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Abstract 

            In many of applications, such as power plants, iron factories, etc., thermal 

energy may be lost to ambient so, using devices such as heat pipe heat exchangers 

is necessary to recover this energy. In this study, a thermosiphon heat pipe heat 

exchanger is constructed for this purpose. The thermal performance of this 

exchanger is numerically (by using ANSYS-Fluent software) and experimentally 

investigated. This is at different filling ratios (%2:, 22: and %2:) of a working 

fluid (DOWTHERM™ A), air velocities of (2.2, 1, 1.2, 0 and 0.2 m/s) at the 

condenser inlet and wide range of the evaporator inlet air temperature (162 to %02 

°C). The exchanger model used in this study includes 62 copper heat pipes with 

square aluminum fins. The heat pipe (122 cm total length) consists of three 

sections namely: evaporation section (02 cm length), adiabatic section (02 cm 

length) and condensing section (02 cm length). The results show that the filling 

ratio, air velocity and evaporator air temperature have an important effect on the 

thermal performance of the heat exchanger. In overall, the optimum values of the 

filling ratio, air velocity and evaporator inlet air temperature, to obtain the best 

thermal performance of the exchanger, are 22:, 2.2 m/s and %02 °C respectively. 

Where at these values, the highest condenser air temperature and maximum 

exchanger effectiveness (002 °C and %0: numerically and 022 °C and %%: 

experimentally) are obtained. Through the comparison between the numerical and 

experimental results, an excellent agreement is found between them with a 

maximum deviation percentage does not exceed 2:. 

Keywords: steam power plant, heat pipe heat exchanger, thermal effectiveness, 

temperature, filling ratio 
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Chapter One 

Introduction 

             Problems resulted from the use of fossil fuels, such as air pollution and 

significant increasing in ambient temperatures, have posed a major challenge to 

humanity in recent years. According to a report published by the International 

Energy Agency (IEA) in 0200, carbon dioxide emissions reached %6.8 billion tons 

annually, an increase of 2.9: compared to the previous year. This has prompted 

researchers to search solutions to replace the fossil fuel or reduce the dependence 

on it. One proposed solution in this area is the recovery of waste heat in different 

processes, which can be achieved through the use of different heat exchangers [1]. 

             In this chapter, the historical development of heat pipes, their types, 

working fluid used to carry heat from the hot section to cold one are dialed with. In 

addition to regenerative air preheater and its principle, components, advantages 

and disadvantages. The aim of the current study and outlines of this thesis are also 

shown in the end of this chapter. 

1.1 Historical Development of Heat Pipes  

               Principle of the heat pipe was known since 1900 by Gaugler. However, 

serious interest in its use did not begin until the early 1962s by Grover (an 

American scientist) who demonstrated the effect of high heat transfer efficiency 

and proved its usefulness in various fields [0, %]. The first commercial organization 

which interested in heat pipes is the America Radio Corporation (ARC) in 1966, 

the first use of the heat pipe in practical applications began in California [0]. In 

1969, a new heat pipe was designed by George P. Gray (a British scientist in the 

field of energy). This type of heat pipes transports the liquid from the condenser 

area to the evaporator area by gravity without using a wick [2]. Abhat and Seban 
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[6] in 19%0 also conducted tests on a stainless steel heat pipe using different types 

of wicks (steel and bronze mesh, nickel and bronze mesh). They concluded 

through the tests that the heat transfer rate in the case of using the heat pipe with 

the wick is greater by about 12 W/cm
0 

than that without the wick. The 

development of using heat pipes in many industrial and engineering applications is 

continues until now.  

1.0 Principle and Types of Heat Pipe 

      A heat pipe is a two-phase heat transfer device that works based on the 

working fluid's phase change to transmit heat from a one side to another with a 

minimal temperature difference. A heat pipe typically consists of a sealed 

container that is partially filled with a working fluid like water.  It is divided into 

three sections: the condenser, adiabatic, and evaporator section. 

      There are many types of heat pipe (HP), but the most important and widely 

used are wick HPs, thermosiphon HPs, flat-plate HPs and concentric spherical 

HPs. The thermal and physical properties of each model and its applications in 

different industries are discussed below. 

1- Wick heat pipe: is one of the simplest and most reliable heat pipes that is 

suitable for heat transfer processes. This model does not require external energy 

sources. The most important applications of this model include its use in the tea 

leaf drying industry, nuclear power plant, TOPAZ-II power systems and Heating, 

Ventilation, and Air Conditioning (HVAC) systems [%]. In this model of heat 

pipes, when the hot end of the heat pipe is heated up, the working fluid changes 

from the liquid state to the gaseous state (vapor). The vapor produced moves 

through the tube towards the cold end of the heat pipe, loses its energy and turns 

into the liquid state see Figure (1.1). 
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0- Thermosiphon (wickless) heat pipe: is a practical model of heat pipes that has 

many applications in the ceramic industry, nuclear reactors, heat recovery and  

steel industry [8]. This model is designed for conditions where the heat transfer 

process be vertical knowing that it (heat transfer) depends on the earth gravity 

principle. In this type of heat pipes, the condenser must be located above the 

evaporator section (see Figure (1.0)). 

                 

Figure 1.1: Wick Heat Pipe [1]                              Figure 1.0: Thermosiphon Heat Pipe [1] 

%- Flat-plate heat pipe: is a one of the suitable heat pipes for heat transfer in 

limited spaces. This model of heat pipes is made up of flat-plates with very thin 

sections. The thin structure in this model of heat pipes is the main factor for the 

heat transfer effectivity. The working principle of this type of heat pipes is 

applying heat on the surface of heat pipe, a hot fluid separates from cold fluid.  

Among the most important applications of flat-plate heat pipes, its use in the 

photovoltaic panels [9, 12] and the steel industry (see Figure 1.%). 

0- Concentric tube heat pipe: is a one of the suitable heat pipes for the use in 

electronic systems and applications. It is used for heat transfer over long distances 

because it has relatively high efficiency. It consists of two coaxial tubes, the inner 
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tube works as an evaporator and the outer tube works as a condenser. The working 

fluid flows inside the inner tube and facilitates heat transfer [11] (see Figure (1.0)). 

                          

Figure 1.%: Flat-plate Heat Pipe [1]                   Figure 1.0: Concentric Tube Heat Pipe [1] 

1.% Heat Pipe Heat Exchanger 

               A heat exchanger is a device used to exchange thermal energy between 

two fluids without mixing them. It is one of the most suitable tools for recovering 

waste heat in different systems, which consequently improves energy efficiency. 

The use of heat exchangers for recovering waste energy is reported in various 

fields, including power plants, textile, refinery, production of building materials, 

etc. [10]. 

             The heat pipe heat exchanger (HPHE) consists of several heat pipes 

connected in parallel. This design allows for large-scale heat transfer. The HPHE 

has two ends located in two different environments, one of them located in a cold 

environment and called the condenser and the other end located in a hot 

environment and called the evaporator. As shown in Figure (1.2), when the heat-

carrying fluid passes over the evaporator begins to boil and absorbs heat. In other 

words, along this path, the phase change process from the liquid state to the gas 
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state occurs without changing in the temperature of the heat pipe reservoir. The 

vapor produced moves towards the condenser, with a speed about equals the sound 

speed, as a result, the vapor in contact with the cold environment releases the 

absorbed heat and turns into the liquid phase [1]. The condensed liquid returns to 

its original path and this cycle is repeated continuously. In overall of this process, 

heat is transferred from the hot source to the cold source continuously. 

 

Figure 1.2: Schematic View of Heat Pipe Heat Exchanger [1] 

            On the other hand, the heat pipe is also one of the important and practical 

devices that has high thermal conductivity. This system works according to 

thermodynamic principles (condensation and evaporation) and is used to build heat 

exchangers. HPs have the ability to transfer heat over long distances and create a 

minimum temperature gradient during this heat transfer process. There are 

different models of HPs that have different structures, configurations, and 

functions. 

1.1 Working Fluid 
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             The type and quantity of a working fluid required to be used in a heat pipe 

play a very important role in the operation process of specified heat pipe. The 

selection of a working fluid  depends on the temperatures range of the waste heat 

stream. The main factors, to select the suitable working fluid, are its liquid boiling 

temperature and vapor condensation temperature. Figure (1.6) shows the useful 

operating temperature ranges for various heat pipe operating fluids, although it was 

abbreviated by removing the coolants to show the fluids that are most commonly 

used in waste heat recovery (WHR) [1%]. 

 

Figure 1.1: Useful Working Temperature Range of Working Fluids at Normal Pressure 

and Temperature [11] 

              In addition to temperature ranges, there are other properties and criteria 

that should also be taken into consideration at selecting a working fluid as 

following [10]. 

Te
m

p
er

at
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a) Good thermal stability, 

b) Good wettability, 

c) High thermal conductivity, 

d) Good compatibility with wick and container material, 

e) Reasonable vapor pressure at operating temperatures, 

f) High latent heat of evaporation, 

g) Low viscosity of both liquid and vapor phases, 

h) High vapor specific heat capacity, 

i) High surface tension, if antigravity, 

j) Acceptable freezing and pour point, 

k) Low toxicity, 

l) Low cost and, easily available. 

            In addition to incorporating nanoparticles into the filament structure, 

extensive research was conducted on the introduction of nanoparticles into the 

working fluid, known as Nano fluids. Numerous experiments were conducted by 

[12] on the heat transfer properties of various Nano fluids in different 

configurations of a heat pipe. 

1.1 Regenerative Air Preheater 

            The primary function of the regenerative air preheater is to improve the 

efficiency of the combustion process by recovering waste heat from the flue gases 

exiting the boiler and using it to preheat the combustion air entering into the 

furnace. 
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1.1.1 Working Principle of Regenerative Air Preheater 

            An air preheater works as a heat exchanger, transferring heat from the hot 

flue gases to the cold combustion air. This is typically accomplished by passing the 

gases and air across metal heat transfer surfaces, such as plates, in an arrangement 

that allows heat exchange between them without mixing. A rotating heat storage 

medium (usually in the form of a basket or an array of metal plates) is used. This 

medium slowly circulates through two separate sectors: one through which the hot 

flue gas passes, and the other through which the cold combustion air passes. In the 

flue gas sector, the medium absorbs heat from the gases. As the medium circulates 

to the combustion air sector, it transfers the stored heat to air. Figures (1.%) shows 

a %-dimensional schematic diagram of the regenerative air preheater. 

      

Figure 1.1: 1-dimensional Schematic Diagram of Regenerative Air Preheater [11] 

1.1.1 Components of Air Preheater in Thermal Power Plant 

              The air preheater consists of four main components namely; rotor, heat 

transfer media, seals and drive mechanism. Figure (1.8): shows a schematic 

diagram of components of air preheater. 

 Rotor: a structure that holds the heat storage medium and slowly rotates it. 

25 c 0 

250 c 0 

320 c 
0 

126 c 0 
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 Heat Transfer Media: metal sheets designed to absorb and store heat efficiently. 

 Seals: to prevent gas and air leakage between sections 

 Drive mechanism: to move the rotor. 

 

Figure 1.1: Schematic Diagram of Air Preheater [11] 

1.1.1 Advantages of Air Preheater in Steam Plants 

1. It increases the boiler efficiency: By heating the combustion air, the amount of 

fuel required to achieve the desired combustion temperature is reduced. It is 

estimated that every 022C increase in combustion air temperature can result in a 

1: improvement in the boiler efficiency. 

http://coalhandlingplants.com/air-preheater-in-thermal-power-plant
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0. It improves the combustion process: the hot air helps to vaporize the fuel better 

and speeds up the ignition and complete combustion process, reducing soot and 

carbon monoxide formation. 

%. It reduces heat losses in flue gases: recovering heat from flue gases results in 

them exiting at lower temperature, reducing heat energy loss through the 

chimney and increasing the overall efficiency of the plant. 

0. Fuel Saving: Improving combustion efficiency and reducing heat loss leads to 

less fuel consumption and therefore, less operating costs. 

2. It reduces harmful emissions: the complete combustion reduces emissions of 

harmful gases such as carbon monoxide and unburned hydrocarbons. 

1.1.1 Disadvantages of Air Preheater in Steam Plants 

1. Corrosion: Acid condensation in the cold areas of the air heater (especially in 

ducted air heaters) may cause corrosion. Corrosion-resistant materials should be 

used or measures should be conducted to prevent the condensation. Figure (1.9) 

includes a picture of the Al-Mousayyab thermal power plant with corrosion in 

the air preheater. 

 

Figure 1.1: Al-Musayyab Thermal Power Plant with Corrosion in Air Preheater 
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0. Fouling: Ash and soot particles may be accumulated on heat transfer surfaces, 

reducing heat exchange efficiency and increasing resistance to gas and air flow. 

These buildups require periodic cleaning with soot blowers or water washing. 

%. In regenerative air heaters, a leakage may be occurred between the gas and air 

sections, reducing the heating efficiency. Seals should be maintained 

periodically to reduce or avoid this problem. 

1.1 The Aim of This Study 

               There are two main problems often occur in air preheaters of thermal 

power plants namely: the blocking and corrosion of baskets of these preheaters as 

shown in Figure (1.9). This is due to the moisture coming with the air and exhaust 

fumes accumulation in these baskets. This will lead to stopping or reducing the air 

flow to the boiler of the thermal plant. To overcome these problems, the baskets 

must be replaced between a time duration and another and this requires stopping 

the plant, which is costly in terms of both time (stopping the plant’s production) 

and finance (the cost of replacing worn baskets). Consequently, it is necessary to 

consider alternatives to these baskets that perform the same function. One such 

alternative is a heat pipe which can be a successful alternative. 

The aim of this study is: -  

1. Conducting a numerical simulation of the thermal performance of a heat pipe 

heat exchanger (HPHE) based on the volume of fluid (VOF) method by using a 

computer software (ANSYS-Fluent).  

0. Determining the condenser outlet air temperature and effectiveness of the 

HPHE through the numerical simulation, 

%. Constructing a test rig of the HPHE consists of eight rows with seven to eight 

thermosiphons per row, 
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0. Conducting experimental tests of the condenser inlet air velocity and filling 

ratio of the working fluid to measure the condenser outlet air temperature and 

calculate the effectiveness of the HPHE, 

2. Carrying out comparisons between the experimental and numerical results of 

the condenser outlet air temperature and effectiveness of the HPHE at different 

air velocities and filling ratios. 

1.1 Outlines of This Thesis 

Chapter 1: It highlights the background of heat pipes, what they are, how they 

work, what types of heat pipes exist, and finally, what is the purpose of this entire 

research. 

Chapter 1: This chapter discusses previous literature related to the field of this 

study. It first provides a summary and introduction to the previous studies, then 

divides the chapter into numerical studies, experimental studies, and both 

numerical and experimental studies. In each of these sections, the studies are 

classified into tables based on the study year, boundary conditions, heat pipe 

modification way and results and conclusions. 

