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ABSTRACT

ASSESSMENT OF THE EFFECT OF VAPOR FLOW ON THE THERMAL
PERFORMANCE OF A FLAT GROOVED HEAT PIPE

Derebaş�, Beste

M.S., Department of Mechanical Engineering

Supervisor: Prof. Dr. Zafer Dursunkaya

Co-Supervisor: Assoc. Prof. Dr. Barbaros Çetin

June 2023, 83 pages

Flat grooved heat pipe (FGHP) is widely employed in various applications such as

cooling components in electronics due to their high heat transfer capability and re-

liability. As electronic devices continue to evolve towards more compact designs,

the demand for thinner FGHP is becoming thinner to provide compatible thermal

management. This study extends a recently developed modeling tool by incorporat-

ing vapor �ow and interfacial effects between the two phases of the working �uid

in FGHP. The model is validated with varying vapor space thickness, resulting in an

improved representation of the free surface geometry. The thermal performance of

FGHP is evaluated by subjecting the model to different vapor space thicknesses. It is

observed that reducing the vapor space thickness leads to a decrease in the maximum

heat-carrying capacity of FGHP while enhancing the evaporation performance. Fur-

thermore, experimental investigations are conducted to validate the numerical �nd-

ings, involving varying �lling ratios and heat loads for each vapor space thickness.

Keywords: Heat pipe modeling, �at-grooved heat pipes, liquid-vapor �ow interaction,

two-phase immiscible �ows, evaporation enhancement
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ÖZ

BUHAR AKIŞININ OLUKLU ISI BORUSUNUN ISIL PERFORMANSI
ÜZER�INDEK �I ETK �IS�I

Derebaş�, Beste

Yüksek Lisans, Makina Mühendisli�gi Bölümü

Tez Yöneticisi: Prof. Dr. Zafer Dursunkaya

Ortak Tez Yöneticisi: Doç. Dr. Barbaros Çetin

Haziran 2023 , 83 sayfa

Oluklu �s� borular�, yüksek �s�l performans� ve güvenilirlikleri nedeniyle s�kl�kla elekt-

ronik cihazlar�n�n so�gutmas�nda kullan�lmaktad�r. Bu tez çal�şmas�nda, düz oluklu �s�

borular�n�n tasar�m� için geliştirilen modele, s�v� ve buhar fazlar� aras�ndaki etkileşimi

ve buhar ak�ş� eklenmiştir. Model, literatürdeki farkl� çal�şmalar ile do�grulanm�şt�r ve

modele buhar ak�ş�n�n dahil edilmesiyle s�v�-buhar aras�ndaki yüzey geometrisinde

gerçe�ge daha yak�n sonuçlar elde edildi�gi gözlenmiştir. Ek olarak, model �s�l perfor-

mans üzerindeki etkileri de�gerlendirmek için farkl� buhar boşluk kal�nl�klar�yla test

edilmiştir. Buhar boşluk kal�nl��g�n�n azalt�lmas�n�n, FGHP'nin maksimum taş�ma �s�

kapasitesini azaltt��g� ve buharlaşma performans�n� art�rd��g� tespit edilmiştir. Say�sal

çal�şman�n yan� s�ra, her bir buhar boşluk kal�nl��g� için farkl� doldurma oranlar� ve �s�

yükleri alt�nda deneysel çal�şmalar gerçekleştirilmiştir.

Anahtar Kelimeler: oluklu �s� borular�, gaz ak�ş�, s�v�-gaz etkileşimi, iki fazl� kar�ş-

mayan ak�şlar, buharlaşt�rma iyileştirmesi
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CHAPTER 1

INTRODUCTION

Advances in electronics increase the complexities and the number of elements in elec-

tronic systems. One of the main components the transistor, which is made of semi-

conductor material, is used as a power and signal ampli�er. The number of transistors

is an indicator of the complexity level of an electronic system. The 2022 design of

the Apple M1 Ultra illustrates its complexity as it contains 114 billion transistors

while Apple A7 has 1 billion transistors in 2013 [1]. These improvements result in

an increase in power requirements; moreover, up to80%of the power consumption is

dissipated by heat which causes the increased temperature of the components if not

removed. A temperature increase of components expedites the aging of semiconduc-

tor constituents and conduces performance deterioration. To illustrate, a27%drop

in working ef�ciency of semiconductor crystals is observed when the temperature is

increased from25� C to 75� C [2]. In addition to the increasing complexities in elec-

tronics, components become smaller, and more heat should be dissipated in smaller

areas. Therefore, natural convection becomes insuf�cient as a cooling mechanism.

The other options such as forced convection with air/liquid, thermo-electric cooling

units, etc. have limited usage due to larger space and power requirements and reliabil-

ity. Heat pipes (HP) are a type of passive thermal management device that were �rst

proposed by Gaugler in 1944. However, its physics was not fully explained. Then

in 1963, Grover conducted experiments on HP for space program applications [3]. It

was Grover who gave the device its name "heat pipe" [4]. Since then, the concept

of HPs has been extensively studied and applied in various contexts. In addition to

their usage in electronics cooling, HPs have begun to be an element of clean energy

systems such as solar and geothermal power plants due to their ability to convert the

available energy to use without the need for an external power supply [5].
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Heat pipes are highly effective in heat transfer in a passive manner since the phase

change mechanism is involved. They can transmit high heat loads within a low-

temperature difference even at longer distances. HP can reach more than 10-fold of

the bare solid material of HP in terms of effective thermal conductivity [4].

These devices consist of 3 physical domain which is an outer wall, capillary struc-

ture, and liquid and vapor domain. HPs have 3 sections which are the evaporator,

condenser, and adiabatic section. A schematic of the working principle and the do-

mains are presented in Fig. 1.1.

Figure 1.1: Heat pipe working mechanism

Heat is added from an external source which is called the evaporator section, and

liquid evaporates and results in vapor �ow. Then, the vapor comes to the region, the

condenser section, where the temperature is relatively low and turns back to the liq-

uid phase. The mechanism that drives the liquid �ow through the evaporator section

is the variation of the interface between the vapor and liquid phases. This creates a

difference in capillary pressure generated by the wick structure. As there is a temper-

ature difference, �ow circulation continues under certain limitations. The capillary

structure, wick, has 3 common types which are groove, mesh, and sintered as shown

in Figure 1.2.

2



(a) (b) (c)

Figure 1.2: Different wick types (a) mesh (b) groove (c) sinter [6]

According to the application purpose, these types can be hybridized to bene�t the

advantages in certain points [7,8]. The advantages and disadvantages are summarized

in Table 1.1.

Table 1.1: Advantages and disadvantages of wick types

Wick types Advantages Disadvantages

Screen mesh Manufacturing is easier than sin-

tered wick

Average capillary pumping pres-

sure

Lower frictional pressure drop Manufacturing is costly

Groove mesh Easiest manufacturing Lowest thermal performance

Simple structure lends itself to the-

oretical/numerical modeling

Not operating against gravity

Sintered mesh Higher capillary pumping pressure

due to porous media

High frictional losses due to small

pores lead to dry-out

Ability to operate against gravity

1.1 Heat Pipe Classi�cation

HPs are classi�ed based on the geometry, capillary structure, and transportation mech-

anism of liquid. The effects of these variations show themselves in their application

areas. In this section 4 different types are summarized.

3



1.1.1 Conventional Capillary Driven Heat Pipes

Conventional capillary-driven heat pipes are the most common HP in the industry,

and they can be cylindrical or �at. The only difference between them is their cross-

sections. The capillary structure is determined based on the speci�cations presented

in Table 1.1. Flat heat pipes have an advantage in the thermal management of elec-

tronics since they can be placed on the device easily owing to their shapes and they

are able to prevent hot spots formation along the plate.

