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ABSTRACT

Thermal energy storage systems as an integral part oémvated solar power
plants improve the performance of the system by mitigating ikeatch between the
energy supply and the energy demand. Using a phase changaln{&€M) to store
energy increases the energy density, hence, reduces thendizmst of the system.
However, the performance is limited by the low thermal comdticof the PCM, which
decreases the heat transfer rate between the heat sourd@Cdhdwhich therefore
prolongs the melting, or solidification process, and results in oagnigethe interface
wall. To address this issue, heat pipes are embedded in the PGMWaace the heat
transfer from the receiver to the PCM, and from the PCM to the heat sink durigghghar

and discharging processes, respectively.

In the current study, the thermal-fluid phenomenon inside a heatwape
investigated. The heat pipe network is specifically configucete implemented in a
thermal energy storage unit for a concentrated solar powansy3he configuration
allows for simultaneous power generation and energy storadetdoruse. The network
is composed of a main heat pipe and an array of secondary heatTgipeprimary heat
pipe has a disk-shaped evaporator and a disk-shaped condenser, which arecemmect
an adiabatic section. The secondary heat pipes are attached ¢ontdenser of the
primary heat pipe and they are surrounded by PCM. The other sttle obndenser is
connected to a heat engine and serves as its heat acceptor. Tér thepinal energy to
the disk-shaped evaporator changes the phase of working fluid inaketwicture from

liquid to vapor. The vapor pressure drives it through the adiabattiorseto the



condenser where the vapor condenses and releases its heat tersgimeatlt should be
noted that the condensed working fluid is returned to the evaporattirebgapillary

forces of the wick. The extra heat is then delivered to the pi@see material through
the secondary heat pipes. During the discharging process, secondapijpbhsaserve as

evaporators and transfer the stored energy to the heat engine.

Due to the different geometry of the heat pipe network, a new maher
procedure was developed. The model is axisymmetric and accourtg forpressible
vapor flow in the vapor chamber as well as heat conduction in themalvick regions.
Because of the large expansion ratio from the adiabatic seattbe primary condenser,
the vapor flow leaving the adiabatic pipe section of the primaay pipe to the disk-
shaped condenser behaves similarly to a confined jet impingemenefdree the
condensation is not uniform over the main condenser. The feature thaet rtie
numerical procedure distinguished from other available techniquets iability to
simulate non-uniform condensation of the working fluid in the condensgorsethe
vapor jet impingement on the condenser surface along with condensatideled by
attaching a porous layer adjacent to the condenser wall. This pasaursatts as a wall,
lets the vapor flow to impinge on it, and spread out radially whadlows mass transfer
through it. The heat rejection via the vapor condensation is estirfraim the mass flux
by energy balance at the vapor-liquid interface. This method aflaimg heat pipe is
proposed and developed in the current work for the first time. Labomtlngrical and
complex heat pipes and an experimental test rig were ddsigne fabricated. The
measured data from cylindrical heat pipe were used to evaluatactiheacy of the
numerical results.



The effects of the operating conditions of the heat pipe, heat anplifportion of
heat transferred to the phase change material, main condensestryge@nmary heat
pipe adiabatic radius and its location as well as secondarpipeatonfigurations have
been investigated on heat pipe performance. The results showed thatdase with a
tubular adiabatic section in the center, the complex interactioarsfective and viscous
forces in the main condenser chamber, caused several recircutates to form in this
region, which made the performance of the heat pipe convoluted. Thaulaoom zone
shapes and locations affected by the geometrical featuresharnakat input, play an
important role in the condenser temperature distributions. The tetomgedistributions
of the primary condenser and secondary heat pipe highly depend orcdheasg heat
pipe configurations and main condenser spacing, especially for ¢ wdb higher heat
inputs and higher percentages of heat transfer to the PCM via sectedarpipes. It
was found that changing the entrance shape of the primary condedsere secondary
heat pipes as well as the location and quantity of the secondatrypipes does not
diminish the recirculation zone effects. It was also concludedcttaiging the location
of the adiabatic section reduces the jetting effect of the vApar and curtails the
recirculation zones, leading to higher average temperature imaire condenser and

secondary heat pipes.

The experimental results of the conventional heat pipe are préskatecver the
data for the heat pipe network is not included in this dissertationreudts obtained
from the experimental analyses revealed that for the trarggenation, as the heat input
to the system increases and the conditions at the condensengaoastant, the heat
pipe operating temperature increases until it reaches ano#iaelysstate condition. In
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addition, the effects of the working fluid and the inclination angleevatudied on the
performance of a heat pipe. The results showed that in gravisgeakssrientations, the
inclination angle has negligible effect on the performance ohdéag pipe. However, for
gravity-opposed orientations, as the inclination angle increases, ethperature
difference between the evaporator and condensation increasds nebudts in higher
thermal resistance. It was also found that if the heat pipeder-filled with the working
fluid, the capillary limit of the heat pipe decreases draralyicHowever, overfilling of
the heat pipe with working fluid degrades the heat pipe performdunedo interfering

with the evaporation-condensation mechanism.
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NOMENCLATURE