Chapter 1: This chapter includes two aspects namely: the mathematical model 

(mathematical equations to calculate the thermal performance of thermosiphon 

heat pipe heat exchanger (HPHE)) and numerical analysis (simulation of the 

thermal performance of this HPHE using ANSYS-Fluent software). 

Chapter 1: This chapter describes the testing apparatus and equipment used to 

conduct tests and experiments, as well as discussing how to calibrate different 

scales. 

Chapter 1: In this chapter, experimental and numerical results related to the 

thermal performance of the HPHE under different operating conditions are 

presented, discussed and compared. 
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Chapter 1: In this chapter, the most important conclusions and some 

recommendations for future work are presented.
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Chapter Two 

Literature Review 

Introduction 

               Numerous studies were conducted on heat transfer devices based on 

natural mass circulation, including both wick and wickless heat pipes. The 

energy transfer process in both types depends on several factors namely: 

geometric shape (length, diameter and tilt angle), physical factor (working fluid 

and filling ratio) and thermal factors (heat flux and temperature). In this chapter, 

previous different studies related to the subject of the current research would be 

reviewed, as well as the applications of heat pipes, especially in heat recovery 

systems that use heat exchangers. This chapter would be divided into three main 

sections namely: numerical studies, experimental studies, numerical and 

experimental studies. For each section, there would be a table to summarize 

previous researches. 

1.1 Numerical Studies 

              Alammar et al., (1111) [11] investigated the effect of the filling ratio 

and tilt angle on the thermal performance of a heat pipe heat exchanger (HPHE) 

in terms of the temperature distribution and thermal resistance. Using several 

values of the filling ratio (122:, 82:, 62:, 22:, and 02:) of the working fluid 

(water) and tilt angle (292, 2%2, 222, 2%2, and 212). This is through constructing 

a numerical model of the HPHE by using ANSYS-Fluent software. The heat 

pipe used has a total height of 022 mm (022 mm for each of the evaporator and 

condenser), outer diameter of 00 mm and inner diameter of 02.0 mm. The 

results demonstrated that the optimum values of the filling ratio and tilt angle, at 

which the thermal resistance be at the lowest level, are 62: and 922 

respectively. 



Chapter Two                                                                                                    Literature Review 

14 
 

                Fertahi et al., (1111) [11] numerically (CFD modeling) investigated 

and analyzed the thermal performance of a wickless HPHE (thermosiphon). 

This is with and without inclined fins at an angle of 2%2 with the horizon. These 

fins were added on the outer surface of the condenser section to improve the 

thermal performance of the HPHE. Degassed (distilled) water, with a filling 

ratio of 02: of the evaporator condenser size, was used as a heat transfer fluid. 

The study was done through building a two-dimensional copper model with 2.9 

mm thickness, 02.0 mm internal diameter and 2.2 m total length (the evaporator 

length of 2.0 m, adiabatic of 2.1 m and condenser of 2.0 m). The results showed 

that using fins on the condenser surface improves the thermal efficiency of the 

heat pipe system by approximately 16: (it increased from 69: (without fins) to 

82: (with fins)). 

                   Al Jubori and Jawad (1111) [11] carried out CFD simulations of 

a heat pipe (wickless) at changed operation conditions (filling ratio, heat 

supplied and slope angle of the heat pipe). ANSYS-Fluent software was used to 

solve the two-phase processes (evaporation and condensation) of a heat transfer 

fluid (water) in the heat pipe. The heat pipe used has a diameter of 00 mm and 

total length of 022 mm (022 mm for each of the condenser and evaporator 

section). The findings showed that there is a significant reduction (about 2.12 

°C/ W) in the heat resistance of the heat pipe at 02: water vaporization rate with 

the increase in heat supplied. In overall, the maximum thermal energy 

performance was achieved at a filling ratio of 22: and slope angle of 92°. 

              Adrian et al., (1111) [11] numerically simulated the thermal 

performance of a HPHE by constructing a two-dimensional geometry using 

ANSYS-Fluent software. Two copper heat pipes, with two different lengths 

(1%69 and 222) mm and three heat transfer fluids (R1%0a, R020a, and R02%a) 

with different filling ratios (12% to %2:), were used. The results demonstrated 

that the highest thermal efficiency of the HPHE (about 92:) can be achieved by 
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utilizing R1%0a with a filling ratio of 12: of the overall pipe size. While, using 

R02%a produces the least efficiency (approximately %8%) of the HPHE. 

               Desai et al., (1111) [11] numerically studied the thermal performance 

of a HPHE (thermosiphon) by using three different geometries (circular, square 

and triangular) of the heat pipe. All the heat pipes used in this study have the 

same cross-sectional area (%2 mm
0
) and the same length (022 mm). The results 

of the simulation showed that the shape of the heat pipe has a very clear 

influence on its thermal performance. The circular heat pipe has the best 

thermal performance compared to the triangular and square heat pipe. The air 

temperature difference between the outlet and inlet of the condenser section is 

%2 K in the circular pipe case, 0% K in the triangular pipe case and 06 K in the 

square pipe case. 

              Brough et al., (1111) [11] numerically studied the heat transfer 

process in a HPHE using TRNSYS software. This is to optimize the heat 

recovery conditions and predict the temperature under unstable operation 

conditions. The method used for heat recovery and temperature prediction is the 

ɛ-NTU. In this study, the effect of external fins, with different geometries as 

shown in Figure (0.1), on the thermal performance of a heat pipe was 

investigated to enhance the heat transfer process. The external fins were added 

on the outer surface of the condenser and evaporator section. The results proved 

that the presence of these fins on the surface of the heat pipe is very important 

for recovering waste heat. The results also indicated that, through the process of 

heat exchange between the incoming cold air and outgoing hot gases, the air 

temperature increases by 12 °C. 
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Figure 1.1: Heat Pipes with External Fins Different Shapes [11] 

                Sadeghi et al., (1111) [11] numerically simulated the thermal 

behavior of a two-phase copper HPHE (vertical closed thermosiphon) for 

industrial applications. This is by using a special oil as a working fluid with 

differing filling ratios (%2, 22, %2 and 92:). The heat pipe used has a total 

length of 1122 mm (222 mm evaporator length, %22 mm condenser length and 

%22 mm adiabatic length), inner diameter of 08 and outer diameter of %0 mm. 

The results showed that the highest thermal efficiency of the HPHE, which 

reaches about 96:, is achieved by using %2: filling ratio of the working fluid. 

Where in this case, the heat resistance of the heat pipe system reaches its lowest 

value (2.22 K/W). 

                Beiginaloo et al., (1111) [11] investigated the thermal performance 

of a HPHE (wickless) with different lengths of its sections (condenser, 

evaporator, and adiabatic) using CFD. The variables that were considered in this 

study are heat load, liquid filling ratio, and condenser-to-evaporator length ratio 

(AR). Based on momentum, energy and volume transfer equations, the 

condensation and evaporation processes were simulated. The results of the 

study showed that the performance of the HPHE can be improved through 

increasing the heat load and filling ratio and decreasing the AR. In order to 
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obtain the maximum performance of the HPHE, the values of the AR, heat load, 

and filling ratio should be equal to 2.8%02, 006 W and 82:, respectively. 

                Sriwiga et al., (1111) [11] used a HPHE to recover heat of exhaust 

flue gases from a boiler in a hotel. This is to increase the temperature of water 

entered into the boiler. This is by simulating the thermal performance of the 

HPHE using MATLAB program. The working fluid used is R1%0a refrigerant 

with a 22: filling ratio. The heat pipe has a total length of 822 mm (the 

evaporator length equals condenser length and equals 022 mm) and outer 

diameter of 19 mm. The temperature at the evaporator inlet is 022 °C and at the 

condenser inlet is %2 °C. The study results showed that, under optimization 

conditions, the thermal energy efficiency of the HPHE is 00: and heat recovery 

rate is 0.8% kW. 

                Ali et al., (1111) [11] studied the effect of the filling ratio and tilt 

angle of a HPHE (wickless) on its thermal performance. This is in terms of the 

thermal resistance and temperature distribution. ANSYS-Fluent software was 

used to conduct the numerical simulation of two-phase flow inside the HPHE. 

The results indicated that the thermal resistance decreases as the heat input is 

increased in addition, effects of the filling ratio and tilt angle become more 

significant as the heat input is increased. The lowest total thermal resistance is 

attained at a tilt angle of 922 and filling ratio of 62:. The results also indicated 

that the lowest value of the average temperature of the evaporator walls is 

obtained by using 62: filling ratio while, its highest value is obtained using 02: 

filling ratio.  

1.1 Experimental Studies 

                Lukitobudi et al., (1111) [11] developed air-to-air heat exchangers 

using thermosiphon heat pipes under medium temperature conditions. The heat 

exchangers used are continuous plate finned copper tubes, circular, rectangular, 
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spirally-finned steel tubes, and bare copper tubes for their heat pipes. The water, 

with a filling ratio of 62: of the evaporator section size, was used as a working 

fluid. The air velocity range is 1.2 to 2 m/s and heat input range is 0 to 02 kW 

by using electric heating elements. The results showed that the rectangular plate 

finned copper thermosiphon heat exchanger has the best thermal performance 

compared to the other exchangers. 

                 Mozumder et al., (1111) [11] experimentally investigated the 

thermal performance (in terms of the thermal resistance and overall heat transfer 

coefficient) of a HPHE. This is by using variable filling ratio (%2: to 122:), 

variable heat input (0 to 12) W, and three working fluids (methanol, acetone 

and water). The results indicated that the maximum overall heat transfer 

coefficient of the miniature heat pipe is obtained by using the acetone as a 

working fluid. The results also indicated that setting the filling ratio of the 

working fluid at 82: of the evaporator volume leads to achieving the best 

thermal performance of the HPHE. In other words, using this ratio (82:) leads 

to increase of the heat transfer coefficient and decrease of the thermal resistance 

and temperature difference across the evaporator and condenser. 

                Gedik (1111) [11] experimentally studied the effect of a working 

fluid, heat supplied (input), and cold fluid flow rate on the thermal behavior of a 

HPHE (thermosiphon). This is by using different working fluids (ethanol, 

ethylene glycol and water) and two values of the heat supplied (022 W and 622 

W). It was found that the highest thermal performance of the HPHE can be 

obtained by using ethanol as a working fluid at 12 L/h volumetric flow rate and 

622 W heat supplied. 

                Mohamed at el., (1111) [11] experimentally studied the thermal 

performance of an air-to-air HPHE (wickless). This is by using distilled water 

as a working fluid with a filling ratio of %2: of the evaporator size. The model 

consists of four rows with twelve copper tubes per row. The tubes were 



Chapter Two                                                                                                    Literature Review 

19 
 

organized in a staggered pattern with an internal diameter of 9.2 mm, outer 

diameter of 12 mm and length of 922 mm. To enhance the heat transfer area, 

aluminum wavy plate fins (with thickness of 2.1 mm) were placed between 

tubes. Tests were carried out with different flow rates (the air flow rate through 

the condenser and evaporator regions). The results showed that the effectiveness 

of the HPHE increases with the increase in the air temperature at the evaporator 

inlet. 

             Ma et al., (1111) [11] experimentally studied the thermal performance 

of a HPHE. The first and second laws of thermodynamics were implemented to 

analyze the process of recovering wasted thermal energy. The results showed 

that as the recycled water flow rate is increased, the exergy efficiency increases 

and effectiveness decreases. Where by increasing the recycled water flow rate 

from 2.8% to 1.8% m
%
/h, the exergy efficiency increases from %0: to 01: and the 

effectiveness decreases from 19% to 9%. The results also showed that the 

optimal flow rates for fresh water and recycled water are % and 1.0 m
%
/h 

respectively. The results also showed that the HPHE cleaning device plays an 

effective role in increasing heat transfer. This leaded to increase of the exergy 

efficiency, heat transfer coefficient, and efficiency by 09.9:, 19.%:, and 11.6:, 

respectively. 

               Gedik et al., (1111) [11] investigated the effect of a working fluid 

and its operating characteristics on the performance of a heat recovery system 

using a gravity heat pipe. This is by using two different working fluids (R012a 

and R1%0a refrigerants). The parameters that were studied include the coolant 

flow rate, flue gas velocity, and flue gas temperature. The results showed that 

the temperature and velocity of the flue gas have a significant effect (positive) 

on the thermal performance of the system. While, the coolant flow rate has a 

negative effect (its increasing leads to a decrease in the efficiency of the thermal 

system). In overall, the results showed that the efficiency of the heat recovery 
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system by using R012a is better than using R1%0a refrigerant (2%.%: for R012a 

and %2.6: for R1%0a). Figure (0.0) shows a schematic view of the gravity heat 

pipe. 

 

Figure 1.1: Schematic View of Gravity Heat Pipe [11] 

               Naresh and Balaji (1111) [11] used (in an experimental study) six 

rectangular fins (with width of 2 mm and thickness of 1 mm) inside the 

condenser of a thermosiphon heat pipe (see Figure (0.%)). This is to increase the 

heat exchange between the working fluid and other fluid. The study was done 

under wide range of the thermal energy supplied (22 to 0%2) W and by using 

water and acetone as working fluids with different filling ratios (82:, 22:, and 

02:). The thermosiphon has an outer diameter of 06 mm, thickness of % mm 

and total length of 222 mm (022 mm evaporator section, 122 mm adiabatic 

section, and 022 mm condenser section). The results showed that adding fins 

inside the condenser accelerates the condensation process of the working fluid 

and thus improves the thermal performance of the heat pipe. In overall, the 

higher temperature decreased by 1%: and lower heat resistance decreased by 

%2.2: at the lowest heat supplied. 
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Figure 1.1: Experimental Rig of Reference [11] 

                 Muhammad et al., (1111) [11] used a HPHE, in an experimental 

study, with 00 rows of heat pipes and 102 corrugated fins for heat recovery. The 

variables of the study include % values of the air velocity and two values of the 

temperature of air entered into the HPHE. The results of experimental tests 

showed that the highest thermal efficiency of the HPHE, which equals 20.0:, is 

achieved by using 1 m/s air velocity and 02 ˚C air temperature. The results also 

showed that the highest heat recovery, which equals 2.%2 kW, is achieved by 

using 0 m/s air velocity and 02 ˚C air temperature. 
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               Öztürk et al., (1111) [11] experimentally examined the thermal 

performance of a HPHE for waste heat recovery. This is by using two working 

fluids (Nanofluid of aluminum oxide particles and distilled water) with a filling 

ratio of %%: of the evaporator volume. The system works based on the gravity 

flow for the Nanofluid. The heat pipes system has 12 copper tubes with a length 

of 1 m and inner diameter of 12 mm. The length of copper tubes in the 

evaporator, condenser, and adiabatic section are 022, 022 and 122 mm 

respectively. The experimental conditions were controlled by setting the 

temperature, air mass flow rate, and heat capacity of the exchanger. The 

parameters studied are the air flow rate (02 to 80 g/s) and heat power of the 

evaporator unit (% and 6) kW. The results showed that when the Nanofluid is 

used instead of the distilled water, the thermal efficiency of the HPHE 

increases. The results also showed that increasing the air velocity in the 

evaporator section leads to increase of the system efficiency. 