1.1.2 Pulsating Heat Pipes

Pulsating heat pipes which consisted of a tube, compensation chamber and vapor

removal channel, are invented in 1995 [9]. There are slugs in the tube formed due to

surface tension as shown in Fig.1.3. When the temperature increases at the evaporator,

vapor pressure also increases, and it pushes the liquid-vapor mixture to the condenser.

Due to the rise in liquid pressure in the condenser, the mixture is propelled toward the

evaporator section, where heat is transferred between the two ends of the heat pipe in

this process.

Figure 1.3: Schematic of pulsating heat pipes [10]

4



1.1.3 Loop Heat Pipes

The distinctive characteristic is that there is a vapor passage apart from the wick

structure. LHPs are commonly utilized in space applications due to their ability to

function effectively in adverse gravity environments. Also, this type of heat pipe can

transmit heat over long distances.

1.1.4 Micro Heat Pipes

Micro heat pipes (MHP) consist of one channel, enclosing vapor, and liquid �ow.

The main advantage of this heat pipe type is ensuring homogeneous temperature dis-

tribution along the heat pipe. In the �rst studies equivalent diameter is around1 mm;

however, recently this value decreased down to 30 micrometers with the invention of

the etching technology. With these advances, narrow channels can be manufactured

in the silicon wafer base. Also, cross-section types of the micro heat pipe are given

in Fig.1.4. These cross-sections behave as liquid arteries and enhance the capillary

structure. MHPs are mostly used in electronic cooling.

Figure 1.4: Different cross-sections of MHPs [11]

5



1.2 De�nitions

In this section, related physical de�nitions are explained.

1.2.1 Surface Tension

Surface tension is formed by a lack of cohesive forces at the interface between differ-

ent substances [12]. This absence induces increased interfacial energy of the materials

when the cohesive forces are stronger than adhesive forces.

The contact angle, an indicator of surface tension, is the angle formed between three

substances which are the interface between liquid and vapor, and the solid. Fluids can

be classi�ed as wetting or non-wetting depending on whether adhesive or cohesive

force is dominant. The former type has larger adhesive forces than cohesive forces

and its contact angle is lower than90� . As a result of the unbalance between these

forces, the pressure difference at the interface between two �uids is formed, and it is

named capillary pressure. The Young-Laplace equation, given in Eq. 1.1, represents

capillary pressure with surface tension and radii of interface curvatures.

pc = pv � pl = �
�

1
R1

+
1

R2

�
(1.1)

wherepc, pv, pl , � , R1, R2 represent the capillary pressure, vapor pressure, liquid

pressure surface tension, and radius of curvature in the principal directions, respec-

tively. One of the radii of curvature can be considered �at and its radius is relatively

too large; therefore, the second term can be neglected becoming Eq. 1.2.

pc =
�
R

(1.2)

Surface tension is a material property that is a function of temperature. It decreases

as the �uid temperature decreases. Variations in these conditions create a surface

tension gradient resulting in the formation of Marangoni forces. Marangoni forces

are examined extensively in many kinds of research and books. These forces become

dominant if they are comparable with the gravitational forces. If not such as for

macro-scaled systems, they are neglected.
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1.2.2 Dry-out

Dry-out is a phenomenon when there is a lack of liquid present in the evaporator sec-

tion of HP. This may be caused by several factors, including exceeding the maximum

heat-carrying capacity (which is discussed in more detail later on) or boiling at the

evaporator. Also, the contact angle at the evaporator should not be lower than the

material contact angle (� ca) which is the minimum wetting angle of the �uid on the

smooth solid surface. In the simulation section of this study, the dry-out occurrence is

mentioned when the results can only be obtained by lowering the contact angle at the

beginning of the evaporator (� beg,) below the� ca, which is not possible physically.

1.2.3 Working Fluid Selection

Thermo�uidic properties of the working �uids determine the transport capacity of

HP. High surface tension is required to increase the capillary pumping pressure, while

high liquid density and latent heat of vaporization are required to reduce the mass �ow

rate. Also, low viscosity is desirable to minimize the frictional pressure losses [13].

Merit number is developed to select the proper working �uid and its de�nition is given

in Eq. 1.3.

M =
��h fg

�
(1.3)

where� , � , hfg , � are density, surface tension, latent heat of vaporization and dy-

namic viscosity of the �uid. The Merit number depends on temperature, with a higher

number indicating greater transport capacity. The selection of a proper working �uid

should also take into account its compatibility with the capillary structure material.

Ultimately, the decision on the working �uid should be based on the operating tem-

perature, Merit number, and compatibility with the wick material.

1.2.4 Filling Ratio

Thermal performance highly depends on the amount of working �uid inside the heat

pipe. In literature, it is nondimensionalized in order to generalize the quantity, it is
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denoted by the �lling ratio (FR). In this study, the �lling ratio is de�ned as the ratio

between the total volume of working �uid occupied as a liquid and the total groove

volume. The mathematical de�nition is given in the Eq. 1.4.

 =
V`

Vg
(1.4)

1.2.5 HP Performance Indicators

Heat pipe performance can be evaluated in terms of thermal and hydrodynamic per-

formances. The evaluation indicators are de�ned as:

� qratio refers to the ratio of heat transfer with phase change to total heat load (see

Eq. 1.5). It indicates the amount of heat that is extracted through the phase

change.

qratio =
qpc

qin
(1.5)

� Wall temperature difference (� Twall ) is the temperature difference between two

ends of the HP which is shown with Eq. 1.6. It also gives information about

conduction heat transfer.

� Twall = ( Twall )max � (Twall )min (1.6)

� Qmax is the maximum heat that HP can carry without any dry-out formation.

This parameter is highly related to the capillary pumping performance of the

HP.

� ke� is the effective thermal conductivity of heat pipe. This parameter enables

to compare the performance of HP with the other thermal management devices.

Eq. 1.7 gives the de�nition ofke� .

ke� =
Qin Le�

(Twall;e � Twall;c )Ae�
(1.7)

whereQin , Le� , Ae� , Twall;e andTwall;c are total input heat, the effective length

of HP, the effective cross-sectional area of HP, wall temperatures at evaporator

and condenser, respectively.
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� � hp is the effectiveness of the heat pipe which is introduced by Alijaniet al.[14].

When� hp equals 1, it means that there is no phase change in the heat pipe which

refers to low thermal performance.� hp is de�ned in Eq. 1.8.

� hp =
(� Twall )dry

(� Twall )operating
(1.8)

In this study,qratio , Qmax and� Twall are used to assess the thermal performance of

FGHP.

1.3 Literature Review

The thermal performance of heat pipes is an essential criterion to be assessed for

the heat pipe design. Therefore, researchers study the thermal performance both nu-

merically and experimentally over the years to assess the heat transfer capacity of

heat pipes. To predict the heat pipe performance both �uid �ow and thermal analysis

should be performed. Energy, momentum, and mass conservation equations and the

Young-Laplace law should be solved simultaneously which are nonlinear equations.

Therefore, several models with different assumptions are suggested by researchers

and presented in Section 1.3.1. Section 1.3.2 is devoted to experimental studies for

heat pipes with different groove geometries, base materials, and types.

1.3.1 Numerical studies

After the discovery of the heat pipe, it became an interest for the researchers to un-

derstand and improve its concept. Analysis of heat pipe physics requires a coupled

solution of �uid �ow and thermal analysis. The hydrodynamic model speculates the

capillary performance of the wick structure and determines the free-surface geome-

try, while the thermal model predicts the temperature distribution along the heat pipe

and provides an evaluation of the thermal performance. In this study, the models

developed for �at grooved heat pipes (FGHP), micro heat pipes (MHP), and vapor

chambers (VC) in the literature are reviewed..

