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ABSTRACT 

 Thermal energy storage systems as an integral part of concentrated solar power 

plants improve the performance of the system by mitigating the mismatch between the 

energy supply and the energy demand. Using a phase change material (PCM) to store 

energy increases the energy density, hence, reduces the size and cost of the system. 

However, the performance is limited by the low thermal conductivity of the PCM, which 

decreases the heat transfer rate between the heat source and PCM, which therefore 

prolongs the melting, or solidification process, and results in overheating the interface 

wall. To address this issue, heat pipes are embedded in the PCM to enhance the heat 

transfer from the receiver to the PCM, and from the PCM to the heat sink during charging 

and discharging processes, respectively.  

  In the current study, the thermal-fluid phenomenon inside a heat pipe was 

investigated. The heat pipe network is specifically configured to be implemented in a 

thermal energy storage unit for a concentrated solar power system. The configuration 

allows for simultaneous power generation and energy storage for later use. The network 

is composed of a main heat pipe and an array of secondary heat pipes. The primary heat 

pipe has a disk-shaped evaporator and a disk-shaped condenser, which are connected via 

an adiabatic section. The secondary heat pipes are attached to the condenser of the 

primary heat pipe and they are surrounded by PCM. The other side of the condenser is 

connected to a heat engine and serves as its heat acceptor. The applied thermal energy to 

the disk-shaped evaporator changes the phase of working fluid in the wick structure from 

liquid to vapor. The vapor pressure drives it through the adiabatic section to the 
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condenser where the vapor condenses and releases its heat to a heat engine. It should be 

noted that the condensed working fluid is returned to the evaporator by the capillary 

forces of the wick. The extra heat is then delivered to the phase change material through 

the secondary heat pipes. During the discharging process, secondary heat pipes serve as 

evaporators and transfer the stored energy to the heat engine.  

 Due to the different geometry of the heat pipe network, a new numerical 

procedure was developed. The model is axisymmetric and accounts for the compressible 

vapor flow in the vapor chamber as well as heat conduction in the wall and wick regions. 

Because of the large expansion ratio from the adiabatic section to the primary condenser, 

the vapor flow leaving the adiabatic pipe section of the primary heat pipe to the disk-

shaped condenser behaves similarly to a confined jet impingement. Therefore, the 

condensation is not uniform over the main condenser. The feature that makes the 

numerical procedure distinguished from other available techniques is its ability to 

simulate non-uniform condensation of the working fluid in the condenser section. The 

vapor jet impingement on the condenser surface along with condensation is modeled by 

attaching a porous layer adjacent to the condenser wall. This porous layer acts as a wall, 

lets the vapor flow to impinge on it, and spread out radially while it allows mass transfer 

through it. The heat rejection via the vapor condensation is estimated from the mass flux 

by energy balance at the vapor-liquid interface. This method of simulating heat pipe is 

proposed and developed in the current work for the first time. Laboratory cylindrical and 

complex heat pipes and an experimental test rig were designed and fabricated. The 

measured data from cylindrical heat pipe were used to evaluate the accuracy of the 

numerical results.   
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 The effects of the operating conditions of the heat pipe, heat input, and portion of 

heat transferred to the phase change material, main condenser geometry, primary heat 

pipe adiabatic radius and its location as well as secondary heat pipe configurations have 

been investigated on heat pipe performance. The results showed that in the case with a 

tubular adiabatic section in the center, the complex interaction of convective and viscous 

forces in the main condenser chamber, caused several recirculation zones to form in this 

region, which made the performance of the heat pipe convoluted. The recirculation zone 

shapes and locations affected by the geometrical features and the heat input, play an 

important role in the condenser temperature distributions. The temperature distributions 

of the primary condenser and secondary heat pipe highly depend on the secondary heat 

pipe configurations and main condenser spacing, especially for the cases with higher heat 

inputs and higher percentages of heat transfer to the PCM via secondary heat pipes. It 

was found that changing the entrance shape of the primary condenser and the secondary 

heat pipes as well as the location and quantity of the secondary heat pipes does not 

diminish the recirculation zone effects. It was also concluded that changing the location 

of the adiabatic section reduces the jetting effect of the vapor flow and curtails the 

recirculation zones, leading to higher average temperature in the main condenser and 

secondary heat pipes.  

 The experimental results of the conventional heat pipe are presented, however the 

data for the heat pipe network is not included in this dissertation. The results obtained 

from the experimental analyses revealed that for the transient operation, as the heat input 

to the system increases and the conditions at the condenser remains constant, the heat 

pipe operating temperature increases until it reaches another steady state condition. In 
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addition, the effects of the working fluid and the inclination angle were studied on the 

performance of a heat pipe. The results showed that in gravity-assisted orientations, the 

inclination angle has negligible effect on the performance of the heat pipe. However, for 

gravity-opposed orientations, as the inclination angle increases, the temperature 

difference between the evaporator and condensation increases which results in higher 

thermal resistance. It was also found that if the heat pipe is under-filled with the working 

fluid, the capillary limit of the heat pipe decreases dramatically. However, overfilling of 

the heat pipe with working fluid degrades the heat pipe performance due to interfering 

with the evaporation-condensation mechanism.  
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 NOMENCLATURE 

 
A area,�� �  
� �  specific heat,��� ��	 
 �  
d wire diameter, m 
do conventional heat pipe diameter, m  
� 
� � latent heat of evaporation, �� ��	  

�  thermal conductivity,�� � 
 �	  
K� permeability, m2 
L length,��  
Lh 

ls 
thickness of primary heat absorber, m 
heat pipe outer surface curve length, m 

Ls secondary heat pipe length,��  
� � mass flow rate, kg/s 
n 
N 

normal direction 
mesh number 

P 
��� �  

relative pressure (Pabsolute-Preference),���  
heat transfer via secondary heat pipe in percentage of total heat input to 
the evaporator. 

� �  reference pressure,���  
q heat flux, �� � � �  
�  heat transfer, �  
r radial coordinate 
R 
Res 

radius,��  
thermal resistance, K/W 

Ri inlet corner radius, m 
Ro outlet corner radius, m 
� �  gas constant ,�� ��	 
 �  

� �  adiabatic section radius 
S heat pipe spacing 
�  temperature,��  
� �  reference temperature,��  
t thickness,��  
th 

tv 
thickness of secondary heat absorber,��  
thickness of concentric adiabatic section 

�  
U 

axial velocity,�� �	  
uncertainty 

  radial velocity,�� �	  
z axial coordinate 
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Greek 
 
!  density,��� � "	  
# dynamic viscosity, $ �� � �	  
% viscous dissipation 
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Subscripts  

a adiabatic 
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e evaporator 
eff effective 
i 
in 

inlet 
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Int 
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Interface 
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s solid 
sh secondary heat absorber 
o outlet 
v vapor 
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CHAPTER  1 

1 INTRODUCTION  

1.1 Importance of research 

 Solar energy is one of the primary sources of renewable energy for power 

generation. However, it is diffuse and intermittent, which means there is a gap between 

the energy supply and the energy demand. Thermal Energy Storage (TES) systems offer a 

good solution to the intermittency issue of the solar energy. Combining the thermal 

energy storage with concentrated solar power plants provides a continuous supply of 

energy. Among the various methods, latent heat thermal energy storage systems benefit 

from higher thermal energy storage capacity and more isothermal operation throughout 

the process. However, the high thermal resistance in the latent heat thermal energy 

storage system associated with the low thermal conductivity of the Phase Change 

Material (PCM) has adverse effects and significantly affects the rate of charging or 

discharging.  

 Several techniques are proposed to overcome this drawback including the 

utilization of extended surfaces, or fins, packing the PCM with high thermal conductivity 

porous medium [1], or blending the PCM with high thermal conductivity particles [2]. 

One of the alternative approaches that has gained flourishing interest recently is 

embedding a two-phase heat transfer device, such as a heat pipe, into the PCM to 

compensate for the low thermal conductivity of phase change materials. 
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  Heat pipe is a passive heat transfer device that can dissipate large amounts of 

heat through evaporation and condensation of a working fluid. The components of the 

heat pipe are a sealed container, a wick structure attached to the inner surface of the 

container, and a small amount of working fluid, which is in equilibrium with its own 

vapor (Figure 1-1).  

 

Figure 1-1 Schematic of a conventional heat pipe [3]   

 The applied heat to the evaporator vaporizes the working fluid. The vapor is 

driven to the condenser by the generated pressure difference where it releases its heat and 

changes its phase to liquid. The liquid is turned back to the evaporator zone by the 

capillary force of the wick. Since the latent heat of vaporization is usually enormous, heat 

pipes can efficiently transport a considerable amount of heat over a long distance with a 

relatively small temperature drop. While most heat pipes have cylindrical or flat shapes, 

they can be manufactured in different configurations for specific applications. 

  Qiu et al. designed a heat pipe network for a thermal energy storage unit 

integrated in concentrated solar power systems. The heat pipe network as shown in 
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Figure 1-2 is composed of one primary heat pipe and an array of secondary heat pipes. 

The primary heat pipe transfers the solar energy received at the evaporator to the heat 

engine. The secondary heat pipes, which are embedded into the PCM, transfer extra 

energy to the PCM so the energy could be stored. If the stored energy is needed, the 

secondary heat pipes act as evaporators and transfer stored energy to the heat engine.   

 

(a) 

 

 

 

 

(b) 

Figure 1-2 Heat pipes and thermal energy storage module during (a) 
charging (b) discharging [4] 

 

 It should be noted that the overall performance of the system is influenced by the 

operating conditions and geometrical characteristics of the heat pipe network [4].  
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1.2  Problem statement 

 Thorough knowledge of the phenomenon involved inside the heat pipes plays an 

essential role in improving their design and performance. To better understand and to 

better predict the operation of the whole system, including the thermal energy storage and 

the heat engine, one should have deep knowledge of physical phenomenon inside the heat 

pipe network. The intention is to gain better insight into the transport phenomenon of the 

heat pipe network described in Figure 1-2. The main objective of the current work is to 

develop a numerical model to investigate the effects of the physical and geometrical 

features on the steady state performance of the heat pipe network designed for the TES-

heat engine unit. It is of interest to find the configurations that lead to a more uniform 

heat rejection in the primary condenser in order to improve the engine performance and 

provide a more uniform phase change of the PCM for efficient thermal energy storage. 

An experimental setup is fabricated to validate the accuracy of the obtained results. Due 

to the complexity and novel design of the heat pipe geometry, the study was conducted in 

several steps. Three specific objectives are as follows: 

1.3  Research Objectives 

1.3.1 Objective 1: Steady state modeling of the primary heat pipe 

 The focus of this section was to develop a numerical model to simulate the 

thermal-hydrodynamic behavior of the heat pipe network. To simplify the problem, first, 

it was assumed that all the absorbed solar energy is transferred to the heat engine. 

Therefore, only the primary heat pipe was considered and secondary heat pipes were 

neglected. The salt charging and discharging via the array of secondary heat pipes were 
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not the focus of this section and were not included in the simulation. Due to the 

complexity of the heat pipe geometry, a new numerical approach was developed. The 

numerical model accounts for the compressibility of vapor, viscous dissipation, and 

pressure work in the energy equation of the vapor region as well as heat conduction in the 

wick and wall regions. One of the main challenges in the numerical simulation of the 

steady state performance of heat pipes was the determination of velocity profile at the 

condenser section of the vapor core. It is usually simulated by a uniform mass suction 

velocity obtained from the energy balance equation with a uniform heat flux at the 

condenser. However, this is not exactly a correct assumption for this complex heat pipe. 

The velocity is not only determined by the exterior factors, but is also influenced by the 

interior vapor flow field. In the present work, the vapor coming from the adiabatic section 

is similar to the jet impinging on a surface. Therefore, enforcing uniform mass flux at the 

condenser section of the vapor chamber results in an uniform heat rejection at condenser, 

which is not consistent with what was observed by Qiu et al. [4]. In fact, the heat 

distribution at the condenser is unknown in the current design and that has to be 

calculated. The heat distribution on the condenser wall is greatly affected by the vapor 

flow velocity and heat pipe geometry features such as heat pipe length, adiabatic section 

radius, and condenser space etc.  

 In order to overcome this issue, a numerical procedure was developed. A thin 

porous layer with low permeability is attached to the end of condenser of the vapor core 

to obtain the condensate velocities profiles. This thin porous layer acts as a wall to split 

out the impinging vapor flow while it allows mass transfer through it. Therefore, the heat 

rejection from the condenser can be calculated from the condenser suction velocity via 
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energy balance. The porous layer is eliminated while solving the energy equations. In 

order to validate the introduced simulation procedure, the computations were conducted 

for a high temperature cylindrical heat pipe. The results were compared to the available 

experimental data and excellent agreement was observed. The effects of heat input at the 

evaporator, adiabatic diameter and operating temperature was investigated on the 

performance of the heat pipe. The performance of the heat pipe was evaluated by 

calculating the corresponding thermal resistance. 

1.3.2 Objective 2: Steady state modeling of the primary heat pipe including 
the effect of secondary heat pipe 

 In this section, the numerical procedure was extended to include the effect of 

secondary heat pipes on pressure and temperature distributions of the outer surfaces of 

the condensers. The effects on the pressure and temperature distributions from the heat 

input, portion of heat transferred to the phase change material, main condenser geometry 

and secondary heat pipe configurations have been investigated. When the flow impinges 

on the condenser surface and spreads out toward radial direction, several recirculation 

zones are formed. These recirculation zones are not desirable since they cause 

fluctuations in the temperature distributions of the main condenser surface, which act as 

the heat receptor of the heat engine. Besides, they make the performance of the heat pipe 

convoluted. Therefore, in this section, the performance of the heat pipe was improved by 

modifying the geometrical features in order to alleviate flow and prevent separations. The 

effects of condensers entrance shapes on the temperature distributions of secondary and 

primary condensers have been evaluated. In addition, the effect of adiabatic section 

location has been investigated. The configurations that lead to more uniform temperature 



  

7 
 

distribution at the primary condenser to improve the engine performance and more 

uniform phase change of PCM for efficient thermal energy storage were found.  

1.3.3  Objective 3: Experimental study of the heat pipe network, including 
fabricating of the heat pipe 

 In this section, an experimental setup was designed to provide the heat pipes 

thermal characteristics needed to validate the numerical results. Both cylindrical heat pipe 

and the heat pipe network were designed and fabricated. Heat pipes were designed and 

manufactured in the laboratory. The manufacturing process included a selection of 

container material and working fluid, machining of the container and wick preparation, 

wick insertion, acid cleaning of the wick and container material, evacuation of the 

container and charging with the working fluid. After successful fabrication, heater, 

cooling jackets and measurement sensors were installed to gather the required data. The 

effects of heat input, working fluid amount, and inclination angles were studied on the 

heat pipes outer wall temperature distribution and the overall performance. The overall 

performances of the heat pipes were evaluated by calculating the corresponding thermal 

resistance defined as the ratio of the difference in the evaporator and condenser average 

temperatures in the heat input. 