               Kusumah et al., (1111) [11] used, in an experimental study, a U-

shaped HPHE, with a stepped arrangement for heat recovery. This is by using 

different numbers of U-shaped tubes included inside the heat exchanger. The 

study was carried out under various conditions (different values of velocity and 

temperature of air). The effect of the number of tubes, air velocity and air 

temperature on the thermal performance of the HPHE was investigated. The 

results of the study indicated that the parameter which has the largest and direct 

impact on the thermal performance of the HPHE is the evaporator inlet air 

temperature. The results also showed that the highest heat recovery, which 

equals 0.19 kW is obtained by applying 1.2 m/s air velocity and 02 °C 

evaporator inlet air temperature. 

                Delpech et al. (1111) [11] designed and implemented a HPHE for 

waste heat recovery in ceramic production plants. The heat pipes system 

implemented consists of ten parallel tubes with a diameter and thickness of 08 
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mm and 0 mm respectively. The tubes were connected together via a bottom 

pipe with a diameter of 08 mm. Each pipe has evaporator section with 0%2 mm 

length and condenser with 0%2 mm length. The experimental tests were 

conducted under different operation conditions. The results of the study 

demonstrated that the proposed system is able to recover 0 kW of thermal 

energy. 

               Hossen et al. (1111) [11] experimentally studied the thermal 

performance of a HPHE under different conditions. The HPHE, which consists 

of copper heat pipes arranged in stages with using fins (seven in each heat pipe), 

was evacuated from air and then injected with a working fluid (water). The 

HPHE was placed between two ducts carrying hot and cold fluids. The cold 

fluid is atmospheric air and hot fluid is water which its temperature changes 

between 26 and 66 °C. The performance of the HPHE, in terms of heat transfer 

coefficient and effectiveness, was evaluated and analyzed. The effect of the 

filling ratio of water inside the heat pipe was tested at different air flow rates. 

The results indicated that the performance of the HPHE increases with 

increasing the air flow rate but this depends on environmental conditions. The 

results also indicated that the maximum value of this performance is obtained 

by using a 02: filling ratio.  

             Abdelaziz et al., (1111) [11] used a HPHE to reduce energy 

consumption in air conditioning systems. The study was done under different 

conditions (evaporator inlet air temperature and air flow rate). The HPHE was 

charged with R-10% refrigeration fluid at 02.8 
◦
C as a working fluid. Three 

models (with outer diameters of 9.2, 10.% and 19.22 mm) of wickless horizontal 

HPHE were used. Each of them made of %0 copper tubes (2.2 m length of each 

tube). The results showed that increasing the air mass flow rate and/or its 

temperature leads to increase of the HPHE efficiency and at the same time leads 

to decrease of energy consumption. In overall, the optimal values of the 
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evaporator inlet air temperature and wickless tube diameter are %2 °C and 10.% 

mm respectively. In this case, the energy consumption was reduced to the 

lowest level (approximately %2:). 

                Abedalh et al., (1111) [11] used, in an experimental study, a HPHE 

to reduce energy consumption in an air conditioning system. The HPHE used in 

this study consists of 02 copper tubes arranged in four rows, each row contains 

12 copper tubes. Each heat pipe has %% cm total length, 1 cm inner diameter, 

and 1.0% cm outer diameter.  All heat tubes were filled with distilled water with 

a ratio of 22:. In this study, the effect of air flow velocity on the temperature 

difference between the air entered into the evaporator and air leaved the 

condenser was investigated. The results of the study showed that increasing the 

air velocity leads to increasing the temperature difference between the 

evaporator and condenser unit and therefore increase of the efficiency of the 

HPHE. The maximum efficiency of the HPHE (60.6:) was obtained at 1 m/s air 

velocity and 1022 W heat flow rate. The maximum value of heat recovered 

(90%.0 W) was observed at 0 m/s air velocity and 1022 W heat flow rate. 

               Sukarno et al. (1111) [11] developed, in an experimental study, a 

heat recovery system by using a HPHE in an air conditioning system. The work 

was conducted under different conditions (air velocity and evaporator inlet 

temperature). The HPHE, shown in Figure (0.0), consists of three, six, and nine 

rows with four heat pipes in each row arranged in a staggered configuration. 

The outer diameter of the heat pipe, evaporator length, condenser length, and 

adiabatic section length are 12 mm, 162 mm, 192, and %62 mm respectively. 

The HPHE was charged by water as a working fluid with a 22: filling ratio. 

The results showed that increasing the number of rows and air temperature 

entered into the evaporator section increases the energy recovery rate. In 

overall, the highest efficiency of the HPHE (which equals about 6%%) was 
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achieved at 02 °C inlet air temperature, 0 m/s inlet air velocity, and nine rows of 

heat pipes. 

 

Figure 1.1: Wickless Heat Pipe [11] 

                Sertkaya et al., (1111) [11] experimentally investigated a wicked 

copper heat pipe (with an outer diameter of 12 mm and total length of 022 mm) 

at changed operation conditions. This is by using pure water, methanol, ethanol, 

acetone, and R1%0a, with a filling ratio of 22: of the evaporator size, as 

working fluids. In addition to two heat fluxes (1.10 and 2.28 kW/m
0
) and four 

inclination angles (22, %22, 622, and 922). The results indicated that the thermal 

performance of the heat pipe can be improved by increasing the inclination 

angle and/or heat flux. The best thermal performance of the heat pipe can be 

obtained by using R1%0a as a working fluid, heat flux of 2.28 kW/m
0
 and 

inclination angle of 922. 

 

 



Chapter Two                                                                                                    Literature Review 

26 
 

1.1 Numerical and Experimental Studies 

               Noie-Baghban et al., (1111) [11] designed and built, in a numerical 

and experimental study, an air-to-air HPHE for waste heat recovery. The aim of 

this study is to reduce air pollution and protect the environment in a hospital. 

Different models of the HPHE were designed and analyzed by using methanol 

(with a filling ratio of 02:) as a working fluid. The heat pipe has an evaporator 

with a length of %22 mm and condenser with the same evaporator length. The 

air velocity of both streams is the same (0.% m/s). Three electric heaters (1222 

W total power) were used to heat up air passed across the evaporator. The 

results showed that increasing the amount of heat entered into the evaporator 

section leads to increase of the condenser outlet air temperature from 1% to 01 

˚C. The results also showed that the efficiency of the HPHE obtained is 16%. 

                Noie (1111) [11] numerically and experimentally studied the thermal 

performance of a thermosiphon HPHE. This is by using the distilled water (with 

a 62: filling ratio) as a working fluid, wide range of the heat supplied (18 to %0 

kW), various evaporator inlet air flow velocity (2.2 to 2.2 m/s), and constant 

condenser inlet air temperature (02 ˚C). The HPHE consists of 92 finned copper 

tubes arranged with sex rows. The heat pipe has an evaporator and condenser 

with the same length (622 mm) and adiabatic section with 122 mm length. The 

results indicated that decreasing the air flow velocity and/or increasing the heat 

supplied lead to increasing the thermal efficiency of the exchanger. Where by 

decreasing the air velocity from 2.2 to 2.2 m/s and increasing the heat supplied 

from 18 to %0 kW, the efficiency increases from %%: to 62:. 

                Mroue et al. (1111) [11] experimentally and analytically modeled 

and investigated a HPHE. The HPHE contains six carbon steel thermosiphon 

tubes. Each tube has a length of 0 m, diameter of 08 mm, and wall thickness of 

0.2 mm. The installation of tubes was done with a parallel method. In this study, 

the combined effects of the condenser inlet air temperature and its mass flow 
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rate on the thermal performance of the heat exchanger were investigated. This is 

by using multiple air passes at different temperatures (122 to 022 °C) and mass 

flow rates (2.22 to 2.10 kg/s). The working fluid used is water. This process 

was analyzed experimentally and also by a CFD method. The results of the 

study showed that the effectiveness of the HPHE directly proportional with the 

evaporator inlet air temperature and inversely with its mass flow rate. Where the 

maximum value of the effectiveness was obtained by using 2.22 kg/s mass flow 

rate and 022 °C evaporator inlet air temperature. 

                Ramos et al., (1111) [11] numerically and experimentally studied 

the thermal performance of a cross-flow HPHE. The HPHE was equipped with 

six carbon steel thermosiphon heat pipes. The heat pipe has a length of 0 m, 

diameter of 08 mm, and thickness of 0.2 mm. The study was done by using 

distilled water (with a filling ratio of 122: of the evaporator size) as a working 

fluid, variable mass flow rate (2.22 to 2.1% kg/s), and different evaporator inlet 

air temperatures (22 to %22) °C. The results of the study showed that the 

thermal effectiveness of the HPHE increases with the increase in the evaporator 

inlet air temperature and decreases with the increase in the mass flow rate. 

Where the highest effectiveness of the HPHE, which equals about 16:, is 

achieved at %22 °C inlet air temperature and 2.22 kg/s mass flow rate. At the 

same time, the minimum heat resistance of the HPHE (2.22 K/W) is obtained at 

these conditions (2.22 kg/s and %22 °C). 

                 Mroue et al., (1111) [11] experimentally and numerically 

investigated the thermal performance of a thermosiphon HPHE. The heat 

transfer process from air to water was done by using several thermosiphons. 

The evaporator has different paths for air entry (one, two, and three passes), but 

in the condenser, two channels were considered for water passage. The study 

was done under different conditions (different mass flow rates of 2.22, 2.28, 

2.11, and 2.10 kg/s and different air inlet temperatures of 022, 022, 122, and 



Chapter Two                                                                                                    Literature Review 

28 
 

122 °C). The results demonstrated that the maximum thermal energy transferred 

by the thermosiphons is achieved at 2.10 kg/s mass flow rate and 022 °C 

evaporator inlet temperature. 

                Jouhara et al., (1111) [11] experimentally and theoretically 

designed, built, and evaluated a new system for heat recovery in the steel 

industry by using a flat HPHE. The flat heat pipe system used in this study 

consists of stainless steel heat pipes. The flat HPHE implemented in the 

laboratory was evaluated under industrial conditions. The results of 

experimental tests showed that the heat recovery rate in the proposed system is 

about 2 kW. However, in industrial studies of this model, the heat recovery rate 

is approximately 12 kW. The results also showed that considering the initial 

length of 1 meter for the HPHE and the length of %2 meters for the production 

line in the steel mill for recovering 2.%2 MW waste heat is possible. 

                Raghuram et al., (1111) [11] experimentally and numerically 

studied the impact of the tilt angle and type of working fluid on the thermal 

performance of a thermosiphon HPHE. The heat pipe used in this study is made 

of copper and has dimensions of 10 mm in the diameter, 1 mm in the thickness 

and %22 mm in the length. The study was done by using heat supplied of about 

%.2 W, two working fluids (acetone and distilled water) and two tilt angles of 

°62 and 292. The results showed that the best thermal efficiency of the heat pipe 

is achieved by using acetone as a working fluid and tilt angle of 262. 

               Xie et al., (1111) [11] experimentally and numerically investigated 

the thermal behavior of a HPHE used in a residual heat removal system (RHRS) 

inside a nuclear power plant. This is by using two diameters of the heat pipe (16 

and 19) mm, condenser length of 1%2 mm, adiabatic length of 122 mm, and 

evaporator length of 1%2 mm. The results showed that the thermal performance 

of the HPHE by using the diameter of 19 mm is better than that using 16 mm. 
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By comparing the numerical results with experimental data, it was found that 

the deviation percentage between them is less than 12:. 

             Jouhara et al., (1111) [11] experimentally and numerically 

investigated the thermal performance of a copper HPHE system at variable 

water flow rate. This is by using different numbers of passes for the evaporator 

section. The results showed that the increase in the number of passes leads to an 

improvement of 02: in the thermal efficiency of the HPHE. The overall 

performance of the HPHE and condenser outlet air temperature were predicted 

by using two theoretical methods: Log Mean Temperature Difference (LMTD) 

and Effectiveness-Number of Transfer Units (ε-NTU). For the results of the 

HPHE performance, the error percentage by using the LMTD method is 12.2: 

and using the ε-NTU method is 19:, While for the air temperature, in both 

methods the error is about 2.% °C. 

                Ali & Sarsam (1111) [11] numerically and experimentally 

investigated the thermal performance of a HPHE by using different working 

fluids (water, R00 and R02% refrigerant). The study was carried out under 

different operation conditions (heat load, filling ratio and evaporator air inlet 

temperature). In the numerical aspect, MATLAB software was used for 

modelling of the heat transfer process inside the HPHE. The results indicated 

that using R00 refrigerant as a working fluid improves the thermal performance 

of the HPHE by %%: while, using R02%c refrigerant improves it by 00: 

compared to the water. The results also indicated that the heat load, filling ratio 

and air flow rate have a direct effect on the heat transfer rate. In overall, the 

optimum operation conditions to obtain the highest performance of the HPHE 

are 1.2 kW heat load and 122: filling ratio.  
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1.1 Summary of Literature Review 

            Tables (0.1, 0.0 and 0.%) respectively include summaries of numerical, 

experimental and numerical and experimental studies. 

Table 1.1: Summary of Numerical Studies 

No Ref. and 

study year 

Boundary conditions and heat 

pipe modification method 

Results and Conclusions 

1 Alammar et 

al., [18], 

0216. 

Different filling ratios (122, 82, 

62, 22, and 02) % and Different 

tilt angles (292, 2%2, 222, 2%2, & 

212). 

The optimum fill ratio and tilt 

angle, to obtain the HPHE best 

efficiency, are 62: and 92
o
. 

0 Fertahi et al., 

[19], 

021%. 

Using inclined fins on the outer 

surface of the condenser of heat 

pipe. 

Using fins improves the thermal 

efficiency of the heat pipe by 

about 16:. 

% Adrian et al., 

[02], 

0202. 

Using three HTFs (R1%0a, 

R020a, and R02%a) with various 

filling ratios (12 to %2:). 

The HPHE highest efficiency 

(about 92:) is achieved using 

R1%0a with a 12: fill ratio.  

0 Al Jubori and 

Jawad [01], 

0201 

Using different filling ratios and 

many slope angles of the WHP). 

Using water as a heat transfer 

fluid. 

the maximum performance 

(minimum heat resistance) was 

achieved at a filling ratio of 22: 

and slope angle of 292. 

2 Desai et al., 

[00], 

Three different geometries 

(circular, square and triangular of 

The square pipe has a thermal 

performance better than the 
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0201. the heat pipe. triangular and circular pipe. 

6 Brough et al., 

[0%], 

0201. 

Using different designs of 

external fins inside heat pipes. 

The average and maximum errors 

of modeling method are 0.0: & 

12:. 