The mathematical model developed by Cotteret al.[15] predicts the capillary limit to
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obtain the maximum heat-carrying capacity of MHP. Incompressible, steady momen-

tum equation for vapor and liquid �ow was solved, assuming both �ows are laminar

and one-dimensional. In order to simplify the solution process, it was assumed that

the velocity at the interface and conduction along MHP are zero. In 1990, Babinet

al. [16] also developed a model with similar assumptions. In addition to their numer-

ical study, they conducted experiments on the triangular grooved MHP and compared

the model results with experimental data [16]. It was seen that model and experimen-

tal results are not consistent for dry-out occurrence.

In 2005, Jiaoet al. [17] developed a model to observe the thin �lm's effect on evap-

oration and condensation mechanisms. The model was based on the conservation of

mass, momentum and energy, and Young Laplace equations. They concluded that

contact angle not only speci�es the capillary pumping performance but also affects

the thin �lm geometry and the radius of curvature becomes smaller, as the length

of the thin �lm increases. Axial conduction along the wall was neglected similar

to [15], [16]. This assumption was validated in 2003 [18] obtaining1� C wall tempera-

ture difference in their MHP. However, the experimental study performed by Hopkins

et al. [19] showed that this assumption becomes invalid for their MHP con�guration

which was tested under100 W. It resulted in over-prediction of the thermal perfor-

mance of HP. They obtained a25� C temperature difference at the solid wall which

proves the importance of the conduction heat transfer.

Heat pipes consist of liquid and gas �ows that are counter-current to each other. As

the heat pipes are becoming thinner, the effect of the interfacial interactions and gas

�ow becomes important to specify the capillary limits and performance of the FGHP,

MHP, and VCs. In fact, vapor �ow can pull the liquid when the shear stress at the

interface is high for some cases. In the literature, some of the studies only focused on

the single-phase, liquid �ow, assuming constant vapor pressure and temperature along

the heat pipe [20–22] while some of the studies include both two-phase �ows [23–31].

Ayyaswamyet al. [21] modeled the 2D liquid �ow in triangular grooves de�ning the

contact angle variation as input and vapor �ow was neglected. Galerkin Boundary

Method was used to obtain the liquid velocity. The effect of the groove angle and

contact angle were investigated. It was discovered that as the contact angle increases,
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there is a corresponding increase in pressure loss. In 2005, Suman [22] developed a

model and tested it on rectangular and triangular grooved MHP. They investigated the

capillary limits of MHP under different inclination angles. They stated that the body

force effect creates negligible difference at the interface compared to the capillary

pressure on their con�gurations. They also performed a parametrical study for the

capex angle of triangular grooves, �nding that increasing the capex angle leads to a

decrease in capillary pumping pressure. This model was validated with experimental

study [32].

Also, Lefévreet al. [33] developed a 2D hydrodynamic and 3D thermal coupled

model for MHP with porous capillary structure. The hydrodynamic model is based

on both liquid and vapor �ows. Vapor �ow was modeled as �ow between two parallel

plates and interfacial shear stress was neglected. The numerical model was validated

with the experimental data. In this study, the importance of including pressure drop

along the vapor �ow was underlined. It was also found that neglecting interfacial

shear stress is a valid assumption for relatively lower velocities; however, it becomes

signi�cant when the velocities are increased.

There are several studies in the literature that accounts the interfacial shear stress

effects studied on the MHPs [28–31, 34, 35]. In 1994, Maet al. [28] introduced a

non-dimensional interface �ow number which was expressed in terms of vapor, liquid

velocities, and dynamic viscosities, to comprehend the interfacial interaction effects.

Velocity at the interface was assumed constant along the heat pipe and the experi-

mental data [21] was used to correct the 1D velocity assumption at the interface. This

model requires experimental data; therefore, they developed a mathematical model

for triangular groove as a further step of the previous study [35]. To be able to solve

the vapor and liquid �ow which are dependent on each other in terms of the bound-

ary condition at the interface, Nachtsheim-Swigert iteration method and coordinate

transformation were used. Furthermore, Khrustalevet al. [34] developed a math-

ematical model and validated their model with the experimental study [36]. They

concluded that including shear stress at the free surface highly affects the maximum

heat-carrying capacity of MHPs and increases the liquid blocking zone at the con-

denser. In 2017, Jung et al. [29] conducted a study to analyze how disjoining pressure

affects the thermal performance of MHP, they also included the interfacial shear stress
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in their models. They found that including disjoining pressure results in obtaining a

thinner �lm region in the liquid phase and affects the phase change heat transfer. One

shortcoming of the model is that temperature variation along the solid wall should be

assumed priory which was overcome in their further study [37]. In this study, conser-

vation equations applied to both phases were adapted to the thin �lm geometry and

they developed their thermal model by investigating on the thin �lm. They validated

their models with experimental work reaching a maximum of 22% error in the overall

thermal resistance of MHP.

According to [38], in 1968, DiCola provided an analytical solution to the conservation

of momentum equation for liquid �ow assuming uniform interfacial shear stress along

the heat pipe, which is not accessible in the literature today. Later, Schneideret

al. [24] combined the solutions for liquid �ow with and without the interaction with

vapor �ow over rectangular grooves and modeled the vapor �ow as being unaffected

by the liquid �ow and having a zero velocity at the interface. The shear stress between

wall and vapor was assumed as equal to the shear stress between liquid and vapor.

In addition to this, they developed an expression for the liquid friction factor that

accounts for interfacial effects. [25–27,39] built their hydrodynamic models with this

approach. Shah and London correlation [40] was used for the calculation of pressure

drop for vapor �ow.

Faghriet al. [27] developed a 2D model using the �nite element method solving both

laminar vapor and liquid �ows on axial rectangular grooved heat pipes. The shear

stress at the liquid and vapor interface was included and vapor velocity was assumed

zero at the interface as a boundary condition. The obtained friction factor expression

from [24] was used for liquid �ow. It was remarked that shear stress at the interface

between liquid and vapor is not uniform along the curvature and assuming the inter-

face geometry as �at brings along enormous errors; therefore, interface interaction

should be modeled in detail. Neglecting the shear stress at the interface brings about

over-prediction of the maximum heat transfer capacity. It was also stated that the

shear stress at the interface increases getting closer to the �n. Thomaset al. [38] also

made a similar assumption on interfacial velocity for trapezoidal grooved HPs. In

addition to this, the interfacial shear stress was modeled as constant along the menis-

cus region. They concluded that interfacial shear is highly effective for larger vapor
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velocities, and it limits the maximum carrying heat capacity of HPs. In this study, it

was also remarked that if the interfacial stress becomes dominant reversed �ow in the

liquid domain can be observed for counter-current �ow.

In 2019, Patelet al.[41] conducted a numerical and experimental study on a cylindri-

cal aluminum HP with a trapezoidal groove and ammonia was selected as a working

�uid. In their numerical models, interfacial shear stress was also included. They

also performed a parametric study to �nd the optimum design of groove geometry in

which based on maximum heat-carrying capacity,Qmax , and minimum overall ther-

mal resistance,Rtot , values. It was found that a higher number of grooves enhances

the objective parameters until the frictional pressure drop becomes dominant over the

capillary pumping pressure.

The model developed by Zimmermanet al. [42] differs from other studies since they

accounted for the effect of the normal velocity component arising from phase change

mass transfer. They developed an expression for pressure drop in the vapor domain

due to perpendicular velocity to the main �ow and assumed that the vapor is saturated

to obtain temperature distribution. According to the performed simulations results on

sintered wick heat pipe, vapor �ow highly affects the thermal performance at lower

vapor temperatures and narrower vapor spacing.