1.4 Thesis outline 

 The thesis is divided into six chapters and the summary of each chapter is listed 

below: 

 Chapter 1 expresses the importance of the research and highlights the novelty of 

the current work. It also includes the problem statement and the research objectives. 
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 Chapter 2 provides an overview of heat pipe operation fundamentals. It also 

presents a comprehensive review of literature, including numerical and theoretical 

techniques for heat pipe analysis as well as experimental studies. It also illustrates the 

previous configurations of embedded heat pipes into PCM in latent heat thermal energy 

storage systems.  

 Chapter 3 introduces the numerical methodology, which is developed in this 

research to describe the thermal-hydrodynamic phenomena happening inside the heat 

pipe network. The governing equations along with boundary conditions are described and 

the developed numerical procedure is delineated. The chapter further presents the 

different configurations and geometries considered for the heat pipe in the numerical 

work. 

 Chapter 4 presents the experimental technique used in the current work. First, it 

describes the general procedure for heat pipe manufacturing and then the procedures, 

which were utilized in this research to fabricate the conventional heat pipe and the heat 

pipe network. Then it illustrates the experimental setup and its components. 

 Chapter 5 presents the results obtained from both numerical and experimental 

studies. First, the numerical results obtained from the steady state simulation of the 

primary heat pipes are described. The effects of heat input and the radius of the primary 

adiabatic section on velocity, pressure, and temperature profiles are shown. Second, the 

results for the cases with secondary heat pipes are presented. The effects of secondary 

heat pipe quantity and position on pressure and temperature distributions are discussed. 

For the third section, the results from design improvement by changing the shape of 
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entrances and the adiabatic section configuration are illustrated. Finally, the experimental 

results are displayed and the comparison is conducted between the numerical and 

experimental results.  

 Chapter 6 outlines the findings of the current work and the conclusions the results 

obtained from numerical analyses and experiments.  
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CHAPTER 2 

2 RESEARCH BACKGROUND 

2.1 Heat pipe overview  

2.1.1 Principle of heat pipes 

 Heat pipes are one of the most efficient heat transfer devices, which apply phase 

change to transfer heat. The operation of a heat pipe can be explained based on Figure 2-

1. As shown in this figure, a heat pipe is composed of a container, which its inner wall is 

covered with a wick material. The heat pipe container is first evacuated and then charged 

with the appropriate amount of working fluid and then is sealed. The wick is saturated 

with the liquid phase of the working fluid, and the remaining volume of the chamber 

includes vapor. The major sections of a heat pipe are evaporator and condenser where are 

in contact with the heat source and the heat sinks, respectively. A heat pipe can be with or 

without adiabatic section.   

 The received energy at the evaporator is conducted through the wall and wick 

structure to the liquid. Part of the liquid will be vaporized and the vapor travels along the 

heat pipe to the condenser. At the condenser, vapor condenses and releases its heat to the 

heat sink and changes its phase to liquid. The capillary pressure of the wick structure 

returns the resulted liquid back to the evaporator. The heat pipe continues to work as long 

as there is enough liquid in the wick at the evaporator section [5]. 
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Figure 2-1 components and principal operation of a cylindrical heat pipe 

 Using these fundamentals, heat pipe can transfer large amounts of heat over a 

long distance with only a small temperature drop.  

2.1.2 Heat Transfer Limitations 

 During the operation of a heat pipe, there are a number of physical phenomena 

that can be encountered, which may limit the performance of the heat pipes. These 

limitations can be classified as below: 

 Viscous limit: This limitation occurs in long heat pipes and at low operating 

temperatures where the inertial forces cannot dominate the losses due to the friction [6].  

 Sonic limit:  The sonic limit happens when the vapor leaving adiabatic section 

reaches sonic velocity and is choked [6]. 

 Capillary limit: The capillary limit occurs when the wick structure is not able to 

provide the required capillary pressure to circulate the liquid flow in the wick [5]. 
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 Entrainment limit: High velocities of the vapor generate high interfacial shear 

force, which causes the droplets of liquid be torn from the wick surface, and be entrained 

into the vapor that is flowing toward the condenser section. If the entrainment becomes 

too great, the evaporator will dry out [3]. 

 Boiling limit: This limitation occurs in cases with high radial heat fluxes at the 

evaporator section when the liquid in the evaporator wick boils and the wall temperature 

becomes too high. The formed vapor bubbles in the wick prevents the liquid from wetting 

the pipe wall, and causes dry out at the evaporator in severe conditions [3]. 

2.1.3 Working fluid and operating temperature range  

 Heat pipes can be built and manufactured in different shapes based on their 

applications. Each application has a particular temperature range that the heat pipe needs 

to work in and it should be included in the heat pipe design. The desired temperature 

range can be obtained by selecting the appropriate working fluid. Figure 2-2 shows some 

commonly used working fluids. The operating temperature are classified into four groups 

as: Cryogenic, low, medium and high temperatures [7].  

 In order to ensure the long life operation of heat pipes, the working fluid should 

be compatible with the wick and container material. Table 2-1 presents the information 

regarding compatibility test of commonly used working fluids [8]. 



  

13 
 

 

Figure 2-2 Approximate range of applicability of some working fluids in the various temperature regimes 
[7] 

 

Table 2-1 Working fluid and container compatibilty data [3] 
Working Fluid Compatible Material  Incompatible Material 
Water Stainless Steel, Copper, Silica, 

Nickel, Titanium 
Aluminum, Inconel 

Ammonia Aluminum, Stainless Steel, Cold 
Rolled Steel, Iron, Nickel 

 

Methanol Stainless Steel, Iron, Copper, 
Brass, Silica, Nickel 

Aluminum 

Sodium Stainless Steel, Nickel, Inconel, 
Niobium 

Titanium 

 

2.1.4 Wick structure  

 The wick structure is implemented to return the resulted liquid at the condenser 

back to the evaporator by providing required capillary pressure. Small pores are needed at 

the liquid-vapor interface to provide high capillary pressure while large pore facilitates 

the liquid flow in the wick [6]. Various wick structures have been developed as it can be 

seen in Table 2-2.  
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Table 2-2 Typical wick design [3] 

Wick type Capillary Pumping Thermal 
conductivity 

Permeability 

 

High High low-average 

 

High average low-average 

 

low high average-high 

 

low high high 

 

 Three wick structure features should be taken into consideration in designing heat 

pipes: 

Minimum capillary radius: This property is related to the pore size and it should be small 

if high capillary pressures are needed 

Permeability: Permeability is the wick resistance to the axial flow. Small permeability 

results in high pressure drop in the liquid flow.  

Effective thermal conductivity: Higher thermal conductivity leads to smaller temperature 

drop along the wick, which is desired in heat pipes [5]. 
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2.2  Literature survey  

2.2.1 Numerical and analytical heat pipe simulations 

 In order to understand the thermal and hydrodynamic behavior of heat pipes, 

several analytical and numerical simulations have been developed with different degree 

of complexity. Initially, the studies were focused on modeling the steady state vapor and 

liquid flow dynamics in heat pipes. The steady state laminar incompressible flow was 

assumed in the investigation of different heat pipe configurations such as flat [9], 

cylindrical [10] annulus [11] and disk-shaped heat pipes [12].  

 Nouri-Broujerdi and Layeghi investigated the steady state behavior of an 

incompressible vapor flow in a concentric annular heat pipe at both low and moderate 

Reynolds number. The evaporation and condensation were modeled as uniform flow 

injection and suction. They showed that by increasing the radial Reynolds number, a 

number of small and large recirculation zones are created at both ends of the evaporator 

and condenser sections. These zones exert a shear force on returning liquid in the wick, 

which increases the momentum of returning flow and leads to improved performance of 

the heat pipe [13]. 

 Chen and Faghri presented a numerical procedure to analyze the steady state 

performance of a cylindrical heat pipe including the effects of conjugate heat transfer, 

compressibility, and viscous dissipation. The wick region was modeled by neglecting the 

liquid flow inside the wick and considering pure conduction with effective thermal 

conductivity of the porous structure. Two-dimensional elliptic governing equations along 

with thermodynamic equilibrium relation for wick-vapor interface were solved for both 
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high and low temperature heat pipes. Their results showed a fair agreement with available 

experimental data [14]. In another work, Faghri and Chen performed a similar analysis, 

studying the effects of flow reversal phenomenon in the condenser section and the 

utilization of parabolic versus elliptic governing equations on the obtained results. They 

concluded that both types of equations lead to similar results except for conditions with 

high radial Reynolds number and large thermal conductivity of the wick [15]. Adopting 

the same procedure, Faghri et al. studied a high temperature heat pipe with multiple heat 

sources. They solved two-dimensional transient mass, momentum and energy equations 

in the vapor zone along with the energy equations in the wick and wall regions. The 

obtained numerical predictions were in agreement with their experimental results [16, 

17]. 

 Thuchayapong et al. applied finite element method to simulate two-dimensional 

fluid flow and heat transfer in a cylindrical heat pipe at steady state condition. Linear 

capillary pressure variation in the radial direction was assumed and implemented to 

couple the liquid and vapor pressure at the interface. The numerical results of the wall 

and vapor temperature distributions showed a good agreement with available 

experimental data [18]. 

 Pooyoo et al. investigated the copper-water cylindrical heat pipe with non-

Darcian transport of liquid �ow inside the wick and varying mass �ow rate of the liquid – 

vapor interface. The outer wall temperature, centerline velocity magnitude and thermal 

performance of the heat pipe were obtained [19]. Park developed a numerical technique 

to predict the effect of heat distribution on the performance of a low-temperature 

cylindrical heat pipe with multiple heat sources [20].  
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 Kaya and Goldak presented a three-dimensional, finite element-based model to 

study the performance characteristics of flow in a water-copper heat pipe. They 

considered laminar incompressible vapor flow with non-uniform heating in the 

evaporator area. The governing equations were simplified by neglecting the convection 

terms in the extended form of the Darcy equation in the wick. They also ignored the 

viscous dissipation and pressure works in the vapor energy equation. The results 

indicated that the wick material with high thermal conductivity provides more uniform 

spread of the applied non-uniform heat [21].  

 Koito et al. formulated a mathematical model to simulate the thermal fluid 

phenomena in a flat heat pipe made of copper. Water was considered as working fluid. 

They assessed the capillary pressure needed to circulate the working fluid. In addition, an 

experimental setup was devised to support the validation of the numerical solution [22] 

 Aghvami and Faghri studied the thermal-fluid behavior of a flat heat pipe with 

different heating and cooling configurations analytically. The vapor temperature drop 

was expressed by using Clausius-Clapeyron equation. The results showed that reducing 

the size of heat source could abase the performance of the heat pipe. It was also 

concluded that the evaporation and condensation are uniform only if thermal conductivity 

of wall material is small [23]. Shabgard and Faghri presented an analytical solution to 

investigate the performance of the cylindrical heat pipe with multiple heat sources. They 

also carried out a parametric study to evaluate the effect of the axial heat conduction of 

the wall on the heat pipe performance. It was shown that not considering wall heat 

conduction could bring about more than ten percent error in the calculated pressure drop 

[24].   
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 Three-dimensional numerical analyses were also performed for the conditions that 

the heating or cooling is not uniform in the third direction [21, 25].   

 The transient operation of heat pipes can be classified into two categories. The 

first group focuses on the startup process in which wick is initially in a frozen state, and 

the heat pipe core is evacuated. Generally, the heat pipe start up is very complicated and 

involves vapor transport in free molecular and continuum flow regimes, working fluid as 

solid, mushy and liquid as well as moving interfaces [26-29]. 

 In the second group, the continuum transient behavior of heat pipes has been 

investigated. Continuum transient modeling methods can be divided into two main 

groups based on the calculation of the condensation and evaporation rates of vapor at the 

vapor-wick interface. In the first technique, the energy balance equation is solved by 

applying the heat fluxes at the vapor and wick regions to obtain the evaporation mass 

flow rate. The condensation profile is obtained using outflow boundary conditions at the 

vapor core exit or with mass suction obtained from energy-balanced equation [17, 30-32]. 

In the second group, the mass flow rate at wick-vapor interface is calculated by the 

kinetic theory of gasses. The energy balance and the Clausius-Clapeyron equations are 

used to determine the saturation temperature at the interface. The system operating 

pressure was computed by enforcing overall mass balance in the vapor core [33, 34]. 

  Jang et al. developed a first-order transient model of the vapor flow in a heat 

pipe. One-dimensional compressible vapor flow in a porous pipe accounting for laminar 

and turbulent friction coefficients was employed to simulate heat pipe operation [35]. 

Noh and Song studied the switching transient operation of the heat pipes with several 
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heat sources. The governing equations for the water-vapor flow were described using 

two-dimensional transient procedure. The flow was assumed to be incompressible and 

laminar with constant properties in axisymmetric cylindrical coordinate. The wick and 

wall regions were simulated using the heat conduction equation. The evaporation and 

condensation rates were obtained from energy-balanced equations. They reported 

transient time needed to reach the steady state for heat pipes with different heat source 

configurations [36]. Wang et al. studied the transient operation of a high temperature heat 

pipe. The two-dimensional transient conduction model for the heat pipe wall and wick 

structure was coupled with the one-dimensional quasi-steady model for the vapor flow. 

The kinetic theory of gasses was implemented to calculate the  mass flow rates at the 

wick-liquid interface [37].  

2.2.2 Experimental investigations 

 Experimental studies on heat pipes have been done to investigate the effects of 

different parameters on thermal performance of heat pipes. These studies are classified 

into different groups studying the heat pipe operating conditions [38], type of the wick 

structure [39], working fluid type or the geometry of the heat pipe [40, 41]. Some 

experiments are also conducted with the aim of validating the numerical models [42].  

Faghri and Buchko performed experimental testing for a copper-water heat pipe 

with the purpose of verifying their developed numerical model. The heat pipe was 

exposed to multiple heat sources. Screen mesh was used as the wick structure [43]. In 

another experimental work, Faghri et al. have investigated the transient and steady state 

operations of a high-temperature heat pipe. One of the  objectives of their work was to 

provide accurate result to validate their numerical results [16].  
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 De Schampheleire et al. investigated the effects of novel wick material composed 

of metal fibers on the thermal operation of a water copper heat pipe. The fiber mesh heat 

pipe thermal resistance was compared to those of heat pipes with screen mesh and 

sintered wick [44]. They also studied the effects of thickness and porosity of the wick 

material  [45]. Kempers et al. studied the effects of mesh layers and fluid loading on the 

performance of water-copper heat pipes. They concluded that the maximum heat transfer 

through the heat pipe increased as more number of mesh layers was used for the wick 

[46]. Franchi and Huang examined the enhancement in thermal performance of a heat 

pipe resulted by using a composite wick. The wick was fabricated from a biporous 

structure composed of fine nickel metal powder sintered onto layers of coarse pore 

copper mesh [47]. More studies can be found with the focus on the wick type and 

characteristics effects on heat pipes performance [48-50]. 