% Sadeghi et 

al., [00], 

0200. 

Using differing filling ratios (%2, 

22, %2 and 92:). 

The highest efficiency (96:) is 

achieved at %2: filling ratio. 

8 Beiginaloo et 

al., [02], 

0200. 

Diverse heat loads, different 

liquid fill ratios, and different 

condenser-to-evaporator lengths 

(AR). 

The optimum values of AR, heat 

load, and filling ratio are 2.8%, 

006 W and 82:, respectively. 

9 Sriwiga et 

al., [06], 

020%. 

Different inlet air temperatures. The thermal efficiency is 00: and 

heat recovery rate is 0.8% kW. 

12 Ali [0%], 

020%. 

Different working fluid filling 

ratios and different inclination 

(tilt) angles. 

The optimum values of the fill 

ratio and tilt angle are 62: and 

922 respectively. 

Table 1.1: Summary of Experimental Studies 

No. Ref. and study 

year 

Boundary conditions and heat 

pipe modification way 

Results and Conclusions 

1 Lukitobudi et 

al., [08], 

1992. 

Different designs of heat pipe 

(circular tubes, rectangular 

tubes, spirally-finned steel 

tubes, and bare copper tubes). 

The rectangular plate finned 

copper heat exchanger has the best 

thermal performance compared to 

others heat pipes. 

0 Mozumder et 

al., [09], 

0212. 

Different filling ratios (%2: to 

122:), three working fluids 

(methanol, acetone and water). 

The results showed that acetone is 

the best working fluid compared to 

others & optimum fill ratio is 82:. 
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% Gedik [%2], 

0216. 

Different working fluids 

(ethanol, ethylene glycol and 

water) and two heats supplied 

(022, 622) W. 

The best thermal efficiency of heat 

pipe is obtained using ethanol as a 

working fluid and 622 W heat 

supplied. 

0 Mohamed at 

el., [%1], 

0216. 

Using a model consists of four 

rows with 10 copper tubes per 

row with 2.92 & 1 cm internal 

& outer diameter & 92cm 

length. 

The results showed that the 

effectiveness increases with 

increasing the temperature at the 

evaporator inlet. 

2 Ma et al., [%0], 

(0216). 

Using fresh and recycled water 

as working fluids with different 

flow rates. 

Using recycled water better than 

the  fresh water and the optimal 

flow rate is % m
%
/h for fresh water 

and 1.0 m
%
/h for recycled water. 

6 Gedik et al., 

[%%], 0216. 

Different working fluids 

(R012a and R1%0a 

refrigerants). 

Using R012a refrigerant as a 

working fluid is better than 

R1%0a. 

% Naresh and 

Balaji [%0], 

021%. 

Using six rectangular fins 

inside the condenser section, 

using water and acetone as 

working fluids. 

Using fins in the condenser 

improves the efficiency of system, 

using acetone better than water as 

a working fluid. 

8 M. diyah et al., 

[%2],             

0218. 

Different air velocities and 

different inlet air temperatures. 

The HPHE highest efficiency 

(20.0:), is achieved using 1 m/s 

air velocity & 02 ˚C air 

temperature. 

9 Öztürk et al., 

[%6], 

0218. 

Using two working fluids 

(Nanofluid and distilled water), 

different flow rates (02 to 80 

g/s) and various heat (% & 

6)kW. 

Using the Nanofluid as a working 

fluid better than the distilled 

water, increasing the air velocity  

improves the system efficiency. 
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12 Kusumah et 

al., [%%], 

0219. 

Using different values of the  

velocity and temperature of air. 

The optimum values of the air 

velocity and temperature are 

1.2m/s and 022C respectively. 

11 Delpech et al. 

[%8], 

0219. 

Using a heat pipe system of ten 

parallel tubes with 08 mm 

diameter and 0 mm thickness. 

The proposed heat pipe system is 

able to recover 0 kW thermal 

energy. 

10 Sakil Hossen, 

[%9], 0219. 

Using different values of filling 

ratio of the working fluid and 

air flow rate. 

The maximum  performance of the 

heat pipe is obtained by using 02: 

filling ratio. 

1% Abdelaziz et 

al., [02], 

0201. 

Using a heat pipe of wickless 

tubes with different diameters 

and different air temperatures. 

The pipe best efficiency is 

obtained at %2°C inlet air 

temperature & 0.1mm tube 

diameter. 

10 Abedalh et al., 

[01], 

0201. 

Using different air velocities 

and different heat flow rates. 

The maximum efficiency of the 

HP (60.6:) is obtained at 1 m/s air 

velocity and 1.0 kW heat flow 

rate. 

12 Sukarno et al. 

[00], 

0201. 

Using various inlet air 

temperature, various air speed 

and two numbers of rows of 

heat pipes (0 and 9). 

The highest efficiency of the heat 

pipe (60.6:) is achieved at 022C 

inlet air temperature, 0m/s air 

velocity and nine rows of pipes. 

16 Sertkaya et al.,  

[0%], 

0202 

Using pure water, methanol, 

ethanol, acetone, and R1%0a, 

with 22: fill ratio a, two 

powers of 1.10 and 2.28 

kW/m
0
 and tilt angles (2, %2, 

62, & 922). 

The best thermal performance of 

the heat pipe can be obtained by 

using R1%0a as a working fluid, 

heat flux of 1.10 kW/m
0
 and 922 

tilt angle. 

Table 1.1: Summary of Numerical and Experimental Studies 
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No. Ref. and study 

year 

Boundary conditions and heat 

pipe modification way 

Results and Conclusions 

1 Noie-Baghban 

et al., [00], 

0222. 

Using different models of heat 

pipe with different tube shapes 

and different working fluids. 

The heat absorbed in the  operator 

for experimental tests is close to 

the numerical results. 

0 Noie [02], 

0226. 

Using different inlet air 

temperatures and various air 

flow rate. The fill ratio of 

working fluid is 62:. 

Increasing the air flow rate from 2 

to 2.2 m/s increases the efficiency 

of the heat pipe from %%: to 62:. 

% Mroue et al. 

[06], 

0212. 

Using different inlet air 

temperatures and different air 

flow rates. 

The difference between the 

numerical and experimental results 

is less than 12:. 

0 Ramos et al., 

[0%], 

0216. 

Using a heat pipe equipped 

with six heat pipes. 

The temperature difference 

predicted in the evaporator & 

condenser with a real sample is 

2:. 

2 Mroue et al., 

[08], 

021%. 

Using different inlet air 

temperatures and different 

fluid mass flow rates. 

The difference ratio between the 

CFD and experimental results is 

12:. 

6 Jouhara et al., 

[09], 021%. 

Using a flat HPHE consists of 

stainless steel heat pipes. 

The heat recovery rate in the 

proposed system is near 2 kW. 

% Raghuram et al., 

[22], 

021%. 

Using heat input of %.09 W, 

two working fluids (acetone 

and distilled water) and two 

tilt angles of 622 and 922. 

The best thermal efficiency of the 

heat pipe is achieved by using 

acetone as a working fluid and tilt 

angle of 262. 

8 Xie et al., [21], 

0219. 

Using a heat pipe heat 

exchanger (HPHE) with 

different diameters. 

The thermal performance of the 

heat pipe is obtained by using the 

diameter of 19 mm. 
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9 Jouhara et al., 

[20], 

0201. 

Using different numbers of 

passes for the evaporator 

section of the heat pipe. 

Increasing number of passes 

improves the efficiency of the heat 

pipe by about 02:. 

12 Ali & Sarsam 

[2%], 

0200. 

Using different working fluids 

(water, R00 and R02%c 

refrigerant), different heat 

loads, different filling ratios of 

working fluid. 

Using R00 refrigerant as a 

working fluid better than R02%c 

refrigerant and water, The HPHE 

highest performance is obtained 

using 1.2 kW load & 122: fill 

ratio. 

 

1.1 The Novelty of the Current Study 

             A lot of research, to improve the thermal performance of HPHEs, were 

conducted by previous researchers. But, few of them have focused on using 

these HPHEs by connecting them to power plants to recover lost energy. While 

the use of DOWTHERM™ A as a working fluid (with different filling ratios) in 

a thermosiphon heat pipe has not been done previously, and this represents a 

gap in research literature. Thus, this research came to fill this gap through a 

numerical and experimental study of the thermal performance of a HPHE 

integrated into the Al-Musayyab steam power plant. This is under the effect of 

the working fluid filling ratio and condenser inlet air velocity. Then, analyzing 

and comparing the results obtained to achieve the optimum values of the filling 

ratio and air velocity that give the best thermal performance of the HPHE.
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Chapter Three 

Mathematical Model and Numerical Analysis 

               This chapter is divided into two main sections. The first is the 

mathematical model of a thermosiphon heat pipe heat exchanger (HPHE) which 

describes the mathematical equations to evaluate the thermal performance of 

this HPHE. The second section is the numerical analysis (simulation by using 

ANSYS-Fluent software) of the thermal performance of this HPHE. 

1.1 Mathematical Model 

               The most important criteria of the thermal performance of the 

thermosiphon HPHE is its effectiveness ( ). It (effectiveness of HPHE) is 

defined as the ratio of the actual heat transfer rate (Qact.) to the maximum 

possible heat transfer rate (Qmax.) as follows [20]: - 

  
     

    
                                                                                                     … (%.1) 

The actual heat transfer rate can be calculated by using one of the following 

equations [22]: 

1. For the cold air side: 

        
                                                                                         … 

(%.0) 

0. For the hot air side: 

        
                                                                                       … 

(%.%)  

Where: - 

   
  and   

  are the mass flow rates of the cold and hot air, respectively, 
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     and     represent the specific heat capacities of the cold and hot air, 

respectively, 

         and          are the inlet and outlet temperatures of the cold air 

respectively, 

         and          are the inlet and outlet temperatures of the hot air 

respectively, 

The maximum possible heat transfer rate is given by the next equation [22]: - 

                                                                                               … 

(%.0) 

Where: -      is the minimum heat capacity of a fluid and equals: - 

                                                                                                   … 

(%.2) 

Or:  

                                                                                                  … 

(%.6) 

The Number of Transfer Units (NTU) method can be applied to find the 

effectiveness of the HPHE [26]: 

                                                                                                   … (%.%)         

Here, U is the overall heat transfer coefficient, and A is the surface area of the 

HPHE. 

The effectiveness of a thermosiphon HPHE can also be found by the following 

relationship [2%]: - 

  1                                                            `                              … (%.8) 

The effectiveness of the HPHE can also be calculated in terms of the inlet and 

outlet temperatures of air streams by using Eq. (%.9) or (%.12). This is after 
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substituting Eq. (%.2) or (%.6) in Eq. (%.0), then substituting Eq. (%.0) and Eq. 

(%.0) or (%.%) in Eq. (%.1). This is by depending on the relative heat capacity 

rates of the hot and cold air streams (    and    ), as follows [22-2%]: - 

            

  
                  

                 
                                                                                            … 

(%.9) 

            

  
                  

                 
                                                                                         … 

(%.12) 

These expressions provide a mathematical foundation for evaluating the thermal 

performance of the HPHE based on inlet and outlet temperatures of air streams. 

This model facilitates the comparison of effectiveness at different filling ratios 

(%2:, 22: and %2:), allowing for an assessment of their effects on the overall 

thermal performance of the thermosiphon HPHE. 

1.1 Numerical Analysis 

                This section focuses on describing the numerical methodology 

employed in this study to simulate the thermal performance of a thermosiphon 

HPHE using ANSYS-Fluent software. The aim is to establish a robust 

computational model capable of accurately capturing the change phase 

processes of the working fluid (DOWTHERM™ A) occurred within the heat 

pipe. The simulations are designed to assess the system response for different 

filling ratios of the working fluid (%2:, 22:, and %2:) of the evaporator. 

                The numerical analysis is based on a volume of fluid (VOF) model to 

track the liquid-vapor interface within the heat pipe. Detailed descriptions of the 

computational domain geometry, mesh generation, boundary and initial 
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conditions, selected physical models, material properties, and solution settings 

are provided. Emphasis is placed on the preparation strategy, convergence 

criteria, and assumptions made to ensure numerical stability and physical 

accuracy. This methodological framework serves as the basis for the 

simulations and ensures consistency and repeatability in evaluating the impact 

of different operational parameters on the thermal performance of a heat pipe. 

 

1.1.1 Assumptions 

               To facilitate the process of solving equations, there are some 

assumptions that can be taken into consideration as follows: - 

1) Considering hot air instead of exhaust hot gases, 

0) Frictional losses are negligible, 

%) Heat generated by the fans is negligible, 

0) Properties of air, such as the density and specific heat (Cp), are constants 

with temperature change, 

2) The flow is two-dimensional and transient, 

6) The power input is 8222 W, 

%) The evaporator inlet air velocity is constant and equals 1 m/s, 

8) The condenser inlet air temperature is constant and equals 00 °C, 

9) Evaporator inlet air temperature is variable with the time (162 to %02 °C). 

1.1.1 Thermo-physical Properties of the Test Model 

                 DOWTHERM™ A was selected as a working fluid for this study due 

to its superior thermal stability and favorable thermo-physical properties at 

elevated temperatures. Therefore, it is particularly suitable for high-temperature 

heat transfer applications such as those in heat exchangers of steam power 
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plants. An accurate determination of properties of working fluids is essential for 

modeling the coupled heat and mass transfer processes in a thermosiphon heat 

pipe, especially under phase change conditions. The numerical model used in 

this work incorporates temperature-dependent thermo-physical properties of 

DOWTHERM™ A in both the liquid and vapor phases. These properties are 

considered as essential inputs to capture the complex behavior during 

evaporation and condensation processes. These properties are density (ρ), 

specific heat capacity (Cp), dynamic viscosity (μ), thermal conductivity (k), and 

vapor pressure. The simulation environment in ANSYS-Fluent dynamically 

adjusts these properties according to conditions of the local temperature and 

pressure to ensure accurate modeling of phase-change behavior. The latent heat 

of vaporization and saturation temperature are also incorporated to reflect the 

energy exchanges occurred at the phase boundary. 

                  Tables (%.1) and (%.0) respectively summarize the saturated liquid 

and vapor properties of DOWTHERM™ A across a range of operating 

temperatures. For example, the liquid density decreases from 126%.2 kg/m  at 

122C to 6%0.2 kg/m  at 0222C. While, the dynamic viscosity drops significantly 

from 2.22 Pa.s to 2.10 Pa.s over the same range. These variations have a great 

influence on the fluid dynamics, pressure drop, and heat transfer rates within the 

heat pipe. 

