defined below, noting that it exists also other subcategories 

and nonconventional heat pipes shapes (Bent, flattened, twisted...etc), even a heat pipe may 

have multiple evaporators, condensers and adiabatic sections. This variety of design allowed  

the heat pipe widely used in various thermal management technologies.  

 

I.3.1.1. Conventional heat pipe: 

The conventional heat pipe is a closed tube which could be flattened or bent, containing a 

porous structure called wick or mesh tacked on its inner surface. Fig I.1. The condensate can 

move against the gravity thanks to the capillary force ensured by the pores of this structure, and 

that why the conventional heat pipes are widely used in electronic devices cooling and 

aerospace crafts. Typical wick designs are mentioned in Fig I.2.  

 

Fig I.1: Conventional heat pipe [4] 
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Fig I.2: Typical wick designs [5] 

 

I.3.1.2. Two-phase closed thermosyphon (TPCT): 

 

Is a wickless gravity assisted  heat pipe with a simple design, in which the condenser is 

located above the evaporator which ensure the return of condensate by gravitational force. 

Fig.3. The TPCT is applied in heat waste recovery systems, solar collectors, geothermal 

systems and other cooling systems. 

 

 

 

Fig I.3: Wickless gravity assisted  heat pipe or Thermosyphon [6] 
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I.3.1.3. Rotating Heat Pipe (RHP): 

 

Is a wickless heat pipe consisting of a rotation axe. Rotation about the axis causes the 

return of condensate to the evaporator by centrifugal force. Fig I.4. RHP is used as heat 

dissipating device in rotating machinery, as cooling of gas turbine disk and blade.  

 

             

 

Fig I.4: Rotating heat pipe [4] 

 

I.3.1.4. Gas-Loaded Heat Pipe (GLHP): 

 

In GLHP , a tank containing a non-condensable gas is affixed to the condenser as shown 

in Fig I.5. When applying heat load to the evaporator, the internal temperature and  

pressure rise and lead to gas compression, and that provides a larger area of condenser 

section available to heat sink. By this process, the GLHP is able to maintain a nearly 

constant evaporator temperature regardless the applied 

 

 

Fig I.5: Gas-loaded heat pipe [7] 

https://www.sciencedirect.com/topics/engineering/rotating-machinery
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I.3.1.5. Loop heat pipe (LHP): 

 

The LHP consists of an evaporator, a compensation chamber, a condenser, liquid and 

vapor lines. Fig I.6. When the working fluid evaporates, the capillary force in the wick 

leads the vapor to move toward the condenser, where it condenses. Then the condensate 

flows back to the evaporator through the liquid line, by this way the process works 

passively and continuously. During operation, the compensation chamber stores the  

excess of liquid.  Regarding the effectiveness of  LHP to transfer heat over long distances 

and against the gravity, the LHP is used mostly in aerospace domain. 

 

Fig I.6: Loop heat pipe [8] 

 

I.3.1.6. Pulsating Heat Pipe (PHP): 

 

The PHP  is in from of a long tube bent into many turns. Since its diameter is very small, 

vapor plugs and liquid slugs are formed as a result of capillary action. Fig I.7. Heat input 

increases the pressure of the vapor plug in the heated section. Simultaneously, the pressure 

in the cooling section decreases due to condensation. This pressure difference enables the 

self-excited oscillatory motion of liquid slugs and vapor plugs between the two sections. 

PHP is used in building thermal comfort, cryogenic systems and industry. 

 

I.3.1.7. Micro Heat Pipe (MHP): 

 Micro heat pipes have polygonal cross sections, with a hydraulic diameter in the range of 

10-500 μm [10]. The condensate is driving by  capillary forces generated in the sharp edges 

of the heat pipe cross section. Fig I.8.  

https://www.sciencedirect.com/topics/engineering/capillary-force


Chapter I                                                                     Overview On Heat Pipes And Nanofluids 

7 

 

 

Fig I.7: Pulsating heat pipe [9]                                  

                           

Fig I.8: Micro heat pipe [10] 

 

I.3.2. Selection of working fluid: 

The proper selection of working fluid plays an important role in longevity of the heat pipe. 

Whatever the type of the heat pipe, its design must take in consideration these points below:   

• The compatibility between working fluid and container material and wick material if it 

exists, to avoid any chemical reaction.  
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• The proper choice of working fluid regarding the application temperature. Every 

working fluid has its own thermophysical properties that limit its working temperature 

range. There are four application temperature ranges as shown in Fig I.9 [4].  

Some common working fluids used  within heat pipes are mentioned in Table I.1 with their 

application temperature ranges and compatible materials. 

 

Table I.1: Common working fluids used within heat pipes [4] 

Working fluid Boiling Point (K) 

at 1 atm 

Compatible Material Range of 

Temperature (K) 

Water 373.1 Stainless Steel, Copper, Silica, 

Nickel, Titanium 

303-550 

Acetone 329 Aluminium, Stainless Steel, 

Copper, Brass, Silica 

273-393 

Ethanol 351 Stainless Steel, Nickel 273-403 

Methanol 337 Stainless Steel, Iron, Copper, 

Brass, Silica, Nickel 

283-403 

Ammonia 240 Aluminium, Stainless Steel, 

Iron, Nickel 

213-373 

Freon 21 282 Aluminium, Iron 233-360 

Potassium 1032 Stainless Steel, Inconel, 

Haynes 

773-1273 

 

     

Figure I.9: Operation temperature ranges  

 

I.3.3. The Merit Number: 

The equation (I.1)  below expresses the Merit number (Figure of Merit), which is an important 

parameter that assists in selection of working fluids regarding their thermophysical properties 

and application conditions. Figure shows the Merit number of some working fluids [2]. 

Temperature 
ranges

Crypgenic 
Temperature 

(4 to 200 K)

Low Temperature

(200 to 550 K)

Intermediate 
Temperature

(450 to 750 K)

High Temperature

˃750 K
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                                             𝑀 =  
(𝜌𝑙𝜎𝑙𝐿)

𝜇𝑙
                                                        (I.1) 

M: Merit number (kW/m2 )  

ρl: Density of the liquid (kg/m3 )  

σl: Surface tension (N/m × 102 )  

µl: Viscosity of the liquid (PI)  

L: Enthalpy of vaporization (kJ/kg) 

 

 

Fig I.10: Merit number of different working fluids [11] 

 

I.4. Heat transfer mechanisms in heat pipes and its limits:  

The heat transfer mechanisms within heat pipes are summarized in table I.2. The performance 

of heat pipes and their maximum heat flux capacity are limited due to different factors. Over 

the maximum heat flux, an undesirable physical phenomena may appear. Studies showed that 

all of parameters mentioned in Fig I.11 alter the heat transfer and thermal performance of heat 

pipes [12,13,14]. Thus, the inappropriate selection of these parameters can engender a serious 

constraint that deteriorate the device performance and even damage it. Heat pipes limits are 

briefly explained below.  
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Table I.2: Heat transfer mechanisms in heat pipes. 

Mechanism Role in Heat Pipes Importance 
Conduction Provides the initial transfer of heat from the external 

source into the working fluid. 

High 

Convection The phase-change convection cycle allows heat pipes 

to transfer large amounts of energy with minimal 

temperature difference. 

Dominant 

Radiation Occurs between the outer surface of the pipe and its 

surroundings. (It is relevant in high-temperature or 

vacuum environments, as space applications). 

Minor 

 

 

Fig I.11: Parameters influencing the heat transfer in heat pipes 

 

I.4.1. Capillary Limit:  

Capillary limit is known also as the hydrodynamic limit, it  appears when the total pressure 

drop in heat pipe exceeds the maximum capillary pressure in the wick structure. Thus, the 

pumping rate becomes insufficient to pump back the liquid to the evaporator section and results 

a dry out.  

I.4.2. Boiling Limit: 

Boiling limit occurs generally when applying a high heat flux to the evaporator section, 

resulting a perturbated boiling regime and higher thermal resistance that lead to the dry out of 

the working fluid.  
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I.4.3. Sonic Limit: 

The sonic limit is confronted when the vapor velocity reaches the sonic velocity, it can provide 

fissures on the container. 

I.4.4. Entrainment Limit: 

At high vapor velocity a strong shear forces appear at the vapor-liquid interface and 

consequently, liquid droplets are torn and entrained into the vapor. The vapor brings the liquid 

droplets to the condenser where they accumulate resulting an excess of liquid in the condenser 

section, and that inhibit the normal work of the heat pipe and causes a dry out in the evaporator. 

This phenomenon is called entrainment or flooding limit. 

I.4.5. Viscous Limit: 

Viscous limit or vapor pressure limit occurs when the heat pipe operates at temperature below 

its operating temperature range. So, the vapor pressure is not sufficient to overcome the viscous 

forces and consequently cannot flow from the evaporator to the condenser. 

I.5. Heat transfer enhancement in heat pipes using  nanofluids: 

The thermal performance of heat pipe is altered strongly by the thermophysical proprieties of 

the working fluid, so improving the thermal potency of the working medium leads to enhance 

the heat transfer rate in the heat pipe. Choi and Eastman (1935) [15] proved the feasibility of 

enhancing the thermal conductivity of fluids by dispersion of nanoparticles within a carrier 

fluid. Thereafter, substitution of conventional working fluid with nanofluid was found to be an 

effective method to enhance the heat pipes thermal performance [16]. 