A area,
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d wire diameter, m
do conventional heat pipe diameter, m

latent heat of evaporation,
thermal conductivity,

K permeability, M
L length,
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Is heat pipe outer surface curve length, m
Ls secondary heat pipe length,
mass flow rate, kg/s
n normal direction
N mesh number
P relative pressure (RolutePreferencd,

heat transfer via secondary heat pipe in percentage of totahpaato
the evaporator.
reference pressure,

q heat flux,

heat transfer,
r radial coordinate
R radius,
Res thermal resistance, K/W
R inlet corner radius, m
Ro outlet corner radius, m

gas constant ,
adiabatic section radius

S heat pipe spacing
temperature,
reference temperature,
t thickness,
th thickness of secondary heat absorber,
ty thickness of concentric adiabatic section
axial velocity,
U uncertainty
radial velocity,
z axial coordinate
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CHAPTER 1

INTRODUCTION

1.1 Importance of research

Solar energy is one of the primary sources of renewableyyerfer power
generation. However, it is diffuse and intermittent, which mearne ikea gap between
the energy supply and the energy demand. Thermal Energy Storage (TES®¥ offte a
good solution to the intermittency issue of the solar energy. Combthaaghermal
energy storage with concentrated solar power plants provides aumugi supply of
energy. Among the various methods, latent heat thermal energgessystems benefit
from higher thermal energy storage capacity and mathaesmal operation throughout
the process. However, the high thermal resistance in the latahtthe¥mal energy
storage system associated with the low thermal conductivityhef Rhase Change
Material (PCM) has adverse effects and significantfeci$ the rate of charging or

discharging.

Several techniques are proposed to overcome this drawback including t
utilization of extended surfaces, or fins, packing the PCM wih khermal conductivity
porous medium [1], or blending the PCM with high thermal conductivityigkes [2].
One of the alternative approaches that has gained flourishitegest recently is
embedding a two-phase heat transfer device, such as a heatnpip¢he PCM to

compensate for the low thermal conductivity of phase change materials.



Heat pipe is a passive heat transfer device that can diskapggeamounts of
heat through evaporation and condensation of a working fluid. The compafehts
heat pipe are a sealed container, a wick structure attached ton#resurface of the
container, and a small amount of working fluid, which is in equilibriurth wis own

vapor (Figure 1-1).

HEAT IMN METAL WICK STRUCTURE HEAT OUT
[1]]] i
o i
R S
ey T
> )

WVapour Flow
e
e

i ‘if"@ e R S T
_TT TTT T I ISOBAR SHELL l-l -1-1- -l_L_

HEAT IN HEAT OUT

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

The applied heat to the evaporator vaporizes the working fluid.v@per is
driven to the condenser by the generated pressure difference ivtedeases its heat and
changes its phase to liquid. The liquid is turned back to the evapaabe by the
capillary force of the wick. Since the latent heat of vaporizasarsually enormous, heat
pipes can efficiently transport a considerable amount of heataoegry distance with a
relatively small temperature drop. While most heat pipes havwedaglal or flat shapes,

they can be manufactured in different configurations for specific applications.

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

integrated in concentrated solar power systems. The heat piywerkeas shown in



Figure 1-2 is composed of one primary heat pipe and an arracohdary heat pipes.
The primary heat pipe transfers the solar energy receivttk atvaporator to the heat
engine. The secondary heat pipes, which are embedded into the R@Mertrextra

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

secondary heat pipes act as evaporators and transfer stored energy toghgiheat

Receiver Vapor Chamber
Wick Structures Secondary heat pipe array

Solar Energy

Working Fluid Vacuum Engine Heater Head

Space Salt insulated
Heater Head Vapor
Primary central heat pipe Chamber

(@)

(b)

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

It should be noted that the overall performance of the systenfilusnced by the

operating conditions and geometrical characteristics of the heat pipekétjvo



1.2 Problem statement

Thorough knowledge of the phenomenon involved inside the heat pipes plays an
essential role in improving their design and performance. To betterstadd and to
better predict the operation of the whole system, including the thermeegy storage and
the heat engine, one should have deep knowledge of physical phenomenon irtsdé the
pipe network. The intention is to gain better insight into the transponiopienon of the
heat pipe network described in Figure 1-2. The main objective of thentwvork is to
develop a numerical model to investigate the effects of the @hysid geometrical
features on the steady state performance of the heat piperkelesigned for the TES-
heat engine unit. It is of interest to find the configurations léed to a more uniform
heat rejection in the primary condenser in order to improve the epgifmmance and
provide a more uniform phase change of the PCM for efficient thesn@agy storage.
An experimental setup is fabricated to validate the accurattyeobbtained results. Due
to the complexity and novel design of the heat pipe geometrgiuldg was conducted in

several steps. Three specific objectives are as follows:

1.3 Research Objectives

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

The focus of this section was to develop a numerical model to atemthe
thermal-hydrodynamic behavior of the heat pipe network. To simpigyptoblem, first,
it was assumed that all the absorbed solar energy is tnausfer the heat engine.
Therefore, only the primary heat pipe was considered and secadmerypipes were

neglected. The salt charging and discharging via the array ofda&y heat pipes were
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not the focus of this section and were not included in the simulation.t®uke
complexity of the heat pipe geometry, a new numerical approashdeseloped. The
numerical model accounts for the compressibility of vapor, viscouspdison, and
pressure work in the energy equation of the vapor region as well as heat @mututtte
wick and wall regions. One of the main challenges in the nunhesiiwaulation of the
steady state performance of heat pipes was the determinatigloafty profile at the
condenser section of the vapor core. It is usually simulated uyferm mass suction
velocity obtained from the energy balance equation with a uniforat thex at the
condenser. However, this is not exactly a correct assumptiohisocamplex heat pipe.
The velocity is not only determined by the exterior factors, $aiso influenced by the
interior vapor flow field. In the present work, the vapor coming from the adiadsstton
is similar to the jet impinging on a surface. Thereforegpmamig uniform mass flux at the
condenser section of the vapor chamber results in an uniform heéibregiccondenser,
which is not consistent with what was observed by Qiu et al. Mfatt, the heat
distribution at the condenser is unknown in the current design and thab Haes
calculated. The heat distribution on the condenser wall is gratilgted by the vapor
flow velocity and heat pipe geometry features such as heatepigth, adiabatic section

radius, and condenser space etc.

In order to overcome this issue, a numerical procedure was develophih
porous layer with low permeability is attached to the end of cord@&ighe vapor core
to obtain the condensate velocities profiles. This thin porous layeraad wall to split
out the impinging vapor flow while it allows mass transfer tgfoit. Therefore, the heat
rejection from the condenser can be calculated from the condenden stetocity via
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energy balance. The porous layer is eliminated while solving rteegge equations. In
order to validate the introduced simulation procedure, the computatioascaducted

for a high temperature cylindrical heat pipe. The results wengared to the available
experimental data and excellent agreement was observed. Ttis effeeat input at the
evaporator, adiabatic diameter and operating temperature wastigated on the
performance of the heat pipe. The performance of the heat pageewaluated by

calculating the corresponding thermal resistance.

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

In this section, the numerical procedure was extended to indhedeftect of
secondary heat pipes on pressure and temperature distributions ofdhsusfaces of
the condensers. The effects on the pressure and temperature disisiliidm the heat
input, portion of heat transferred to the phase change materialcoraienser geometry
and secondary heat pipe configurations have been investigated. WHienwtimapinges
on the condenser surface and spreads out toward radial direction, sevicallation
zones are formed. These recirculation zones are not desirable thegecause
fluctuations in the temperature distributions of the main condensacsusihich act as
the heat receptor of the heat engine. Besides, they make theraarce of the heat pipe
convoluted. Therefore, in this section, the performance of the heat pgpangroved by
modifying the geometrical features in order to alleviate floal prevent separations. The
effects of condensers entrance shapes on the temperature distsitnitsecondary and
primary condensers have been evaluated. In addition, the effect atfaadisection

location has been investigated. The configurations that lead to mooenutémperature



distribution at the primary condenser to improve the engine performamtemore

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

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

In this section, an experimental setup was designed to provideettepipes
thermal characteristics needed to validate the numerical results. Botiricgl heat pipe
and the heat pipe network were designed and fabricated. Heatwepesiesigned and
manufactured in the laboratory. The manufacturing process includedecice of
container material and working fluid, machining of the container ank preparation,
wick insertion, acid cleaning of the wick and container materialciatéon of the
container and charging with the working fluid. After successfulidabon, heater,
cooling jackets and measurement sensors were installed to dehequired data. The
effects of heat input, working fluid amount, and inclination angle® wsardied on the
heat pipes outer wall temperature distribution and the overall penfmen The overall
performances of the heat pipes were evaluated by calculagngptresponding thermal
resistance defined as the ratio of the difference in the eat@mpand condenser average

temperatures in the heat input.

1.4 Thesis outline

The thesis is divided into six chapters and the summary of each chaptedis liste

below:

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

the current work. It also includes the problem statement and the research abjective



Chapter 2 provides an overview of heat pipe operation fundamentalso It als
presents a comprehensive review of literature, including numesicdl theoretical
techniques for heat pipe analysis as well as experimentakestutialso illustrates the
previous configurations of embedded heat pipes into PCM in latenthesatal energy

storage systems.

Chapter 3 introduces the numerical methodology, which is developed in this
research to describe the thermal-hydrodynamic phenomena happend® thmesiheat
pipe network. The governing equations along with boundary conditions arebdesand
the developed numerical procedure is delineated. The chapter furémsents the
different configurations and geometries considered for the heat mifeeinumerical

work.