In 2021, Sayganet al.[20] developed a model to assess the thermal performance eval-

uation of heat pipes. It was assumed that vapor pressure and temperature are constant

along the heat pipe. Moreover, shear stress at the interface between liquid and va-

por was neglected. One-dimensional thermal resistance is constructed including the

heat transfer in solid and liquid and heat transfer with phase change. The experiments

were conducted in order to validate the model in terms of the wall temperature. Based

on the experimental data, the model can predict thermal behavior with good accuracy.

The model is suitable to be simulated for both sintered wick and groove wick.

Researchers conducted experimental and numerical studies to analyze how the va-

por space impacts the performance of heat pipes. Firstly, both transient and steady

model was developed for �at HPs by Vaddakanet al. [43] using the �nite difference

method. They performed a parametric study for vapor space on the �at heat pipe in

which the base and wick materials are copper and the working �uid is water. It was
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stated that at the same heat load,10W, the phase change mass �ow rate and liquid

pressure drop increase with the decreased vapor core from0:8 mm to 0:4 mm. As a

result, decreasing the vapor space results in a larger temperature difference between

the condenser and evaporator sections of the heat pipe. However, in 2011, accord-

ing to the results of the experimental and numerical study of Lipset al. [39], overall

thermal resistance decreases with reduced vapor space values when the �lling ratio is

greater than its optimal value. Since it causes the liquid to be trapped in the sides and

corners of the FGHP. However, it was observed that the capillary limit was reduced

as the vapor spacing was decreased. Furthermore, a critical vapor spacing value was

found for liquid con�nement formation at the condenser section based on developed

the theoretical model for non-working conditions. They concluded that the �lling

ratio and vapor spacing must be adapted to reach a better performance of FGHP.

In addition to that, Huanget al. [44] conducted experiments on the vapor chambers

with 0:4; 0:6; 0:8; 1:0 and1:2 mmvapor spacing values operating at10W–240Wheat

loads and working �uid and wick are water, copper multi-layer mesh, respectively. It

was stated that as the vapor space becomes thinner thermal resistance increases due to

the increasing restriction to the vapor �ow, and it is important to specify the minimum

vapor space to obtain optimal thermal resistance.

Another vapor space study was done by Ranjanet al. [45] on the ultra-thin vapor

chamber by keeping the total thickness of the wick and vapor core constant. There-

fore, varying the vapor space thickness affected the capillary geometry and pump-

ing pressure capability. According to obtained experimental results, the vapor space

thickness effect has a signi�cant role at higher heat loads and thermal resistance be-

comes smaller at high heat loads and thinner vapor space. Also, as the vapor core

becomes thinner, pressure drop also increases and this limits the capillary pumping

capacity. Therefore, the optimization study was done by Weibalet al. [46] aiming to

reach better performance for vapor chambers by differing the working �uid, heat load

and wick characteristics such as porosity, particle diameter etc. In 2018, Yaoet al.[7]

proposed a wick structure hybridizing the tree-shaped groove and screen mesh wick

to improve the thermal performance of the vapor chamber. The tested vapor chamber

consists of evaporator and condenser plates placed parallel to each other. Also, dif-

ferent cavity heights at the same �lling ratio were experimented with while working
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against gravity and they found that thermal resistance decreases with increased vapor

spacing values, it was explained that �ow distance becomes shorter and the required

capillary pumping pressure to �ow back to the evaporator section becomes smaller.

In 2021, Liet al. [47] conducted experiments on ultra-thin vapor chambers (UTHV)

for different vapor duct thicknesses and different �ling ratios. Researchers conducted

these experiments on the unprecedented copper UTHV which is designed so that the

top plate of the vapor chamber is unwicked and �nned and this �n-groove geometry

provides improvements both in structural integrity and condensation. This novelty not

only provides better anti-dry-out performance but also offers thinner UTHV. Also, the

effect of vapor duct thickness on capillary blocking was investigated. It was found

that the way to overcome with capillary blocking is by decreasing the amount of the

working �uid from the heat pipe. The other outcome is that in the absence of cap-

illary blocking, total thermal resistances of the vapor chamber (Rvc) does not show

variation for different vapor spacing.

The schematic of the control volume is given in Fig. 1.5. Also, the terms of conver-

sation of momentum on control volume are given in the below equation for the liquid

domain.

Figure 1.5: Control volume
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Table 1.2 shows some studies in which terms are included in their models. These

studies include the related terms according to the methodology in different ways.

Table 1.2: Summary of some studies accounting for the terms in the momentum

balance of the liquid control volume (Adapted from [23])

Studies (1) (2) (3) (4) (5) (6) (7) (8)

Longtinet al. [48] X X - - - X X * -

Khrustalevet al. [26] X X - - X X * -

Ivanovaet al. [49] X X X - - X X * -

Schneideret al. [24] - X X - - X X * -

Sumanet al. [22] - X - - - X - -

Lefevreet al. [50] X X X X - X X * -

Sayganet al. [20] - X - X - X - X

*Vapor is assumed motionless at the interface

1.3.2 Experimental studies

In the literature, different base materials such as silicon, copper, ceramics, and alu-

minum were experimented in order to validate the numerical models and test the

working physics and limitations of HPs. Most of the studies focused on the steady-

state performance of HPs under different working conditions and the effects of geo-

metrical parameters.

Firstly, Petersonet al. [51] experimented the silicon heat pipes with rectangular and

triangular-shaped grooves and found that there are 31% and 81% improvements in

effective thermal conductivity comparing the bare silicon plate, relatively rectangu-

lar and triangular grooves. They related the better performance of triangular-shaped

groove HP with higher capillary pumping pressure due to shaper corners leading to

expansion of the meniscus region. In 1999, Hopkinset al. [19] investigated the max-

imum heat-carrying capacity of copper-water heat pipes with trapezoidal and rectan-

gular grooved between60� C–95� C operating temperatures within intervals. It was
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found that capillary is the most limiting parameter in terms of maximum heat transfer

capacity. Experimental data shows that heat transfer capacity increases with increas-

ing operating temperatures.

In 2002, Anandet al. [32] found that as the tilt angle of a silicon V-shaped FGHP

increased, the dry-out region expanded, negatively impacting performance. In 2003,

Gillot et al. [52] performed experiments on brass and silicon �at axially grooved

heat pipes to test the operability of a heat spreader. In order to increase the thermal

performance of the thermal spreader, the silicon heat pipe is experimented with since

manufacturing narrower grooves is possible. However, the silicon HP with a thickness

of 200�m was damaged during the vacuuming process.

In 2011, the static contact angles between the copper surface and droplets of methanol,

water, and acetone were measured by Wonget al. [53] within different elapsed times.

The measured angle also increases linearly with time; however, acetone and methanol

still adhere along the copper surface. They also investigated the evaporation thermal

resistance of these working �uids experimentally on the copper mesh wicked FGHP,

observing a little difference between the �uids. Also, the study stated that the transi-

tion to nucleate boiling is easier for acetone and methanol than water.

Alijani et al. [54] conducted experiments on aluminum FGHPs in which different

groove densities were manufactured and FGHP effectiveness was evaluated at varying

heat loads and �lling ratio. It was found that HP performance is highly dependent

on groove geometry, heat input, �lling ratio, and working �uid. Therefore, these

parameters should be selected according to the design requirements.