Table 1.1: Saturated Liquid Properties of DOWTHERM™ A [11] 

Temperature (°C) 

Specific 

Heat 

(kJ/kg·K) 

Density 

(kg/m ) 

Thermal 

Conductivity 

(W/m·K) 

Viscosity 

(mPa·s) 

Vapor 

Pressure 

(bar) 

12 1.228 126%.2 2.1%92 2.22 2.22 

62 1.%21 120%.% 2.1%12 1.28 2.22 

122 1.810 992.% 2.1021 2.91 2.21 
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122 1.920 90%.8 2.11%1 2.26 2.26 

022 0.29% 920.2 2.1291 2.%8 2.08 

022 0.0%1 820.2 2.1211 2.0% 2.9% 

%22 0.%%% 821.% 2.29%1 2.02 0.62 

%22 0.20% %00.% 2.2821 2.16 2.82 

022 0.%02 6%0.2 2.2%%1 2.10 11.%0 

Table 1.1: Vapor Properties of DOWTHERM™ A [11] 

Temperature 

(°C) 

Specific Heat 

(kJ/kg·K) 

Density 

(kg/m ) 

Thermal 

Conductivity 

(W/m·K) 

Viscosity 

(mPa·s) 

Vapor 

Pressure 

(bar) 

12 2.%82 09.92 2.200% 2.221% 2.222 

09.2 1.092 00.92 2.2069 2.2208 2.222 

108.9 0.222 12.82 2.2%82 2.2%92 2.260 

180.0 0.009 9.26 2.2261 2.1012 2.010 

012.2 0.266 8.2% 2.2%92 2.%022 2.20% 

00%.0 0.810 %.16 2.120% 2.2682 2.9%2 

0%2.2 %.292 6.%9 2.1062 2.8012 1.608 

096.6 %.%89 2.68 2.1210 1.1222 0.622 

%0%.0 %.%10 2.20 2.1%%1 1.0112 0.292 

%22.0 0.2%2 0.00 2.02%8 1.%822 %.9%0 

%%%.2 0.062 %.8% 2.0%10 0.0182 1%.008 

               For modelling of conduction and convection heat transfer from the 

external environment, the thermal properties of copper (used as a pipe material) 

and air (as a cooling medium) are also defined in the CFD setup. Table (%.%) 

presents the constant properties of air and copper employed in this simulation. 

Table 1.1: Properties of Copper and Air [11] 
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Description Symbol Air Copper Units 

Density ρ 1.002 89%8 kg/m  

Dynamic Viscosity μ 1.%890×121ₕ – kg·mₕ¹·sₕ¹ 

Specific Heat Cp 1226.2 %81 J/kg·K 

Thermal Conductivity k 2.2000 %8% W/m·K 

                 The simulation also incorporates the variation in these properties 

during the phase change process from liquid to vapor and vice versa. For 

instance, the density and viscosity of DOWTHERM™ A change significantly 

during phase transition, which can affect the flow dynamics and heat transfer 

within the heat pipe. The saturation temperature and latent heat of vaporization 

are defined according to the specific working conditions of the steam power 

plant, ensuring that the simulation accurately reflects the real-world operation of 

the heat pipe. The accurate representation of these material properties is 

essential for predicting of the performance of the heat pipe under different 

filling ratios. 

                In summary, the accurate incorporation of these fluids and material 

properties into the numerical simulation enhances the fidelity of the CFD model 

in predicting the thermo-hydraulic performance of the heat pipe under different 

filling ratios and operating conditions. 

1.1.1 Partial Differential Equations 

               The numerical analysis of the thermosiphon heat pipe is based on the 

fundamental principles of fluid dynamics and heat transfer. These are 

represented by the conservation equations of mass, momentum, and energy, 

which can be solved using the volume of fluid (VOF) method in ANSYS-Fluent 

software. The simulation also includes phase-change processes of a working 

fluid that are modelled using the same method (VOF) to capture the interface 

between the liquid and vapor phases accurately. The VOF was selected because 
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it can track the interface between immiscible phases and since it allows to 

resolve the partial differential equations together [62]. 

                In a control volume inside a heat pipe, the summation of volume 

fractions of phases of a fluid equal one. The volume fraction in each cell of the 

grid is represented by    for the vapor phase and    for the liquid phase. 

According to the value of this fraction, a working fluid inside a heat pipe may 

be totally liquid, totally vapor, or mixture of them. Therefore, properties of this 

fluid (thermal conductivity (k), density ( ), and dynamic viscosity ( ) are found 

as follows [19]: - 

        1                                                                                   … (%.11) 

        1                                                                                   … (%.10) 

        1                                                                                   … (%.1%) 

In this simulation, the numerical code treats a working fluid phase inside each 

cell of the grid as follows: - 

If    =1 then the phase inside the cell is totally liquid, 

If    =2 then the phase inside the cell is totally vapor, 

If 2     1  then there is mixture of two phases (vapor and liquid) inside the 

cell. 

1.1.1.1 Continuity Equation 

               The continuity (mass conservation) equation ensures the conservation 

of mass in the computational domain and is given by [61]: 

     

  
          ⃗⃗⃗⃗      

     
                                                           ... (%.10) 

Where: -   

   
   and   

   are respectively the mass flow rates due to the condensation 

and evaporation process (kg/s), 
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    represents the volume fraction of the vapor phase, 

    represents the vapor density (kg/m ), 

   ⃗⃗⃗⃗  represents the velocity of the vapor phase (m/s), 

 t represents time (s). 

                According to temperature regimes,   
   and   

   can be represented 

as follows [60, 6%]: - 

If T < TSAT, then: -     

  
          *

      

    
+                                                                               … 

(%.12)                           

If T > TSAT, then: -    

  
          *

      

    
+                                                                                … 

(%.16)                           

Where: -     and     represent mass flow time parameters, T and TSAT are 

temperature and saturation temperature (K). 

                These equations (%.12 and %.16) can be used to describe the positive 

mass flow from the liquid to vapor phase or vice versa for problems of the 

phase change (evaporation and condensation) processes of a working fluid. This 

change in the phase of a working fluid takes place at constant pressure and is 

governed by the saturation temperature (TSAT). 

               To solve two phase flows that occurred inside a heat pipe, Eq. (%.11) is 

used.  While, single phase flows can be solved by the next equation [60]. 

∑    1 
  1                                                                                               … 

(%.1%) 

Where:    is the volume fraction of the liquid phase. 
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1.1.1.1 Momentum Equation 

                The momentum (Navier–Stokes) equation governs the transport of 

momentum and includes effects of pressure, viscous forces, gravity, and surface 

tension [6%]: - 

    ⃗⃗  

  
      ⃗  ⃗                                                               ... 

(%.18) Where: - 

 p is the pressure (Pa), 

   is the Shear stress (Pa) 

 g is the gravitational acceleration vector (m/s ) and 

 Fₕ is the surface tension force (N) and is given by the next equation [19]. 

   0   
                   

     
                                                                    ... 

(%.19) 

Where: - C represents the surface curvature and     represents the coefficient of 

the surface tension and is given by the next equation [66]. 

    2 2982282  1 802  12
 2  0 %  12

 %  0                            ... (%.02) 

1.1.1.1 Energy Equation 

                 The energy conservation equation, that takes into account heat 

conduction, convection and latent heat transfer due to the phase change, is given 

by [19]: - 

 
     

  
       ⃗               ⃗                                                  ... (%.01) 

Where: - 

     represents the thermal energy transferred into or from the working 

fluid during the phase change process (KW), 
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 e is the specific energy (kJ/kg) and is given by the next equation. 

  
             

         
                                                                                       … 

(%.00) 

Where: - 

                                                                                                 … 

(%.0%) 

                                                                                                … 

(%.00)                                 

                In the VOF method, the temperature (T) and energy (e) are treated as 

average variables. 

1.1.1.1 Heat Transfer Through Heat Pipe Metal Wall 

                 The heat flow, through the metal wall of the heat pipe, takes place by 

conduction. In the case of the two-dimensional heat transfer, the next equation 

is applied as follows: - 

      
  

  
   (

 0 

  0
 

 0 

  0
)                                                                    … (%.02) 

  ,   , and    are properties (specific heat capacity, thermal conductivity and 

density) of the metal wall material of the heat pipe. 

1.1.1 Geometry and Mesh of the Test Model 

                To accurately simulate the physical configuration of a heat pipe heat 

exchanger integrated into a steam power plant, the computational geometry of 

the thermosiphon heat pipe was constructed and developed. The heat pipe was 

designed as a two-dimensional, axially symmetric, consisting of three main 

sections: the evaporator zone, adiabatic zone, and condenser zone. Each section 

exhibits distinct thermodynamic and fluid dynamic behaviors, essential to the 

operation of the system as a whole. 
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Evaporator Section: It is located at the lower end of the heat pipe and receives 

heat from the hot stream. Here, the working fluid (DOWTHERM™ A) 

undergoes phase change from liquid to vapor due to heat absorption. This 

section is under a boundary condition of constant heat flux. 

Adiabatic Section: It is positioned in the center of the heat pipe between the 

evaporator and condenser, it works as a transport zone. No heat exchange with 

the environment occurs in this region. The vapor generated in the evaporator 

travels through this section with minimal thermal interaction, preserving its 

energy for release it in the condenser section. 

Condenser Section: It is located in the upper end of the heat pipe. It dissipates 

heat to the surrounding cold air stream. In this section, the vapor condenses into 

liquid form again, releasing latent heat and completing the thermodynamic 

cycle of the heat pipe. 

                The computational domain was discretized using structured meshing 

techniques to enhance stability and accuracy of the numerical results. A very 

fine mesh was applied in regions where large gradients in temperature and 

velocity were expected particularly near the liquid-vapor interface and in the 

boundary layers within the evaporator and condenser zones. Mesh sensitivity 

analysis was conducted to ensure mesh-independence of the simulation results, 

and the final grid provided a very excellent balance between the accuracy of 

results and computational cost. Corresponding to the geometry of the heat pipe, 

the computational domain is discretized using a structured or unstructured mesh 

depending on the complexity of the region. Special attention is paid to the 

evaporator and condenser sections, where elements of the fine mesh are 

employed to accurately capture the phase change phenomena. The mesh 

resolution in these regions is critical for ensuring that the simulation results are 

accurate and reliable. A balance is maintained between the computational 
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efficiency and accuracy by optimizing the mesh density across different sections 

of the heat pipe. 

Mesh statistics of the computational domain are listed in Table (%.0) including 

the total number of nodes and elements used in this simulation. 

Table 1.1: Mesh Statistics of the Computational Domain 

Property Value 

Geometry Type 0D (Space Claim) 

Length Unit Meters 

Bounding Box Length (X) 1.2 × 121  m 

Bounding Box Length (Y) 1.2 m 

Bounding Box Length (Z) 2.2 m 

Surface Area (Approx.) 1.2 × 121  m  

Number of Nodes 162,162 

Number of Elements 122,222 

Number of Bodies 1 

Active Bodies 1 

Volume 2.2 m  (0D model) 

0D Tolerance 1.2 × 121ₕ 

                 Figure (%.1) illustrates, on the left side, a schematic diagram of the 

heat pipe geometry and its three functional sections (evaporator, adiabatic, and 

condenser), along with the assigned boundary conditions. While on the right 

side, it shows the mesh of this heat pipe. 
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Figure 1.1: Schematic Diagram of the Geometry and Mesh of the Heat Pipe 

1.1.1 Boundary Conditions of the Test Model 

                The boundary conditions in this numerical part are defined to 

accurately replicate the operating environment of the heat pipe within a heat 

recovery system of a steam power plant. These conditions are critical for 

capturing the fluid flow, heat transfer, and phase change phenomena occurred 

during the operation of the HPHE. 

1.1.1.1 Boundary Conditions Setup 

The following major boundaries were defined in ANSYS Fluent: - 

Evaporator Section: A constant temperature boundary condition is applied to 

simulate the heat input from the hot stream. This promotes evaporation of the 

working fluid (DOWTHERM™ A), initiating the phase change process. The 
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wall boundary is set to no-slip, ensuring that the fluid velocity at the pipe wall is 

zero. 

Condenser Section: To simulate heat rejection to the cooling air, a convective 

boundary condition or a constant wall temperature is applied, depending on the 

case. The no-slip condition is maintained here as well. The airflow velocity at 

the condenser inlet varies in different cases to analyze its effect on heat transfer 

effectiveness. 

Adiabatic Section: The adiabatic region is thermally insulated by applying an 

adiabatic (no heat flux) boundary condition to its walls. No-slip conditions are 

also maintained if the flow of a fluid is involved in this section. This ensures 

that no thermal energy is exchanged with the surroundings in this region. 

Phase Change Interface: The interface between regions of the liquid and vapor 

is defined using a coupled thermal boundary to capture the phase transition. 

Parameters such as latent heat of vaporization and saturation temperature are 

defined to enable accurate modeling of evaporation and condensation. 

Table (%.2) summarizes the simulation boundary conditions applied in ANSYS-

Fluent. 

 

 

 

Table 1.1: Boundary Conditions for Heat Pipe Simulation 

Region Boundary 

Condition 

Type 

Momentum 

Setting 

Thermal Setting Description 

Evaporator 

Section 

Wall No-slip Constant 

Temperature 

Simulates heat input 

and fluid evaporation 

Condenser Wall No-slip Convective / Models heat rejection to 
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Section Constant Temp ambient air 

Phase 

Change 

Surface 

Interface Coupled Phase Change 

Enabled 

Captures latent heat 

effects and vapor-liquid 

dynamics 

Adiabatic 

Section 

Wall No-slip (if 

applicable) 

Adiabatic (no 

heat flux) 

Prevents heat transfer 

through insulated region 

1.1.1.1 Simulation Operating Scenarios 

                 To evaluate the performance of the HPHE under different conditions, 

a series of cases were simulated with variations in filling ratio and airflow 

velocity on the condenser side. The evaporator-side air velocity and heat input 

were kept constant. These scenarios were designed to investigate the effects of 

varying the working fluid volume (filling ratio) and external air velocity on the 

thermal performance and heat transfer characteristics of the heat pipe. The 

simulation outcomes provide a comprehensive understanding of how 

operational parameters affect the phase change, pressure drop, and overall 

thermal effectiveness. 

Table (%.6) includes the boundary conditions for all cases of this simulation. 

 

 

Table 1.1: Operating Boundary Conditions for Simulation Cases 

Case 1 0 % 0 2 

Filling ratio (%) %2 22 %2 %2 22 %2 %2 22 %2 %2 22 %2 %2 22 %2 

Condenser inlet 

velocity (m/s) 
2.2 1 1.2 0 0.2 

1.1.1 Numerical Model Setup in ANSYS Fluent 
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                 The numerical analysis was executed using ANSYS-Fluent, a 

sophisticated CFD software that offers extensive capabilities for simulating 

multiphase flow and heat transfer. It can be said that the numerical results are 

accurate and convergent when residuals be equal or less than 12
-2

 for the 

continuity, 12
-%

 for the momentum, and 12
-9

 for energy. A time step of 0 × 12
-0

 

s was applied in all numerical tests. 