Chapter 4 presents the experimental technique used in the auomntFirst, it
describes the general procedure for heat pipe manufacturing anthéh@nocedures,
which were utilized in this research to fabricate the conventioeal pipe and the heat

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

Chapter 5 presents the results obtained from both numerical andmexquet
studies. First, the numerical results obtained from the steadly simulation of the
primary heat pipes are described. The effects of heat inpuhanddius of the primary
adiabatic section on velocity, pressure, and temperature profileshang. Second, the
results for the cases with secondary heat pipes are preseheeeffécts of secondary
heat pipe quantity and position on pressure and temperature distribugotis@issed.

For the third section, the results from design improvement by oignige shape of



entrances and the adiabatic section configuration are illustfatedly, the experimental
results are displayed and the comparison is conducted between thecalraad

experimental results.

Chapter 6 outlines the findings of the current work and the conclusionssthles

obtained from numerical analyses and experiments.



CHAPTER 2

RESEARCH BACKGROUND

2.1 Heat pipe overview

2.1.1 Principle of heat pipes

Heat pipes are one of the most efficient heat transfer dewitesh apply phase
change to transfer heat. The operation of a heat pipe can benegdbaised on Figure 2-
1. As shown in this figure, a heat pipe is composed of a container, ihioher wall is
covered with a wick material. The heat pipe container is fustw@ated and then charged
with the appropriate amount of working fluid and then is sealed. The iwisaturated
with the liquid phase of the working fluid, and the remaining voluméefchamber
includes vapor. The major sections of a heat pipe are evaporator andssrnabere are
in contact with the heat source and the heat sinks, respectively. A heatrplpewdh or

without adiabatic section.

The received energy at the evaporator is conducted through thewdallivick
structure to the liquid. Part of the liquid will be vaporized and the viapeels along the
heat pipe to the condenser. At the condenser, vapor condenses and rtsléasego the
heat sink and changes its phase to liquid. The capillary pressune ofick structure
returns the resulted liquid back to the evaporator. The heat pipe corttnuesk as long

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

Using these fundamentals, heat pipe can transfer large amountatafviee a

long distance with only a small temperature drop.

2.1.2 Heat Transfer Limitations
During the operation of a heat pipe, there are a number of phpsieabmena
that can be encountered, which may limit the performance ohé¢hé pipes. These

limitations can be classified as below:

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

temperatures where the inertial forces cannot dominate the losses due tdidme@jic

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

reaches sonic velocity and is choked [6].

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

provide the required capillary pressure to circulate the liquid flow in the wick [5]
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Entrainment limit:High velocities of the vapor generate high interfacial shear
force, which causes the droplets of liquid be torn from the wickace, and be entrained
into the vapor that is flowing toward the condenser section. letify@inment becomes

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

Boiling limit: This limitation occurs in cases with high radial heat fluxetha
evaporator section when the liquid in the evaporator wick boils and théeemperature
becomes too high. The formed vapor bubbles in the wick prevents the liquid from wetting

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

2.1.3 Working fluid and operating temperature range

Heat pipes can be built and manufactured in different shamed e their
applications. Each application has a particular temperature raaigihé heat pipe needs
to work in and it should be included in the heat pipe design. The desmgzbrature
range can be obtained by selecting the appropriate working figare=2-2 shows some
commonly used working fluids. The operating temperature are cébssgitio four groups

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

In order to ensure the long life operation of heat pipes, the workiregshould
be compatible with the wick and container material. Table 2-1 peeflamtinformation

regarding compatibility test of commonly used working fluids [8].
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Figure 2-2 Approximate range of applicability ofie® working fluids in the various temperature regime

[7]

Table 2-1 Working fluid and container compatibittgta [3]

Working Fluid | Compatible Material Incompatible Material
Water Stainless Steel, Copper, Silica, | Aluminum, Inconel
Nickel, Titanium
Ammonia Aluminum, Stainless Steel, Cold
Rolled Steel, Iron, Nickel
Methanol Stainless Steel, Iron, Copper, Aluminum
Brass, Silica, Nickel
Sodium Stainless Steel, Nickel, Inconel, | Titanium

Niobium

2.1.4 Wick structure

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

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

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

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

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

Wick type Capillary Pumping Thermal Permeability
conductivity

High High low-average
Wrapped Screen

High average low-average
Sintered Metal

low high average-high

Axial Grooves
low high high

Open Artery

Three wick structure features should be taken ¢otwsideration in designing heat
pipes:
Minimum capillary radiusThis property is related to the pore size andadusth be small
if high capillary pressures are needed
Permeability: Permeability is the wick resistance to the axialf Small permeability
results in high pressure drop in the liquid flow.
Effective thermal conductivitydigher thermal conductivity leads to smaller tergiure

drop along the wick, which is desired in heat pifgs
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2.2 Literature survey