 Peyghambarzadeh et al. explored the effect of different working fluid on the 

performance of a dual diameter of a heat pipe. They used water, methanol, and ethanol as 

working fluid and reported that higher heat transfer coefficients are obtained for water 

and ethanol in comparison with methanol. Recently, water based nanofluids have gained 

interest to be used as heat pipe working fluid instead of conventional working fluid due to 

their higher thermal conductivity [51]. Many studies have been done exploring the effects 

of different nanofluids on heat pipe performance [52-55].  

 Experiments were also conducted to study the performance of heat pipes with 

non-conventional geometries for specific applications. The performance of a heat sink 

with embedded L-type and U-type heat pipes was studied by Wang [56]. Wang et al. 

developed a concentric condenser heat pipe array, with the application in waste heat 



  

21 
 

recovery. The overall thermal performance of the heat pipe was analyzed experimentally 

and the effects of heat input, inclination angle, and the length of evaporator section were 

studied [57].  

2.2.3 Heat pipes in latent heat thermal energy storage systems 

 Concentration solar power (CSP) technologies utilize mirrors to collect the sun’s 

energy. The concentrated energy is used to drive a heat engine to generate electricity. 

Latent heat thermal energy storage systems combined with CSP systems alleviates the 

intermittency issue of the solar source and reduces the cost of energy.  

 Because of the large amount of energy that associates with the solid-liquid phase 

change, the energy density increases, hence reduces the size and cost of the energy 

storage system [58]. In addition, nearly isothermal energy storage is beneficial. The 

materials that are used in latent heat thermal energy storage systems to store energy is 

referred as phase change materials (PCM) [59]. The PCMs are generally classified into 

organic, inorganic, and eutectic mixtures. Organic compounds are generally paraffin 

waxes, esters, acids, and alcohols. The salt hydrates, eutectics of inorganic salts, and 

metals and their eutectics are included in inorganic group. PCMs can also be classified 

based on their melting temperature as low, medium, and high temperatures. Low 

temperature phase change materials including the organic compound are being used in 

low temperature applications such as domestic hot water production, green house heating, 

solar cooling, etc. [60]. Inorganic material and metals are good candidates to be 

implemented in high temperature latent heat thermal energy storage systems including 

solar power plants or industrial waste heat recovery systems [61].  
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 Despite all the mentioned advantages of the latent heat thermal energy storage 

systems, their performance is hindered by the low thermal conductivity of commercially 

available phase change materials. This leads to prolonged charging and discharging of the 

systems and overheating of the heat transfer surface. To address this issue, heat pipes can 

be embedded into the PCM which greatly improves the heat transfer in the system [62, 

63].  

 The effects of different arrangement of conventional heat pipes embedded in 

PCM on the charging and discharging time of the storage unit are considered by previous 

studies.  

 Sharifi et al. explored the effect of embedding a cylindrical heat pipe on melting 

of a phase change material in a vertical cylindrical container as shown in Figure 2-3. The 

container was heated by the heat pipe, which was located at the center and its condenser 

was surrounded by the PCM. The performance of the heat pipe integrated system was 

assessed by comparing the melting fraction at each time to those of assisted by isothermal 

surface or hot concentric rod or tube. Higher melting rates were reported for the case with 

heat pipe [64]. 

 The effect of cylindrical heat pipes configuration was also studied by 

Nithyanandam and Pitchumani. They considered two configurations. In the first one, the 

heat transfer fluid (HTF) was flowing inside the tubes, which were surrounded by the 

PCM while in the second module, the PCM was contained in the tubes and HTF was 

flowing over them. Four heat pipes were located circumferentially and were spaced 

equally along the tube length to enhance the heat transfer from HTF to the PCM Five 
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different arrangements were considered for inserting heat pipes inside the PCM as shown 

in Figure 2-4 [65]. 

 Robak et al. [66] assessed the effectiveness of latent heat thermal energy storage 

systems assisted by heat pipes. Rate increase of 70 % was reported for the melting of the 

PCM with embedded heat pipes. 

 

Figure 2-3 Physical model and computational domain for the heat pipe assisted latent heat thermal energy 
storage used by Sharifi et al. [64]. 

 

 

Figure 2-4 Different arrangement of heat pipe in Nithyanandam and Pitchumani study [65] 
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Figure 2-5 Configuration of heat pipes inside PCM in Robak et al. study [66]. 

  
   Tiari et al studied the effect of heat pipes on charging and discharging 

processes of the PCM enclosed in a square cavity [67, 68] or in a vertical cylindrical 

container [69] filled with a eutectic mixture as the PCM. They studied the effects of heat 

pipe quantity and arrangement on melting and solidification rates of the PCM. 

 

Figure 2-6 Different arangements of heat pipe inside a thermal energy storage unit used by Tiari et al. [69]. 
 

 More studies can be found on the effect of embedded heat pipes on the charging 

and discharging duration of the latent heat thermal energy storage system which all 

reported positive improvement in overall performance of the system [70, 71]. 
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CHAPTER 3 

3 NUMERICAL ANALYSIS 

 

3.1 Problem definition 

 The system configuration is shown in Figure 3-1. The unit consists of a heat pipe 

network, thermal energy storage and a heat engine. The heat pipe network is composed of 

a primary heat pipe and an array of secondary heat pipes. Part of the thermal energy 

received from the sun is delivered to a heat engine through the primary heat pipe. The 

excess thermal energy is re-directed and stored in the phase change material via an array 

of secondary heat pipes. In the present work, only the operation of the heat pipe network 

is simulated and PCM charging or discharging is neglected. The thermal energy received 

from the sun on the evaporator surface is transferred to the liquid in the wick. The liquid 

phase changes to vapor. The vapor is driven through the adiabatic part due to the 

generated pressure difference. The vapor leaving adiabatic section towards the main 

condenser is similar to a jet. The vapor jet strikes to the main condenser surface and 

spread out radially while its phase is changing to liquid and is releasing its heat to the 

heat engine via condenser. However, part of the vapor is re-directed to the secondary heat 

pipes where, its heat is delivered to the phase change salt. Since the operation of the heat 

pipe is the focus of this study, the salt phase change and heat engine are not included in 

the model. In the current model, salt is represented by considering a material with low 

thermal conductivity around the secondary heat pipes. The heat dissipation to the heat 

engine is simulated by attaching a heat absorber with high thermal conductivity to the 
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primary condenser. The vacuum insulation is considered as the adiabatic boundary 

condition in the mathematical modelling. To reduce the entrance flow separation at the 

sharp corner of the evaporator to adiabatic section, the corner is rounded in the current 

study. 

 

Figure 3-1 Schematic the heat pipe network integrated with thermal energy storage unit and a heat engine 
 

3.1.1 Heat pipe physical properties and key parameters 

 Since the heat pipe network is aimed to be implemented in high-temperature 

latent heat thermal energy storage system, sodium vapor was used as the working fluid. 

Another advantage of sodium is its low vapor pressure at high temperatures [5].  

 The thermophysical properties of Sodium vapor and liquid are listed in Table 3-1 

for different operation temperatures. 
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Table 3-1 Thermophysical properties of Sodium 
T ( K) ) *  

(Pa) 
+,-  

(kJ/kg) 
. /  

(kg/m³) 
0 /  

(10-4 
N[s/m²) 

0 *  
(10-8 

N[s/m²) 

1/  
(W/m-K)  

1*  

(W/m-K)  
cp,v 

(J/kg-K)  

800 876 4237 825.6 2.298 1827 65.88 0.034 2555 

900 4876 4131 801.8 2.018 2010 61.25 0.041 2700 

1000 19220 4026 778 1.809 2211 56.6 0.046 2709 
1100 584000 3925 754 1.645 2398 51.96 0.0492 2632 

 

 Steel was chosen as the wick and wall materials due to its compatibility with 

sodium. Screen mesh was selected as the wick structure. The key parameters of mesh 

screens are the wire diameter (d) and mesh number (N). Other parameters of the wick 

material, such as porosity and permeability can be derived by the following equations [5]: 

&2 3 
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 The effective thermal conductivity of the wick material is obtained using equation 

( 3-3) in which kl is the thermal conductivity of the liquid sodium and ks is the thermal 

conductivity of steel. 
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( 3-3) 

The calculated  properties of the wick are presented in Table 3-2. 

Table 3-2 Physical properties of the wick structure  
Wick type Screen mesh 
Mesh Number, N 100 
Wire diameter, d 0.053mm 
Effective radius, E(,,  0.0000635 mm 
Porosity, F 0.65 
Permeability, K 5.4 G10-9 � �  
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3.1.2 Primary heat pipe Physical model 

 Due to the complexity of the heat pipe geometry, the simulation was conducted in 

several steps. 

 In the first step, only the steady state operation of the primary heat pipe is 

simulated (Figure 3-2). It is assumed that all the energy received from the sun is 

transferred to the heat engine. The primary heat pipe is composed of a vapor chamber, 

wick and wall regions. The wicks are saturated with the liquid and the remaining volume 

of the heat pipe is occupied by the vapor. The uniform heat flux is applied to the 

evaporation section and changes the liquid to vapor. The vapor flows over the adiabatic 

section to the condenser, where it condenses and releases its energy to the heat engine.  

 

 
 

Figure 3-2 Primary heat pipe schematic 
 

 Table 3-3 shows the wick and wall properties as well as geometrical dimensions 

of the primary heat pipe.   
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Table 3-3 Dimensions and properties of the primary heat pipe 
Vapor region 

Evaporator radius, H(  0.1��  
Inlet corner radius, HI  0.01 m 
Adiabatic section radius, 
H*  

0.01 m 0.015 m 0.02m 

Inlet length, J I  0.01 �  
Condenser  radius,�HK 0.1��  
Outlet corner radius, HL 0.01 m 
Outlet length, JK 0.01 �  
Total  length,�J 0.4173��  

Wall 
Wall thickness MN 0.001��  
Operating temperature, OP Thermal conductivity,  � Q  

800�R 22.6 W/m-K 
900�R 24 W/m-K 
1000�R 25.4 W/m-K 

Wick 
Wick thickness M/  0.0015 m 
Operating temperature Effective thermal conductivity  

� ?

  
800 R 46.8�W/m-K 
900 R 45.2 W/m-K 
1000�R 43.4 W/m-K 

Heat absorber 
Thermal conductivity, 1S  200 W/m-K 
Length,�J+ 30 mm 

 

3.1.3 The primary heat pipe including the effect of secondary heat pipe  

 The two-dimensional axisymmetric schematic of the heat pipe network is shown 

in Figure 3-3. The heat pipe network is composed of a primary heat pipe and an array of 

secondary heat pipe.  
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Figure 3-3 Schematic diagram of the heat pipe network and  the coordinate system 
 

  Five different configurations of the secondary heat pipes have been considered, 

as shown in Figure 3-4. Case 1, 2 and 3 are composed of one secondary heat pipe. The 

secondary heat pipe is located near the primary heat pipe (case1), in the midway (case 2), 

or away from the primary heat pipe (case3). Case 4 and 5 consist of two and three 

secondary heat pipes respectively. The positions of the secondary heat pipes are provided 

in for all cases considered. 

 

 

 

 
 

Case 1 Case 2 Case 3 Case 4 Case 5 
 

Figure 3-4 Schematic of the secondary heat pipes configurations 
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Table 3-4 Secondary heat pipe heat pipe dimensions and properties 
Vapor core 

Thickness, MT (mm) 4 mm 

Length, JT(mm) 380 mm 

Wall  

Thickness, MN  0.001��  

Thermal conductivity,  1N  22.6 � � 
 �	  
Wick 

Thickness, M/IU  0.0005 �  

Effective thermal conductivity,   1(,,  45.2 � � 
 �	  
Secondary heat absorber 

Thermal conductivity,   1T+ 0.5 � � 
 �	  

Thickness, MT+ 4 mm 

 

3.1.4 Design Improvement 

 To improve the performance of the heat pipe, the geometrical features are 

modified in order to alleviate flow and prevent flow separations. The effects of 

condensers entrance shapes on the temperature distributions of secondary and primary 

condensers are evaluated. The different entrance shapes for primary condenser and 

secondary heat pipes are considered as shown in Figure 3-5.  

 

 

 

 

 

 

 

 

  
Figure 3-5 Primary condenser and secondary heat pipes inlet shapes (a) main condenser inlet  (b) secondary heat pipe 

inlet 
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 In additions, the effect of adiabatic section location is investigated. The adiabatic 

part can be tubular and be placed at the centerline or be concentric and be located around 

the PCM container as shown in Figure 3-6. 

 

 

 

 

(a) 

 

 

 

 

(b) 

 

The associated dimensions are summarized in Table 3-5 and Table 3-6. 

Table 3-5 Primary condenser and secondary heat pipes entrance dimensions  

Main condenser Round Tapered 

Ro 10mm Lo 28 mm 
to 10 mm 

Secondary Heat 
pipe 

Tapered 

Ls,i  8 mm 
ts,i  8 mm 

Figure 3-6 Different configurations of the diabatic section (a) case 1, tubular adiabatic section (b) case 2, 
concentric adiabatic section 
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Table 3-6 Adiabatic section dimensions 

Adiabatic  Case a radius, Rv 0.1 
Case b thickness, tv 0.004 

 

3.2 Assumptions 

 The assumptions incorporated in the mathematical simulations are as follow: 

- Heat pipe is two-dimensional and axisymmetric.  

- Liquid and vapor flows are steady and laminar.  

- Gravitational force is negligible.  

- The wick is homogeneous, isotropic (with constant and uniform porosity and 
permeability) and completely saturated with the liquid, so that dry out would never 
occur.  

- Evaporation and condensation only happen at the interface between the vapor and 
liquid.  

- Pressure work and viscous dissipation effects are included in the energy equation 
of vapor.  

- The saturation temperature at the interface of the liquid-vapor is estimated as the 
function of pressure using Clausius-Clapeyron equation. 

- Vapor density variations are evaluated using ideal gas equation. 

- Other properties of the working fluid are obtained at the operating temperature of 
the heat pipe and assumed constant.  

3.3 Governing Equations 

 The governing equations of vapor core, wick, and wall regions are as follows: 

3.3.1 Vapor region 

 The conservation of mass and momentum equations and the energy equation for 

vapor can be written as: 
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z- momentum: 
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where, 
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Where, % is the viscous dissipation and is defined as: 
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Equation of state: 

The compressibility effect is included by using ideal gas equation. The vapor density can 

be obtained from following equation: 

Y 2 ! � � �  
 ( 3-10) 

3.3.2 Liquid region 

 Based on Cao and Faghri [72], the liquid flow in the wick has negligible effect on 

the temperature distribution of heat pipes and can be ignored. The governing equation can 

be written as: 

� ?

 g
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WV
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WV

\ B
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WX� h2 5 

( 3-11) 

Where � ?

  is the effective thermal conductivity of the wick structure [5]. 