Nanofluid is a suspension of nanostructured materials called nanoparticles with average size of 

1-100 nm in a base fluid such as deionized water, acetone or methanol. Nanoparticles could be 

metallic, oxide-metallic or non-metallic (Fig I.12), with different dimensions and shapes, 

Fig.13. 

 

Fig I.12: Base fluids and nanoparticles used in nanofluids synthesis [17] 



Chapter I                                                                     Overview On Heat Pipes And Nanofluids 

12 

 

 

Fig I.13: Classification based dimensions of nanoparticles [18] 

I.5.1. Nanofluid preparation:  

Nanofluids are synthesized either using the one-step method or the two-steps method [19].  

I.5.1.1. The one-step method: 

This method relies on the direct mixing of base fluid and nanoparticles. There are three 

commonly used sub methods: (i) Direct Evaporation Method, (ii) Physical Vapor Deposition 

and (iii) the Liquid Chemical Method. The advantages of this techniques are the uniform 

dispersion, reduced agglomeration and improved stability. The drawbacks of this method are 

the high production time, cost and the limited application.  

I.5.1.2. The two-steps method:  

This two steps method of nanofluid preparation is widely used. The first step is to synthetise 

the nanoparticles, and the second step is to disperse these nanoparticles in the base fluid. There 

are three commonly used sub methods: (i) Ultrasonication process, (ii) High-pressure 

homogenization and (iii) Mechanical or magnetic stirring. The main drawback of this method 

is the nanoparticles clustering.  

I.5.1.3.  Nanofluids stability and stabilization methods: 

Nanoparticles within the base fluid tend to agglomerate and form clusters, and sediment 

also due to Van der Waals interactions in between [20,21,22]. The stability of nanofluids means 
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the ability of  nanoparticles to maintain dispersed homogenously and uniformly into the base 

fluid. The stability of a nanofluid strongly influences its thermal conductivity. To improve the 

stability of nanofluids, scientists relied on different methods such as: 

• Ultrasonication: It is a mechanical method, represented in the breakdown of van der 

Waals forces between nanoparticles with help of ultrasonic waves, and that  enhance the 

homogeneous dispersity of nanoparticles. 

• Surface modification: It requires the anchoring of diverse materials to enhance the 

electrostatic repulsive charges of nanoparticles. 

• Surfactant: Also known as “surface acting agent”, it is an additive that can be added to 

reduce the surface tension of nanoparticles and enhance their hydrophilic properties, 

and to uniformly disperse the nanoparticles within base fluid. A variety of surfactants 

have been used for this purpose, such as: Gum Arabic (GA), sodium dodecyl sulfate 

(SDS), polyvinylpyrrolidone (PVP) …..etc. 

• pH  controlling: The nanofluid is considered stable when its PH value is far from 

Isoelectric point (IEP). 

Instability causes, stability enhancement methods and mechanisms, and stability evaluation 

methods are summarized in Fig I.14. 

 

Fig I.14: Methods of stability diagnostic  [23] 
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I.5.2. Thermophysical properties of nanofluids:  

 

Several studies showed that the thermophysical properties of nanofluids (Thermal conductivity, 

Density, Viscosity and Specific heat) are influenced by several parameters such as base fluid, 

additives, temperature and nanoparticles characteristics (material type, size, shape and 

concentration). Consequently, the quality and efficacity of a given nanofluid can be enhanced 

or deteriorated according to those parameters [24,25,26]. Numerous models and approaches 

available in literature were used to predict the thermophysical properties of nanofluids.  

 

I.5.2.1. Thermal conductivity of nanofluids 

 

Thermal conductivity is a heat transfer property which can be defined as the ratio of heat flux 

to a local temperature gradient. Many empirical correlations were developed for thermal 

conductivity of nanofluids after performing various theoretical and experimental studies with 

specified types of nanofluids, considering their chemical properties and geometric parameters 

of nanoparticles.  

As a nanofluid contains substances with different phases (solid and liquid), it was necessary to 

develop a novel correlations and measurement techniques. The first correlation to compute 

nanofluids thermal conductivity, was presented by Maxwell (1873), equation.2 [27]. However, 

this correlation was only applicable to spherical nanoparticles. Latterly, other correlations for 

non-spherical nanoparticles were developed by other researchers. 

 

𝑘𝑛𝑓 =
𝑘𝑝+2𝑘𝑏𝑓+2(𝑘𝑝−𝑘𝑏𝑓)Φ

𝑘𝑝+2𝑘𝑏𝑓−2(𝑘𝑝−𝑘𝑏𝑓)Φ
𝑘𝑏𝑓                                               (I.2) 

 

I.5.2.2. Density of nanofluids 

 

Incorporation of nanoparticles in base fluid changes all of friction factor, pressure loss, Nusselt 

and Reynolds numbers. Consequently, it alters the heat transfer and flow patterns of the base 

fluid. Studies proved that, as the difference between nanoparticles and base fluid is large, as the 

sedimentation will occur within the suspension. 

The density of a suspension has a relation with concentration of nanoparticles. Vsajjha et 

al.(2009) developed a simple correlation for nanofluids density equation.3 [28]. 
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𝜌𝑛𝑓 = Φ𝜌𝑝 + (1 − Φ)𝜌𝑏𝑓                                                (I.3) 

 

I.5.2.3. Viscosity of nanofluids 

   

Base fluids are Newtonian fluids such as water. Addition of nanoparticles augments the  

viscosity of base fluid, because solid nanoparticles disrupt the velocity profile of the base fluid. 

The analytical model for solid liquid suspension was derived by Einstein in 1906 [29], its 

correlation is the follow: 

𝜇𝑛𝑓

𝜇𝑏𝑓
= 1 + 2.5Φ                                                        (I.4) 

 

Latterly, this model was  developed to include the influence of spherical nanoparticles on fluid 

velocity lines and Brownian motion effect. 

 

I.5.2.4. Specific heat of nanofluids 

 

Specific heat capacity is a critical thermodynamic property of a material. It represents the 

amount of heat required per mass unit to raise with one degree the temperature. 

It reflects the thermal characteristics and performance of any material. The specific heat 

capacity of nanofluids can either be low or high compared to base fluids, depending on several 

parameters, as the thermal conductivity does. Equation.5 represents the specific heat capacity 

correlation [30]. 

                                                     𝐶𝑃,𝑛𝑓
=

(1−Φ)𝜌𝑏𝑓⋅𝐶𝑝,𝑏𝑓+Φ⋅𝜌𝑝(𝑐𝑝,𝑝)

Φ⋅𝜌𝑝+(1−Φ)⋅𝜌𝑏𝑓
                                                           (I.5)                                    

 

I.5.3. General impact of nanofluids on heat pipes: 

 

Since Chien et al. [31] published the first research paper about the application of nanofluids in 

heat pipe, a huge number of experimental and numerical investigations have been conducted 

on different types of heat pipe using nanofluids. The table I.3 below summarizes some research 

that contributed to reveal the impact of nanofluids on different heat pipes using various 

nanofluids. According to the literature, adding nanoparticles to the base fluid with optimal 

concentration enhance its thermal capacity to transfer heat and this positive impact is 
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represented mainly in lower total thermal resistance and higher heat sink in heat pipes. The 

behaviour of nanoparticles and mechanisms of heat transfer in nanofluids are controversial, 

although the implementation of nanofluids in heat pipes represents an effective solution to 

enhance their thermal performance, but high cost and stability issues still standing out. 

 

Table I.3: Important findings of studies performed on heat pipe using  nanofluids 

 

 

I.6. Conclusion:  

 

This chapter broached a general view on heat pipes and their importance in nowadays 

technologies, which allows to the reader to recognize heat pipes field, and the concept of  using 

nanofluids within to enhance their thermal performance. 
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II.1. Introduction 

The previous chapter gave a general view on heat pipes and their heat transfer enhancement 

using nanofluids. Regarding the prospective study, this chapter represents a state of the art on 

the gravity assisted wickless heat pipe, also called two-phase closed thermosyphon (TPCT). 

The TPCT applications, challenges, phase change schemes and overview on TPCT using 

nanofluids are available in this sequence. 

 

II.2. TPCT application Fields 

As all heat pipes, The TPCT uses phase change phenomenon to ensure the passive heat transfer 

and cooling. The essential difference between a conventional  heat pipe and a TPCT is that the 

latter use the gravitational force instead of the capillary force to return of the condensate to the 

heated region, as mentioned in Fig I.3 in the precedent chapter According to application needs, 

the TPCT  can be in form of a loop, L shape or containing multiple evaporators and condensers. 

Due to its efficacity, design simplicity and flexibility with low-cost manufacturing compared to 

other heat pipes, it is implemented in various thermal management systems. such as HVAC 

systems, flow plates cooling for fuel cells, electronic systems, air to air heat exchangers, de-

icing of roadways in permafrost regions, solar collectors and nuclear reactors. Some of 

application scopes are explained below.  

 

II.2.1. TPCT application in solar collectors 

The thermosyphon evacuated tube solar collector converts solar energy to heat energy. It 

consists of a vacuum tube and a TPCT. Vacuum tube is made of two concentric glass tubes, in 

which the outer surface of the inner tube is coated with a selective absorber material to convert 

the absorbed solar radiation to heat energy, and also reduce the radiation heat loss. The absorbed 

heat in the vacuum tube is transferred to the evaporator section of the TPCT and released by 

the condenser section. By this passive process, the water traversing the tank above can be heated 

continuously and used for houses or industry’s needs. 