2.2.1 Numerical and analytical heat pipe simulations

In order to understand the thermal and hydrodynamic behavior of heat pipe
several analytical and numerical simulations have been developgedliiérent degree
of complexity. Initially, the studies were focused on modeling teadst state vapor and
liquid flow dynamics in heat pipes. The steady state lamimasmpressible flow was
assumed in the investigation of different heat pipe configurationk as flat [9],

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

Nouri-Broujerdi and Layeghi investigated the steady state bmhadfi an
incompressible vapor flow in a concentric annular heat pipe at botlahowmoderate
Reynolds number. The evaporation and condensation were modeled as ufoferm f
injection and suction. They showed that by increasing the radghdkds number, a
number of small and large recirculation zones are createdtlatends of the evaporator
and condenser sections. These zones exert a shear force on rdigundnigp the wick,
which increases the momentum of returning flow and leads to improvkmtimance of

the heat pipe [13].

Chen and Faghri presented a numerical procedure to analyzee#itly state
performance of a cylindrical heat pipe including the effectsoojugate heat transfer,
compressibility, and viscous dissipation. The wick region was motgleeglecting the
liquid flow inside the wick and considering pure conduction with affecthermal
conductivity of the porous structure. Two-dimensional elliptic goverequations along

with thermodynamic equilibrium relation for wick-vapor interfagere solved for both
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high and low temperature heat pipes. Their results showed a fair agreemeniailétble
experimental data [14]. In another work, Faghri and Chen performedilarsanalysis,
studying the effects of flow reversal phenomenon in the condeeséiors and the
utilization of parabolic versus elliptic governing equations on the mddaiesults. They
concluded that both types of equations lead to similar results efocepinditions with
high radial Reynolds number and large thermal conductivity of the Mgk Adopting
the same procedure, Faghri et al. studied a high temperatuneifeatith multiple heat
sources. They solved two-dimensional transient mass, momentum any egeagjons
in the vapor zone along with the energy equations in the wick andregabns. The
obtained numerical predictions were in agreement with their expetal results [16,

17].

Thuchayapong et al. applied finite element method to simulatealimvensional
fluid flow and heat transfer in a cylindrical heat pipe a&ady state condition. Linear
capillary pressure variation in the radial direction was asduama implemented to
couple the liquid and vapor pressure at the interface. The numesstdds of the wall
and vapor temperature distributions showed a good agreement with a&vailabl

experimental data [18].

Pooyoo et al. investigated the copper-water cylindrical heat wite non-
Darcian transport of liquid ow inside the wick and varying mas rate of the liquid —
vapor interface. The outer wall temperature, centerline vgloc#gnitude and thermal
performance of the heat pipe were obtained [19]. Park developed a ralntesimique
to predict the effect of heat distribution on the performance obvatémperature

cylindrical heat pipe with multiple heat sources [20].
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Kaya and Goldak presented a three-dimensional, finite element-bexi to
study the performance characteristics of flow in a water-copy@at pipe. They
considered laminar incompressible vapor flow with non-uniform heating in the
evaporator area. The governing equations were simplified byatieglehe convection
terms in the extended form of the Darcy equation in the wick. By ignored the
viscous dissipation and pressure works in the vapor energy equation.e3iies r
indicated that the wick material with high thermal conductivity pesi more uniform

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

Koito et al. formulated a mathematical model to simulate tttegmal fluid
phenomena in a flat heat pipe made of copper. Water was considesedkasy fluid.
They assessed the capillary pressure needed to circulate thegafarid. In addition, an

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

Aghvami and Faghri studied the thermal-fluid behavior of ahst pipe with
different heating and cooling configurations analytically. The vapmperature drop
was expressed by using Clausius-Clapeyron equation. The resultsdstiat reducing
the size of heat source could abase the performance of the heattpiyses also
concluded that the evaporation and condensation are uniform only if theanaiictivity
of wall material is small [23]. Shabgard and Faghri presenteahalytical solution to
investigate the performance of the cylindrical heat pipe withipte heat sources. They
also carried out a parametric study to evaluate the effetiechxial heat conduction of
the wall on the heat pipe performance. It was shown that not congidesll heat
conduction could bring about more than ten percent error in the calcplatsiire drop

[24].
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Three-dimensional numerical analyses were also performed footluions that

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

The transient operation of heat pipes can be classified intcdtegories. The
first group focuses on the startup process in which wick isligiiiaa frozen state, and
the heat pipe core is evacuated. Generally, the heat pipe starteny complicated and
involves vapor transport in free molecular and continuum flow regimaskirg fluid as

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

In the second group, the continuum transient behavior of heat pipdseéas
investigated. Continuum transient modeling methods can be divided into & m
groups based on the calculation of the condensation and evaporaticof ketper at the
vapor-wick interface. In the first technique, the energy balawetion is solved by
applying the heat fluxes at the vapor and wick regions to obtainvpo®ation mass
flow rate. The condensation profile is obtained using outflow boundarytemrslat the
vapor core exit or with mass suction obtained from energy-balancetioequa, 30-32].