Apart from focusing on the steady state behavior of HP, the transient analysis is also

studied in the literature [55–57]. In 2023, Garimella et al. [57] studied the recovery

behavior of HP after dry-out. They obtained the maximum hysteresis line showing

the thermal resistance of HP for varying heat input. They constructed their models

for dry-out, no dry-out and partial dry-out cases. The numerical model was validated

with an experimental study. According to the study, after exceeding the capillary limit

of HP, even the heat input reduced thermal resistance cannot be fully recovered up to

a certain level of heat loading.
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In addition to these experimental studies to understand the working limits of HP, re-

searchers came up with different alternative ideas to improve the thermal performance

of heat pipes. Since the driving force of circulation of liquid �ow is the capillary

pumping pressure, many studies investigated the capillary limits and effects to per-

formance. In the literature mainly 3 main ways were studied to improve the thermal

performance of HPs, these are increasing the wettability of solid surface [53,58–65],

using nano�uid as a working �uid [66–71], or modifying the wick geometry to in-

crease the capillary pumping [72–75].

Wettability highly depends on oxidation degree, and roughness of the surface and can

be expressed with contact angle between solid and liquid. In the literature generally

contact angle range is given for a speci�c combination of working �uid and solid.

Min et al. [59] showed the effect of improving the wettability of the copper surface

by coating with NaOH and K2S2O8 solutions. They concluded that superior thermal

performance is observed compared with the bare version. In 2010, Vasilievet al.[58]

performed experiments on the cylindrical trapezoidal grooved heat pipe by coating

it with ceramic particles on both evaporator and condenser surfaces. They found

that coating with porous material improved the evaporation 1.3–1.8 times, while it

deteriorated the condensation performance obtaining higher thermal resistances. In

2020, Kuehet al. [62] studied the thermal performance improvement of MHPs with

coated Carbon Nano Tubes (CNTs) aiming to increase the hydrophilic characteristics

at the evaporator and boost the capillary pumping pressure. They reached 2 times

better effective thermal conductivity and61%improvement in evaporation.

Thermophysical properties are essential for heat transfer; therefore, researchers started

to study nano�uids as working �uids in HPs by experimenting with different types

of them. For instance, Niuet al. [67] reached to up75% improvements in effec-

tive thermal resistance by using Si02-Water instead of using DI water. In addition

to this, according to the experimental study [68], using graphene nano�uid leads to

48:4% decrement in overall thermal resistance. However, using nano�uids comes

with possible challenges which are potential clogging of the nanoparticle particles,

and long-term stability and reliability issues [76].

Wick geometry essentially affects the liquid �ow; therefore, it has a signi�cant role
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in the capillary pumping performance of HP. Considering this, Nagayamaet al. [72]

proposed a converging channel groove geometry which is the groove width decreases

linearly from the condenser to the evaporator region. The capillary effect is highly

related to the contact angle, if the contact angle at the evaporator is increased by de-

creasing the width of the groove it is possible that the heat pipe can operate under

higher heat loads. However, decrement in the groove width results in the increment

of pressure loss from viscous effects, and thermal performance enhancement could

not be achieved. The optimum groove geometry mathematically was studied numer-

ically. According to this, 4 different silicon-based �at heat pipes were manufactured

to be able to compare the thermal performances of the heat pipes. The total length

of the heat pipe is70 mm and the groove height is identical for all con�gurations.

From the condenser to the evaporator end groove widths are0:3 mm and 0:1 mm

while the other con�guration has0:4 mm to 0:2 mm. The other con�gurations have

the constant cross-sectional area and groove widths are0:3 mm and0:1 mm, respec-

tively. Heat input was increased until the surface temperature is reached100� C. They

found that effective thermal conductivity for optimized converging channel geometry

showed the highest performance for all con�gurations at every heat load.

In 2020, Hamidniaet al. [75] performed experiments to test the effects of different

micro pillar shapes, patterns and materials machined in rectangular grooves on the

thermal performance of the silicon micro heat pipes. Their study shows that these

micro pillars increase contact surface area therefore capillary performance and ther-

mal performance of the heat pipe. Also, they noted that micro-pillar with a diamond

shape has the highest effective thermal conductivity. It was clari�ed that increasing

corners improve the capillarity.

The innovative groove geometry was introduced by Sayganet al. [73], which is the

Hierarchical Groove Architecture (HGA). The groove geometry is de�ned as grooves

are straight from the beginning of the condenser up to the evaporator region. From

the evaporator point grooves are branched into narrower channels. The main pur-

poses of branching are improving capillary pumping and evaporation enhancement.

Experiments were performed on the 3 different copper heat pipes and IPA was used

as a working �uid. For all tested heat pipes length of the evaporator, adiabatic and

condenser regions, and groove and base heights are kept identical to each other. Two
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of the heat pipes have constant groove cross-sections having0:3 mm and 0:6 mm

groove widths and the number of grooves is38and19, respectively. In the other heat

pipe with HGA, the groove width is0:6 mm and decreases to0:3 mm at the evapo-

rator region while the number of grooves increases from 19 to 38 at the evaporator.

The study states that branching helps to increase capillary pumping and evaporation

enhancement. Experimental and numerical results show that heat pipe with HGA

gives a large temperature difference along the wall compared with other con�gura-

tions. This was explained as increasing the contact angle at the evaporator leads to

an increase in thermal resistance. However, according to the simulations, this effect

can be reduced when the number of branching increases. Since the manufacturing of

thinner channels on the copper base is challenging, experiments were ended.

1.4 Objective and Outline of Study

The objective of the study is to develop a comprehensive model to assess the effect of

vapor �ow that mimics the FGHP to evaluate thermal performance. In addition to the

numerical study, experiments are conducted to characterize the effect of vapor �ow

under various operating conditions, including different heat loads and �lling ratios.

The �ndings will contribute to a deeper understanding of vapor �ow and interfacial

effects, facilitating the design and optimization of these heat transfer devices for en-

hanced thermal management in a wide range of applications. Also, the effects of the

vapor �ow on the thermal performance and the physical reasoning behind it are not

fully explained in the literature for FGHPs. The outline of the study is as follows.

In Chapter 1, physical de�nitions and literature review related to the scope of the the-

sis are introduced which helps to establish a necessary background. In Chapter 2,

�rstly developed numerical model is explained by dividing into �uid �ow model and

thermal analysis. Then, the experimental setup and procedure are explained. Chap-

ter 3 includes the validation study of the developed model and simulation results

for FGHP with varying vapor space thicknesses. Then, experimental results and ob-

servations are given. Finally, Chapter 4 summarizes the work and points out the

remarks.
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CHAPTER 2

METHODOLOGY

2.1 Numerical Modeling

Modeling FGHP physics needs an analysis of �uid �ow and heat transfer which are

strongly dependent on each other due to the presence of phase change and a free

surface. Therefore, it was studied extensively over the years by various simpli�cations

as mentioned in Chapter 1.

The developed model that neglects the vapor �ow is used to evaluate the performance

of different con�gurations of FGHP under various heat loads until dry-out occurs

[20]. In this study, the vapor �ow solution is constructed within the structure of this

methodology by expanding the model. In this section, after explaining the solution

procedure of the model, details of the �ow model and thermal network are outlined

in Sections 2.1.1 and 2.1.2, respectively.

The model needs speci�cations of geometrical details and operating conditions of

FGHP to simulate. Operating conditions are total heat load (qin ), coolant temperature

(Tc), and coolant heat transfer coef�cient (hconv), the geometric parameters are wick

geometry (wg; wf ; hg), lengths of the adiabatic (La), evaporator (Le), and condenser

(L c) regions, and height of the vapor �ow cross-section (hv).