The key settings and models employed in this simulation are shown in Figure 

(%.0).  
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Figure 1.1: Volume of Fluid (VOF) Model Setting 

 Multiphase Model: The Volume of Fluid (VOF) model was utilized to 

simulate the two-phase flow within the heat pipe. This model is particularly 

well-suited for tracking the liquid-vapor interface and modeling the complex 

interactions between the phases. The VOF model allows for the accurate 

prediction of phase distribution within the heat pipe, which is critical for 

assessing its performance. 

 Evaporation and Condensation: The phase change processes (evaporation 

and condensation) were modeled using the built-in evaporation-condensation 

model in ANSYS-Fluent. This model calculates the mass transfer between 

the liquid and vapor phases based on the local temperature and pressure 

gradients. The accurate modeling of these processes is essential for 

predicting the thermal behavior of the heat pipe under different operation 

conditions. 

 Solver Settings: The simulation was conducted using a pressure-based 

solver, which was coupled with the SIMPLE (Semi-Implicit Method for 

Pressure Linked Equations) algorithm for pressure-velocity coupling. These 

algorithms were chosen for their robustness and efficiency in handling 

complex flow fields. The second-order upwind scheme was employed for 

spatial discretization, ensuring the accuracy and stability in the simulation 

results. This scheme is particularly effective in reducing the numerical 

diffusion and enhancing the simulation results. 

1.1.1 Mesh Independence Test 

                 To ensure the accuracy and reliability of the numerical simulation, a 

mesh independence test was performed. This test involves generating and 

testing multiple mesh densities to evaluate their impact on key simulation 

outputs, such as temperature distribution, heat flux, and fluid velocity within the 

heat pipe. The goal is to find the best mesh that gives a sufficient accuracy with 
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minimum computational cost. The final mesh configuration, consists of about 

162162 nodes and 122222 elements, was selected based on the point at which 

the further mesh refinement don’t lead to important changes in the results. Thus, 

confirming the mesh-independent behavior.  

                  Figure (%.%) illustrates the comparison of simulation outputs at 

different mesh sizes, showing the convergence trend and justifying the final 

mesh choice. It’s clear that the error in the wall temperature stabilizes as the 

mesh is refined, demonstrating that the results become independent of mesh size 

after ~122,222 elements. 

 

Figure 1.1: Simulation Outputs Against Different Mesh Sizes 

                 The verification of grid independence and precise convergence 

control together enhance the reliability of the CFD results. This provides a solid 

foundation for analyzing the heat transfer performance of the heat pipe under 

different operating conditions and filling ratios. 

1.1.1 Simulation Scenarios 
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                 Figure (%.0) presents a comprehensive flowchart of the numerical 

analysis methodology adopted in this study for simulating of phase-change heat 

transfer inside the heat pipe. The flowchart systematically outlines the 

sequential steps required to develop and execute an accurate and reliable CFD 

model using the Volume of Fluid (VOF) method in ANSYS-Fluent software. 

The process begins by creating the geometry, where the physical dimensions 

and structure of the heat pipe including the evaporator, adiabatic, and condenser 

sections are precisely modeled. This is based on the actual configuration used in 

the steam power plant. After that, generating the mesh, in which the 

computational domain is discretized into a finite number of control volumes or 

elements. A special attention is given to the mesh refinement in critical areas 

such as the evaporator-condenser interface to ensure the capture of sharp 

gradients in velocity, temperature, and volume fraction. 

                 Then, the material properties of all fluids and solids involved 

particularly the working fluid (DOWTHERM™ A), air, and copper are defined. 

This is in accordance with their thermo-physical properties, including 

temperature-dependent properties for both liquid and vapor phases. The 

boundary conditions are then applied to simulate the actual thermal environment 

of the heat pipe. These conditions include constant heat input at the evaporator, 

convective cooling at the condenser, and adiabatic conditions along the 

adiabatic section. The solver setup follows involving the selection of 

appropriate numerical schemes, time stepping (transient simulation) and phase 

interaction models (evaporation and condensation). The simulation is then 

executed, where the flow field and temperature distribution are computed 

iteratively until convergence is achieved. 

                 Finally, the post-processing stage includes the visualization and 

analysis of simulation results, such as temperature contours, velocity vectors, 

phase distribution, and heat transfer performance metrics. These outputs are 
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essential for understanding of the thermal behavior of the heat pipe under 

different filling ratios and operating conditions. This well-structured numerical 

workflow ensures that the complex multiphase flow and phase-change 

phenomena occurred within the heat pipe are accurately captured and analyzed. 

This provides valuable insights for the performance of the heat pipe in thermal 

management applications. 
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Figure 1.1: Flow Chart of Numerical Analysis 
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1.1.1 Summary  

                 In this chapter, a detailed numerical analysis methodology was 

presented to simulate the performance of heat pipes under various filling ratios. 

The simulation was carried out using ANSYS-Fluent by employing the VOF 

model to capture the complex phase change processes occurred within the heat 

pipe. The chapter also discussed the governing equations, model geometry, 

material properties, boundary conditions, and solver settings that are integral to 

the simulation. A mesh independence study and convergence criteria were 

established to ensure the reliability of the results. The simulation scenarios 

analyzed in this chapter provide a basis for understanding the impact of filling 

ratios on the heat pipe performance, and the results will be discussed in detail in 

the results chapter. 

 



 

 
 

 

Chapter Four 
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Chapter Four 

Experimental Work 

            This chapter includes the detailed description of the experimental rig 

(thermosiphon heat pipe heat exchanger) used in this study, measurement devices, 

and experimental procedure. In addition to the uncertainty analysis of experimental 

readings and experimental data analysis. The experimental method involves using 

three filling ratios (%2:, 22:, and %2: of the evaporator size) of a working fluid 

(DOWTHERM™ A) at different condenser inlet air velocities (2.2 to 0.2 m/s). Also, 

the tests were carried out at variable evaporator inlet air temperatures (162 to 

%02 °C). All experimental tests were carried out at the laboratories of the Mechanic 

Department, College of Engineering, University of Karbala, Iraq. 

1.1 Experimental Rig 

           The experimental rig was designed and manufactured locally, then installed at 

one of laboratories of Mechanical Engineering Department, College of 

Engineering, University of Karbala. It consists of 62 copper heat pipes with square 

aluminum fins, air flow ducts, electrical air heater, two air fans, and structural 

components. The heat pipes were prepared in seven rows; each contains seven or 

eight tubes. Each heat pipe (122 cm total length) consists of three sections namely; 

an evaporation section with a length of 02 cm, adiabatic section with a length of 02 

cm, and condensing section with a length of 02 cm. 

Figures (0.1 a and b) respectively shows a schematic diagram and picture of the 

experimental rig. 
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(a) 

 

(b) 

Figure 1.1: a: Schematic Diagram of the Experimental Rig and 

b: Picture of the Experimental Rig 
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                 Materials used in the construction of the rig can withstand high 

temperatures and work efficiently with the working fluid (DOWTHERM™ A). 

These materials were selected for their excellent heat transfer properties, heat 

resistance, and low reactivity with fluids. Additionally, they are durable and 

corrosion-resistant, ensuring long-lasting platform performance. 

Table (0.1) includes specifications (properties, dimensions, operation temperatures 

range, and functions) of each component of the rig. 

Table 1.1: Specifications of the Experimental Rig 

Component Dimensions 

(mm) 

Material K 

(W/m·K) 

Temperatures 

Range (°C) 

Function 

Heat pipe Din =11, Copper 111 11 to 111 Transfers heat from the 

evaporator to condenser  Dout =11,    

Evaporator H = 111 Copper 111 11 to 111 Primary location for heat input 

Condenser H = 111 Copper 111 11 to 111 Input air heating 

Air heater Cross section: 

111×111 

Tungsten 111 1 to 1111 Heats up air passed across the 

evaporator 

Thermocouple 

(K-type) 

D = 1, 

H =1111 

Chromel 

Alumel 

11-11 -111 to 1111 Measures temperatures 

Working fluid Variable 

(according to 

the fill ratio) 

DOWTHERM

™ A 

1.11 11 to 111 Absorbs and transfers heat 

within the heat pipe 

Insulation 

material 

Thickness = 

11 

Fiber glass 1.11 1 to 1111 Minimizes heat loss from heat 

pipe to surroundings 

Fan Cross section: 

11*11 

Iron 11.1 1 to 181111C Circulating airflow 

Hot wire - Polycarbonate 

 

- -11 to 11 Measures airflow 
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Table (0.0) shows components of the experimental rig. 

Table 1.1: Components of the Experimental Rig 

Component Number Component picture 

1. Inlet cold air 

0. Outlet hot air 

%. Flue gas duct 

 

(a) 

1. Condenser section 

0. Adiabatic section 

%. Evaporator section 

0. Control board 

 

(b) 

1 

3 

2 
4 

1 

2 

3 
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1. Condenser fan 

0. Evaporator fan 

 

(c) 

1. Heater 

 

(d) 

1. Heat pipes and fins 

 

(e) 

 

1 

1 

1 

2 
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1.1 System Maintenance and Preparation 

               To ensure the reliability of the devices used in this rig, a systematic 

maintenance and preparation protocol was implemented. The routine maintenance 

steps are outlined below: 

0.0.1 System Inspection 

               A comprehensive review of all components of the system was conducted 

to verify compliance with experimental requirements and assess any signs of wear. 

The first step is to replace the bearing. The P021 bearing, shown in Figure (0.0), is 

a compact pillow-type bearing unit designed for light-duty applications. It consists 

of a cast iron or coated aluminum housing and an internal ball bearing (UC021), 

allowing smooth shaft rotation. With a bore diameter of 10 mm, this bearing is 

typically used in applications requiring stable compact support. The bearing is 

mounted with two screws and secured to the shaft with either set screws or an 

eccentric locking collar. For maintenance, the bearing includes a grease 

connection, allowing for easy lubrication to ensure long-term performance. 

 

Figure 1.1: Fan Shaft Bearing 

 

 

The bearing is 

mounted 
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0.0.0 Air Heater Inspection  

              Air heaters, which are essential for heat application, should be checked 

regularly for effectiveness, and any damaged units replaced to ensure even heat 

distribution. Four 022-watt steel air heaters, each 8 mm in diameter and 1 m long 

were installed inside the inlet duct of the evaporator section at different 

temperatures. All heaters are connected directly to the power supply. 

1.1.1 Air Fan and Control System 

               Air fans and control system are inspected for consistent airflow. 

Necessary repairs or adjustments are made to maintain control over the fan speed 

and the system airflow. The ILKA VIK-%2A0S industrial blower fan is a powerful 

and durable fan designed for industrial and commercial use. It has a motor power 

of 112 W. The fan has a maximum speed of 1%%2 rpm, air capacity of 0222 m
%
/h, 

and frame size of 02 × 02 cm. Figures (0.%a and b) respectively show the control 

system of the experimental rig and air fan. 

 

(a)                                                        (b) 

Figure 1.1: a: Control System of the Experimental Rig and 

b: Air Fan 
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0.0.0 Heat Pipe Heat Exchanger Preparation 

                 Modifications were made to improve control of fluid levels within the 

heat pipe, allowing for precise adjustment based on the required filling ratio. A 

precisely measured hole was drilled in the heat pipe to facilitate installation of the 

discharge valve. The location was carefully determined, and a suitable drill bit was 

used to ensure that the hole in the correct size for secure and proper installation, 

thus preventing damage to the pipe. After that, the pipe was prepared for brazing, 

as shown in Figure (0.0a). A vacuum valve was then installed and tightly welded to 

the heat pipe to ensure efficient operation. In the welding process, a brazing 

technique was used to create a durable and leak-proof joint. The pipe ends were 

first cleaned, flux was applied, and the joint was evenly heated with a torch. Once 

the proper temperature was reached, the solder was applied, forming a solid and 

reliable bond. After cooling, any remaining flux was removed, see Figure (0.0b). 

         

(a)                                                        (b) 

Figure 1.1: a: Perforating the Heat Pipe to Install the Vacuum Valve and 

b: Vacuum Valve Welding 
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1.1.1 Leakage Inspection 

                All connections and valves are thoroughly inspected for any potential 

leaks to ensure system integrity. This inspection is important to identify any weak 

points or leakages that may affect the performance and safety of the system. To 

verify system integrity, the heat pipe is charged with compressed air at 0%2 psi to 

detect any leakages, see Figure (0.2). By ensuring all connections are tightly 

sealed, the system maintains its efficiency and reliability, preventing fluid loss that 

may affect the accuracy of experimental results. This meticulous approach ensures 

stable system operation and the continuity of the experiment throughout its 

duration. 

 

Figure 1.1: Leakage Inspection 

4.2.4 Insulation Check 

              The thermal insulator (Figure (4.6)) on the outer surface of the adiabatic 

section and structural components was inspected to prevent any heat loss. It is 

entirely made of fiberglass wool (with 5 cm thickness and thermal conductivity 

coefficient of 0.034 W/m °C) [58]. 
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Figure 1.1: Thermal Insulator (Fiberglass Wool) 

1.1.1 Electrical System and Wiring Inspection 

               All electrical connections were inspected for wear, proper grounding, and 

safety compliance. Worn-out wiring was replaced to prevent potential hazards. 

4.2.4 Cleaning Deposits 

               Pipes and heat exchangers were cleaned regularly to prevent sediment 

build-up, which could impede fluid flow or reduce thermal performance. 

4.2.9 Ventilation System Check 

               Ventilation and exhaust systems were maintained to ensure airflow 

around heat-sensitive components and to support safe lab conditions. Control and 

data logging software were updated to ensure compatibility with the latest sensors 

and accuracy of data output. 

4.2.14 Working Fluid 

              The working or heat transfer fluid used in this study is DOWTHERM™ 

A which was obtained from certified suppliers in China. It was selected for this 

study because it has several important characteristics that make it ideal for use in 
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heat pipe systems. It has a high thermal conductivity and low viscosity which 

allow for efficient heat transfer and quick response to changes of temperature. The 

fluid also has a wide useful temperature range, typically between 15 °C to 400 °C 

as mentioned in Table (4.1), allowing it to function effectively in various 

environmental conditions and operating temperatures. This wide range of 

operational temperatures ensures that the fluid remains efficient in a variety of 

thermal management applications, making it suitable for both high and low 

temperature environments. DOWTHERM™ A fluid also has well-defined 

physical properties, such as the density which is approximately 1.06 Kg/m  at 25 

°C [58]. This property helps to ensure a stable flow within the heat pipe system, 

optimizing heat transfer across different parts of the system. Additionally, its 

freezing point is typically below 12 °C, allowing it to remain in the liquid state 

under low-temperature conditions, while its boiling point is around 150 °C, 

providing a high tolerance for elevated temperatures without vaporizing 

prematurely. This wide operational range ensures that the fluid can withstand 

varying temperature extremes without compromising the integrity of the heat pipe 

system. The detailed specifications of the DOWTHERM™ A fluid, including its 

chemical composition, thermal properties, density, freezing point, boiling point, 

and useful temperature range are provided in Appendix (A). In addition to the 

certification documents that confirm the fluid purity, quality, and compliance with 

industry standards, verifying that it meets all necessary criteria for high 

performance applications. 