3.3.3 Wall region 

 The heat transfer through the heat pipe wall is governed by heat conduction 

equation: 

� Q g
3
V

W
WV

[ V
W�
WV

\ B
W� �
WX� h2 5 

( 3-12) 

Where, w refers to the heat pipe wall material.  
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3.3.4 Boundary conditions 

 The following boundary conditions are applied at centerline, vapor-wick 

interface, wall-wick interface, wall-heat absorber interface, and external surfaces.  

Heat pipe centerline: 

At centerline, symmetry boundary conditions indicate that: 

�V2 5l����� 2 5m�����
W�
WV

2 5m
W�
WV

2 5 
( 3-13) 

External Surfaces: 

Uniform heat flux boundary condition is specified at the outer container wall surface at 

the evaporator. Same condition is applied at the outer surfaces for the main and 

secondary heat absorber, which are used instead of the heat engine and the PCM. Zero 

heat flux is applied at the adiabatic sections. These boundary conditions can be written 

as: 

For the case without secondary heat pipes: 

Evaporator 

X2 5 

Adiabatic 

5 n Xn o 

Primary condenser 

X2 oBop  
( 3-14) 

  
 � Q
W�
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WX

2 qt  

In the case with the secondary heat pipe are included, the boundary conditions are: 

Primary Condenser: 

 � s p

uv

uw
2 qt ����, 

qt 2 
 � �t � 
�  
( 3-15) 
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Secondary Heat pipes: 


 � Cp
uv

ux
2 qty ����, 

�qty 2
zs �{| Gp}~

• {|
  

 In the above equations, n is the normal vector to the surface. q? is the heat flux 

applied to the evaporator,�qt  is the heat flux released via primary condenser and qty� is the 

heat flux via each secondary heat pipe. Ae is the surface area of evaporator and Ac is the 

surface area of the main condenser. € ty �is the outer surface area of each secondary heat 

pipe with i equals to 1, 2 or 3. �� ty �is the condensation mass flow rate at each secondary 

heat pipe. Therefore, �� ty G � 
�  is the amount of heat delivered to the PCM through each 

secondary heat pipe. The total heat transfer by secondary heat pipe in percentage of heat 

input is expressed with the parameter, Pctq, � •‚ m�and � ƒ‚ are the thermal conductivities of 

the main and secondary heat absorbers. 

Wick-wall interface:       

Continuous heat fluxes are employed for hydrodynamics and thermal conditions 

respectively:  

W�
Wr

„
Q
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W�
Wr

„
@
 

( 3-16) 

Where, n is the normal vector to the boundary and keff is the effective thermal 

conductivity of the wick region, which depends on the wick type and working fluid.  

Wall-heat absorber interface: 

Zero velocities and Continuous heat flux boundary conditions are applied at the wall-heat 

absorber interface: 
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Wick-vapor interface: 

At the wick-vapor interface, non-slip boundary condition is used which is acceptable 

when dealing with viscous phases separated with a solid wire screened mesh or a porous 

medium [73]. It is also assumed that the temperature is continuous at the wick-vapor 

interface.  

� � 2 � @2 � yx…?†
‡t? 
( 3-18) 

To calculate the interface temperature, it should be referred to the assumption that the 

phase change only occurs at the wick-vapor interface. Considering vapor at the saturation 

conditions at the wick-vapor interfaces, the interface temperature can be related to 

pressure by Clausius-Clapyron equation as follow: 

[
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� =̂ � 
 ˆ @>
 

( 3-19) 

Where, � 
�  is the latent heat of the working fluid.  

It is assumed that the vapor quality is approximately equal to one along the heat pipe 

length. The liquid volume can be neglected compared to the vapor volume [74]. 

Neglecting liquid specific volume and using the ideal gas equation for vapor, Clausius-

Clapeyron equation can be written as  

[
9Y
Y

\ 2
� 
�

� �

9�
� �  

 ( 3-20) 

The wick-vapor interface temperature can be obtained integrating equation ( 3-20), 

assuming constant phase change enthalpy: 
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Where, p0 and T0 are the operating pressure and temperature, respectively. 

Evaporation is modeled considering uniform injection at the vapor core inlet which, the 

vapor velocity can be calculated from the energy balance equation at the interface.   
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Where, •�refers to the control volume adjacent to the interface.  

Zero velocities are employed on the adiabatic part in both cases: 

�� @B � Q n Xn o 
 =� @B � Q>l � 2 5m 2 5  ( 3-23) 

 

� @�and � Q �are the thicknesses of liquid and wall regions. 

 One of the main challenges in the steady state modeling of heat pipe is to find the 

appropriate velocity profile of the vapor at the wick-vapor interface in the condenser 

section (� =V>�and  =V> in this complex heat pipe). It is usually described by a uniform 

mass suction, which leads to uniform heat rejection. However, this is not an appropriate 

assumption in the current geometry.  

 Due to the high expansion ratio from adiabatic section to the condenser, the high-

speed vapor coming from the adiabatic section is similar to a jet flow impinging on the 
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surface and spreads out radially. The vapor phase changes to liquid and releases heat to 

the heat sink. In order to model this phenomenon numerically, a porous layer is imposed 

adjacent to the vapor-wick interface as shown in Figure 3-7 and Figure 3-8. This thin 

porous layer acts as a wall to split out the impinging vapor flow radially while still allows 

mass transfer through it. Here the mass transfer through the condenser wall is the 

emulation of vapor condensation. The vapor mass flow rate is reduced along the way due 

to condensation. The returning of the liquid from the condenser to the evaporator is 

realized by applying uniform mass flux at the vapor-liquid interface of the evaporator. 

This porous layer is activated in solving the continuity and momentum equations of the 

vapor. However, it is eliminated when solving the energy equations. The applied 

boundary conditions to obtain velocity profiles are shown in Figure 3-7 and Figure 3-8. 

 The permeability of the porous medium is 35z–  m2, the porosity is 0.9, and the 

thickness is 2 mm. The material of the porous layer does not affect the results in this 

study because it is only considered in solving momentum and continuity equations. 

Different permeability was tried (10-5 to 10-9 m2). Large permeability results in reverse 

flow at the outflow boundary. Therefore, the permeability was chosen to avoid reverse 

flow in the outflow boundary. The porosity was chosen to obtain approximately the same 

velocity and pressure profiles at the boundary. The thicknesses of 2, 3 and 4 mm which 

resulted in similar velocity and pressure profiles at the vapor core exit (z= 0.415 m), so 

the thickness of 2 mm is selected for computations. 
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Figure 3-7 Computational model to obtain the velocity components at the 
condenser for the case without secondary heat pipe 

 

Figure 3-8 Computational model to obtain the velocity components at the 
condensers for the case with secondary heat pipes 

 It should be noted that the outflow boundary condition used by FLUENT means 

zero diffusion flux condition.  

3.4 Solution procedure 

 The simulation was conducted using ANSYS-FLUENT 14.00. Two separate 

geometries were created for solid (wall and wick) and vapor core regions using ANSYS 

DesignModeler. ANSYSMeshing was adopted to generate the meshes. Mapped meshing 

method with Quadrilateral element was used to mesh the surface bodies. Finer grids are 

applied in the wall, wick and in the main condenser regions. The computational meshes 
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for vapor and wick-wall regions in the main condenser are shown in Figure 3-9 for the 

case with two secondary heat pipes.   

 FLUENT 14.00 was employed to solve the governing equations along with 

boundary conditions. The vapor pressure and velocity were coupled using SIMPLE 

algorithm. Second order upwind method was used to treat convective and diffusive terms. 

The resulting linear systems of equations were solved using Algebraic Multigrid Methods 

(AMG). The velocity components were under relaxed by the factor of 0.7. The 

convergence criteria for continuity, velocity components, and energy equations were set 

to 10-9, 10-9, and 10-12, respectively.  

 Appropriate User Defined Functions (UDFs) are developed using the C++ 

programming language and coupled with FLUENT solver. The UDFs were applied to 

compute the inlet velocity of the evaporator section, the saturation temperature as a 

function of vapor pressure at the wick-vapor interface, pressure work, and viscous 

dissipation in the vapor energy equation, as well as vapor density. The pressure at the 

wick-vapor interface at the entrance of the evaporator remained unchanged and 

considered as the datum. The sequence of numerical procedure is shown in Figure 3-10.  

3.5 Model validation 

 To check out the grid independent of the result, three different grids were tested 

for cases 1, 4 and 5 as shown in Figure 3-4. Geometrical configurations of all cases 

studied are shown in table 3 and Fig. 2b. The heat input, Qe is selected to be 3000 W and 

the heat transfer via secondary heat pipe in percentage of total heat input to the 

evaporator Pctq is 90 %. Finer grids are adopted in the main condenser section. The 
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average of the main condenser temperature is chosen as the comparison parameter. The 

results show that the Medium grid is sufficient for the calculations. 

  

Figure 3-9 Generated grids for the condenser sections (a) vapor region (b) Wick and wall regions 
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Figure 3-10 Numerical procedure algorithm 
 

Solve energy equations in the vapor, wick and wall regions 

Solve the energy equation in the wall and wick regions 
assuming constant temperature at the wick-vapor 

interface equal to�� ‰ 

Set the initial temperature and absolute pressure of vapor to 
� ‰�and Y‰�(zero gage pressure), Calculate density of vapor 

using ideal gas equation 

Calculate velocity at the evaporator of vapor core (velocity Inlet)  

Activate porous layer, Solve for momentum equation in the vapor, extract 
condenser velocity profiles, Deactivate porous layer, Impose velocity 

profile on vapor chamber exits 

Calculate saturation temperature at the wick wall-interface as a function 
of vapor pressure. 

Calculate the average temperature at wick-vapor 

The difference between two 
consecutive iterations is less 

than 5G10-5 

Finish 

Update the 
density of the 

vapor using the 

Start 
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Table 3-7 Grid independence test results 

Grid 
 

Course Medium Fine 

Mesh number � — ˜ Mesh number � — ˜ 
Mesh 

number � — ˜ 

Case 1 69706 893.5204 173818 893.3553 479569 893.3124 

Case 4 96872 893.1689 287536 893.0719 643079 893.0723 
Case 5 240526 892.3345 558504 893.2512 908309 893.1903 

 

 To validate the numerical procedure, obtained results for the wick-vapor interface 

temperature were compared to the experimental data collected by Ivanovskii et al. [75]  

and to the numerical predictions obtained by Chen and Faghri [14]. The dimensions and 

properties of the heat pipe can be found in [14]. Good agreement was obtained 

(Figure 3-11).  

 

Figure 3-11 Comparison of the present result with previous experimental 
data and numerical predictions [14, 75] 
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CHAPTER 4 

4 EXPERIMENTAL DESIGN 

 In this chapter, a description of the main components of the experimental setup is 

presented. In addition, the procedure taken to fabricate the heat pipes is provided. The 

setup is designed to conduct transient experiments using conventional and complex heat 

pipes.  

4.1 Manufacturing Procedure 

 As it was mentioned in previous chapters, heat pipes include major components 

as: 

� Container 

� Working fluids 

� Wick  

Manufacturing of heat pipe includes several procedures as shown in Figure 4-1. 
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Figure 4-1 Heat pipe manufacturing procedure [76] 
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Attaching the end caps and the filling tube 

Leak check the heat pipe container 

Evacuation and charging the 
heat pipe with working fluid 

Close charging valve 

Testing 

Clean  

Clean  

Envelope 

Machining 

Wick 

Preparation  

Material and working fluid selection 



  

48 
 

4.1.1 Material Selection 

4.1.1.1 Working fluid 

 One of the main parameters in selecting a suitable working fluid is the operating 

temperature range of the heat pipe. In the numerical simulations, Sodium was selected as 

the working fluid based on the application of the heat pipe network, which is used in high 

temperature latent heat thermal energy storage systems. Here, due to safety issues 

associated with high-temperature heat pipes, the experiments were conducted using water 

as the working fluid.  

4.1.1.2 Container and end caps 

 Among many materials available for the container, copper, aluminum and steel 

are commonly used. Copper is preferable for heat pipes with operating range between 0-

200 ™š and is compatible with water, so is selected as container material [77].  

4.1.1.3 Wick 

 The main purpose of the wick is to provide the capillary pressure needed to 

transport the working fluid from the condenser to the evaporator. Many types of wick 

materials are available such as screen mesh, sintered powder or grooved kinds. For the 

current study, screen mesh is selected because it is easy to be handled and installed [78]. 
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4.1.2 Cleaning and deoxidizing 

 All materials used in heat pipe should be cleaned. Cleaning ensures that the 

working fluid will wet the materials thoroughly. It also prevents foreign objects to present 

in the working fluid during heat pipe operation. 

4.1.2.1 Heat pipe container and wick degreasing 

 Once the machining of the heat pipe container and fabrication of the wick are 

completed, a procedure should be used to remove oil and grease waxes and other drawing 

compounds. The end caps and inner surfaces of container should be cleaned first with a 

soft bristle, and then rinsed in deionized water, followed by soaking all parts in 10% 

sulfuric  acid for 30s, and rinsed again in deionized water and immersed in Methanol to 

remove water droplets [79]. 

4.1.2.2 Heat pipe container and wick deoxidization 

 After the wick is inserted into the container, deoxidization should be done using 

the following procedure: First, it should be immersed in a liquid deoxidizer (the 

combination of sodium dichromate (6 oz/gal), sulfuric acid 7% by volume and deionized 

water) for 30 seconds. Next, all parts should be rinsed in deionized water for 5 minutes, 

and then immersed in the Methanol [5]. 

4.1.3 Leak detection 

 Leak detection should be done by pressurizing the heat pipe container with dried 

nitrogen gas and covering the outer surface with soap solution. If the leak is present, the 

bubble will appear at the gaps [5]. 
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4.1.4 Evacuation and charging 

 Prior to charging, the heat pipe should be evacuated to remove non-condensable 

gasses. Removal of free gasses is simply done by using a vacuum pump. Removal of 

absorbed gasses requires evacuation of the heat pipe at an elevated temperature. For this 

reason, the heat pipe should be evacuated at a temperature greater than the operating 

temperature. The heat pipe should be first pumped down at the ambient temperature, and 

then the pumping should continue while the pipe is being heated. After completion of this 

stage, the charging fluid should introduced into the heat pipe [80]. 

4.2 Cylindrical heat pipe manufacturing  

4.2.1 Container components 

 The cylindrical heat pipe (Figure 4-2) was made of copper pipe with an inner 

diameter of 0.5 in (12.7) mm and outer diameter of 0.625 (15.875) mm and a total length 

of 13.5 in (343mm) (Figure 4-3).  