FGHP is divided into slices to achieve better accuracy. Both �ow and thermal models

are constructed based on the divided slices. Firstly, phase change heat transfer (qpc)

and vapor temperature distributions (Tv(z)) are estimated before the solution begins.

The �uid �ow model starts to solve the conservation of mass, and momentum equa-

tions by using these initial guesses. The pressure distribution of liquid (p` (z)) and
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vapor (pv(z)) are found based on the conservation equations. After that, by using

Eq. 1.1 the radius of curvature distribution,R(z), is calculated as well as the edge an-

gle variation along the heat pipe,� (z). It is noteworthy that utilizing the edge angle,

rather than the contact angle, is a more appropriate approach from a physical perspec-

tive. The reason is that there is no contact line between the three phases (liquid, vapor

and solid) due to the liquid �lm at the �n top of the condenser section. Consequently,

a more comprehensive de�nition, namely edge angle is used for discussing the vari-

ation along the HP. However, the terminology of contact angle can be applied to the

evaporator section.

Then, the thermal resistance network uses the� (z) as input for the calculation of

thermal resistances. Thermal analysis is constructed based on the conservation of

energy with several assumptions. Also, It models the phase change resistances and

conduction in solid and liquid domains for the evaporator, adiabatic and condenser

sections. Wall temperature distribution,Tw(z), qpc andTv(z) are the outcomes of the

thermal network. Error is calculated considering the previous step and the iterative

solution continues until the convergence criteria is achieved. The �ow chart of the

solution procedure is presented in Fig. 2.1.
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Figure 2.1: Flow chart of the solution procedure
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2.1.1 Flow Model

The �ow model consists of both vapor and liquid �ow analysis including the interac-

tions between the liquid and vapor �ows. An iterative process is developed to meet

the equality of shear stress (� int ) and velocity (Uint ) at the interface between liquid

and vapor. In addition to the initialqpc andTv(z) estimations, interfacial velocity dis-

tribution,Uint (z), is also guessed to start the solution procedure. Initially, vapor �ow

is solved by takingUint (z) as a boundary condition. Based on the vapor solution,

� int (z) is calculated and it is used as the boundary condition at the interface for liquid

�ow. Eq. 2.1 and 2.2 are the governing equations that represent the conservation of

mass and momentum respectively, for both liquid and vapor.

r � (� u) = 0 (2.1)

(u � r )u = �
1
�

r p + � r 2u + fb (2.2)

where� , u, p, � , andfb correspond to density, velocity �eld, pressure, kinematic vis-

cosity, and body acceleration, respectively. Fig. 2.2 represents the physical domains

of liquid and vapor.

Figure 2.2: Physical domain of vapor and liquid �ows
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Eq. 2.1 and 2.2 are solved analytically based on the listed assumptions:

� Both liquid and vapor �ows are steady, laminar, and incompressible.

� Flow is assumed unidirectional inz� direction.

� Inertial term in Eq. 2.2 is neglected for both �ows due to the low mass �ow

rates.

� Interface geometry between liquid and vapor is assumed to be �at.

Eq. 2.3 describes the conservation of momentum inz– direction after the listed as-

sumptions.

@2U
@x2

+
@2U
@y2

=
1
�

dp
dz

�
1
�

f z (2.3)

whereU, p, � , � andf z correspond toz component of velocity, pressure, dynamic

viscosity, density, and body acceleration in thez– direction, respectively, and the

equation is valid both for vapor and liquid �ows. Also, Eq. 2.4 describes the rela-

tionship between mass �ow rates of liquid (_m` ) and vapor (_mv) considering the mass

transfer by phase change and conservation of mass.

_mv = � _m` (2.4)

Also, the mass �ow rate is calculated based on theqpc estimation for all slices. It

is assumed that there is a linear increase in the_m` (z) in the condenser, and a linear

decrease in the evaporator which is the vice versa for_mv(z). Also, based on the

adiabatic assumption there is no phase change along the adiabatic region, the mass

�ow rate is assumed to be constant [11,27,31,50,77–79].

_mv;` (zi ) = ( Ev;` )0;i zi + ( Ev;` )1;i ; 0 � zi � Le (2.5)

_mv;` (zi ) = ( Av;` )0;i ; Le � zi � Le + La (2.6)

_mv;` (zi ) = ( Cv;` )0;i zi + ( Cv;` )1;i ; Le + La � zi � Le + La + L c (2.7)
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After specifying _m` (z) and _mv(z), Eq. 2.3 is solved analytically using separation of

variables and superposition for vapor �ow. Boundary conditions for both liquid and

vapor domains are presented in Fig. 2.3.

Figure 2.3: Boundary conditions for analytical solution of vapor and liquid domains

Vapor velocity distribution,Uv(xv; yv), is given in the Eq. 2.8.

Uv(xv; yv) =
1

2�
dpv

dzv
(y2

v � hvyv) +
wg

hv

yv

wv

� 2
1X

n=1

Uint
1

n�
sin(� n;v wf ) cos(� n ; vxv)

sinh(� n;v yv)
sinh(� n;v hv)

(2.8)

wherewv = wf + wg, � n;v = (2 n � 1)�= (2wv), pv, � v, hv, wg, wf , Uint are vapor

pressure, dynamic viscosity, vapor space thickness, groove width, �n width and ve-

locity at the interface, respectively. From the de�nition of mass �ow rate which is

given in the Eq. 2.9,Uv is integrated over the vapor domain.

_mv =
Z (wg + wf )=2

0

Z hv

0
� vUvdxvdyv (2.9)
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It is possible to express_mv(z) as Eq. 2.10 combining the Eq. 2.8 and Eq. 2.9.

_mv(z) = Gv

�
dpv

dzv
� � vf z

�
+ H vUint (z) (2.10)

whereGv andH v are constants of vapor pressure gradient andUint , respectively.pv(z)

can be written as:

pv(z) =
Z � _mv(z) � H vUint (z)

Gv
+ � vf z

�
dz (2.11)

The equations that describe the pressure distribution in the evaporator, adiabatic, and

condenser regions are expressed in Eq. 2.12 by combining Eq. 2.11 and Eq. 2.7.

pv(z) =
Z �

Ev;0z + Ev;1 � H vUint (z)
Gv

+ � vf z

�
dz; 0 � z � Le

pv(z) =
Z �

Av;0 � H vUint (z)
Gv

+ � vf z

�
dz; Le � z � Le + La

pv(z) =
Z �

Cv;0z + Cv;1 � H vUint (z)
Gv

+ � vf z

�
dz; Le + La � z � Le + La + L c

(2.12)

Boundary conditions are needed to obtain thepv(z). They are given in Eq. 2.13 and

2.14. At the beginning of the evaporator, the pressure value is calculated based on the

saturation pressure corresponding estimated vapor temperature.

pv jz=0 = Tv jz=0 (2.13)

dpv

dz

�
�
�
z= L

= 0 (2.14)

Furthermore, the pressure values and their derivatives must be continuous at the tran-

sition points between the sections providing the continuity of the pressure distribu-

tion, which are given in Eq. 2.15.
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Z �
Ev;0z + Ev;1) � H vUint (z)

Gv
+ � vf z

�
dz =

�
�
�
z= L e

Z �
Av;0 � H vUint (z)

Gv
+ � vf z

�
dz

Z �
Av;0 � H vUint (z)

Gv
+ � vf z

�
dz =

�
�
�
z= L e+ L a

Z �
Cv;0z + Cv;1 � H vUint (z)

Gv
+ � vf z

�
dz

(2.15)

After obtaining thepv(z), every term in Eq. 2.8 is known. Thus, shear stress at the

interface,� int (z), can be calculated from Eq. 2.16 at the midpoint of the interface

wherexv = wf + wg=2.