In the second group, the mass flow rate at wick-vapor inteifa@alculated by the
kinetic theory of gasses. The energy balance and the Clatisipeyron equations are
used to determine the saturation temperature at the interfaeesyStem operating

pressure was computed by enforcing overall mass balance in the vap@3¢c&4).

Jang et al. developed a first-order transient model of the Vlporn a heat
pipe. One-dimensional compressible vapor flow in a porous pipe accountilagnioar
and turbulent friction coefficients was employed to simulate pgse operation [35].

Noh and Song studied the switching transient operation of thephpsst with several
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heat sources. The governing equations for the water-vapor flow desaibed using
two-dimensional transient procedure. The flow was assumed to bepressible and
laminar with constant properties in axisymmetric cylindricabrdinate. The wick and
wall regions were simulated using the heat conduction equation. The av@apand
condensation rates were obtained from energy-balanced equations. dpmyed
transient time needed to reach the steady state for heatwaipegifferent heat source
configurations [36]. Wang et al. studied the transient operatiorigihatemperature heat
pipe. The two-dimensional transient conduction model for the heat pipeancalick
structure was coupled with the one-dimensional quasi-steady modékefeapor flow.
The kinetic theory of gasses was implemented to calculatentaes flow rates at the

wick-liquid interface [37].

2.2.2 Experimental investigations

Experimental studies on heat pipes have been done to investigatietiie of
different parameters on thermal performance of heat pipes. Shedies are classified
into different groups studying the heat pipe operating conditions [38],afyfiee wick
structure [39], working fluid type or the geometry of the heat i 41]. Some

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

Faghri and Buchko performed experimental testing for a copper-wast pipe
with the purpose of verifying their developed numerical model. fibat pipe was
exposed to multiple heat sources. Screen mesh was used askr&ructure [43]. In
another experimental work, Faghri et al. have investigatettdhsient and steady state
operations of a high-temperature heat pipe. One of the objectithsiofvork was to

provide accurate result to validate their numerical results [16].
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De Schampheleire et al. investigated the effects of novel watkrial composed
of metal fibers on the thermal operation of a water coppergigat The fiber mesh heat
pipe thermal resistance was compared to those of heat pipes ongtn smesh and
sintered wick [44]. They also studied the effects of thickness arasipoof the wick
material [45]. Kempers et al. studied the effects of mestrdagnd fluid loading on the
performance of water-copper heat pipes. They concluded that themamavheat transfer
through the heat pipe increased as more number of mesh layerseda®uthe wick
[46]. Franchi and Huang examined the enhancement in thermal penf@mé a heat
pipe resulted by using a composite wick. The wick was fabdc&tam a biporous
structure composed of fine nickel metal powder sintered onto lafec®arse pore
copper mesh [47]. More studies can be found with the focus on the wickatygpe

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

Peyghambarzadeh et al. explored the effect of different worlking on the
performance of a dual diameter of a heat pipe. They used watiramol, and ethanol as
working fluid and reported that higher heat transfer coefficiergsobtained for water
and ethanol in comparison with methanol. Recently, water based ndadflue gained
interest to be used as heat pipe working fluid instead of conventional working fluid due to
their higher thermal conductivity [51]. Many studies have been dgplereg the effects

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

Experiments were also conducted to study the performance opipest with
non-conventional geometries for specific applications. The performanaehebt sink
with embedded L-type and U-type heat pipes was studied by WangWalg et al.

developed a concentric condenser heat pipe array, with the applicatwaste heat
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recovery. The overall thermal performance of the heat pipe whgzadaxperimentally
and the effects of heat input, inclination angle, and the lesfgtivaporator section were

studied [57].

2.2.3 Heat pipes in latent heat thermal energy storage systems

Concentration solar power (CSP) technologies utilize mirrorgltect the sun’s
energy. The concentrated energy is used to drive a heat dngyemerate electricity.
Latent heat thermal energy storage systems combined with y38#ns alleviates the

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

Because of the large amount of energy that associates wisloltddiquid phase
change, the energy density increases, hence reduces the sizesarad the energy
storage system [58]. In addition, nearly isothermal energy stagapeneficial. The
materials that are used in latent heat thermal energygst@ystems to store energy is
referred as phase change materials (PCM) [59]. The PCMgearzally classified into
organic, inorganic, and eutectic mixtures. Organic compounds are fernmedffin
waxes, esters, acids, and alcohols. The salt hydrates, eut#ctiosrganic salts, and
metals and their eutectics are included in inorganic group. P@Nslso be classified
based on their melting temperature as low, medium, and high tempgratione
temperature phase change materials including the organic compouhdirageused in
low temperature applications such as domestic hot water production, greerhbatisg,
solar cooling, etc. [60]. Inorganic material and metals are goodidzas to be
implemented in high temperature latent heat thermal energggst@ystems including

solar power plants or industrial waste heat recovery systems [61].