 The heat pipe container was tightly sealed with two end caps made of copper. The 

evaporator end cap was assembled with the heat pipe container using soldering. The 

condenser end cap was attached using epoxy DP460NS in order to prevent the 

contamination of the soldering flux. The condenser end cap was machined with the 

evacuation and charging tube (Figure 4-2). The charging tube was equipped with ISO-KF 

swagelok adapter therefore it could be connected to a ball valve to facilitate the charging 

and sealing. The dimensions of the end caps are shown in Figure 4-3.  
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Figure 4-2 Conventional heat pipe container components 

 

 

 
Figure 4-3 Dimensions of conventional  heat pipe components, (a) Envelope (b) Evaporator end cap (c) 

Condenser end cap 
 

4.2.2 Wick insertion 

 Four layers of copper screen mesh wick with a wire diameter of 0.105 mm and 

mesh number 100/inch was inserted inside the heat pipe. To insert the wick inside the 

pipe, the screens were rolled on a mandrel and then inserted into the copper pipe as 

shown in Figure 4-4. A close contact between the meshes and the pipe inner wall was 

achieved due to the inertial tension of the mesh.  

(b) (c) 

(a) 
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Figure 4-4 Wick insertion for the cylindrical containers 
 

4.2.3 Heat pipe assembly and Instrumentation 

 The cylindrical heat pipe had an evaporator with the length of 91 mm, adiabatic 

section with the length of 25 mm, a condenser with the length of 146 mm, and another 

adiabatic section located before the end cap with the length of 80 mm. The heat pipe was 

equipped with heat input and output systems. At the evaporator section, a copper block 

with six electrical cartridge heaters was employed to provide uniform heat flux to the heat 

pipe surface. At the center of the copper cylinders, a hole with a diameter slightly larger 

than that of a heat pipe was machined where the heat pipe was placed. The 

OMEGATHERM® thermal conducting paste was applied to fill the gaps and reduce the 

contact thermal resistance.  

 The condenser section was cooled by cooling water controlled by a chiller 

refrigeration unit and circulated by a pump. With RTDs installed at the inlet and outlet of 

the cooling jacket and a mass flow meter installed, the output heat was measured. Ten K-

type thermocouples were fixed along the test section including three in the evaporator, 

one in the first adiabatic section, four in the condenser and two in the second adiabatic 

section, respectively. At the evaporator, three holes with the diameter of 2mm were 
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drilled to insert the thermocouples in such a way that the thermocouples touched the heat 

pipe surface. Surface thermocouples were used for the condenser and adiabatic section 

and were bonded to the surface using electrical tape and epoxy. 

 

 
Figure 4-5 Installation of surface thermocouples 

 

Distribution of thermocouples is shown in Figure 4-6. 

 

Figure 4-6 Location of thermocouples on the conventional heat pipe 
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To prevent heat losses, all the sections were insulated using fiberglass or ceramic wool. 

Figure 4-7 shows the conventional heat pipe with the heating and cooling system 

attached. 

 

 

 

 

 

 

 

 
 

Figure 4-7 Photograph of the conventional heat pipe 
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4.3   Complex heat pipe manufacturing  

4.3.1 Container components 

 The container of the heat pipe network is more complicated than the conventional 

cylindrical heat pipe. As mentioned above, the complex heat pipe is composed of a 

primary heat pipe and an array of secondary heat pipes. Eight secondary heat pipes were 

considered for the current work (Figure 4-8).   

 

Figure 4-8 Heat pipe network container 
 

 The primary heat pipe is composed of a disk shaped evaporator, disk shaped 

condenser and a central adiabatic tubular pipe. The evaporator and condenser of the 

primary heat pipes are machined from a copper disk with the diameter of 5 in (127 mm) 

and thickness of 0.5 in (12.7 mm). The schematic view of the primary heat pipe 

components and their dimensions are shown in Figure 4-9. 
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Figure 4-9 (a) Primary heat pipe components (b) evaporator and condenser caps (c) condenser wall (d) 
evaporator wall (e) Adiabatic tube 

 

(a) 

(d) 
(c) 

(b) 
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 The secondary heat pipes were made from a copper pipe with the outer diameter 

of 0.375 in (9.52 mm) and inner diameter 0.3125 in (7.93 mm) and the length of 5.75 in 

(146mm) (Figure 4-10). 

 

Figure 4-10 Schematic of the secondary heat pipe container 
 

4.3.2 Wick Insertion 

 In order to support the screen meshes against the surfaces of evaporator and 

condenser chambers of the primary heat pipe, a structure is designed and is printed from 

stainless steel using a 3D printer (Figure 4-11). The stainless steel is acceptable due to the 

short time testing of water without generating considerable amount of non-condensable 

gas. For the condenser section, in order to prevent blocking of the charging tube entrance, 

the structure had a cut out at its surrounding wall. Figure 4-12 shows the condenser 

chamber components in details. This structure helps to provide a close contact between 

the wick and the surfaces.  
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Figure 4-11 Supporting structure for the wick insertion 
 

 

 

Figure 4-12 Primary condenser and its components 
 

Primary condenser 
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4.3.3 Heat pipe assembly and Instrumentation 

 The assembly procedure for the complex heat pipe is shown and explained in 

Figure 4-12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
3. Soldering the 

adiabatic tube to the 
condenser wall 

2. Soldering the 
secondary heat pipes 

end caps 

4. Soldering the secondary 
heat pipes to the condenser 

wall 

1. Machining the 
container components 
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5. Attaching surface thermocouples to 
the adiabatic section 
 

6. Put the insulation for the adiabatic 
section 
 

7. Attaching the surface thermocouples 
to the secondary heat pipe 
 

8. Attaching the cooling section for the 
secondary heat pipe 
 

9. Soldering the evaporator wall 

 
10. Mesh insertion for the adiabatic and 

the secondary heat pipes 

 

12. Attaching the end caps 
using epoxy  

11. Wick insertion in the 
caps  
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Figure 4-13 Complex heat pipe assembly procedure 

 

 Cleaning was done in several steps. The first cleaning was done after machining 

the components to remove the oil residues. After soldering the adiabatic section and the 

secondary heat pipes to the condenser wall, second cleaning was done to make sure that 

soldering flux are removed completely. The third step of the cleaning was conducted after 

soldering the adiabatic section to the evaporator wall. At this point, the prepared wicks 

were cleaned and deoxidized using the procedure mentioned in section 4.1.4.2 and were 

inserted. 

14. Adding the heating system at the evaporator and the 
cooling section for the primary condenser 
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 The evaporator section was heated using a copper block, which was equipped 

with six 140 W cartridge heaters. A hole with the diameter of 5 inch and the height of 

0.125 inch was machined on the copper block; therefore, the heat pipe evaporator was 

mounted on the machined hole and was tightened to the copper block with four clamps. 

The OMEGATHERM® thermal conductive paste was used to decrease the gap between 

the evaporator and the copper block. Cooling blocks made of acrylic were installed on the 

primary condenser and around the secondary heat pipes. A total of sixteen K-type 

thermocouples were used to measure heat pipes surface temperature including three in 

evaporator, three along the adiabatic section of the primary heat pipe,  four at the primary 

condenser and three for the two of the secondary heat pipes as shown in Figure 4-14. 

 

Figure 4-14 Location of thermocouples on the complex heat pipe 
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4.4 Heat pipes evacuation and charging 

 In order to remove the non-condensable gasses, the heat pipes were connected to a 

rotary vane vacuum pump to be evacuated down to 10-3 Torr. A Pirani gauge was 

provided with the system to measure vacuum pressure level. First, the heat pipe was 

pumped down at the ambient temperature, and then the pumping was continued while the 

pipe was heated. The test rig was equipped with the working fluid injection system to 

charge the heat pipes with appropriate amount of working fluid. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-15 Evacuation and charging system 
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4.5 Experimental setup and procedure 

 The test setup is shown in Figure 4-16, Figure 4-17 and Figure 4-18. The test 

setup consists of the heat pipe, heater, and the cooling system. The heat input to the heat 

pipe was applied using six cartridge heaters embedded in a copper block to make sure 

uniform heating at the evaporator. The thermal conductive paste is used to reduce the 

contact resistance between the copper block and the heat pipe. The electrical power to the 

cartridge heaters was supplied using a variac connected to the grid. The amount of heat 

input was calculated by measuring the voltage and current using a multimeter. The 

condenser sections of the heat pipes were cooled using water flowing through acrylic 

chambers. A chiller refrigeration unit with a pump was used to provide the cooling water. 

The water flow rate was measured using blue white micro paddle wheel flow meter (FTB 

300 Series). The flow rate and the temperature of water were set at 125 ml/min and 25 C 

for conventional heat pipe. The inlet and outlet temperatures of the cooling water were 

measured using 3-wire platinum RTDs. The temperature of the outer surface was 

measured using K-type thermocouples. The heat pipes were insulated using fiberglass 

insulation to minimize heat losses to the environment. The measured temperatures were 

recorded using NI 9213 module for thermocouples and NI 9217 module for RTDs 

connected to NI COMPACT DAQ 9188. LabVIEW software is used to read and write the 

measured data. 

 The heat pipes were mounted on an adjustable base plate to study the effects of 

inclination angle. The tests were carried out for heat pipes at different inclination angles 

and for different amount of working fluids.  
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Figure 4-16 Schematic of the test setup for the conventional heat pipe 

 

Figure 4-17 Schematic of the test setup for the complex heat pipe 
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(b) 

 

 

4.6 Data Reduction 

 The thermal performance of a heat pipe is usually assessed by calculating the 

equivalent thermal resistance. As it was mentioned earlier, the thermal resistance of a 

heat pipe is defined as: 

�˜› 2
� ?

‡�? 
 � t
‡�?

� ?
 

( 4-1) 

Where Te and Tc are the average wall temperatures of the evaporator and condensers and 

input heat can be calculated by measuring the voltage and current as: 

� yx 2 œG • 
( 4-2) 

Figure 4-18 Photographs of the experimental set up (a) Conventional heat pipe (b) Complex 
heat pipe 
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The effective thermal conductivity of a heat pipe can be evaluated considering 

conduction heat transfer from the evaporator to the condenser as: 
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Where,  
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The cooling capacity of the cooling jacket can be calculated as: 

� t 2 � �Ÿ� =� � 
 � y> ( 4-6) 

4.6.1 Uncertainty analysis 

 The uncertainty of the defined parameters in the section can be calculated as: 
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The uncertainty of various measurement devices is listed in table  
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Table 4-1 uncertainty of the measurement devices 

Device Uncertainty 
Digital multimeter (GDM 8034) Current :² 1.5% 

Voltage ²  1% 
Flow meter, Paddle wheel , Blue-White, FTB 300 series ²  6% 
K-type thermocouples  ±1.1 °C or± 0.4 % 
RTD, Pt 100, CLASS A ±(0.15 + 0.002G T) 

 

Using tables, the maximum calculated uncertainty for the defined parameters are listed in 

Table 4-2.  

Table 4-2 Calculated uncertainty of the defined parameters 

Heat input ±1.8% 
Thermal resistance ±4.7% 
Effective thermal conductivity ±5.6 % 

 

The uncertainty of the heat output is discussed in detail in chapter 5.  
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CHAPTER 5 

5 RESULTS AND DISCUSSION 

 

5.1 Numerical Results 

 In this section, first, the results of the primary heat pipe are presented. It was 

assumed that all the energy received from the sun was delivered to the heat engine and 

the secondary heat pipes were not included. The effects of heat input, adiabatic section 

diameter, and the operating temperature is investigated on the temperature and pressure 

distributions. Second, the results for the case with secondary heat pipe is described where 

the effects on the pressure and temperature distributions from the heat input, portion of 

heat transferred to the phase change material, main condenser geometry and secondary 

heat pipe configurations have been investigated. Finally, the results associated with 

performance improvement are discussed. For the most part, sections presented in this 

chapter were published in Mahdavi et al., Numerical investigation of hydrodynamics and 

thermal performance of a specially configured heat pipe for high-temperature thermal 

energy storage systems, Applied Thermal Engineering, 81 (2015) 325-37 [81] and 

Mahdavi et al., Mathematical modeling and analysis of steady state performance of a heat 

pipe network, Applied Thermal Engineering, 91 (2015) 556–73 [82]. 
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5.1.1  Steady state performance of the primary heat pipe 

5.1.1.1 Effects of heat input 

 Figure 5-1 and Figure 5-2 illustrates the effects of heat input on the axial velocity 

and pressure of the vapor along the centerline of the heat pipe for T0 =900K, P0 =4876 Pa 

and Rv=0.01 m.  

 

Figure 5-1 Effects of heat input on the vapor velocity along the centerline 
� ‰2 ³55;m � ‰2 :´µ¶��—m � � 2 5453� . 

 
 Similar patterns were observed for both vapor pressure and velocity profiles at 

different heat input values. Increasing the heat input resulted in increased evaporation and 

condensation mass flow rates and associated axial velocity and pressure drop at the vapor 

core. Here, the pressure is the difference of absolute and reference pressures. The 

pressure in the evaporator is nearly constant. The pressure in the adiabatic sections 

0

50

100

150

200

250

300

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

u 
(m

/s
)

z(m)

Qe=1000W
Qe=2000W
Qe=3000W



  

72 
 

decreases sharply at the entrance due to flow contraction. The further decrease is 

associated with the velocity increase in Figure 5-1, which is due to the development of 

the flow. The flow in the constant area adiabatic section is similar to a pipe flow. The 

pressure reaches its minimum value at the end of adiabatic section, and then recovers in 

the condenser.  

 
Figure 5-2 Effects of heat input on the pressure along the centerline 

� ‰2 ³55�m � ‰2 :´µ¶���m �� � 2 5453� . 

 
 Due to the relatively high area expansion from the condenser to adiabatic section, 

vapor flow is similar to a submerged impinging jet confined by a flat plate. At the 

stagnation point, where the vapor flow strikes on the wick region of the condenser end 

surface (at the center of condenser end surface, L= 0.415m) the pressure reaches its 

maximum value, and then decreases after the impingement. Due to the existence of 

condenser end surface at the end of the heat pipe, the vapor flow spreads radially, while, 

it condenses to liquid releasing heat to the heat sink. In this region, the flow is similar to a 
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channel flow with non-uniform wall suction. Here, the wall suction is the emulation of 

vapor condensation. The vapor mass flow rate is reduced in radial direction due to 

condensation along the way. In radial direction, the pressure increases due to total 

velocity decrease. The pressure also decreases because of friction and mass rejection. 

Therefore, it remains nearly constant. The pressure profiles versus radius at the 

condensation section are shown in Figure 5-3. 

 

Figure 5-3 Pressure profiles at the condenser section for different heat inputs 
� ‰2 ³55�m � ‰2 :´µ¶���m � � 2 5453� . 