� int (z) = � v
@Uv
@y

�
�
�
xv = wf + wg =2

(2.16)

Subsequently,� int (z) is used as a boundary condition for the liquid �ow solution of

Eq. 2.3. Similarly, it is solved by using the separation of variables and the superpo-

sition. Schematic of the liquid domain with boundary conditions is given in the Fig.

2.3. Liquid velocity distribution,U` (x` ; y` ), is given in the Eq. 2.17.

U` (x` ; y` ) =
1X

m=1

1X

n=1

� 64
� `

dp̀
dz̀

(wg=2)2h2
g sin (� n;l x` ) sin (� my` )

� 4((2n � 1)2h2
g + (2 m � 1)2(wg=2)2)

+
1X

m=1

� � int

� `

4wg

(2n � 1)2� 2

sin (� n;l x` ) sinh (� n;l y` )
cosh (� n;l hg)

(2.17)

where� n;l = (2 n � 1)�=w g, � m = (2 m � 1)�= (2hg), p` , � ` , hg, � int are liquid

pressure, the dynamic viscosity of the liquid, groove height and shear stress at the

interface, respectively.

Similar operations are repeated to �nd_m` andp` relation in the liquid domain. How-

ever, it is written in terms of� int (z) instead ofUint (z).

p` (z) =
Z � _m` � H ` � int

G̀
� � ` f z

�
dz (2.18)
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p` (z) =
Z � E`;0z + E`;1 � H ` � int (z)

G̀
+ � ` f z

�
dz; 0 � z � Le

p` (z) =
Z � A `;0 � H ` � int (z)

G̀
+ � ` f z

�
dz; Le � z � Le + La

p` (z) =
Z � C`;0z + C`;1 � H ` � int (z)

G̀
+ � ` f z

�
dz;

Le + La � z � Le + La + L c

(2.19)

Boundary conditions need to be de�ned for the integration given in Eq. 2.18. At the

beginning of the evaporator,p` is calculated from the Young-Laplace equation based

on the edge angle, which is given in Eq. 2.20. Also, at the end of the condenser

pressure gradient reaches zero as long as there is no pool region, which is given in

Eq. 2.21.

p` jz=0 = pv jz=0 �
�

Rz=0
(2.20)

dp̀
dz

�
�
�
z= L

= 0 (2.21)

Then,Uint (z) can be recalculated based on thep` (z) obtained from the liquid �ow

solution. CalculatedUint (z) is sent to vapor �ow solution and the overall procedure

continues until the convergence is reached between theUint (z) results.

After reaching the convergence of the vapor and liquid �ow models,p` (z) andpv(z)

are obtained. Moreover,� (z) is calculated using the Young-Laplace equation.

2.1.2 Thermal Analysis

Heat transfer is analyzed by the quasi 3D-dimensional thermal resistance network to

model the conduction in solid and liquid, and phase change heat transfer along the

heat pipe. The obtained� (z) from the �ow model, is used for calculating the thermal

resistances. Phase change heat rates are modeled based on the kinetic theory �ndings.

A similar approach is constructed both for the evaporator and condenser region. There

are additional conduction and phase change thermal resistances corresponding to �n

top liquid �lm at the condenser. The �lm thickness on the �n top is based on4th order

polynomial approach as introduced by Faghriet al. [26].
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In addition, instead of solving the energy equation along the vapor, it is assumed that

vapor is saturated andTv(z) is found from the correspondingpv(z) distribution. This

assumption is reasonable owing to the low thermal conductivity of vapor. Due to the

same reason, conduction in liquid is also neglected only in the axial direction. Besides

that, additional computation effort would be required with a little effect on the energy

balance compared with the amount of heat transfer with phase change between liquid

and vapor, and conduction in the solid.

Based on this assumption, vapor conduction resistances,Rv(z), are added into the

network which is calculated with Eq. 2.22.

(Rv) i =
(Tv) i +1 � (Tv) i

P i
n=1 (qpc) i

(2.22)

The energy equation is analyzed by the thermal resistance network given in Fig. 2.4.

Figure 2.4: Thermal resistance network

Further details about calculations of the resistances are explained in [80], they are

modi�ed for varying vapor temperature distributions. Schematic of thermal resis-

tances and circuit representation for the evaporator and condenser sections are sum-

marized in Fig. 2.5.
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Figure 2.5: Schematic of thermal resistance and circuit representation for evaporator

and condenser sections
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2.2 Experimental Work

The experimental setup, depicted in Fig. 2.6, was constructed by Saygan [80] in 2021

consisting of the chiller, power unit for heating, vacuum pump, heat pipe assembly

and vacuum chambers for solids and working �uid.

Figure 2.6: Experimental setup

Components of FGHP assembly, top plate, main frame, groove frame, condenser and

evaporator, are introduced in Fig. 2.7. The top plate is made of acrylic, which not

only allows observation of the operations in the �at grooved heat pipe but also not

undergoes chemical reactions with the working �uid under high operating tempera-

tures. This top frame can be altered easily to due to the modular experimental design.

The main frame, on the other hand, was constructed of stainless steel, which has low

thermal conductivity, aimed at minimizing the conduction in the main frame. The

groove frame comprises axial rectangular grooves that form the wick structure of

the heat pipe, while thermocouples are positioned beneath this frame to acquire the

temperature distribution across the wall.

Lastly, both the evaporator and condenser parts were made of copper due to their

high thermal conductivity. The condenser blocks and plate was designed to maintain

a constant temperature at the condenser section, with the main objective being to
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obtain the minimum thermal resistance. Also, the evaporator is comprised of RF

resistors that turn electrical power into heat. The evaporator plate in which resistors

are placed was designed based on constant heat �ux conditions. Details of the design

processes were given in [80]. All of these components are mounted with screws, and

thermal paste is used to eliminate contact resistance that may occur at the grooved

frame with evaporator and condenser interfaces.

Figure 2.7: Components of FGHP assembly [80]

This experimental setup was tested in terms of operability in a vacuum environment as

mentioned in [80]. Therefore, the main framework, in which vacuuming and charging

operations are performed, is kept the same. All new components are designed based

on the pre-designed component.

Firstly, experimental preparation and procedure are explained in sections 2.2.1 and

2.2.2, respectively. Then, the experimental study is grouped into two which are intro-

duced in sections 2.2.3 and 2.2.4.

2.2.1 Experimental Preparation

A detailed experimental preparation was followed in order to accurately measure and

analyze the heat transfer characteristics of the FGHP. Experimental components are

placed inside vacuum chambers to avoid outgassing. Outgassing refers to the release

of trapped gases within solids and liquids, which can lead to a rise in pressure within
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the HP, thereby hindering and deteriorating its performance.

Before starting the experiments, the vacuum condition within the FGHP is tested in

order to observe whether there is leakage in the HP assembly. The pressure in the

FGHP is measured at the different periods as given in Table 2.1.

Table 2.1: Measured pressures inside the FGHP

Period of time 1st Test 2nd Test 3rd Test Mean Standart Deviation

Initial Pressure 1:9 Pa 2:7 Pa 4:0 Pa 2:9 Pa 37.0%

After 12 hours 12:0 Pa 14:7 Pa 8:0 Pa 11:6 Pa 29.1%

After 24 hours 561:3 Pa 623:9 Pa 385:3 Pa 123:7 Pa 23.6%

After 48 hours 1145:2 Pa 1230:6 Pa 978:6 Pa 128:2 Pa 11.5%

The saturation pressure at30� C is 8300 Pa. Also, it is observed that pressure rises

up to5 Torr (667 Pa) 24 hours after stopping the vacuum pump which is lower than

10%of the saturation pressure. In addition, each experiment set is completed within

24 hours in order to operate in more convenient vacuum conditions.