 

https://www.sciencedirect.com/topics/engineering/heat-pipes
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Fig II.1: Schematic view of thermosyphon evacuated tube solar collector [42] 

 

II.2.2. TPCT application in permafrost regions: 

Permafrost is the ground that remains completely frozen with 0°C or colder continuously  for 

two years at least. Permafrost regions span approximately 25% of the ground in the northern 

hemisphere of the earth, mainly Canada, China, Russia and USA as represented in Fig II.2. 

 

Fig.2: Distribution of permafrost in the northern hemisphere [43] 
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Over a long period, scientists have been industriously attempting to resolve the issue 

of damage to highway pavements in permafrost regions. They realized that  the TPCT can 

prevent to some extent the permafrost degradation, and then it was adopted on highways and 

railways sides as shown in Fig II.3. 

 

 

Fig II.3: Application of TPCTs in Permafrost regions [44] 

 

The condenser section is exposed to the air and the evaporator section is inserted underground 

as shown in Fig II.4. The TPCT can effectively transport a large amount of heat with a small 

temperature difference between the condenser section and the evaporator section. 

 

Fig II.4: Distribution of permafrost in the northern hemisphere [45] 
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II.2.3. TPCT application in heat exchanger for heat waste recovery systems  

In this technology, a bunch of TPCTs are placed into a shell called recuperators, in which the 

TPCTs sections are isolated from each other. The hot exhaust fluid passes through the bottom 

of TPCTs heating the evaporator. Thereafter, the heat is released on the top part by condensers 

and heats the cold fluid, as explained in Fig II.5. This heat waste recovery system is widely 

used in various industrial domains. 

 

Fig II.5: A schematic view of the thermosyphon heat exchanger [46] 

 

II.3. Physical concepts of heat transfer in TPCT  

II.3.1. Boiling in TPCT  

The TPCT is fulfilled with an amount of working fluid which takes place in the bottom of the 

tube. Before boiling starts, the working fluid is in stationary regime representing the liquid pool 

in the TPCT. After applying the heat to the evaporator section, heat is transferred from the inner 

wall surface to the bulk liquid via natural convection. Thereafter, typical boiling regimes occur 

as shown in Nukiyama’s boiling curve for saturated pool boiling of water at atmospheric 

pressure, Fig II.6. Ranges of boiling temperatures vary mainly according to vacuum pressure, 

working fluid nature and tube material [47]. 
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Fig II.6: Pool boiling curve of saturated water [47] 

 

II.3.1.1. Naturel convection boiling: 

In natural convection boiling regime, the bulk liquid is subcooled with no bubbles generation 

As the temperature increases, few bubbles may generate near the evaporator inner  wall. The 

only fluid motion in the pool is caused by natural convection currents, which are triggered by a 

change in fluid density due to temperature increment. Since the boiling heat transfer coefficients 

are low in natural convection regime, this last one has not gained much of scientists attention. 

II.3.1.2. Nucleate boiling: 

When the system enters the nucleate boiling regime, vapor bubbles occur on the evaporator 

inner wall at certain locations called nucleation sites, these are microscopic cracks or cavities 

on the wall surface. The existence of trapped gases in cavities produces liquid–vapor interfaces, 

where transfer of energy occurs in form of latent heat from the liquid to the vapor. Once a vapor 

bubble generates at a nucleation site, the bubble grows to a certain diameter, detaches from the 

wall, and departs to the liquid bulk. Bubble growth steps are represented in Fig II.7. 
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Fig II.7: A bubble growth and detachment steps [47] 

 

At subcooled region, each generated bubble can grow and detach from the surface 

independently, this is called “isolated bubble” regime.  As the temperature rises, additional 

nucleation sites become active and more bubbles are generated, and then interact with each 

other forming columns and slugs of vapor, which decreases the contact area between the heating 

surface and the saturated liquid.  
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In some cases, at low pressure and low filling ration, the vapor bubble growth further the 

average diameter of detachment, due to the imbalance of forces surrounding the bubble; and 

that results an anomalous nucleate boiling appearance, and this phenomenon is called geyser 

boiling. Phases of geyser boiling occurrence are explained below (See also, Fig II.8 and Fig 

II.9). 

• The  vapor bubble is nucleated and enlarges suddenly, than it reaches the pool liquid-

vapor interface, and it bursts. 

• The proximate liquid to the bubble is sprayed over the condenser inner wall due to 

bubble rush. Consequently, a liquid slug forms and bashes the condenser end cap. 

• Thereafter, the bashed liquid returns to the pool by gravity force. The falling liquid 

returns with a lower temperature and cools the liquid pool in the evaporator.  

• After the large bubble is burst, the new nucleated bubbles are smaller and release less 

energy than the large one. Eventually, liquid pool returns to a state of relaxation and a 

new geyser boiling cycle begins.  

Geyser boiling influences the thermal performance of the TPCT due to the produced 

instabilities, represented in relaxation periods followed by abrupt nucleation. 

 

Fig II.8: Phenomenology of geyser boiling in the TPCT [48] 
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Fig II.9: Geyser boiling visualistaion through a glass thermosyphon [49] 

 

II.3.1.3. Transition boiling 

When the temperature rises over the critical heat flux point, the rate of bubble formation 

outpaces the rate of bubble detachment from the solid surface.Bubbles combine and form vapor 

films on the solid surface, so the contact area between the solid surface and the saturated liquid 

decreases. The formed vapor films are not stable, and they can separate from the surface, 

leading to put back the contact with the liquid and restart of nucleate boiling. This causes 

instability of solid surface temperature in which the temperature may fluctuate quickly. Since 

this regime fuses unstable film formation with partial nucleate boiling, it is defined as transition 

boiling regime.  

II.3.1.4. Film boiling 

At Leidenfrost point, the heat flux reaches its minimum value, in where the temperature 

becomes sufficiently high to maintain a stable vapor film. Above this point , the stable vapor 

film separates completely the bulk liquid and the solid surface, and that why it is called film 

boiling regime. In this regime, Thermal energy from the heating surface reaches the liquid–

vapor interface by convection in the vapor film as well as by direct radiation to the interface. 



Chapter II                   State of The Art on Two-phase closed thermosyphons Using Nanofluids 

 

25 

 

Film boiling manifests until the surface temperature reaches the maximum admissible 

temperature, which is the melting point of  the solid surface.  

 

II.3.2. Evaporation in TPCT 

Evaporation is the transformation of a liquid to vapor phase; this process occurs at  liquid–vapor 

interface. In TPCT, Evaporation process occurs firstly at the top of liquid pool. The released 

vapor traverses the adiabatic section and moves towards the condenser section where it changes 

phase to liquid by releasing its latent heat of condensation. When the condensate falls down due 

to gravity, evaporation take place also on the adiabatic wall where the liquid films or droplets 

vaporize. Fig II.10 below illustrates vapor flow patterns in the TPCT. Manifestation and 

frequency of these flow patterns differ according to various parameters. 

 

Fig II.10: Illustration of vapor flow patterns in the TPCT [50] 

 

II.3.3. Condensation in TPCT  

Condensation happens when the saturated or superheated vapor comes into contact with a solid 

surface, which has a temperature less than its saturation temperature, such as the inner wall of 

condenser section in the TPCT. It exists two condensation modes, which are explained below 

and figured in Fig II.11. 

II.3.3.1. Filmwise Condensation  

When  the surface is wettable, a continuous condensate film forms on the surface and filmwise 

condensation manifests, Fig II.11 (a). Filmwise flow could be laminar, wavy or turbulent. 

Filmwise is characterized by its width and thickness.  
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II.3.3.2.  Dropwise Condensation  

Dropwise condensation is a heterogeneous phase change process, in which vapor transforms to 

liquid in form of small discrete droplets on a non-wettable surface, as shown in Fig II.11 (b). 

These droplets can coalesce and move down due to gravity sweeping the condenser.  

 

Fig II.11: Condensation modes [51] 

In the TPCT, the dropwise condensation is preferred, because its overall heat transfer coefficient 

is higher. With filmwise condensation, the inner wall of condenser section is covered 

permanently with a thin film, and whatever its flow regime is, it engenders a supplementary 

thermal resistance and decreases the heat transfer rate. Unlikely, with dropwise condensation 

the inner wall of condenser section has much bare area not covered, which reduces the thermal 

resistances encountered at the liquid–vapor interface. Scientists work on promoting dropwise 

condensation in TPCT by coating condenser inner surface with hydrophobic impurities, known 

as dropwise promoters. 

 

Seo et al [52], demonstrated that the dropwise condensation for acetone and ethanol reduced 

the overall thermal resistance by 50% compared to filmwise condensation, as represented in 

Fig II.12. Furthermore, their work revealed that it exists a strong dependence of working fluid 

viscosity on dropwise condensation stability and heat transfer enhancement. The high viscosity 

of working fluid delayed the droplets shedding rate, and that engenders coalescence of droplets, 

resulting an irregular and wide transient liquid film. Consequently, the condensation rate and 

heat transfer performance decrease.  