 
 In Figure 5-4, the streamline patterns are depicted in the evaporator and condenser 

for three different heat inputs of 1000 W, 2000 W and 3000 W. It demonstrates that at 

low heat input of 1000 W, which corresponds to a lower Reynolds number, a 

recirculation zone, named primary vortex is formed around the jet inlet. As the heat input 

or the vapor jet mass flow rate increases, the primary vortex becomes stronger and its 

center moves outward, a secondary vortex adjacent to the impingement wall evolves. The 
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formation of the secondary vortex and the presence of the lateral wall induce another 

vortex, which is much smaller and weaker than the others are. 
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Figure 5-4 Streamline patterns at the evaporator and condenser sections for different heat inputs 
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 At relatively high heat inputs, Q=4000 W, the primary and secondary vortices 

grow bigger. Their sizes increase and shift toward downstream in radial direction. At this 

point, a tertiary vortex appears in the region between the lower disk and the primary 

vortex due to the viscous shearing effect of the primary vortex. Similar patterns were 

reported for confined impinging jets [83-85]. 

 The axial velocity profiles are illustrated for the wick-vapor interface at condenser 

side for various heat inputs, Figure 5-5.  

 
Figure 5-5 Velocity profiles at the exit of the vapor chamber for different heat inputs 

� ‰2 ³55�m �� ‰2 :´µ¶���m � � 2 5453�m · 2 :3¶436��� .   
 

 It can be seen that as the heat input increases, the velocity distribution shifts, but 

the shape of the distribution profile does not change significantly. For the cases with heat 

input greater than 3000 W, the vapor flow reversal occurs at the periphery of the 

impingement zone.  
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 Figure 5-6 shows the variation of local Mach number along the axis of the heat 

pipe. The maximum Mach number of 0.45 occurs at the end of the adiabatic section in the 

case with heat input of 3000 W. It confirms that the flow is still subsonic and the sonic 

limitation is not reached. In addition, including the compressibility effects of the vapor 

flow is apparently a correct assumption. However, for the cases with heat inputs of 2000 

W and lower, the corresponding Mach numbers are less than 0.3, indicating that the flow 

is incompressible. 

 Figure 5-7 describes the effects of heat input on the outer wall temperature. 

 

Figure 5-6 Variation of Mach number along the centerline for different heat inputs�
� ‰2 ³55�m �� ‰2 :´µ¶���m � � 2 5453� .   

  

 ls is the curve length of the outer surface of the heat pipe as shown in Fig 2a in red 

color and starts from point (0,0). For all the cases studied, the evaporator shows 

isothermal behavior as expected. The abrupt changes at the end wall of evaporator section 
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and the front wall of condenser in the plots of Figure 5-7 are related to the change of 

boundary conditions.  

 At higher values of heat inputs, the temperature decreases faster from the 

evaporator to the condenser. The heat increase reduces the average temperature of 

condenser while elevating the average temperature of evaporator surface. This behavior 

can be attributed to the high mass fluxes associated with high heat inputs, and resulted 

large pressure drops and lower densities.  

 
Figure 5-7 Outer wall temperature for different heat inputs 

� ‰2 ³55�m �� ‰2 :´µ¶���m � � 2 5453� .   
 

5.1.1.2  Effects of adiabatic section radius 

 Figure 5-8 shows the external wall temperature of the heat pipe with adiabatic 

section radius (� � ) of 10, 15 and 20 mm at the heat input of 4000 W. oC is the curve 

length of the outer surface. In all the cases studied, the same temperatures are obtained 
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for the evaporator walls. However, by increasing the radius from 10 mm to 15 mm, the 

temperature drop along the heat pipe reduces dramatically. A further increase in the 

radius of the adiabatic section does not change the wall temperature considerably, since 

the pressure drop along the adiabatic section is insignificant in comparison to the 

operating pressure of the heat pipe when the adiabatic section radius is greater than 15 

mm. 

  

Figure 5-8 Outer wall temperature for different vapor radius 

5.1.1.3 Thermal resistance 

 One of the key parameters for the analysis of heat pipes is the thermal resistance, 

which is defined as [86, 87]: 
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The variation of thermal resistance is plotted as a function of heat input for two different 

operating temperatures in Figure 5-9. The results indicated that for the reference 

temperature of 900 K thermal resistance imposed by the heat pipe to the system increases 

with the increase of the heat input. However, at the operating temperature of 1000 K, the 

resistance remains approximately constant at various heat inputs. The heat pipe performs 

better at reference temperature of 1000 K because lower thermal resistance exists 

between the evaporator and condenser at this operating temperature. The variations of 

thermal resistance versus adiabatic section radius are presented in Figure 5-10 for two 

different heat inputs. In both cases, the thermal resistance decreases with the increase of 

the radius from 10 mm to 15 mm. However, for the larger radius cases, no significant 

thermal resistance reduction is observed because a further increase in the radius of the 

adiabatic section does not make a noticeable reduction in flow separation and pressure 

drops. 

 

Figure 5-9 Variation of thermal resistance of heat pipe versus heat input 
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Figure 5-10 Variation of thermal resistance of heat pipe versus adiabatic section radius 
�� ‰2 ³55;m � ‰2 :´µ¶��—  

 

5.1.2 Steady state modeling of the primary heat pipe including the effect of 
secondary heat pipe 

5.1.2.1 The effects of heat input 

 Figure 5-11 shows the effect of heat input on vapor flow streamlines in the 

condenser section of the primary heat pipe for case 2. (Case 2 schematic is shown in 

Figure 3-4).  

 The flow in the primary condenser region is similar to a laminar axisymmetric 

radial flow confined between two parallel disks with mass diffusion through the end disk. 
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of 1000 W and Pctq=10 %, a strong counter-clockwise recirculation zone, named primary 

vortex is formed. As it was mentioned earlier, Pctq is the heat transfer via the secondary 

heat pipes in percentage of the heat input.  

 As the heat transfer via secondary heat pipes (Pctq) increases, the size of the 

primary vortex decreases and another vortex is formed. The flow behavior does not 

change significantly as the heat removal (mass removal) via secondary heat pipe 

increases. In the region beyond secondary vortex, the streamline patterns are similar to 

the radial flow with uniform mass rejection after the secondary vortex for Pctq>10 %.  

 Different behaviors are observed when the heat input increases to 3000 W, and 

the percentage of the heat removal by the secondary heat pipe varies. When pctq=10%, at 

the heat input of 3000 W, the primary vortex size extends in the radial direction, and its 

center moves radially outward due to increased vapor mass flow rate. The main flow is 

deviated in the radial direction and a clockwise secondary vortex is induced, attached to 

the impingement disk. At this point, the primary vortex is strong enough to produce 

another vortex named tertiary, adjacent to the lateral wall through the viscous shearing 

effect. By decreasing the heat transfer to the heat engine, which means increasing the heat 

transfer to the PCM, more mass is removed through the secondary heat pipe (Pctq=30 %). 

The size of the primary vortex decreases and its center moves towards the center. 

However, the size of the tertiary vortex attached to the lateral wall increases. In addition, 

the small vortex at the corner of the condenser section called quaternary vortex extends.  
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Figure 5-11 The effect of heat input on the main condenser streamline patterns 
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 A further increase in the mass removal through secondary heat pipes does not 

affect the size of the primary, secondary, or tertiary vortices significantly. However, the 

quaternary vortex becomes weaker, and its center moves towards the primary heat pipe, 

which allows pressure to recover.  

 The corresponding pressure diagrams at the wick-vapor interface of the main 

condenser are shown in Figure 5-12a and b. The pressure values are relative, which is the 

difference between the absolute and the reference pressure. All pressure profiles show a 

peak at the center of the impingement surface as expected in jet impingement. Then, the 

pressure decreases rapidly within the potential core (0 < (r/� � > <1.8) and it remains 

nearly constant up to the secondary heat pipe location. The potential core length is 

weakly dependent on the heat input.  

 As some amounts of vapor is removed via the secondary heat pipes, the pressure 

increases. However, at lower heat input this recovery is insignificant. By increasing the 

heat input, the associated vapor mass increases, and lower pressures are obtained as 

shown in Figure 5-12b. It should be noted that the pressure is constant within the 

separated regions of the flow whereas a strong pressure gradient is observed near the re-

attachment point. The fluctuations in Figure 5-12b are due to multiple vortex formations 

in radial direction. The temperature distribution at the wick-vapor interface of the main 

condenser and wall-Heat engine interface are shown Figure 5-13a and b for different 

percentage of heat transfer to the PCM. 
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�
(a) Qe=1000 W 

�
(b) Qe=3000 W 

�

Figure 5-12 The effect of heat input on the main condenser wick-vapor interface pressure 
 

�

 Figure 5-13a shows the main condenser temperature distributions at 1000 W and 

the case with heat input of 3000 W is shown in Figure 5-13b.  
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�
(a) Qe=1000 W 

�
(a) Qe=3000 W 

 
Figure 5-13 Temperature distribution of the main condenser for different heat input 

�

 Both figures show similar trends for temperature profiles at the wick-vapor 

interface and heat rejection surface of the main condenser. Since the vapor is at the 
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saturation condition at the wick-vapor interface, and the temperatures are related to 

pressure via Clausius-Clapeyron equation, the temperature trend is analogous to that of 

the pressure. The maximum temperature occurs at the center where, the jet strikes the 

surface. Then, it decreases rapidly within the stagnation regions, and approximately 

constant afterwards, especially in lower heat input. As the heat input increase, the 

temperature jumps down to the lower values within the stagnation regions. The heat 

transfer to the PCM does not change the wick-vapor interface temperature significantly, 

which can be explained by referring to the pressure distributions.  

 Figure 5-14a and b depict the effect of heat inputs on the temperature of the 

secondary heat pipes. When the heat input is low�=� ? 2 3555  W), as the amount of heat 

rejected from the secondary heat pipe increases, the temperatures decrease. The flow 

inside the secondary heat pipe is similar to that of a concentric pipe. The higher the heat 

transfer via the secondary heat pipe is (Larger Pctq), the higher the mass flow rates and 

the larger pressure drops are. Therefore, higher temperature drops exist within the heat 

pipe over the length. When the heat input is large�=� ? 2 `555��> , as the Pctq increases 

to the 90 %, higher temperatures are observed at the first half of the secondary heat pipe 

length. It can be seen from the streamline patterns and pressure diagrams of Figure 5-12a 

and b, the pressure near the entrance of secondary heat pipe is influenced by the fluid 

flow at the upstream (main condenser). As the Pctq increases to 90 %, the primary vortex 

shrinks and allows the flow to enter the secondary heat pipe with recovered pressure. As 

the flow develops inside the secondary heat pipe, larger pressure drops occur along the 

heat pipe due to larger mass flow rate in comparison to Pctq=50 %. Therefore, the 

temperature drops with faster rate. Faster rate of temperature drop along with the higher 
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heat transfer rate from the secondary heat pipe to the PCM results in lower temperatures 

at the second half of the wall-PCM interface length.  

�

        (a) Qe=1000 W 
 

 
(b) Qe=3000 W 

Figure 5-14 Temperature distribution of the secondary heat pipes for various heat inputs 
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5.1.2.2 The effects of secondary heat pipe position 

 The effect of the secondary heat pipe location on the vapor streamlines and 

pressure distributions in the main condenser is shown in Figure 5-15 and Figure 5-16.  

Pctq=10 % 

    

Pctq=90 % 

        
  

Figure 5-15: Effect of secondary heat pipe position on the streamline patterns 
�
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Figure 5-16: The effect of secondary heat pipe position on wick-vapor interface pressure of the main 
condenser 

�

 When the majority of heat is transferred via the main condenser to the heat 

engine, the location of secondary heat pipe does not affect the streamline patterns in the 

main condenser significantly. For the same reason, the difference in pressure distributions 

is also insignificant, Figure 5-16.  

  Since the temperature distribution is affected by pressure, the same temperature 

distribution for the wick-vapor interface at the main condenser is expected as shown in 

Figure 5-17. However, as the heat transfer via secondary heat pipe increases, the location 

of the secondary heat pipe has more profound influences on the size of the vortices 

especially the primary vortex. Shifting the secondary heat pipe closer to the primary heat 

pipe reduces the size of the primary vortex.  
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 In the case of higher heat transfer rates through secondary heat pipes, placing it 

near primary heat pipe provides better pressure recovery in the main condenser. Increased 

mass removal from the main condenser chamber weakens the primary vortex. However, 

the upstream radial flow induces a stronger tertiary vortex due to viscous shearing effects. 

Similarly, the downstream radial flow produces a larger quaternary vortex.  

 The temperature distributions of the main condenser in the radial direction are 

depicted in Figure 5-17a. As expected, placing secondary heat pipe near the primary heat 

pipe results in higher temperatures at the second half of the wick-vapor interface and 

wall-engine interface (0.04 <r < 0.98). However, situating it away from the primary heat 

pipe, leads to more uniform temperature distribution after the potential core.  

 
      (a) 
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�
         (b) 

Figure 5-17 The effect of secondary heat pipe position on the temperature distributions of (a) main 
condenser (b) secondary heat pipe 

 

 Figure 5-17 b reveals that, case 1 (in which the secondary heat pipe is positioned 

near the primary heat pipe in the main condenser) has lower temperature in comparison to 

two other cases, because the area enclosed by concentric walls is smaller. As a result, for 

the same mass flow rates, vapor velocities and pressure drops are higher. On the other 

hand, smaller side surface area of the secondary heat pipe results in larger heat fluxes and 

hence larger temperature drops in the radial direction. Lower temperature is obtained at 

the interface of the PCM and heat pipe outer wall.  

5.1.2.3 The effects of the main condenser spacing 

 Figure 5-18 shows the effects of the main condenser spacing ot  on the vapor 

streamlines for case 1 where the secondary heat pipe is located near the primary heat 
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pipe. The heat input and the heat transfer to the PCM are chosen to be � ˜ 2 `555��  and 

Y�� q 2 `5¹ . Three different thicknesses have been studied (ot 2 6m 35��º»�36���> .  

   
ot 2 6���  

 
ot 2 35���  

 
ot 2 36���  

 
Figure 5-18 The effect of main condenser thickness on the streamline patterns  

 � ? 2 `555��  and Y�� � 2 `5¹4  

 

 As the spacing of the main condenser increases, the size and strength of the main 

vortex become larger and its center moves outward in radial direction. As a result, all 

other vertices are pushed outward. When ot 2 36  mm, the flow patterns becomes more 

complicated in the primary condenser chamber. The quaternary vortex becomes smaller 

since there is no space for it to develop. In addition, the tertiary vortex is split into several 

vortices. It should be noted that, increasing the space of the main condenser, leads to the 

increase of jet to impingement surface spacing, and an increase in flow instabilities in the 

primary condenser.  
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 In order to study the effects of the primary condenser spacing on the performance 

of the heat pipe network, it is essential to consider the pressure distribution (Figure 5-19). 