21



Despite all the mentioned advantages of the latent heat thenerglyestorage
systems, their performance is hindered by the low therorauctivity of commercially
available phase change materials. This leads to prolonged chargidgpeimarging of the
systems and overheating of the heat transfer surface. To atldseissue, heat pipes can
be embedded into the PCM which greatly improves the heat tranglee system [62,

63].

The effects of different arrangement of conventional heat pepasedded in
PCM on the charging and discharging time of the storage unibastdered by previous

studies.

Sharifi et al. explored the effect of embedding a cylindiiesdt pipe on melting
of a phase change material in a vertical cylindrical conta@seshown in Figure 2-3. The
container was heated by the heat pipe, which was located eritex and its condenser
was surrounded by the PCM. The performance of the heat pipeaiet@gystem was
assessed by comparing the melting fraction at each time to those wdabgissothermal
surface or hot concentric rod or tube. Higher melting rates were repartie fcase with
heat pipe [64].

The effect of cylindrical heat pipes configuration was also etudby
Nithyanandam and Pitchumani. They considered two configurations. fiighene, the
heat transfer fluid (HTF) was flowing inside the tubes, whiclhewsurrounded by the
PCM while in the second module, the PCM was contained in the tubedTdhdvas
flowing over them. Four heat pipes were located circumferentally were spaced

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

in Figure 2-4 [65].

Robak et al. [66] assessed the effectivenesst@fitidneat thermal energy storage
systems assisted by heat pipes. Rate increase %fwas reported for the melting of the

PCM with embedded heat pipes.
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Figure 2-3 Physical model and computational dorf@ithe heat pipe assisted latent heat thermabgner
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Figure 2-5 Configuration of heat pipes inside PGMRbbak et al. study [66].

Tiari et al studied the effect of heat pipes drarging and discharging
processes of the PCM enclosed in a square cavityg8] or in a vertical cylindrical
container [69] filled with a eutectic mixture a®tRCM. They studied the effects of heat

pipe quantity and arrangement on melting and dalation rates of the PCM.
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Figure 2-6 Different arangements of heat pipe msidhermal energy storage unit used by Tiari.68].

More studies can be found on the effect of embeduaat pipes on the charging
and discharging duration of the latent heat thererargy storage system which all

reported positive improvement in overall performané€ the system [70, 71].
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CHAPTER 3

NUMERICAL ANALYSIS

3.1 Problem definition

The system configuration is shown in Figure 3-1. The unit consistdheht pipe
network, thermal energy storage and a heat engine. The heat pipe netwonkaesed of
a primary heat pipe and an array of secondary heat pipes. P tdiermal energy
received from the sun is delivered to a heat engine throughritharp heat pipe. The
excess thermal energy is re-directed and stored in the phasge material via an array
of secondary heat pipes. In the present work, only the operation afah@ipe network
is simulated and PCM charging or discharging is neglected.hEnmal energy received
from the sun on the evaporator surface is transferred to the igthé wick. The liquid
phase changes to vapor. The vapor is driven through the adiabatidugatb the
generated pressure difference. The vapor leaving adiabationséotvards the main
condenser is similar to a jet. The vapor jet strikes to the m@denser surface and
spread out radially while its phase is changing to liquid anéléasing its heat to the
heat engine via condenser. However, part of the vapor is re-ditectlee secondary heat
pipes where, its heat is delivered to the phase change salttisnaogeration of the heat
pipe is the focus of this study, the salt phase change and lggad ane not included in
the model. In the current model, salt is represented by considernragesial with low
thermal conductivity around the secondary heat pipes. The heat d@siatihe heat
engine is simulated by attaching a heat absorber with high dhewnductivity to the
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primary condenser. The vacuum insulation is considered as the adibbahdary
condition in the mathematical modelling. To reduce the entrance #paration at the

sharp corner of the evaporator to adiabatic section, the cornaunided in the current

study.
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Figure 3-1 Schematic the heat pipe network integratith thermal energy storage unit and a heatengi

3.1.1 Heat pipe physical properties and key parameters
Since the heat pipe network is aimed to be implemented in higtetatare
latent heat thermal energy storage system, sodium vapor wassusesl\aorking fluid.

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

The thermophysical properties of Sodium vapor and liquid are list€dble 3-1

for different operation temperatures.
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Table 3-1 Thermophysical properties of Sodium

T(K) )+ +. o 0, 0- 1 1. Cp,v
(Pa)  (kikg)  (kg/m3) (10 (108 (W/m-K) (W/m-K)  (J/kg-K)
N[s/m?) N[s/m?)
800 876 4237 825.6 2.298 1827 65.88 0.034 2555
900 4876 4131 801.8 2.018 2010 61.25 0.041 2700
1000 19220 4026 778 1.809 2211 56.6 0.046 2709
1100 584000 3925 754 1.645 2398 51.96 0.0492 2632

Steel was chosen as the wick and wall materiaks tduits compatibility with
sodium. Screen mesh was selected as the wick wteucthe key parameters of mesh
screens are the wire diameter (d) and mesh nunNjerQther parameters of the wick

material, such as porosity and permeability caddreved by the following equations [5]:

356789
: (3-1)
o, 9¢
' 3<x8 & (3-2)

The effective thermal conductivity of the wick ragal is obtained using equation
( 3-3) in which ks the thermal conductivity of the liquid sodiumdaks is the thermal
conductivity of steel.