Figure (4.7) shows DOWTHERM™ A and its filling method inside the heat pipe. 
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Figure 1.1: DOWTHERM™ A and Its Filling Method 

0.% Measurement Devices 

1.1.1 Thermocouples 

                  The measurement device used to measure temperature is thermocouple of 

K type shown in Figure (0.8). In this study, eight thermocouples were used in 

different locations of the rig. To ensure accurate data, thermocouples were 

calibrated regularly as would be shown later (page (%0)). 

                           

Figure 1.1: Thermocouple Device 
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1.1.1 Data Logger 

                The device used to record and show readings of temperature in this work 

is the data logger (BTM-0028SD model, Type of 10 CH and 2-1%%2 °C 

temperatures range) shown in Figure (0.9). The calibration of this device would be 

shown later (page (%0)). The calibration certificate is shown in Appendix (B). 

 

Figure 1.1: Data Logger 

0.%.% Hot Wire Anemometer 

                The hot wire anemometer (shown in Figure (1.11)) was used to measure 

the airspeed at the condenser section inlet and evaporator inlet.  
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Figure 1.11: Hot Wire Anemometer 

0.%.0 Vacuum Pump and Pressure Gage 

              To evacuate the heat pipe from air, the vacuum pump (VE1111N) shown 

in Figure (1.11a) was used. For measuring the pressure inside the heat pipe, the 

pressure gage (with a range of temperatures of -11 to 111 psi (-1 to 11 bar)) was 

used as showing in Figure (1.11b). 

     

(a)                                                              (b) 

Figure 1.11: a: Typical Vacuum Pump (VE1111N) and 

b: Pressure Gage 
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4.4 Measurement Points Locations 

              Locations of measurement points (mps) of the temperature and air velocity 

are shown in Figure (4.12) and Table (4.3). Table (4.4) summaries the variables 

required to be measured. 

 

Figure 1.11: Temperature and Air Velocity Measurement Points Locations 

Table 1.1: Temperature and Air Velocity Measurement Points Locations 

Measurement 

Point 

Location Measured 

Variable 

Instrumentation Used 

mp1 Inlet of evaporator  Temperature K-Type Thermocouple 

mp0 Outlet of evaporator  Temperature K-Type Thermocouple 

mp% Inlet of condenser  Temperature K-Type Thermocouple 

mp0 Outlet of condenser  Temperature K-Type Thermocouple 

mp2 Inlet of condenser  Air velocity Hot Wire Anemometer 

 mp6 Inlet of evaporator  Air velocity Hot Wire Anemometer 

mp% Heater surface Surface temperature K-Type Thermocouple 

mp 4 

mp 2 

mp 5 

mp 3 

mp 6 

mp 1 
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Table 1.1: Measured Variables Summary 

Variable Units Description Notes 

Inlet Temperature °C Air temperature at the 

evaporator inlet 

Measured at MP1 

Outlet Temperature °C Air temperature at the 

evaporator outlet 

Measured at MP1 

Air Velocity m/s Air velocity at the 

evaporator inlet 

Measured at MP1 

Heater surface 

temperature 

°C Surface temperature of the 

heating element 

Measured at MP1 

1.1 Calibration of Measuring Devices 

             To obtain the required accuracy of experimental readings, the data logger, 

thermocouple, and hot-wire anemometer were calibrated. 

1.1.1 Data Logger Calibration 

             The data logger was sent to a calibration and standardization center in 

Baghdad city (central organization standardization and Quality Calibration) for the 

purpose of the calibration. Results of the calibration are shown in the certificate 

presented in Appendix (B). 

1.1.1 Thermocouple Calibration 

             The steps of the thermocouple calibration are as follows: - 

1. Check at Zero (Ice Point): 

 Prepare an ice bath (water + crushed ice in an insulated container). 

 Place the thermocouple in the container of the water and ice. 

 Wait until the reading stabilizes. 
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 Compare the reading to 2 °C, if there is a difference, record it. 

0. Check at 122 °C (Boiling Point): 

 Heat up pure water to the boiling Point (122 °C). 

 Then place the thermocouple in the boiling water and wait. 

 Compare the reading with 122 °C, if there is a difference, record it. 

1.1.1 Hot-Wire Anemometer Calibration 

               The Hot-Wire Anemometer depends on the principle of thermal cooling 

of a thin wire as it passes through an air stream. Therefore, it requires a calibration 

to correlate the electrical signal with the actual air speed. 

The calibration steps are as following: - 

1. Setting up a stable testing environment: 

Use a duct provided with a fan contains a speed regulator. The goal is to ensure the 

airflow is stable and of known speed. 

0. Reference device: 

Set up a UNI-T Anemometer (shown in Figure (0.1%)) as the reference speed 

device. 

This device is calibrated by the company and provides direct air speed. 

%. Install the sensors: 

Place the hot wire sensor next to the UNI-T at the same point in the air stream. 

They should be a very small distance apart (in order to both of them at the same air 

velocity). 

0. Take readings: 
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Start the fan at a low speed first. Then, record the hot wire signal along with the 

UNI-T reading (m/s). 

Repeat the process for several different speeds (at least 2–12 points across the 

operating range). If there is a deviation, record it. 

 

Figure 4.13: Reference Device (UNI-T Anemometer) 

1.1 Experimental Procedure 

              In this study, three filling ratios (%2:, 22:, and %2: of the evaporator size) 

of the working fluid are applied at five condenser inlet air velocities (2.2, 1, 1.2, 0 

and 0.2 m/s). This means that there are fifteen experimental test cases due to 

multiplying three cases of the filling ratio by five cases of the condenser inlet air 

velocity. At the beginning of tests and to achieve a vacuum pressure of %2 psi, the 

air presented inside heat pipes is entirely exited by using the vacuum pump. This 

step is very important because the air acts as a thermal resistance delaying the 

evaporation process of the working fluid and thus will reduce the system 

efficiency. So that eliminating it from heat pipes, makes the system operates more 

effectively. 

The following points represent the experimental steps of this study:  
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1. After eliminating the air from heat pipes, they are charged with the working 

fluid (DOWTHERM™ A) at the required filling ratio (%2: as a first test case). 

0. The air fan installed on the condenser side is operated and set at the required 

speed (which it gives 2.2 m/s air velocity at the condenser inlet). 

%. Air heaters (total power of 8222 W) and fan installed on the evaporator side are 

operated with waiting until the evaporator inlet air temperature reaches 162 °C, 

0. The condenser outlet air temperature is measured and recorded for each 12 

minutes until achieving the maximum value of the evaporator inlet air 

temperature (%02 C) and this takes about 122 minutes, 

2. Turn off all devices with waiting until the system becomes at the room 

temperature, 

6. Steps (0, % and 0) are repeated with increasing the air fan speed (on condition 

that gives 1 m/s air velocity at the condenser inlet as a second test case) for step 

(0), 

%. Step (6) is repeated for three times with changing the air fan speed in each time 

(on condition that gives the condenser inlet air velocity of 1.2 m/s as a third test 

case, 0 m/s as a fourth test case and 0.2 m/s as a fifth test case), 

8.  All steps in above are repeated for two times with changing the filling ratio to 

22: in the first time and %2: in the second time, 

Figure (0.10) shows recording experimental data. 
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Figure 1.11: Recording Experimental Data 

1.1 Uncertainty Analysis 

            Analyzing the uncertainty or error percentage in experimental studies is 

important and necessary to ensure the reliability of experimental data. Many 

factors, such as the imprecise calibration, nature of the test environment (static vs. 

dynamic), measurement method, etc. may contribute to create an uncertainty in 

experimental results. The total uncertainty is the sum of errors associated with each 

variable under the test. In overall, uncertainties (that may be occurred in any 

experimental study) can be classified to two types of errors namely: systematic 

uncertainties (  ) and random uncertainties (  ). Therefore, the total uncertainty 

(  ) can be represented by the following equation [6%]: - 

    √  
0    

00
                                                                                           … (0.1) 

            Usually, random uncertainties are very little compared to systematic 

uncertainties. Therefore, it can be said that the total uncertainty is about equal to 

systematic uncertainties as follows: - 

   √   
0                                                                                                     … (0.0) 
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           Some systematic uncertainties are found in the information given by the 

manufacturer and the other some can be found through tests of calibration. In this 

study, there are four systematic uncertainties namely: the pressure gage uncertainty 

that equals  0:, hot wire uncertainty that equals  %:, data logger uncertainty that 

equals  2.%:, and thermocouple uncertainty that equals  1.2:. All these 

uncertainties are given by the manufacturer except the thermocouple and data 

logger are found by the calibration. Then the total uncertainty by using Eq. (0.0) 

will be [6%]. 

   √[  2 20 0    2 2% 0]    2 22% 0    2 212 0  2 20  0: 

1.1 Experimental Data Analysis 

            To analyze effect of some important factors, such as the filling ratio of a 

working fluid, heat supplied (Q) and others on the thermal performance of heat 

pipe, the heat resistance (Rh) of this pipe can be used. It (Rh) can be determined by 

using the next equation [68]: - 

   
                        

 
                                                                                   … 

(0.%) 

 Where: -              and             are the average temperatures of the evaporator 

and condenser respectively that can be determined as follows : - 

             
 1  0  %

%
                                                                                       … 

(0.0) 

            
 2  6  %

%
                                                                                         … 

(0.2) 
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In the evaporator section, the heat supplied (Q) can be found using the next 

equation [68]. 

                                                                                                           … 

(0.6) 

Where: -   is electrical power (W) and   is the heat efficiency correction factor 

and equals 2.82. 

The cooling capacity (     ) can be determined by the next equation [68]. 

        
                                                                                         … 

(0.%)
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Chapter Five 

Results and Discussion 

                In this chapter, the numerical and experimental results of the condenser 

outlet air temperature are presented, discussed and compared. In addition to the 

results of the temperature of the heat pipe surface and heat pipe effectiveness. This 

is done at three filling ratios of the working fluid, five condenser inlet air 

velocities, and wide range of the evaporator inlet air temperatures (162 to %02 °C). 

While, the evaporator inlet air velocity, condenser inlet air temperature, and heat 

supplied are constants of 1 m/s, 00 °C and 8222 W respectively. 

1.1 Numerical Results 

1.1.1 Effect of Air Velocity 

1.1.1.1 Condenser Outlet Air Temperature 

                Figure (2.1) displays the numerical results of the condenser outlet air 

temperature (TCon. out) at a filling ratio of 22: and five different condenser inlet air 

velocities (2.2, 1, 1.2, 0 and 0.2 m/s). This is from beginning to end of the 

simulation and which takes 122 minutes. The simulation was done at constant 

evaporator inlet air velocity. As shown in this Figure, the outlet air temperature 

increases with the progress in the evaporation process of the working fluid due to 

the heat exchanging process between the working fluid and air. At the same time, it 

can be seen the effect of the air velocity on its temperature which decreases as the 

air velocity is increased. This is because when the air velocity is increased, the 

time duration of the air contact with the heat pipe surface will decrease leading to 

decreasing of the quantity of thermal energy absorbed by the air and thus 

decreasing its temperature. In addition to increasing the mass air flow rate (  ) due 

to increasing of its velocity and this means that the air quantity passed across the 
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heat pipe will be larger. Therefore, heat will be distributed on more air molecules 

leading to decreasing its temperature. In overall, the TCon. out, at the velocity of 2.2 

m/s, increased from 02 to 002 °C through 122 minutes while, at 0.2 m/s it 

increased from 02 to 110 °C during the same time. In other words, the increase in 

the TCon. out for the case of 2.2 m/s is greater by two times than its increase in the 

case of 0.2 m/s and this large difference indicates that the air velocity has a large 

effect on the TCon. out. 

 

Figure 1.1: Condenser Outlet Air Temperature with the Time at Different Air Velocities 

1.1.1.1 Temperature Contours of Heat Pipe Surface 

                The results of temperature contours of the heat pipe surface at a filling 

ratio of 22: and five condenser inlet air velocities (2.2, 1, 1.2, 0, and 0.2) m/s are 

shown in Figure (2.0). This is to show the influence of the air velocity on the 

thermal performance of the heat pipe. It is shown, through this Figure, that 

increasing of the condenser inlet air velocity leads to large reduction in the 

temperature of the heat pipe surface. This means that the heat pipe performance 
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greatly affected by the velocity of air passed through it. The explanation for this is 

that increasing the air flow (because of the increase of its velocity) across the heat 

pipe leads to absorbing larger heat. This is due to the heat exchanging between the 

working fluid and air which increases with increasing the air velocity. 

 

Figure 1.1: Temperature Contours of the Heat Pipe Surface at Different Air Velocities and 

Filling Ratio of 115 

1.1.1.1 Numerical Effectiveness of Heat Pipe Heat Exchanger 

           Figure (2.%) shows the numerical results of the thermal effectiveness of the 

heat pipe at a filling ratio of 22: and five different air velocities (2.2, 1, 1.2, 0, and 

0.2) m/s. The effect of the air velocity on the heat pipe effectiveness is significant 

in this Figure where the effectiveness decreased by about 28% (from %%: to %1:) 

with increasing the air velocity from 2.2 to 0.2 m/s. This is because increasing the 

air velocity leads to decreasing its temperature as mention in Section (2.1.1.1). 

This backs to the same reasons mentioned previously (increasing the air velocity 

leads to decreasing the time duration of the air contact with the heat pipe and 

distributing heat on more air molecules decreasing its temperature). Therefore, 
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decreasing the effectiveness of the heat pipe because of the direct relationship 

between it and air temperature according to Eq. (%.9). 

 

Figure 1.1: Numerical Effectiveness of the HPHE at Different Air Velocities 

1.1.1 Effect of Filling Ratio of Working Fluid 

1.1.1.1 Condenser Outlet Air Temperature 

             Figure (2.0) displays the numerical results of the condenser outlet air 

temperature (TCon. out) at three condenser inlet air velocities of 2.2, 1.2, and 0.2 m/s. 

The simulation was done at different filling ratios (%2:, 22:, and %2: of the 

evaporator size) of the working fluid and constant evaporator inlet air velocity. 

This is to show the effect of the filling ratio on the TCon. out. The results indicate that 

the TCon. out is greatly affected by the filling ratio where its highest value (002 °C) is 

obtained at 22: filling ratio. While, the lowest value of the TCon. out (160 °C) is 

gotten at %2: filling ratio (the difference between the two cases is very large (%8 

°C)). The air velocity in both cases is same (2.2 m/s). This means that the optimum 
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filling ratio of the working fluid inside the heat pipe in this study is 22: where the 

working fluid (DOWTHERM™ A) at this ratio works perfectly. 