Chapter II                   State of The Art on Two-phase closed thermosyphons Using Nanofluids 

 

27 

 

 

Fig II.12: The overall thermal resistance of a TPCT as a function of the  CHTC [52] 

 

II.4. Heat transfer limits in the TPCT: 

Previously, the limitations of heat pipes were defined. Since the TPCT is a wickless gravity 

assisted heat pipe, it is not limited with capillary force. The TPCT is mainly limited by  boiling 

and entrainment limits, which both of these limits engender the dry out of the evaporator and 

consequently the device damaging. Studies have shown that different parameters have 

significant impact of the TPCT thermal performance, such as: Effective length, diameter, 

inclination angle, material, working fluid, filling ratio, heat flux.  

It was figured out that adding nanoparticles to a base fluid alters its thermophysical 

properties and therefore the phase change regimes and subsequently the TPCT performance 

[53]. Moreover, many studies demonstrated that filling ratio which is defined as the volume of 

the working fluid to the evaporator section volume, has a significant impact on TPCT 

performance. The next section will browse various works conducted to investigate both filling 

ratio and nanoparticles addition impact on thermal performance of the TPCT.  

 

II.5.  Overall Heat transfer enhancement using nanofluids 

A variety of experimental and numerical studies have been conducted to reveal the effect of 

nanofluids with different filling ratios on the thermal behaviour of thermosyphons. Main results 

and remarks are briefly mentioned below. 
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Gallego et al. [54], used a glass TPCT with length of 400 mm to visualize phase change 

progress when using deionized water and alumina nanofluid with 0.1 wt.% and 0.5 wt.% of 

concentration, and filling ratios of 30, 45, 60, 75 and 90% at 40, 60 and 80 W.  It was noticed 

that using Al2O3/DI nanofluids at 0.1 wt.% and 0.5 wt.% eliminated the dry out limit of the 

TPCT and reduced the condenser temperature. With filling ratios above 45%, nucleate pool 

boiling occurred with a remarkable expansion of the working fluid. In addition, a nanoparticle 

barrier appeared with concentration of 0.5 wt.% at 40 W. This phenomena impeded the vapor 

from moving towards the condenser, which caused a supplementary thermal resistance and 

deteriorated the thermal performance of the TPCT compared to its performance with water. 

Adding of Al2O3  nanoparticles with concentration of 0.1 wt.% with FR of 45% at 60 W, 

decreased the thermal resistance by 30.5%, while 0.5 wt. % decreased it just with 25.8%. those 

findings, show that it exists a relation between all of heat load, filling ratio and nanoparticles 

concentration. 

Sarafraz et al [55], used Ag/water nanofluid in a copper TPCT with total length of 280 mm. The 

nanofluid was prepared by dispersing in water an eco-friendly silver nanoparticles which were 

produced from the aqueous silver nitrate and the fresh tea leaf extract. Ag/water nanofluids 

decreased the wall in a temperature distribution profile along the TPCT, and its best 

performance was  reported at 0.4 wt.% of concentration and FR of 65% at vertical position.  

In the same TPCT, Sarafraz et al [56] conducted another study using  Zirconia-acetone 

nanofluid. Nanoparticles concentration varied from 0.025 wt.% to 0.1 wt.%, and it was found 

that as the concentration increases as the thermal resistance and wall temperature decrease. The 

optimum filling ratio and nanoparticles concentration values was found to be 60% and 0.1 wt.%, 

respectively. In which the heat transfer coefficient of the TPCT improved by 36.3%  in 

comparison with the pure acetone. 

 Effect of single and hybrid nanofluids of Al2O3 and TiO2 were investigated with 

concentration of 0.2 vol. % and FR of 30, 50, 70% on carbon steel TPCT with length of 500 

mm [57], where 25% Al2O3 + 75% TiO2- H2O and TiO2-H2O nanofluids showed the best 

performance represented in lower thermal resistance with 26.8% and 22.8%, higher heat 

transfer coefficient and better thermal efficiency. Whereas the optimum FR was found to be 

50%.  
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Al2O3 and Bimetallic nanoparticles of Titanium Silicon oxide TiSiO4 nanofluids with various 

concentrations (0.01%, 0.02%, 0.05% and 0.075%), were used within a copper TPCT [58]. Both 

nanofluids decreased the overall wall temperature and thermal resistance compared to pure 

water. Optimum concentrations are 0.05 vol.% and 0.075 vol.% for Al2O3 and TiSiO4, 

respectively.  

Different numerical approaches of computational fluid dynamics with different assumptions 

have been applied  to predict the impact of nanoparticles on TPCT thermal performance. Asmaie 

et al [59], developed a computational fluid dynamics model for simulation of a TPCT  including 

phase change. Results showed that the evaporator wall temperature decreased about 19.6% 

when using Cu/H2O nanofluid from 0.1 to 1 wt. %. A mathematical 2D steady state model was 

developed by Wang et al [60] to explore the effects of nanoparticles on a TPCT charged with 

nanofluids. Wall temperature distribution decreased by 3.92%, 4.54%, and 5.83% for Al2O3, 

Fe2O3, and Cu, respectively for 10 wt. % and FR 35%. 

 

In addition to metallic and oxide-metallic nanoparticles, non-metallic nanoparticles have 

been also investigated. Liu et al. [61],  used a miniature TPCT with carbon nanotubes 

suspensions CNT/H2O as working fluid. The thermal resistance decreased with the increase of 

CNT concentration and the greatest heat transfer coefficient was accessed at 2 wt. %.  

Baek et al. [62], utilized functionalized multi walled carbon nanotubes (MWCNTs) with five 

filling ratios, 10%, 30%, 50% and 70% in distilled water. Both of M-CNT  and C-CNT 

nanofluids  decreased the thermal resistance and increased the heat transfer coefficient, 

especially with FR 10% at 8W.  It was clearly remarked that M-CNT nanofluid enhanced the 

thermal performance of the TPCT better than C-CNT nanofluid and deionized water. 

Only Zhao et al. [63] studied the effect of nanofluid on the startup of two-phase closed 

thermosyphon. They used Graphene nanoplatelets nanofluid with different concentration. 

Using 0.05 wt. % of GNPs nanofluid, shortened the startup by 15.1% at 30 W. Meanwhile, the 

temperature of the startup process decreased by 3.7%. They concluded also that the shorter 

startup is, the higher thermal efficiency is.  

Choi et al. [64], performed a wire pool boiling experiment for the purpose of determining an 

optimal concentration of CNF within water. Aggregation and sedimentation were not remarked, 

even after repeated experiments over a long duration, which implies the good stability of the 

suspension. Thereafter, CNF fluid of 0.5 wt. % concentration was used as working fluid within 
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the TPCT with three different filling ratios and various heat loads. The maximum reduction rate 

in thermal resistance was 37.7% at 25% of filling ratio.  

In other supplementary work, Choi et al. [65] repeated the experiments on the same TPCT 

with the same conditions and using an evaporator with hydrophilic inner surface. It was found 

that using CNF nanofluid reduced the thermal resistance and improved dramatically the TPCT 

thermal performance. Lee et al. [66], extended these last two studies by analysing the flow 

instability at the evaporator section. It was figured out that CNF reduced the amplitude of geyser 

boiling that causes the instability of the TPCT. 

 

II.6. Behaviour of nanoparticles in TPCT using nanofluids 

 

The behaviour of nanoparticles in base fluid during the operation of the TPCT is unexpectable. 

After literature survey, three main behaviours were referred to the ability of nanoparticles to 

enhance the thermal characteristics of base fluids. All of Brownian motion, interfacial 

nanolayers formation and deposition of nanoparticles are explained in the following section. 

 

II.6.1. Brownian motion of nanoparticles: 

With aim to fathom the role of Brownian motion of nanoparticles  in heat transfer, two 

theoretical models were proposed, dynamic or static models.  Maxwell [67] and Hamilton and 

Crosser [68] proposed static models. They assumed that the nanoparticles are stationary in the 

base fluid. while other researchers proposed dynamic models, in which the nanoparticles are 

assumed to be in a random movement within the base fluid. Goudarzi et al [69] and Harish et 

al [70] figured out that Brownian motion has a significant impact on  thermal conductivity 

enhancement in nanofluids. Jang and Choi [71] developed a dynamic model, where they 

introduced four concepts of energy transfer in nanofluids, which are: thermal diffusion, the 

collision of base fluid molecules, thermal interaction between nanoparticles and base fluid and 

collision between nanoparticles. The study concluded that the collision between nanoparticles 

(Brownian motion) of nanoparticles has not a significant role in enhancing the thermal 

conductivity of the nanofluid.  According to Borzuei and Baniamerian [72] the only effect of 
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convection due to Brownian motion of nanoparticles is able to explain the high thermal 

conductivity enhancement in nanofluids. 

 

Fig II.13: Nanoparticles in random movement (Brownian motion) 

 

It is clear that findings of theoretical studies about Brownian motion role in heat transfer in 

nanofluids are contradictory. However, visualisation experiments have shown that the random 

movement of nanoparticles bombards the vapor bubbles formed in the working fluid bulk in 

the evaporator section during the nucleate boiling, and also bombards the nucleation sites. Thus, 

frequency of bubbles generation increases, and smaller bubbles. This results higher energy 

transfer and reduction of the thermal resistance.  