�

Figure 5-19 The effect of main condenser spacing on the wick-vapor interface pressure 
� ? 2 `555��  and Y�� � 2 `5¹4  

  

 The pressure profile reveals that although the smaller spacing shows simpler flow 

patterns and better pressure recovery are observed in the primary condenser, the relative 

pressure at the wick-vapor interface is much lower than that of two other cases, which, 

results in lower temperatures at the wick-vapor and outer wall-engine interface. The 

spacing of 10 and 15 mm lead to more uniform temperature distributions at the main 

condenser, which, is desired (Figure 5-20 a). 

 The effects of the main condenser spacing on the temperature distribution of the 

secondary heat pipe condenser are shown in Figure 5-20. 
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(a) 

�

(b) 

Figure 5-20 The effect of main condenser spacing  on the temperature distributions in 
case 1 �(a) main condenser (b) secondary heat pipe 

� ? 2 `555��  and Y�� � 2 `5¹  
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 All temperature profiles appear to have the similar trends because the positions of 

the secondary heat pipes and the mass flow rates in these cases are the same. As 

explained, the fluid flow inside the secondary heat pipe is influenced by the upstream 

pressure in the main condenser chamber.  

 The case with spacing of 5 mm has the smallest temperature and the configuration 

with 10 mm spacing presents the highest temperature on the secondary heat pipe wall-

PCM interface. Based on the main and secondary heat pipe temperature distributions, the 

spacing of 10 mm seem to be the best choice.   

5.1.2.4 5.4 The effects of secondary heat pipes configurations 

 Figure 5-21 represents the vapor streamline contour plots of the complex heat 

pipe with one, two, or three secondary heat pipes. The streamlines are depicted for the 

case with heat input of 3000 W and Pctq of 10 and 90 percent.  

 When ten percent of the heat is transferred to the PCM (Pctq of 10), similar 

patterns are obtained in the main condenser chamber for cases 2 and 4 with one and two 

secondary heat pipes respectively (see Figure 3-4 for the description of the cases). Size 

and strength of the primary, secondary, tertiary, and quaternary vortices are about the 

same. In the case of three secondary heat pipes (case5), the primary recirculation zone is 

diminished. 
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Figure 5-21 The effect of secondary heat pipe quantity on the main condenser streamline patterns 
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 As the heat transfer to the PCM increases, the secondary heat pipes configuration 

plays more important role in fluid flow patterns. The size and strength of the developed 

vortices are greatly affected by the quantity and the position of the secondary heat pipes.   

 The associated primary condenser pressure distributions in radial direction are 

presented in Figure 5-22. As the vapor passes over the secondary heat pipe, the pressure 

increases, especially for Pctq of 90. Since the temperature is at saturation at the wick-

vapor interfaces, it would have the same trend as the pressure.  

                (a) � ? 2 `555 ¿ mÀ��� � 2 543Á        �����=Â>� ? 2 `555 ¿ m=��� � 2 543> 

Figure 5-22 The effect of secondary heat pipe quantity on the main condenser pressure 
 

 The temperature distribution of secondary heat pipes of cases 4 and 5 are shown 

in Figure 5-23 a, b, c, and d. From these figures, it can be seen that the secondary heat 

pipes present different behavior at various percentages of heat transfer to the PCM. In 

case 4 with two secondary heat pipes, when Pctq equals to 10, the secondary heat pipe 

near the center shows higher temperature, whereas, in the case of Pctq 90%, the secondary 
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heat pipe located outmost has the higher temperature. It can be seen in Figure 5-21, when 

Pctq = 10%, the primary vortex has stretched out to the outer secondary heat pipe and the 

pressure increase occurs after this point. It indicates that the flow enters the outer 

secondary heat pipe with non-recovered pressure. On the other hand, the pressure in the 

region between the potential core and the end of the primary vortex decreases in radial 

direction. Therefore, the flow entering the secondary heat pipe near the primary heat pipe 

has higher pressures than the flow entering the outer secondary heat pipe. Since the 

interface temperature is determined from the pressure using Clausius-Clapeyron equation, 

higher temperatures are obtained in the inner heat pipe.  

 As the Pctq increases to 90 percent, the primary vortex shrinks, allowing the flow 

to enter the outer secondary heat pipe with higher pressure. In this case, the decrease of 

pressure in the radial direction is insignificant in comparison to the pressure recovery due 

to the mass removal. Therefore, the outer secondary heat pipe has higher pressure over its 

length, and hence higher temperatures. 

  In the case of three secondary heat pipes (case 5), with Pctq = 10%, the primary 

vortex stays bellow the outer heat pipe, which allows the flow to enter the outer heat pipe 

with higher pressure and hence higher temperatures. In the region of the primary vortex, 

where the inner and the middle heat pipes are located, the pressure decreases in the radial 

direction. Subsequently, the inner secondary heat pipe poses higher temperature than the 

middle one.  
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� �
(a)    Case 4, ��� � 2 35¹ � (b) Case 4,  ��� � 2 ³5¹ �

� �
(c) Case 5,  ��� � 2 35¹ � (d) Case 5,  ��� � 2 ³5¹ �

�
Figure 5-23 The effect of secondary heat pipe quantity on the secondary heat pipes temperature, 

' ( =3000W 
 

 When Pctq = 90%, the streamlines patterns reveals that the middle and outer heat 

pipes are supplied with the downstream flow of the primary vortex. Thus, these two heat 

pipes present higher temperatures than the inner one. Extracting vapor flow with the 

middle heat pipe results in a jump in pressure and hence the higher temperatures at the 

outer heat pipe. 
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5.1.3 Design improvement 

 The results from previous sections revealed  that due to the relatively high ratio of 

sudden expansion from adiabatic section to the primary condenser and high speed of the 

flow leaving the adiabatic section, a confined jet flow was observed. When the flow 

impinges on the condenser surface and spreads out toward radial direction, several 

recirculation zones are formed. These recirculation zones are undesirable since they cause 

fluctuations in the temperature distributions on the condenser surface which is directly 

connected to heat acceptor of the heat engine. They make the performance of the 

secondary heat pipes unpredictable. Further investigation is conducted with the aim of 

finding the geometry which leads to improvement in the performance of the heat pipe 

network by mediating or preventing flow separations. The effects of condenser entrance 

shapes on the temperature distributions of secondary and primary condensers are 

evaluated and is presented in the current section. In additions, the effect of adiabatic 

section location is illustrated. The adiabatic section can be can be either placed at the 

centerline or around the PCM container.  

5.1.3.1 The effects of main condenser entrance shape 

 Figure 5-24 shows the effect of primary condenser inlet shapes on the streamline 

contours on the main condenser chamber for both cases with secondary heat pipe near or 

away from the centerline.  

 It can be seen  that the shape of the main condenser inlet does not have real 

significant effects on the streamlines patterns for either location of secondary heat pipes 

and it does not change the number, size or position of the formed recirculation zones. The 
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pressure distributions along the radial direction are shown in Figure 5-25 for different 

shapes of the primary condenser.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-24 The effect of main condenser entrance shape on the stream lines,  
(Qe=3000W and Pctq=90 %) 

 

 The increased cross section area at the end of adiabatic pipe due to the shape 

change results in the decrease of jet velocity, and therefore the increase of the pressure. 

Higher-pressure flow enters the main condenser with higher pressure. Due to the 

similarity of the recirculation vortices of the cases studied, the pressure patterns remain 
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unchanged but shift up slightly after the potential core. Since the saturation condition 

exists at the wick-vapor interfaces, the temperature profiles have the similar trends as 

shown in Figure 5-26. 

 

 

 
 

 

Figure 5-25 The effect of main condenser entrance shape on pressure profiles of main condenser 
Qe=3000W and Pctq=90 %) 

 The secondary heat pipe temperatures are depicted in Figure 5-27a and b. For the 

case with secondary heat pipe positioned close to the centerline, higher temperature drops 

are observed along the secondary heat pipe, because the area surrounded by the 

concentric walls is smaller and for the same mass flow rates, vapor velocities and 

pressure drops are higher. For the cases with rounded and tapered corners, the 

temperature is higher at the secondary heat pipes since flow enters the secondary heat 

pipe with higher pressure and temperature. 

(b) Secondary heat pipe     
near centerline 

(a) Secondary heat pipe     
away centerline 
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Figure 5-26 The effect of main condenser entrance shape on temperature profiles of the main condenser 
Qe=3000W and Pctq=90 % 

 
 

 Figure 5-28 shows the thermal resistance for both configurations of secondary 

heat pipes. The tapered inlet for the  main condenser entrance is considered. The heat 

input is chosen to be 3000 W and Pctq of 10, 50 and 90 percent are selected. For the case 

of Pctq = 10, where only 10 percent of heat input is transferred to PCM via the secondary 

heat pipe, placing the secondary heat pipe away from the centerline results in lower 

thermal resistance. As the percentage of transferred heat increases, the case with 

secondary heat pipe near the centerline has better performance with lower thermal 

resistance at the main condenser.  

(a) Secondary heat pipe     
away centerline 

(b) Secondary heat pipe     
near centerline 
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Figure 5-27 The effect of main condenser entrance shape on temperature profiles of the secondary heat pipe 
 
    By examining the secondary heat pipe performance, it can be found that when the 

secondary heat pipe is away from the centerline, the same thermal resistance is resulted  

for all values of Pctq. This is due to the factor that as the heat transfer to the secondary 

heat pipe increases, more vapor flow is removed from the main condenser chamber and 

the pressure jumps up to higher value. Therefore, the flow enters the secondary heat pipe 

with higher pressure and temperature. However, for higher mass flow rates, the pressure 

drop is also larger along the heat pipe. These two effects offset each other resulting in 

roughly the same thermal resistances.  

 By moving the secondary heat pipe inward, different behaviors are observed. The 

case with Pctq of 50 percent has the highest thermal resistance. As discussed above, with 

the same amount of heat input, increasing the value of Pctq reduces the primary 

recirculation zone; hence the pressure recovery occurs earlier. However, when the 

secondary heat pipe is located near the center line, for the cases with Pctq of 10 and 50 

(a) Secondary heat pipe     
away centerline 

(b) Secondary heat pipe     
near centerline 
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percent, the primary vortex extends beyond the location of the secondary heat pipe, 

therefore, the flow enters the secondary heat pipe with unrecovered low pressure. As the 

Pctq increases from 10 to 50 percent, the pressure drop along the secondary heat pipe 

increases, resulting higher temperature drop and higher thermal resistance. For the case 

with Pctq of 90 percent, the primary recirculation zone shrinks so that the secondary heat 

pipe is located outside the primary recirculation zone. The flow enters the secondary heat 

pipe with recovered pressure. Although the pressure drop is larger, the absolute pressure 

is high due to high initial pressure, results in higher temperature and lower temperature 

drop.  

           (a) main condenser                                         (b) Secondary heat pipe 
 

 Figure 5-28 Effect of Pctq on thermal resistance for tapered main condenser inlet 
                                                                   Qe=3000W 
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5.1.3.2 The effects of secondary heat pipe entrance shape 

  Figure 5-29 shows the effects of secondary heat pipe inlet shape on the 

streamline in the main condenser chamber. The total heat input is chosen as 3000 W and 

two values are considered for the Pctq. The results showed that the effect of secondary 

heat pipe inlet shape highly depends on the location of the secondary heat pipe and the 

size of the primary vortex. If the entrance of the secondary heat pipe is within the primary 

vortex, the primary vortex stretches towards the tapered area. Otherwise, it does not 

affect the streamline configuration significantly and only an additional small clockwise 

vortex appears at the entry of the secondary heat pipe.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pctq=10%                       Pctq=90%                            Pctq=10%                  Pctq=90%                                                     
 

Figure 5-29 Effect of secondary heat pipe inlet shape on streamline contours 
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 Figure 5-30 shows the effect of tapering the inlet of the secondary heat pipe on 

the thermal resistances of main condenser and secondary heat pipes. As expected, at 

lower heat transfer to the secondary heat pipe, the effect of tapering secondary heat pipe 

inlet is almost negligible. As the Pctq, increases to 90%, tapering the flow inlet to the 

secondary heat pipe improves the performance of the primary condenser for the case with 

the secondary heat pipe located away from the centerline. In all other cases, it leads to an 

undesirable increase in thermal resistances. 

  
                     (a) Main condenser                                          (b) Secondary heat pipe 

Figure 5-30 Effect of secondary heat pipe inlet shape on thermal resistances 
 

 The temperature distributions are presented in Figure 5-31 for Qe=3000 W and 

Pct=90%. For the case with the secondary heat pipe  located near the centerline, tapering 

reduces the pressure after the vapor flow passes the secondary heat pipe. The stream of 
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flow enters the secondary heat pipe with lower pressure. Since the saturation condition 

exists at the wick-vapor interfaces, the temperature is, hence, lower.  

 
 

(a)   Main condenser 

 
(b) Primary condenser 

Figure 5-31 Effect of secondary heat pipe inlet shape on temperature distributions of (a) main condenser (b) 
secondary heat pipe.  

 

 When the secondary heat pipe is placed outward, similar temperature distributions 

are obtained. Although, tapering causes a slight increase in the general tempreature 
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distribution of the main condenser, it does result in lower temperatures at the secondary 

heat pipe. Because local pressure at the entrance of secondary heat pipe is lower in 

comparison to the straight inlet, the pressure of the flow entering the secondary heat pipe 

is lower.  

5.1.3.3 The effect of adiabatic section  

 As discussed in previous section, for centrally located tubular adiabatic section of 

the primary heat pipe, effects of entrance geometry of primary and secondary heat pipes 

is insignificant. To further explore the feasibility of improving heat pipe performance by 

modifying geomtery, the adiabatic section of the primary heat pipe is moved outward to 

the surrounding forming an concentric ring (Figure 3-6). The thickness of adiabatic 

section is chosen to be 4 mm.  

 Figure 5-32 shows the effect of heat input and heat transfer to the secondary heat 

pipe on the streamline contours for the complex geometry heat pipe with the concentric 

adiabatic section. It can be seen that reconfiguring the adiabatic section from tubular to 

concentric has a remarkable effect on the formation and the size of the recirculation 

zones. Lesser number and smaller recirculation zones are formed. As shown in 

Figure 5-32, the case with concentric adiabatic section and the heat input of 3000 W, Pctq 

of 90 percent, only has two recirculation zones. However, for the same amount of heat 

transfer, four vortices are formed for the case with tubular adiabatic section.  It can also 

be noticed that the size of the primary recirculation developed around the inlet corner is 

much smaller.   
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 The size and strength of the recirculation zones are nearly independent of 

secondary heat pipe location. The only difference is that for higher percentages of heat 

transfer to the secondary heat pipe, the secondary recirculation zone moves closer to the 

centerline.  