2.2.1.1 Thermocouple Calibration

As a preparation, thermocouples are mounted on the tested HP using 2-part epoxy.

There are 15 and 3 thermocouples placed on the groove and top frame, respectively.

The thermocouple type is T-type and its uncertainty is� 0:5� C given by the manufac-

turer datasheet.

Also, calibration is performed before the experimentation. The experimental setup

is placed in an insulated environment without having any heat source or sink. Tem-

perature measurements were made in this environment for 16 hours. The mean value

of the measured values for all thermocouples is accepted as a reference temperature,

Tref . Thermocouples on the wall are calibrated based on the reference temperature.
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2.2.2 Experimental Procedure

Before conducting experiments, a vacuum pump is used to remove the air from the

HP. Once it is ensured that no air is present in the system, the working �uid is charged

into the FGHP assembly which is given in Fig. 2.8. The �lling process was described

in detail by Saygan [80], and all steps listed below, are followed in this study.

� The syringe is �lled with the working �uid that is held in the vacuum envi-

ronment for outgassing, while valve 2 connected to the syringe is closed. The

syringe is connected to the FGHP.

� Valve 2 close to the charging section is opened slowly ensuring that the passage

between the syringe and main frame is �lled with working �uid instead of air.

The valve is closed.

� The valve 1 placed on the other end of HP is opened. The vacuum pump starts

to vacuum the FGHP until the pressure drops below 0.04 Torr.

� After reaching the vacuum environment, valve 1 is closed and the heat pipe and

all parts for connection are in the vacuum.

� Now the vane 2 is opened and the heat pipe is charged with the working �uid.

Figure 2.8: HP assembly for charging the working �uid

After charging the system, the chiller is used to set the desired temperature, and cool-

ing water is circulated from the condenser section of the FGHP. Additionally, the

power unit is activated for heating at the evaporator. Temperature values are then

recorded in the computer via Keysight 34972A data acquisition unit until the system

reaches a steady state.
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2.2.3 Vapor Flow Experiments

Experiments are carried out to validate the developed model and observe the effects of

vapor �ow and interfacial effects on thermal performance under various operational

conditions. HP can operate within the range� ca � � � 90� . Vapor �ow experiments

are performed on the copper-IPA FGHP. Since the material contact angle highly de-

pends on the surface quality, it is measured in a laboratory instead of using the value

given in the literature. In Fig. 2.9, the photograph of an IPA droplet on the copper

surface is given. Using photographs of different IPA droplets, the range is speci�ed

as14� � � ca � 27� for IPA and copper specimens. The accuracy of the measurement

is insuf�cient due to the limitations of the measurement technique. Nonetheless, it

was performed to gain insights into the material contact angle. Based on the mea-

surements,� ca is chosen as15� which is in the measured range.

Figure 2.9: Copper-IPA material contact angle measurement

To determine the tested vapor spacing values, different con�gurations are simulated

within the� ca � � � 90� , and the results are tabulated in Table 2.2.

Table 2.2: Simulation results of wall temperature difference range for different vapor

space thicknesses at different heat loads

� T [� C]

Q hv = 2 mm hv = 3 mm hv = 4 mm hv = 6 mm

9:0 W – 6:8–9:9 7:1–10:7 7:3–11:3

8:0 W 5:6–6:6 6:3–9:6 6:5–10:3 6:6–10:7

7:0 W 5:1–7:4 5:7–9:1 5:8–9:6 5:9–10

5:5 W 4:5–6:9 4:6–8 4:7–8:4 4:7–8:7

4:0 W 3:4–5:9 3:4–6:6 3:4–6:9 3:4–7:0
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The vapor spacing values were selected based on their measurability in terms of tem-

perature differences at the solid wall. According to Table 2.2,hv = 4 mm have

similar behavior withhv = 6 mm. Thus, the tested vapor space thicknesses are

selected as2 mm; 3 mm and6 mm for experimentation. The top frames are man-

ufactured of acrylic plates. The depth between the grooved frame and top frame is

6 mm. Therefore,hv which is shown in Fig. 2.10 is arranged for each different vapor

space thickness.

Figure 2.10: FGHP schematic showing the vapor space thickness

HP performance highly depends on the amount of working �uid along the grooves.

In order to measure the �uid volume inside FGHP, the liquid level is recorded using a

caliper. It is observed that elevation measurements, conducted before increasing the

heat load for each experiment, lead to changes in the working �uid propagation along

the FGHP. An example of the measurements performed on thehv = 2 mm FGHP is

given in Table 2.3.

This variation negatively affects evaluating the same �lling ratio at different heat in-

puts. In addition to this, the small gap also creates a capillary structure leading to

trapping some amount of working �uid in there. Consequently, changing the orien-

tation of the heat pipe to measure the elevation induces the trapped liquid to displace

from the gap. Also, this trapped liquid also forms during the experimentation which

hinders measuring the actual amount of working �uid that places on the grooved

frame. The effective �lling ratio is more signi�cant which could not be measured in
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the present experimental setup. Therefore, it is decided to continue the experiments

without measuring the �lling ratio.

Table 2.3: Elevation of working �uid measurements at different �lling ratios experi-

mented on FGHP withhv = 2 mm

Measured elevation [mm]

Qin [W] FR A FR B

2 18 16

4 15 14

7 12 10

Experiments start at fully �ooded condition. Without any in�ow or out�ow of work-

ing �uid to the heat pipe system, different heat rates are tested. Subsequently, the

working �uid inside the FGHP is vacuumed for a duration of15–20seconds to obtain

different �lling ratios which are experimented with at each heat rate. This process is

repeated until there is no remaining working �uid inside the heat pipe system which

refers to the dry case. In this study, since the �lling ratio could not be measured,

different �lling ratios are indicated with numbers in brackets such as FR[1], FR[2],

FR[3], etc. denoting increasing �lling ratios with increasing index.

2.2.4 Silicon FGHP Experiments

HGA was introduced in 2021 [73] aiming to improve capillary pumping and evap-

oration as introduced in Chapter 1. It was tested on the copper FGHP; however,

they could not further decrease groove widths due to the manufacturing limitations of

metals. To overcome this, it is proposed to test HGA on the silicon FGHP since man-

ufacturing of the narrower channels is possible with the etching technology. Thereby,

the effective thermal conductivity of HP is aimed to be increased. The other advan-

tage of using silicon as a base material is that many electronic devices are made of

silicon; therefore, it is possible to integrate HP directly into the heat source of the

device.
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The goal of the experiments is to test the integrity of the experimental setup with the

silicon HP. In this experiment, the silicon wafer and stainless-steel plate are bonded

by vacuuming. Therefore, there can be high contact thermal resistance between the

silicon wafer and the base steel frame. However, the main aim is to test the effect

on the performance characteristics of the HGA which can be assessed by comparing

it with the straight-grooved FGHP. Water is used as a working �uid since it is more

neutral matter preventing any chemical reactions with the upper plate. Geometrical

parameters of FGHP are depicted in Fig. 2.11. The speci�cations of experiments are

given in Table 2.4.

Figure 2.11: Schematics of geometrical parameters of FGHP

Table 2.4: Operating and geometrical speci�cations Si FGHP experiments

Evaporator length (Le) 26 mm

Adiabatic region length (La) 48 mm

Condenser length(L c) 26 mm

Fin width (wf ) 0:4 mm

Groove width (wg) 0:4 mm

Groove height (hg) 0:4 mm

Vapor spacing (hv) 5:0 mm

Base height (hb) 0:6 mm

Number of grooves (Ng) 29
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