 

II.6.2. Interfacial nanolayers formation: 

Within nanofluids liquid molecules wraps around nanoparticles forming a nanolayer (Fig II.14), 

this one is supposed to be a thermal conductor between the nanoparticles and the base fluid and 

helps enhancing the thermal conductivity of the nanofluid. Li et al [73]  and Zhai et al [74], 

reported that the nanolayer thickness is not a parameter that to determine the thermal 

conductivity.  

Contrary to the finding mentioned above, Pal  [75] came up with a novel method to estimate 

the thermal conductivity of the interfacial nanolayers surrounding the nanoparticles. The 

method consists of measuring intrinsic viscosity of the bulk which allows to estimate the 

thickness of the interfacial nanolayers. Thereafter, with help of the developed equations relating 



Chapter II                   State of The Art on Two-phase closed thermosyphons Using Nanofluids 

 

32 

 

intrinsic viscosity to interfacial layer thickness and intrinsic thermal conductivity to interfacial 

properties, the thermal conductivity of the nanofluid can ben deduced. This method was 

validated by simulation and experimental results. 

 

Fig II.14: Nanolayers at liquid-solid interfaces 

 

II.6.3. Deposition of nanoparticles : 

Additionally, even with stable suspension, an amount of nanoparticles within the nanofluid tend 

to depos on the inner wall of evaporator section, forming a thin layer. This layer promotes the 

roughness and cavities of the surface, which can potentially boost the number of nucleation 

sites. Sarafraz et al [76], studied heat transfer in evacuated tube solar collector using carbon-

acetone nanofluid. They took SEM images for evaporator inner wall after continuous operation 

with nanofluid. the change of surface roughness due to deposition of nanoparticles on the 

surface is clearly obvious. Irregularities and the non-uniformity of the surface intensified with 

rise of nanoparticles concentration, Fig II.15. 

 

Fig II.15: SEM images taken from the evaporator after continuous operation with nanofluid 

(a) 0.025 wt.% (b) 0.075 wt.% (c) clean surface [76] 
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II.7. Conclusion 

This chapter focused on the Two-phase closed thermosyphon ensuring to the readers to  be 

familiar with it, in which the importance of the TPCT and its application scopes were explored. 

Moreover,  the physical concepts of heat transfer and heat transfer mechanisms when using 

nanofluids were detailly explained and discussed.  

It is noticed that inferences reported by different researchers using various analyses are 

contradictory, further investigations must be performed to fathom the thermophysical behaviour 

of nanofluids. 

In general, nanofluids outperformed the conventional working fluids in perspective of 

enhancing the TPCT thermal performance to some extent, in which it stills representing a 

serious challenge due to cost of production and stability issue. 
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III.1. Introduction: 

From the literature survey in the previous chapter, it was noticed that the mentioned nanofluids 

are redundantly used in this field. Withal, clustering and sedimentation are a standing issues 

which pushed scientists to add surfactants and strive to obtain a stable and thermally effective 

suspensions. Although the good characteristics of cellulose, only three works were conducted 

using cellulose nanofiber within a TPCT. Therefore, with the aim of enriching the literature, 

this work represents a detailed process of an experimental investigation performed on a 

miniature copper two-phase closed thermosyphon using CNF nanofluid, with purpose of 

figuring out their impact on heat transfer in the TPCT. This chapter explains the steps of the  

experimental study conducted in this research as follow: 

• Choice of nanofluid ( advantages and characteristics of CNF ). 

• Preparation of CNF suspensions. 

• Description of the necessary devices and their role. 

• The assembly and connection of all devices. 

• Launch of the experimental study and data recording. 

• Uncertainties of the reduced data. 

 

III.2. Source and characteristics of cellulose nanofibers: 

Cellulose is abundant, eco-friendly, biodegradable, biocompatible and non-toxic organic 

polymer extracted from trees wood. The extraction process is presented briefly in Fig III.1.  

 

Fig III.1: Process of cellulose nanofiber extraction [77] 
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III.3. Applications of cellulose nanofibers: 

Despite its low thermal conductivity, its feasibility was found to enhance the critical heat flux 

of water and to maintain dispersed and stable within water due to its low zeta potential [78]. 

Therefore,  Cellulose is implemented in several fields such as cement mixture preparation as it 

maintains the mixture cohesive [79].Application scopes of Cellulose nanofiber  are summarized 

in Fig III.2. 

 

Fig III.2: Application scopes of Cellulose nanofiber 

 

 
Fig III.3: Annual numbers of publications and patents for the terms “Cellulose” and 

“Cellulose and Nano” [77] 
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Due to the diversity of cellulose nanofiber applications, interest of researchers on it raised in 

the last decades. Annual numbers of publications and patents for the terms “Cellulose” and 

“Cellulose and Nano” are depicted in Fig III.3. 

 

 

III.4. Economic insights of cellulose nanofibers in nanoparticles market: 

 

The represented histogram in Fig III.4 is the outcome of reviewing several sources concerning 

nanomaterials [80,81,82]. It provides the average price of some nanoparticles avalaible in 

nanoparticles market. Cellulose nanofibers ranked first as the cheapest nanoparticles. 

Furthermore, it is non-toxic, only allergic reactions may appear in case of eyes contact or 

inhaling [83].  

 
Fig III.4: Average price of nanoparticles with €/g 

 

 

 

III.5. Cellulose nanofiber nanofluid preparation: 

III.5.1. Characteristics of the purchased cellulose nanofiber: 

The CNFs used in this study was purchased from Nanografi company. The following 

description is token from the DATA sheet furnished by the seller company, (Appendix.1).  
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Fig III.5: TEM image of one fiber of cellulose nanofiber used in the current study  

Table III.1: Characteristics of the purchased cellulose nanofiber  

Appearance (Color) White  

Appearance (Form) Dry powder (~4 wt.% moisture) 

Average Particle Size Diameter: 10-20 nm, Length: 2-3 µm  

Density  1.50 g/cm3 

Melting point Does not melt 

Solubility Insoluble in water and common organic solvents 

 

III.5.2. Steps of preparation of CNFs nanofluid suspensions:  

Three CNF suspensions of 0.5, 1 and 2 vol.% were prepared using two-steps method [84]. 

Firstly, the suitable weight of CNF powder for each concentration is weighted using an 

electronic analytical balance (DAIHAN Biomedical), and then the CNF is homogenized with 

deionized water using a magnetic stirrer (ISOLAB- LABORGERATE GmbH) for 5, 10 and 15 

min at 700 rpm for each concentration respectively, followed by an ultrasonic dispersion using 

ultrasonic bath (HYDRA) for 30 min, Fig III.6. The three prepared CNFs suspensions are 

shown in Fig III.7. 

 

Fig III.6: Preparation process of cellulose nanofiber nanofluid [87] 
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Fig III.7: Prepared CNF suspensions  

Mass of CNFs for each concentration is calculated using Percent by volume (vol.%) formula as 

follow: 

Φ = 
Volume of solute

Volume of solution
 x 100    =>    Volume of solute = 

Φ x Volume of solution

100
         (III.1) 

 

Mass of solute = Density of solute x Volume solute                                                           (III.2) 

• Density of CNF = 15 g/cm3 

• Volume of solution = 80 ml 

 

Φ = 0.5 Vol.%   =>  Mass of solute CNF = 0.6 g 

Φ = 1 Vol.%      =>  Mass of solute CNF = 1.2 g 

Φ = 2 Vol.%      =>  Mass of solute CNF = 2.4 g 

 

III.6. Preparation of the experimental stand:  

III.6.1. The two-phase closed thermosyphon under study: 

The two-phase closed thermosyphon under the study is a copper sealed tube with length of  340 

mm. As depicted in Fig III.8, the TPCT is split into three parts with 110 mm of length for both 

evaporator and adiabatic section, and 120 mm for condenser section. Inner and outer diameter 

are 10 and 12 mm, respectively. The TPCT is set to the vertical position, and both evaporator 

and adiabatic sections were thermally insulated using multiple layers of glass wool to eliminate 

heat loss.   
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Fig III.8: Two-phase closed thermosyphon under study 

 

III.6.2. Vacuum and filling system: 

The TPCT is evacuated using vacuum pump (Value VE 115N), and a mobile system containing 

vacuum meter (PAKKENS) and extra valve was used to control vacuum pressure before and 

after filling process with a thin syringe. 

      

Fig III.9: Vacuum system: (a) Vacuum meter (b) Vacuum pump 

 

III.6.3. Heating system 

AC power supply unit (VARSAN). Ground connection and security standards were applied. 

The evaporator section was heated using a circular sheet resistance leaving a suitable side space 

to connect thermocouples. 

       

Fig III.10: Heating system: (a) AC power supply unit (b) Sheet resistance covering the 

evaporator section 
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III.6.4. Cooling system  

Two snail fans were placed facing up to the condenser section, where the blown air was 

concentred with the help of a rectangular nozzle, with uniform velocity of 8 m/s measured using 

anemometer (UNI-T UT363).  

       

Fig III.11: Cooling system: (a) Snail fans (b) Anemometer 

 

III.6.5. DATA recording system 

The wall temperature of the TPCT was measured using ten thermocouples of T types connected 

to universal data logger (UDL100-ORDEL). Extension wires of each thermocouple are 

connected using TIG welding to ensure a reliable measurement junction. Furthermore, 

calibration and reliability control are ensured by the manufacturing company [Appendix.2].  