 

Figure 1.1: Numerical Condenser Outlet Air Temperature Versus the Filling Ratio at 

Different Air Velocities 

1.1.1.1 Temperature Contours of Heat Pipe Surface 

                The results of contours of the temperature of the heat pipe surface at 

condenser inlet air velocities of 2.2, 1, 1.2, 0, and 0.2 m/s are respectively shown 

in Figures (2.2a, b, c, d, and e). This is to show the effect of the filling ratio on the 

thermal performance of the heat pipe system where the simulation was carried out 

at different filling ratios (%2:, 22:, and %2:) of the evaporator size. As seen in 

these Figures, the best filling ratio is 22: where at this ratio and at 2.2 m/s air 

velocity (Figure (2.2a)), the heat pipe has the largest red (highest temperature) area 

compared to the filling ratios of %2: and %2:. This is because of using a filling 

ratio greater than 22: leads to greater thermal resistance and higher pressure of the 
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working fluid. On the other side, using the working fluid with a filling ratio less 

than 22: will lead to drying of the evaporation zone inside the heat pipe and thus a 

thermal failure of the working fluid. 

 

(a) 
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(b) 

 

(c) 

 

(d) 
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(e) 

Figure 1.1: Temperature Contours of the Heat Pipe Surface Against the Filling Ratio at 

Different Air Velocities (a): 1.1 m/s, (b): 1 m/s, (c): 1.1 m/s, (d): 1 m/s and (e): 1.1 m/s 

1.1.1.1 Numerical Effectiveness of Heat Pipe Heat Exchanger 

              To show the influence of the filling ratio of the working liquid on the 

effectiveness of the heat pipe, three different filling ratios (%2:, 22: and %2:) were 

used in this study. Figure (2.6) demonstrates the numerical results of the 

effectiveness of the heat pipe at three condenser inlet air velocities of 2.2, 1.2, and 

0.2 m/s. As shown in this Figure, the best filling ratio of the working fluid is 22:. 

Where at this ratio with air velocity of 2.2 m/s, the highest effectiveness of the heat 

pipe (%%:) is achieved. Whereas, using the working liquid with %2: filling ratio 

and the same air velocity (2.2 m/s) gives the lowest value (0%:) of the 

effectiveness of the heat pipe. This because using the working fluid with a filling 

ratio greater or less than 22: does not make it works correctly and therefore a 

thermal failure of the heat pipe). 
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Figure 1.1: Numerical Effectiveness of the HPHE Against the Filling Ratio at Different Air 

Velocities 

1.1 Experimental Results 

1.1.1 Influence of Air Velocity 

1.1.1.1 Condenser Outlet Air Temperature 

                 Figure (2.%) shows the experimental results of the condenser outlet air 

temperature (TCon. out) from beginning to end of the experiment, which takes 122 

minutes at the filling ratio of 22%. This is at five different velocities of air (2.2, 1, 

1.2, 0 and 0.2) m/s at the condenser inlet and constant evaporator inlet air velocity. 

As shown in this Figure, with the progress in the evaporation process of the 

working fluid, the air temperature increases due to the heat exchanging process 

between the working fluid and air. At the same time, increasing the air velocity 

leads to decreasing its temperature. This retains to the same causes previously 

mentioned in the numerical aspect (Section (2.1.1.1)). In general, the TCon. out, at the 
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velocity of 2.2 m/s, increased from 02 to 022 °C through 122 minutes while, at 0.2 

m/s it increased from 02 to 100 °C during the same time. 

 

Figure 1.1: Condenser Outlet Air Temperature with the Time at Different Air Velocities 

1.1.1.1 Heat Pipe Heat Exchanger Effectiveness 

               To show the effect of the air velocity on the thermal effectiveness of the 

HPHE, five condenser inlet air velocities (2.2, 1, 1.2, 0, and 0.2) m/s were used. 

Figure (2.8) shows the experimental results of this effect at the filling ratio of 22:. 

This is at constant air velocity of the evaporator inlet. As shown numerically in 

Section (2.1.1.%), the effectiveness decreases by 00% (from %%: to %2:) with 

increasing of the air velocity from 2.2 to 0.2 m/s. This relates to the same reasons 

shown previously (increasing the air velocity causes decreasing the air contact time 

with the heat pipe surface in addition to distributing heat on further air molecules 

reducing its temperature). Consequently, reduction of the effectiveness of the 

HPHE due to the direct relationship between them (Eff. and air temperature) based 

on Eq. (%.9). 
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Figure 1.1: Experimental Effectiveness of the HPHE at Different Air Velocities  

1.1.1 Influence of Filling Ratio of Working Fluid 

1.1.1.1 Condenser Outlet Air Temperature 

                 Figure (2.9) demonstrates the experimental results of the air temperature 

at the condenser outlet (TCon. out) at three air velocities of 2.2, 1.2, and 0.2 m/s. This 

is at different filling ratios of the working fluid (%2:, 22:, and %2:). As it was 

explained in the numerical aspect (Section (2.1.0.1)), that the thermal performance 

of the HPHE in terms of the air temperature largely affects with the filling ratio. 

Experimentally, it was found that the best filling ratio of the working fluid is 22:. 

Where at this ratio, the maximum air temperature (022 °C) is achieved. While, 

using the filling ratio of %2: gives the minimum air temperature (which equals 1%0 

°C). The difference between the two cases is %6 °C (by reducing the velocity, the 

air temperature decreased by approximately %2:). This is at the same air velocity, 

which equals 2.2 m/s. The causes for this are same mentioned previously in the 

numerical aspect (Section (2.1.%)). 
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Figure 1.1: Experimental Condenser Outlet Air Temperature Versus the Filling Ratio at 

Different Air Velocities 

1.1.1.1 Heat Pipe Heat Exchanger Effectiveness  

                 To show the filling ratio effect on the thermal effectiveness of the HPHE 

experimentally, different filling ratios of the working fluid (%2%, 22%, and %2:) 

were applied in this study. This is at different condenser inlet air velocities of 2.2, 

1.2, and 0.2 m/s as shown in Figure (2.12). Numerically (as explained in Section 

(2.1.0.%)), the maximum and minimum value of the effectiveness (%%: and 0%:) 

are respectively achieved at filling ratios of 22:, and %2:. This is also achieved 

experimentally but with different values (the maximum and minimum values of the 

effectiveness are %%: and 21: at filling ratios of 22: and %2% respectively). This 

is at the same air velocity which equals 2.2 m/s. This relates to the same reasons 

explained numerically (shortly, using a filling ratio less or greater than 22: don’t 

make the working fluid operates properly and thus a thermal failure of the HPHE). 
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Figure 1.11: Experimental Effectiveness of the HPHE versus the Filling Ratio at Different 

Air Velocities 

1.1.1 Effect of Evaporator Inlet Air Temperature 

                The experimental results of the condenser outlet air temperature versus 

the evaporator inlet air temperature at three condenser inlet air velocities of (2.2, 

1.2, and 0.2 m/s) are respectively shown in Figures (2.11a, b, and c). It is noted 

that there is a strong effect of the evaporator inlet air temperature (TEvap. in) on the 

condenser outlet air temperature (TCon. out). Where the TCon. out increased from 02 to 

022 °C with the increase of the TEvap. in from 162 to %02 °C. This is at 22: filling 

ratio and 2.2 m/s air velocity (Figure (2.11a)). This is because the increasing of the 

TEvap. in leads to increasing of heat transfer rate to the working fluid, which in turn 

transfers this heat to the air passed across the condenser section. 
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(c) 

Figure 1.11: Experimental Condenser Outlet Air Temperature versus the Evaporator Inlet 

Air Temperature at Air Velocity of, (a): 1.1 m/s, (b): 1.1 m/s and (c): 1.1 m/s 

1.1 Results Comparison 

               To show the deviation percentage between the experimental and 

numerical results, comparisons between them at different filling ratios and air 

velocities are carried out. Figures (2.10a, b, and c) show comparisons between the 

experimental and numerical results of the condenser outlet air temperature (TCon. 

out) at air velocities of 2.2, 1.2, and 0.2 m/s respectively. This is at three different 

filling ratios (%2%, 22%, and %2%). Figures (2.1%a, b, and c) show comparisons 

between the experimental and numerical results of the effectiveness of the HPHE 

at filling ratios of %2:, 22:, and %2: respectively. This is at different air velocities. 

The maximum difference percentage between the experimental and numerical 

results for (TCon. out) is less than 9.2: and for the effectiveness is about 11:. This is 

at 0.2 m/s air velocity and %2: filling ratio. This is due to some assumptions that 
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were applied numerically and which cannot be avoided experimentally. In addition 

to some errors which may occur in the experimental aspect. 
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(c) 

Figure 1.11: Results Comparison of the Condenser Outlet Air Temperature at Different 

Filling Ratios at Air Velocity of, (a): 1.1 m/s, (b): 1.1 m/s and (c): 1.1 m/s 
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(b) 

 

(c) 

Figure 1.11: Results Comparison of the HPHE Effectiveness Versus the Air Velocity at 

Filling Ratio of, (a): 115, (b): 115 and (c): 115 
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1.1 Optimum Inputs and Outputs of HPHE 

               Table (2.1) includes the optimum values of inputs (air velocity, filling 

ratio, and evaporator inlet air temperature) and outputs (condenser outlet air 

temperature and effectiveness of the HPHE). This is for both aspects (numerical 

and experimental). 

Table 1.1: Optimum Values of the Inputs and Outputs (Numerical and Experimental 

Results) 

Inputs Outputs 

Parameter Description Value Parameter Description Num. Exp. 

Condenser inlet air velocity 2.2 m/s Condenser outlet air temperature 002 °C 022 °C 

Filling ratio 22: HPHE effectiveness %%: %%: 

Evaporator inlet air temperature %02 °C    
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Chapter Six 

Conclusions and Recommendations 

1.1 Conclusions 

               This study includes two aspects namely; experimental and numerical 

(constructing a numerical model of a heat pipe heat exchanger (HPHE) using 

ANSYS-Fluent software). In both aspects, the effect of the condenser inlet air 

velocity and the filling ratio of a working fluid (DOWTHERM™ A) on the 

thermal performance of the HPHE was investigated. This is through using different 

values of the air velocity (2.2, 1, 1.2, 0, and 0.2) m/s and filling ratios of %2:, 22:, 

and %2:). In addition to the tests were done at a wide range of the evaporator inlet 

air temperature (TEvap. in of 162 to %02°C). Through the numerical and experimental 

results, it was concluded the following points: -  

1. There is a large effect of the FR, air velocity and TEvap. in on the condenser outlet 

air temperature (TCon. out). and thermal effectiveness (Ɛ) of the heat pipe. 

0. Increasing the FR from 22: to %2: leads to decreasing the TCon. out from 022 to 

1%0°C experimentally and from 002 to 160°C numerically, and the Ɛ from %%: 

to 21: experimentally and from %%: to 0%: numerically. This is at the same air 

velocity (2.2 m/s). 

%. Increasing the air velocity from 2.2 m/s to 0.2 m/s leads to decreasing of the 

TCon. out from 022 to 100 °C experimentally and from 002 to 110 °C 

numerically, and the Ɛ from %%: to %2: experimentally and from %%: to %1: 

numerically. This is for the same FR (22:). 

0. Generally, the optimum conditions to obtain the best thermal performance of 

the heat pipe, are 22: for the FR, 2.2 m/s for the air velocity, and %02 °C for 

the TEvap. in. 
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1.1 Recommendations 

            In the current study, the effect of the condenser inlet air velocity and the 

filling ratio of a working fluid (DOWTHERM™ A) on the thermal performance of 

the heat pipe heat exchanger was experimentally and numerically studied. In the 

future, using a hybrid working fluid with different fill ratios or/and installing 

copper fin inside the heat pipe may be studied. Increasing the evaporator size at the 

expense of the condenser section may be also studied. 
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 :خلاصةال

انجُئخ انًحُطخ، نزا يٍ  انًبلخ، لذ تفُمذ انطبلخ انحشاسَخ فٍ انعذَذ يٍ انتطجُمبد، يثم يحطبد تىنُذ انط

لاستعبدح هزِ انطبلخ. فٍ هزِ  بثُت انحشاسَخالأَراد انضشوسٌ استخذاو أخهضح يثم انًجبدلاد انحشاسَخ 

انذساسخ، تى تصًُى وتصُُع يجبدل حشاسٌ أَجىثٍ حشاسٌ رو سُفىٌ حشاسٌ نهزا انغشض. تى دساسخ الأداء 

. تى رنك عُذ َست تعجئخ يختهفخ )ANSYS-Fluent ثبستخذاو ثشَبيح( عذدَبًوعًهُبً انحشاسٌ نهزا انًجبدل 

، 1.2، 1، 2.2، وسشعبد هىاء ((DOWTHERM™ A) %) يٍ سبئم انتشغُم2%%، و%22، %2(

إنً  162يتش0ثبَُخ) عُذ يذخم انًكثف، وفٍ َطبق واسع يٍ دسخخ حشاسح هىاء يذخم انًجخش ( 0.2، و0

أَجىثبً حشاسَبً َحبسُبً ثضعبَف  62دسخخ يئىَخ). َتضًٍ ًَىرج انًجبدل انًستخذو فٍ هزِ انذساسخ  %02

سى) يٍ ثلاثخ ألسبو، وهٍ: لسى انتجخُش  122(ثطىل إخًبنٍ  ٌَجىة انحشاسالأالأنىيُُىو. َتكىٌ  يشثعخ يٍ

سى). تظُهش انُتبئح أٌ َسجخ  02سى)، ولسى انتكثُف (ثطىل  02سى)، ولسى الأدَبثبتُك (ثطىل  02(ثطىل 

 انًمء، وسشعخ انهىاء، ودسخخ حشاسح هىاء انًجخش نهب تأثُش يهى عهً الأداء انحشاسٌ نهًجبدل انحشاسٌ.

ثشكم عبو، انمُى انًثهً نُسجخ انًمء، وسشعخ انهىاء، ودسخخ حشاسح هىاء انًجخش، نهحصىل عهً أفضم أداء 

دسخخ يئىَخ عهً انتىانٍ. عُذ هزِ انمُى، َتى  02%يتش0ثبَُخ، و 2.2%، و22حشاسٌ نهًجبدل انحشاسٌ، هٍ 

% عذدَبً، 0%دسخخ يئىَخ و 002انحصىل عهً أعهً دسخخ حشاسح نهىاء انًكثف وألصً كفبءح نهًجبدل (

% تدشَجُبً). يٍ خلال انًمبسَخ ثٍُ انُتبئح انعذدَخ وانتدشَجُخ، وُخذ تىافك يًتبص %%دسخخ يئىَخ و 022و

 .%2تتدبوص َسجخ الاختلاف انمصىي ثُُهًب، حُث لا 

، دسخخ انحشاسح، ُخ انحشاسَخفعبنبدل حشاسٌ لأَجىة حشاسٌ، ان، يجيحطخ لذسح ثخبسَخ الكلمات المفتاحية:

 انًمءَسجخ 
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