 

 

 

 

  

 

 
Q=1000, Pctq=10        Q=1000, Pctq=90         Q=3000, Pctq=10          Q=3000, Pctq=90     

Figure 5-32 Effect of heat inputs and heat transfer to the secondary heat pipe on streamline contours.  
�



  

111 
 

 Figure 5-33 shows the pressure distribution at the main condenser for two values 

of Qe=1000 W and Qe=3000 W.  

 

(a)Qe=1000W 

.  

(b) Qe=3000W 

Figure 5-33 Effect of heat inputs and heat transfer to the secondary heat pipe on pressure distribution of 
main condenser  
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 The pressure at the wick-vapor interface of the main condenser are completely 

different from that of the case with centerline located adiabatic section. More uniform 

pressure distributions are achieved and pressure values are higher. Generally, higher 

pressure are resulted when the heat pipe is located away from the center line but the 

difference is very small. 

 The comparison of average temperatures in the main and secondary heat pipes for 

both configurations of adiabatic section are shown in Figure 5-34.  

                                                                                
Figure 5-34  Effect of adiabatic part location on average temperature of (a) main condenser (b) secondary 

heat pipe 
 
 For the cases in these figuress, the 90 percent of input heat is transferred to the 

secondary heat pipe, and the secondary heat pipe is  located away from the centerline. It 

can be seen that placing the adiabatic section ouward results in a remarkable increase in 

the average temperature of the main condenser and the secondary heat pipe. As the heat 

input increases, the difference between the average temperatures of two configuration 

increases. 
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Figure 5-35 shows the effect of tapering the main condenser inlet on the stream line 

contours for Qe=3000W. For both Pctq of 10% and 90%, tapering has eliminated the 

primary vortex formed around the main condenser corner, however it does not have any 

noticable effect on the secondary vortex around the secondary heat pipe inlet. For the 

PCtq  of 90 percent, tapering brings up a small counter clockwise recirculation zone at the 

corner of the adiabatic section and main condenser.  

 

 

  
Q=3000, Pctq=10 Q=3000, Pctq=90 Q=3000, Pctq=10 Q=3000, Pctq=90 

           Figure 5-35 Effect of tapering of the main condenser inlet on the 
streamline contours 

 
Figure 5-36 and Figure 5-37 show the tapering effect on the temperature distribution of 

the main condenser and secondary heat pipe for the heat inputs of 3000 W. Tapering the 

main condenser inlet increases the temperatures of the main condenser and secondary 

heat pipes for both locations of the secondary heat pipe. Tapering also makes the 

temperature distributions of the main condenser more uniform, especially for lower 

values of the Pctq.  
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       (a) Secondary heat pipe away from the 
centerline 

       (b) Secondary heat pipe near centerline 

  

 
Figure 5-36 Effect of tapering of the main condenser inlet on the temperature distribution of main 

condenser  

  
      (a) Secondary heat pipe away from the 

centerline 
      (b) Secondary heat pipe near centerline 

 
Figure 5-37 Effect of tapering of the main condenser inlet on the temperature distribution of the secondary 

heat pipe 
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5.2 Experimental Results 

5.2.1 The effects of input heat 

 In this section, the results are presented for a heat pipe that was charged with 13 

ml of water or 30 % of the total volume of the heat pipe. Figure 5-38 shows the transient 

response of the surface temperature at the adiabatic section.  

 

Figure 5-38 Transient response of the heat pipe 
 

 Usually, the temperature of outer wall of the heat pipe adiabatic section is selected 

as the parameter to study the response time since it shows the heat pipe status. This 

temperature is used as saturated vapor temperature and is employed to determine the 

operating pressure of the heat pipe. It can be seen in Figure 5-38 that as the heat input 

increases, the steady state condition is reached within approximately 20-30 minute. 
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 The steady state temperature distribution for the heat pipe outer wall is shown in 

Figure 5-39 for different heat inputs.  

 

Figure 5-39 The effects heat input on steady state heat pipe outer wall temperature 
 

 At the beginning, only the cooling system was on and the heater was off until the 

steady state was reached. The water entered the cooling jacket at 25°C and 125 ml/min. 

Since the temperature of water was higher than the room temperature, the condenser acts 

as an evaporator while the evaporator section worked as condenser until the steady state 

condition was reached. At this point, the heater was turned on and heat was added to the 

evaporator. As the heat input increases, the rate of evaporation increases, so is the vapor 

temperature. Furthermore, the condition of cooling water remains constant; therefore, the 

outer wall temperature of the condenser increases to reject more heat. Since the wall and 

wick temperatures are coupled with the vapor, these two factors result in the increase of 

the operating temperature of the heat pipe until another steady state condition is reached. 
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The steady state temperature distribution is uniform along the evaporator but the 

temperature increases along the condenser due to convective heat transfer of the cooling 

jacket. The adiabatic section is thermally insulated; therefore, the temperature remains 

unchanged.  

 The outer wall surface temperature at the evaporator is higher than the vapor 

temperature since the heat needs to be conducted through the heat pipe wall and wick to 

the wick-vapor interface. At the condenser, lower temperature is observed at the outer 

surface, as heat needs to be conducted from the wick-vapor interface to the heat sink. As 

mentioned above, it is assumed that the vapor temperature remains constant along the 

heat pipe and is equal to the average temperature adiabatic section. Both adiabatic 

sections show approximately the same temperature, which strengthens this assumption. 

The small temperature difference between the two sections is due to the effects of axial 

conduction in the wall and wick regions. 

  Figure 5-40 shows the effect of heat input on thermal resistance. As the heat 

input increase, the thermal resistance decreases sharply for heat fluxes up to 50 W and 

then remains approximately constant. This indicates that the heat pipe has better 

performance at larger heat inputs. The heat pipe has higher thermal resistance at lower 

heat inputs since more liquid resides at the evaporator section. In addition, as the heat 

input increases, the operating temperature and pressure of the heat pipe increases. This 

indicates that the vapor temperature drop along the heat pipe is relatively smaller in 

comparison to the heat pipe operating temperature. The temperature difference between 

the evaporator and condenser increases at lower rate than that of the heat input. 
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Figure 5-40 Effect of heat inputon heat pipe thermal resistance 
 

Figure 5-41shows the effective thermal conductivity of the heat pipe calculated by 

equation ( 4-3). 

 

Figure 5-41 Effect of heat input on equivalent thermal conductivity of the heat pipe 
 

 The effective thermal conductivity of the heat pipe increase at higher heat inputs. 

The effective thermal conductivity of the heat pipe is approximately 20 to 30 times higher 

than a copper rod.  
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The absorbed heat by the cooling jacket is shown in Figure 5-42.  

 

Figure 5-42 The heat output versus heat input  
 

 At lower heat inputs, where there is a relatively small temperature difference 

between the inlet and outlet of cooling water, the source of uncertainty is largely due to 

the uncertainty of the RTDs. Table 5-1 shows the heat inputs, and the measured heat 

output and the associated uncertainties. At the larger heat inputs, the difference between 

the heat input and the heat outputs is mainly due to heat losses.  

Table 5-1heat output uncertainty 

Heat input  
(W) 

Calculated heat output 
(W) 

Heat output Uncertainty error 
 % 

13 6.3 ±73.2 
26 17.2 ±26 
40 32.4 ±14.5 
53 46.2 10.2 
70 57.8 ±8.3 
86 68.4 ±6.6 
100 79.0 ±5.8 
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5.2.2 The effects of working fluid charged value 

 The effect of the charged value of the working fluid on the operating temperature 

of the heat pipe is shown in Figure 5-43. At lower values of heat input, smaller amount of 

working fluid resulted in lower temperatures at the evaporator. The excess liquid resided 

at the evaporator for the case of lower heat input or higher filling ratios, imposes higher 

thermal resistance at the evaporator. The underfilled heat pipe had a lower maximum heat 

transfer, since the working fluid was not sufficient to fill the entire wick for high heat 

inputs.  

 As the heat input increased, higher temperature and response time were recorded 

for the small amount of working fluid. As at such condition, there was not enough liquid 

at the wick of the evaporator to transfer the heat, the rate of evaporation decreased. The 

temperature difference between the evaporator and condenser increased dramatically.  

 As the amount of working fluid increased, better performance was obtained and 

the heat transfer limit of the heat pipe increased. For the current study, this trend remains 

only up to a certain limit which is 30% or when the heat pipe is filled with 13 ml of 

water. Further increase of the working fluid amount resulted in higher operating 

temperature of the heat pipe since the excess liquid accumulated at the evaporator 

interferes with the evaporation and condensation processes. 

 The corresponding thermal resistances with the effects of working fluid filled 

volume on the overall performance of the heat pipe are shown in Figure 5-40. 



  

121 
 

 

Figure 5-43 Effect of working fluid charged volume on the evaporator surface temperature 
 

 At low heat inputs, the evaporation rate is low and there is sufficient liquid to 

keep the wick at the evaporator section saturated all time. Lower thermal resistance is 

obtained for the case with 10% of the heat pipe volume filled. 

 As explained, the excess liquid at the evaporator affects the evaporation and 

condensation rate. As the heat input increases, the thermal resistance of the heat pipes 

with smaller amount of working fluid increases, and the temperature difference between 

the evaporator and condenser increases. It also takes longer time for the heat pipe to reach 

the steady state. This trend remains only up to a certain percentage of filled volume of the 

working fluid. As the filled volume of working fluid exceeds this amount, the heat pipe 

shows higher thermal resistances, especially at low heat inputs where the effects of 

excess liquid is more significant.  
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Figure 5-44 The effect of working fluid amount on thermal resistance 
 

5.2.3 The effects of inclination angle on the heat pipe performance 

 Figure 5-45 shows the variation of thermal resistance versus inclination angle in 

gravity-assisted orientation for three heat input levels. It is clear that the heat pipe works 

very well for all inclination angles and the performance quality of the heat pipe has not 

changed significantly for different inclination angles in gravity-assisted orientation. The 

reason that the heat pipe has higher thermal resistance at the inclination angle of 90 

degree, especially at low heat inputs is likely caused by a little overfilled working fluid 

volume. In general, the effect of inclination angle where the condenser is above the 

evaporator can be neglected.    
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Figure 5-45 The effects of inclination angle on the heat pipe performance in gravity-assisted orientations 
 

  Figure 5-46 shows the effects of inclination angle in gravity opposed orientations. 

As the orientation of the heat pipe changed from horizontal direction, the thermal 

resistance increased dramatically. This is because the gravity has adverse effect on the 

circulation of the liquid in the wick. The huge difference between the horizontal 

orientation and the inclination angle of thirty can be attributed to the charging valve 

located at the condenser side. Since the valve’s inner surface does not have a wick, the 

condensed liquid accumulated there at gravity-opposed orientation is not able to return to 

the evaporator. As the inclination angles increases, the resistance to the flow of liquid 

along the heat pipe increases and it degrades the performance of the heat pipe degrades. 
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Figure 5-46 The effects of inclination angle on the heat pipe performance in gravity-opposed orientations 
 

 

5.3 Comparison of numerical to experimental results 

 Figure 5-47 shows the comparison of numerical to experimental results for the 

heat pipe wall surface temperature. The heat input to the heaters was set to 40 W. 

However, the heat removed by cooling water at the condenser section was calculated as 

32.4 W with the discrepancy of ±14.5%. The numerical analysis is conducted with the 

heat input of 32.4 W. In addition, the computations were done for both high-bound 

(37W) and low-bound (27W) of estimated heat input. The operating temperature of the 

heat pipe is obtained from experiment and is 37.5 °C (Figure 5-38). As shown in the 

figure, a good agreement is obtained between the numerical and experimental results. The 

source of error can be attributed to the following factors: 

·  The temperatures at the condenser section measured by the surface thermocouples 

might be affected by the water flowing in the cooling jacket. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

13 26

R
es

(K
/W

)

Q (W)

0 degree

-30 degree

-60 degree

-90 degree



  

125 
 

·  The properties of the wick are obtained from the theory using equations (3-1), 

(3-2) and (3-3). However, rolling the screen mesh wick might affect the porosity 

of the wick and therefore the effective thermal conductivity. The thermal 

conductivity of the wick influences the temperature distribution at the outer 

surface of the heat pipe.  

·  The non-uniformity in the wick thickness.  

·  The numerical method does not consider the excess liquid, which resides at the 

evaporator especially at low heat inputs. 

 

Figure 5-47 The compariosn between numerical and experimental results 
 

 

 

 

 

 

 

 

302

304

306

308

310

312

314

316

318

320

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

T
(K

)

Z(m)

Experiment
Numerical
Numerical_low bound
Numerical_high bound



  

126 
 

 

CHAPTER 6 

6 CONCLUSION 

 

 The results obtained from numerical analysis of the heat pipe network showed 

that the thermal resistance of the primary heat pipe decreased with the increase of the 

operating temperature and vapor radius, but increased with the increase of the heat input. 

In the cases studied, adiabatic section radius of 15 mm was sufficient. Because of the 

large expansion ratio from the adiabatic section to the main condenser, the vapor flow 

coming from adiabatic section was similar to a confined jet impingement, which 

impinges on the surface and spreads out radially while it is condensing. Due to the 

complex interaction of convective and viscous forces in the main condenser chamber, 

several recirculation zones were formed in this region, which made the performance of 

the heat pipe convoluted. The temperature distributions of the primary and secondary 

heat pipe highly depended on the secondary heat pipe configurations and main condenser 

spacing, especially for the cases with higher heat inputs and higher percentages of heat 

transfer to the PCM via secondary heat pipes. In all cases with one secondary heat pipe, 

secondary heat pipe temperature was higher when it was placed away from the primary 

heat pipe. The corresponding temperature distribution in the main condenser was more 

uniform. The primary condenser spacing of 10 mm offered higher and more uniform 

temperature distribution in the main condenser and secondary heat pipes.  The effect of 

geometry of the secondary heat pipe inlet was insignificant on the overall performance of 
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the heat pipe network. Of the shapes studied for the main condenser inlet, the tapered 

corner yields higher temperatures and hence lower thermal resistances at the main 

condenser and secondary heat pipes. However, the improvement is small for the case 

with tubular adiabatic section. Changing the location of the adiabatic section reduces  the 

jet effect of the vapor flow and curtails the recirculation zones, leading to higher average 

temperature in the main condenser and secondary heat pipes.  

 The results obtained from experimental analyses, showed that if the condition of 

the cooling jacket at the condenser remains constant, the increase in heat input results in 

higher operating temperature and better performance of the heat pipe. Underfilling the 

heat pipe with working fluid leads to lower maximum heat transfer; however, heat pipe 

has lower thermal resistance in low heat inputs. Overfilling the heat pipe increases the 

thermal resistance because of the excess liquid that interferes with evaporation and 

condensation mechanism. For the gravity-assisted orientations, the inclination angle has 

negligible effects on the heat pipe thermal resistance and response time. Situating the heat 

pipe in gravity-opposed orientation deteriorated the performance of the heat pipe in 

comparison to horizontal orientation.    
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