 

       

Fig III.12: Thermocouples: (a) Measurement junction (b) Extension wires 
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Fig III.13: DATA logger 

III.7. Experimental process and Data recording: 

The apparatus previously described have been assembled to form the experimental stand ready 

to work. Fig III.14 depicts the assembled experimental apparatus, and every instrument is 

labelled schematically in Fig III.15 and it is described below.  

  

Fig III.14: Experimental apparatus  [85] 
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Fig III.15: Comprehensive schematic of experimental apparatus and thermocouples locations 

(a)Experimental apparatus (b) Technical drawing of the TPCT and location of 

thermocouples [85] 

 

For each working fluid the experiments are done with three different filling ratios and seven 

heat loads, which gives totally 84 experiments. Table III.2 summarizes the variables and inputs 

of the experimental work., and the executed steps to take measurements for each experiment 

are explained below. 

Table III.2: Experimental parameters [85] 

 Heat load  Filling ratio Working fluid Air flow Vacuum pressure 

Values 20,30,40,50, 

60,70,80 W 

25%,50%,75% DI 

CNF 0.5 vol.% 

CNF 1 vol.% 

CNF 2 vol.% 

8 m/s 0,2 bar 

 

III.7.1. Cleaning of the TPCT:  

The first step involves cleaning the TPCT in order to eliminate all impurities found in the 

internal surface of the tube as these could contaminate the working fluid and therefore disrupt 

the system performance. 
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III.7.2. Vacuum of the TPCT:  

The non-condensable gases which impede the condensate from return back to the evaporator 

were evacuated from the TPCT using the vacuum pump, where the vacuum pressure was set at 

0.2 bar.  

III.7.3.  Filling of the TPCT:  

After cleaning and evacuation of the TPCT, the working fluid is injected inside carefully with 

help of syringe and ball valve. 

The filling ratios varied to 25, 50 and 75%  for each working fluid. the total volume of the 

evaporator section is calculated using its dimensions (L =110 mm, r =5 mm), and then volumes 

adequate to each filling ratio are calculated too. 

Ve = 8,64 ml 

VFR1 = 2.16 ml / VFR2 = 4.32 ml  / VFR3 = 6.48 ml 

III.7.4. Launch of the experiment:  

After being sure that the system is sealed and under vacuum, the heat is applied and controlled 

from AC power supply unit. Steady state was considered, when wall temperature change with 

± 0.1 °C every 5 min. 

 

III.7.5. Data recording:  

The transmitted measurements are downloaded from ORDEL software with recording range of 

10 seconds. 

 

III.8. Data reduction and uncertainties 

The random errors of experiments were reduced by repeating the measurements three times and 

taking the arithmetic  mean value. While systematic errors were reduced using the formulas 

below. 

Qin is the heat load applied on the evaporator section, and it is obtained from equation (III.3) 

where V is voltage, and I is current. 

      Qin = V.I                                                                     (III.3) 

The total thermal resistance of the TPCT was calculated using equation (III.4). 



Chapter III                             Heat Transfer Enhancement in TPCT Using Cellulose Nanofiber:  

                                                                                                                       Experimental Study 

44 

 

 

 Rtot  =
𝑇̅𝑒−𝑇̅𝑐

𝑄𝑖𝑛
                                                                  (III.4) 

 

Both boiling and condensation heat transfer coefficients are calculated using the following 

equations respectively:  

BHTC =
𝑄𝑖𝑛

𝐴𝑒,𝑖(𝑇̅𝑒−𝑇𝑣)
                                                          (III.5) 

 

CHTC =
𝑄𝑖𝑛

𝐴𝑐,𝑖(𝑇𝑣−𝑇̅𝑐)
                                                           (III.6) 

 

Thermal efficiency η of thermosyphon is defined as the cooling capacity of the system. In other 

word, it is the ratio of removed heat quantity at the condenser section to the loaded heat quantity 

at the evaporator section. 

𝜂 =
𝑄𝑜𝑢𝑡

𝑄𝑖𝑛
*100                                                               (III.7) 

 

Qout was calculated using the external heat transfer coefficient ho of the condenser section, 

which was obtained using Nusselt correlation for cross flow over a cylinder (III.10), [86].                 

                                               𝑄𝑜𝑢𝑡 = ℎ𝑜. 𝐴𝑐,𝑜(𝑇̅𝑐 − 𝑇∞)                                              (III.8) 

 

ℎ𝑜 =
𝑁𝑢⋅𝑘

𝐿𝑐
                                                                (III.9) 

 

Nusselt number is calculated using the following correlation for flow cross a cylinder for: 

Re.Pr˃0.2.  

𝑁𝑢 = 0.3 +
0,62.𝑅𝑒

1
2 .𝑃𝑟

1
3

[1+(
0.4

𝑃𝑟
)

2
3]

1
4

 × [1 + (
𝑅𝑒

282000
)

5

8
]

4

5

                                 (III.10) 
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Reynolds and Prandlt number are calculated using equation (III.11) and (III.12), respectively 

 

𝑅𝑒 =
𝜌𝑉𝐿𝑐

𝜇
                                                        (III.11) 

 

                                                                 Pr = 
𝜇𝐶𝑝

𝑘
                                                          (III.12) 

  

Both, Re et Pr are calculated using air characteristics at film temperature Tf. 

 

𝑇𝑓 =
𝑇̅𝑐 +𝑇∞

2
                                                                  (III.13) 

 

Uncertainties of the obtained results from previous equations are calculated using Kline & 

McClintock formula (III.14), [87]. Uncertainties of all parameters are given in Table III.3 

below. 

𝛿𝑅 = [∑ (
𝜕𝑅

𝜕𝑥𝑖

𝑛
𝑖=1 𝜕𝑥𝑖)2]

1/2
                                             (III.14) 

 

Table III.3: Uncertainty of measurements and parameters  

Measurements Uncertainty  

Wall temperature (T- type thermocouple ORDEL) ± 0.1 °C 

Cooling air velocity (Anemometer Unit-365) ± 1 m/s 

Heat load (AC power supply unit VARSAN) 1.69% 

Parameters   

Heat transfer coefficients [W/m2K] 10.14% 

Thermal efficiency [%] 9.32% 

Total thermal resistance [K/W] 1.71% 
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III.9. Conclusion: 

This chapter broached all experimental steps of this work, explaining devices role and applied 

experiments. It allows also the readers to understand the conducted study with all necessary 

information, which is helpful for beginner researchers to refer to it for similar studies. Results 

of this work are compiled and discussed in the next chapter. 
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IV.1. Introduction 

This chapter depicts and analyses the results of the experimental study, which was explained in 

the previous chapter. The wall temperature distribution of TPCT and its total thermal resistance 

are the mirror of the thermal performance of the device. From literature survey, it was noticed 

that scientists opt for reducing all of the evaporator wall temperature, the temperature difference 

between two ends and the  total thermal resistance.  

Relying on this, the effects of filling ratio and cellulose nanofiber nanofluid on wall temperature 

distribution, total thermal resistance and the startup of the TPCT under study are analysed, 

compared  and discussed. Additionally, only for the high and low extremity results, the transient 

wall temperature distribution is analysed. Beside this, the boiling and condensation heat transfer 

coefficients and efficiency are analysed too. 

 

IV.2. Impact of CNF and filling ratio on the wall temperature distribution: 

The wall temperature distribution of the TPCT at steady state for all experimental cases is 

shown in Fig IV.1. Generally, with rise of heat load, the average wall temperature of the TPCT 

increases, while the temperature difference between its two ends (T1 and T10) decreases. All 

temperature distributions have  similar profiles, and no dry out was remarked in any case. 

It is obviously observed that the highest evaporator wall temperature and the largest 

temperature difference between the evaporator and the condenser manifest when using DI as 

working fluid with FR of 75% at all heat loads. While the lowest ones manifest with CNF 1 

vol. % at FR 75%.  

All of CNF concentration, filling ratio and heat load have an apparent impact on the wall 

temperature distribution along the TPCT, but the optimum CNF concentration varies with 

change of FR  and heat load, and similarly  for the optimum FR that changes according to CNF 

concentration and heat load. This deduction agrees with findings of Gallego et al [54]. In which, 

decreasing FR of DI reduced the evaporator wall temperature by 28.29% and 34.09% for FR 

50% and FR 25% respectively compared to FR 75% at 20 W. This reduction ratio decreases 

with increasing heat load to 19% and 20.68% at 80 W, respectively. Furthermore, using CNF 

suspensions reduced the evaporator wall temperature, especially for high FR to reach a 

reduction of 40% with CNF 1 vol. % with FR 75% compared to DI with FR75% at 20 W, and 

at 80W the reduction was found to be 23%. It is remarked that impact of CNF is intense at low 
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heat loads, and the average evaporator wall temperature for all concentrations tend to converge 

with rising heat load. 

Fig IV.1: Wall temperature distribution along the heat pipe for all working fluids at various 

heat loads. (a)20 W, (b) 30 W, (c) 40 W, (d) 50 W, (E) 60 W, (f) 70 W, (g) 80 W [85] 
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The average condenser wall temperature also increases with rise of heat load. The condenser 

wall temperatures of all cases are uneven but very near to each other, except the one of DI with 

FR 75% which owns the lowest condenser temperature, and this implies that less heat is 

extracted from the evaporator with it.  With increasing heat load, T8 and T9 increased and 

became equal to each other and bigger than T7 and T10, so it gave a convex curve to the  

temperature profile of the condenser part for all cases, except DI with FR75% which keeps a 

descendant shape till 70 W and 80 W where T8 becomes higher than T7. This warping of 

temperature profile is due to the sudden temperature drop of the vapor in the entry of the 

condenser at T7, and presence of a cold end at T10, this can be explained by the existence of 

non-condensable gases inside the TPCT. These non-condensable gases can come from the 

filling process which is not 100% efficacious. As they have a lower density, they cluster in the 

upper end of the TPCT, and inhibit the vapor from reaching there, resulting in lower temperature 

at T10. Therefore, the efficient heat sink happens at the region surrounding T8 and T9. 

 

IV.3. Impact of CNF and filling ratio on the total thermal resistance 

The total thermal resistance of the TPCT decreases for each case with rise of heat load as shown 

in Fig IV.2. When using DI, decreasing the FR leads to decrease the thermal resistance by 

40.85% and 51% for FR 50% and FR 25%, respectively compared to FR 75% at 20 W. FR has 

a remarkable impact on Rtot when using DI. While when using CNF, FR impact diminishes. The 

most significant decrease in Rtot occurred when using CNF 1 vol. % with FR 75%. This decrease  

was by 58.78% and 33.65% for 20 and 80 W respectively compared to DI with FR 75%. 

Whereas, using CNF with 2 vol. % dramatically re-increased the Rtot. 

The thermal resistance is a result of vapor bubbles accumulation at the solid-liquid 

interface on the inner wall of the evaporator, which impedes the heat transfer from the solid to 

the liquid, when the evaporator filling ratio increases, the vapor bubbles amount rises and lead 

to a higher thermal resistance of the evaporator, but the presence of nanoparticles within the 

liquid provides nucleation sites and helps bombarding the vapor bubbles and reduce that 

thermal resistance [88]. It can be concluded that the evaporator thermal resistance dominates 

the total thermal resistance. 
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Fig IV.2: Total thermal resistance of the TPCT for all working fluids with different filling ratios at 

various heat loads [85] 

 

Indeed, wall temperature distribution of the TPCT is a mirror of its total thermal resistance, 

in which  the highest evaporator wall temperature and the largest temperature difference 

between the two ends of the device reflect the highest thermal resistance, such in case of DI FR 

75%. Similarly, the lowest evaporator wall temperature and the smallest temperature difference 

between the two ends of the device reflect the lowest thermal resistance, such in case of CNF 1 

vol. % FR 75%. As shown in Fig IV.1 with increasing heat load the temperature difference 

between two ends of the TPCT decreases which is reflected on the total thermal resistance 

decrement. 

 

IV.4. Impact of CNF nanofluid and filling ratio on the TPCT startup  

The startup of the TPCT is defined as the transient process from initial status to the steady status 

of the device operation. In other word, it is the period taken to the circulation of vapor and 

liquid flux for once, from applying heat load and vapor departure toward the condenser to the 

return of condensate to the liquid pool. 

The startup is characterized by its duration and temperature, and it is altered by many 

working conditions. In Fig IV.3 the time and the temperature of each startup for all working 

fluids with different FR at 20 W is depicted. Impact of FR on the startup is intense when using 

DI, while CNF concentration has a stronger influence at all filling ratios.  The longest startup 

manifests with DI with FR 75%, where it lasted about 900 s and wall temperature reached 120 

°C at the bottom. Unlike, the shortest startup manifests with CNF 1 vol. % with FR 75%, and 

it lasted about 600 s with a temperature less than 70 °C. The maximum reduction in startup time 

and temperature is noticed between those cases. In which, the startup time shortened by 33% 
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and wall temperature at the bottom decreased by 42%. Whereas, increasing CNF concentration 

to 2 vol. % deteriorated the startup regarding to CNF with 1 vol. %. 

 

Fig IV.3: Duration and temperature of the startup for all working fluids with different filling 

ratios [85] 

 

IV.5. Analysis of transient wall temperature for cases of highest and lowest wall   

temperature distribution:  

The TPCT is made from opaque material which inhibit visualization of boiling, evaporation 

and condensation regimes. Thus, some studies relied on numerical models to predict the phase 

change process, or experimentally by using glass TPCT to observe it [52,89]. Else way, wall 

temperature variation through time can also help to figure out what happens inside the TPCT. 

In this section, transient wall temperature variation at all thermocouples locations from the 

minimum to the maximum applied heat load is analysed. Only the cases of highest and lowest 

wall temperature distribution are considered for this analysis which are DI with FR 75% and 

CNF 1 vol. % with FR 75%, as depicted in Fig IV.4 (a, b) respectively. 

The wall temperature of the TPCT increased gradually with application of initial heat load 

of 20 W to the evaporator. The first transient phase before reaching the steady state is called 

startup as defined in the previous section. Thereafter, higher heat loads were applied 

successively. Here, for both cases, no sudden rise of evaporator wall temperature was noticed, 

which implies that the TPCT operates normally without any dry out.  

In case of using DI with FR 75%, the rise of evaporator wall temperature after applying 70 

W was severe comparing to the other experiments, and followed by an intense oscillations at 
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T4 for 80 W. At the condenser section, obvious oscillations started after applying 40 W, 

especially with T7, due to the increase of the vapor mass achieving the condenser with heat load 

rise. After applying 70 W, a sudden intense oscillations occurred with T8 till it crossed and 

passed T7 at point A, Fig IV.4 (a). Frequency of these oscillations lightened at 80 W, while its 

amplitude expanded. Wavering of temperature was noticed also at the adiabatic section, which 

implies that there is a change in boiling regime and vapor flow pattern, and this is explained by 

the oscillation of T4 which is located at the upper level of liquid pool. Consequently, a change 

in condensate flow pattern occurred. In other word, flow instability occurred after applying 70 

W. 

When using CNF 1 vol. % with FR 75%, slight fluctuations occurred at all evaporator 

section. After applying the initial heat load of 20 W, the condenser wall temperature rises 

quickly accompanied with oscillations. At point A, Fig IV.4 (b), T8 crossed and passed T7 

immediately after applying 30 W. Also, T9 crossed and passed T7 after applying 40 W at point 

B. Thereafter, T7 and T10 became equal and lower than T8 and T9 at 80 W, and that is reflected 

in the convex curve of the condenser wall temperature in Fig IV.1 (g). Contrary to the case of 

DI with FR 75%, any flow instability did not occur at high heat loads. This result is consistent 

with Lee et al. [66] inference that CNF contribute to stabilize the device operation process.   

These overshoots of temperature in the condenser section happens twice with CNF 1.vol% 

and earlier than the case of DI, which implies that an important amount of vapor reaches the 

condenser quickly and leads to better heat sink and lower evaporator wall temperature. 

Moreover, when applying 20 W to the TPCT, the temperature of adiabatic section T6 is 

obviously lower than T5 when using DI, and quasi equal when using CNF 1.vol%, which proves 

that vapor is released with CNF 1.vol% quicker than with DI. This inference is already proven 

in the precedent section and framed on Fig IV.4 (a, b), that using CNF 1.vol% shortened the 

startup time by 33%, and its temperature also.  

Analysis of wall temperature variation over time at all thermocouples location contributed 

to figure out that the TPCT functioned normally, without any dry out, also the effect of CNF on 

the startup and the transient wall temperature was noticed, but it still obscure to know what 

happens exactly inside, as boiling and condensation regimes evolution. 
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Fig IV.4: Wall temperature variation through time at all thermocouples location from the 

minimum to the maximum applied heat load. (a) DI with FR 75%, (b) CNF 1 vol. % with FR 

75% [85] 
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IV.6. Boiling and condensation heat transfer coefficients: 

The boiling heat transfer coefficient is affected by both of filling ratio and working fluid as 

shown in Fig IV.5, and it changes randomly with increasing heat load, giving a fluctuated graph 

lines. Comparing to DI, adding CNF with 0.5, 1 and 2 vol. % with FR 25% at 20 W ameliorated 

the BHTC by 30.91%, 5.88% and 0.47% respectively. While at 80 W the improvement reached 

only to 17.07%, 5.59% and 7,79%, respectively. Contrary, with FR 50%,adding CNF 

deteriorated the BHTC by 3.72%, 11.71% and 20.96%, respectively at 20 W. At 80 W, for CNF 

0.5 vol.%, small amelioration occurred about 3,51% while adding CNF with 1 vol.% and 2 

vol.% deteriorated it again by 2.51% and 8.22% respectively. Similar point is noticed with FR 

75%. At the case of DI with FR75%, a sudden decrease in BHTC at 70W and 80W was 

remarked. Ghanbarpour et al [90], referred these fluctuations to the change in the inner 

evaporator surface caused by nanoparticles. But in this study, even with deionized water at 

different filling ratio a random tendance of the BHTC manifested with increasing heat load, and 

that may be due to the change in boiling regime. However, the highest BHTC manifests when 

using CNF with 0,5 Vol.% at FR 25% at all heat loads. 

 

 

Fig IV.5: Boiling heat transfer coefficients 
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As shown in Fig IV.6, CHTC increased linearly with heat load rise, because rising the applied 

heat intensifies the boiling and results larger amount of vapor upward, thus higher heat transfer 

occurs in condenser section. CHTC varies also with change of filling ratio and CNF 

concentration. FR 25% showed better CHTC when using DI or CNF 0.5 vol.%. On the contrary, 

when using higher concentrations, FR 75% and FR 50% showed better CHTC with CNF 1 

vol.% and CNF 2 vol.% respectively. Adding CNF with 1 vol.% with FR 75% improved the 

CHTC up to 183% at 20 W and 30 W compared to DI with the same filling ratio.  

Since vapor and liquid move in counter directions, a shear force occurs between liquid-vapor 

interface, which entrains liquid droplets into the vapor moving towards the condenser. Some 

studies mentioned that nanoparticles do not affect the condenser heat transfer because small and 

negligible quantity of nanoparticles reaches the condenser and do not deposit there [91,92,93]. 

In this study, the condenser wall temperature and CHTC are affected by heat load, filling ratio 

and CNF concentration as well. Nanoparticles influence the condenser section indirectly, 

because their presence changes the boiling regime and the generated  vapor mass, also the latent 

heat of vaporization of base fluid [94]. Thus, it alters the condensation film thickness, CHTC 

and wall temperature [95,96]. 

   

 

Fig IV.6: Condensation heat transfer coefficients 
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IV.7. Thermal efficiency of the TPCT:  

Fig IV.7 depicts the thermal efficiency of the TPCT for all cases, which was obtained using 

equation (5) . At low FR, adding CNF with 0.5 vol.% led to a small deterioration in the thermal 

efficiency. But increasing CNF concentration enhanced it. Where the best thermal efficiency 

was found when adding CNF with 1 vol.% and FR 50% from 20W to 60W. Generally, the 

thermal efficiency of the TPCT tends to increase with rising heat load and then decrease, except 

in case of DI with FR 75%, in which a sudden improvement was noticed at 70W. 

 

 

Fig IV.7: Thermal efficiency of the TPCT  

 

IV.8. Discussion of impact of nanofluids on heat transfer:  

Indeed, due to its Brownian motion, CNF intensifies the turbulence and boiling and 

provides nucleation sites and helps bombarding the vapor bubbles that form the boiling film on 

the inner wall of the evaporator. Furthermore, bubbles bursting results both larger number and 

smaller size of vapor bubbles and provokes their departure from the inner wall quickly, as 

visualized in wire pool boiling experience conducted with CNF suspension conducted by Choi 

et al. [60] and Hwang et al. [78] and that explains the slight fluctuations of evaporator wall 

temperature (Fig IV.7 (b)), [43]. Thus, the startup accelerates and significant decrease in thermal 
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resistance occurs. Additionally, even with a stable suspension, nanoparticles presence changes 

the wall surface roughness. In which, an amount of nanoparticles forms a thin porous layer on 

the inner wall of the evaporator and that leads to change the surface tension and wettability [97, 

98]. Consequently, it alters the startup and  the whole heat transfer process, as Ma et al. [99] 

proved that inner surface characteristics have an impact on the thermosyphon startup.   

IV.8.1. Impact of nanofluid viscosity on heat transfer:  

The viscosity is a crucial aspect in heat transfer in nanofluids. Although its importance, the 

impact of nanofluids viscosity has not gained a considerable attention as the other 

thermophysical properties of nanofluids. Thus, this section focuses on discussing the viscosity 

role in heat transfer enhancement in nanofluids within TPCT. 

Similarly to the other thermophysical properties of nanofluids, viscosity is affected by 

temperature, nanoparticles characteristics (Shape, size, concentration), shear rates, additives 

and dispersion technique [100].  

Results reported by different studies agree that viscosity increases with increasing concentration 

of nanoparticles. In other word, nanoclusters formation or clustering in nanofluid typically 

occured at high nanoparticles concentrations, where van der Waals forces cause agglomeration 

due to extremely tiny interparticle distances.  

Increasing temperature engenders agitation of molecules of base fluid, which intensifies the 

Brownian motion of nanoparticles. Thus, they move quicker, and interact for shorter time, 

which leads to break van der Waals forces and reduce the internal frictions and consequently 

decreasing nanoclusters size and number and gives a lower viscosity. With low concentration, 

nanofluids behave as a Newtonian fluid, while with high concentration, nanofluids behave as a 

non-Newtonian fluid [101, 102]. Additionally, the increase in viscosity offsets the increase of 

thermal conductivity, because nanoclusters and aggregation tend to sediment due to gravity 

force, which increases the thermal resistance and deteriorates the heat transfer rate [50].  

For this reasons, high viscosity was outlined as a non-favourable property for the good 

operation of the TPCT. But that doesn’t invalidate its potential to enhance the heat transfer to 

some extent. 

Determining the viscosity of a nanofluids can significantly impact the accuracy of numerical 

analysis of thermal and fluid dynamics for heat transfer and phase change phenomena in TPCT 

and heat pipes in general. Hence, some correlations were developed to predict the viscosity of 
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nanofluids, but a correlation for determining the viscosity of nanofibers nanofluid is not 

developed yet [103].  

 

IV.9. Conclusion 

 

This experimental work studied the impact of filling ratio and cellulose nanofiber concentration 

on the thermal performance of miniature two-phase closed thermosyphon at various heat loads. 

Conclusively, the main findings of this work are summarized as follows: 

 

• Filling ratio, CNF concentration, and heat load have a significant impact on the thermal 

performances of the TPCT. Moreover, there is a trade-off between these parameters, in 

which the optimum FR changes with variation of both CNF concentration and heat load, 

and similarly for the optimum CNF concentration that also changes according to FR and 

heat load.  

 

• The highest evaporator wall temperature and total thermal resistance manifest 

themselves when using deionized water as a working fluid with FR of 75% at all heat 

loads, while the lowest ones manifest when using 1 vol.% CNF with FR of 75%. In 

which, 1 vol.% CNF with FR of 75% reduced the evaporator wall temperature and the 

total thermal resistance by 58.78% and 40%, respectively, at 20 W compared to DI with 

FR of 75%.  

 

• CNF with 1 vol.% concentration at FR of 75% accelerated the startup process by 33% 

of time and 42% of temperature compared to DI with FR of 75%, giving a better thermal 

performance represented in the lowest thermal resistance and evaporator wall 

temperature as mentioned above.  

 

• CNF pushed away the occurrence of flow instability at high heat loads. Finally, despite 

its low thermal conductivity, the organic cellulose nanofiber nanofluids outperformed 

the deionized water as a working fluid for a miniature two-phase closed thermosyphon. 

Its positive impact on the device performance is limited by its concentration and other 

conflicting parameters such as filling ratio.  
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Design should take these points in consideration; otherwise, deterioration in the thermal 

performance could manifest. Further works that combine between wall temperature 

distribution variation and inner changes visualization are strongly recommended to help in 

analysing the phase change phenomena from reading the wall temperature variation through 

time. 
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   This thesis broached a general view on heat pipes and the concept of  involving nanofluids 

within to improve their thermal performance. Afterward, a literature survey focused on the Two-

phase closed thermosyphon was conducted with aim of understanding the physical concepts of 

heat transfer and its mechanisms when using nanofluids.  

In general, nanofluids outperformed the conventional working fluids in perspective of 

enhancing the TPCT thermal performance to some extent, in which it stills representing a 

serious challenge due to cost of production and stability issue. Therefore, the current study came 

to contribute to investigate the impact of a nanofluid which is non-redundantly used before. 

This last one is cellulose nanofiber nanofluid based deionized water. After explaining the 

experimental steps in the third chapter, the fourth one came with important findings that 

enriches the literature background in heat pipes and nanofluids fields. 

 

Thesis main contributions by order are : 

• After a deep research, heat transfer mechanisms within TPCT using nanofluids were 

deduced and classified. 

• The detailed explanation of the experimental study provides an experimental brochure 

which is helpful for researchers to refer to it for similar studies.  

• The selection of cellulose nanofiber nanofluid allowed to obtain valuable results which 

are not available in literature. Such as the impact of cellulose nanofiber nanofluid on the 

startup of a miniature two-phase closed thermosyphon. 

• Besides, filling ratio and temperature, the impact of cellulose nanofiber nanofluid on a 

miniature two-phase closed thermosyphon was investigated. 

• Finally, the eco-friendly cellulose nanofiber nanofluid succeed to improve heat transfer 

in a miniature two-phase closed thermosyphon. Yield, its positive impact is limited by 

its concentration and other conflicting parameters such as filling ratio and temperature.  

 

Perspectives 

The results obtained by this study are noteworthy and encourage to pursue this research path. 

Further directions need to be investigated: 
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• Providing a study that combines between wall temperature distribution variation and 

inner changes visualization is strongly recommended to help analysing the phase change 

phenomena from reading the wall temperature variation through time. 

• Creating a User Defined Function (UDF) for Computational Fluid Dynamics (CFD) 

simulation using two-phase models, with aim to predict flow patterns within the TPCT.  

 

• Adoption of Artificial Neural Networks to predict thermophysical properties of 

nanofluids, with drawback of  correlations for fiber shape nanoparticles. As well as the 

heat transfer coefficients. 
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