A~ B > =3 &= D

2
? =B >B=3 &= > (3-3)

The calculated properties of the wick are presemd& able 3-2.

Table 3-2 Physical properties of the wick structure

Wick type Screen mesh
Mesh NumberN 100

Wire diameterd 0.053mm
Effective radiusk 0.0000635 mm
Porosity,F 0.65
Permeability K 5.4G10°
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3.1.2 Primary heat pipe Physical model
Due to the complexity of the heat pipe geometrg, simulation was conducted in

several steps.

In the first step, only the steady state operatbrthe primary heat pipe is
simulated (Figure 3-2). It is assumed that all #rergy received from the sun is
transferred to the heat engine. The primary hga¢ B composed of a vapor chamber,
wick and wall regions. The wicks are saturated \hign liquid and the remaining volume
of the heat pipe is occupied by the vapor. The anmif heat flux is applied to the
evaporation section and changes the liquid to vaploe vapor flows over the adiabatic

section to the condenser, where it condenses #&mbes its energy to the heat engine.
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Main heat absorber

Figure 3-2 Primary heat pipe schematic

Table 3-3 shows the wick and wall properties als asegeometrical dimensions

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

Evaporator radiug;, 0.1
Inlet corner radiug], 0.01m
Adiabatic section radius 0.01m 0.015m  0.02m
H
Inlet length,J, 0.01
Condenser radiusik 0.1
Outlet corner radiug{, 0.01m
Outlet lengthJg 0.01
Total length,] 0.4173
Wall
Wall thicknesdy 0.001
Operating temperatur€p Thermal conductivity, q
800R 22.6 W/m-K
900R 24 W/m-K
1000R 25.4 W/m-K
Wick
Wick thicknessy, 0.0015 m
Operating temperature Effective thermal conductivity
?
800R 46.8W/m-K
900R 45.2 W/m-K
1000R 43.4 W/m-K
Heat absorber
Thermal conductivitylg 200 W/m-K
Length,J, 30 mm

3.1.3 The primary heat pipe including the effect of secondary heat pipe
The two-dimensional axisymmetric schematic of the heat pipveorie is shown
in Figure 3-3. The heat pipe network is composed of a primarypigatnd an array of

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

Five different configurations of the secondarathgipes have been considered,
as shown in Figure 3-4. Case 1, 2 and 3 are cordpafsene secondary heat pipe. The
secondary heat pipe is located near the primariygipa (casel), in the midway (case 2),
or away from the primary heat pipe (case3). Cassnd 5 consist of two and three
secondary heat pipes respectively. The positioteeotecondary heat pipes are provided

in for all cases considered.
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Figure 3-4 Schematic of the secondary heat pipegroations
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Table 3-4 Secondary heat pipe heat pipe dimensions and properties

Vapor core

Thickness); (mm) 4 mm
Length,J;(mm) 380 mm

Wall
Thickness) 0.001
Thermal conductivity,1y 22.6

Wick
Thickness),, 0.0005
Effective thermal conductivity,1 45.2

Secondary heat absorber
Thermal conductivity, 11, 0.5
4 mm

Thicknesshy,

3.1.4 Design Improvement
To improve the performance
modified in order to alleviate flow

condensers entrance shapes on the

of the heat pipe, the geometricalrdsaare
and prevent flow separations. &fiects of

temperature distributions of seemtiarimary

condensers are evaluated. The different entrance shapes forypdoraenser and

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

s.1

Figure 3-5 Primary condenser and secondary heas pifiet shapes (a) main condenser inlet (b) skagrheat pipe

inlet

31



In additions, the effect of adiabatic section location is inyatgd. The adiabatic
part can be tubular and be placed at the centerline or be concadtbe éocated around

the PCM container as shown in Figure 3-6.
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Figure 3-6 Different configurations of the diabat&ction (a) case 1, tubular adiabatic sectiorcdbg 2,
concentric adiabatic section

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

Table 3-5 Primary condenser and secondary heas pigteance dimensions

Main condenser Round Tapered
Ro 10mm Lo 28 mm
to 10 mm
Secondary Heat Tapered
pipe Ls.i 8 mm
ts,i 8 mm
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Table 3-6 Adiabatic section dimensions
Adiabatic Case a radius, R 0.1

Case b thickness, ¢t 0.004

3.2 Assumptions

The assumptions incorporated in the mathematical simulations are as follow:
- Heat pipe is two-dimensional and axisymmetric.
- Liquid and vapor flows are steady and laminar.
- Gravitational force is negligible.

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

- Evaporation and condensation only happen at the interface betweeptreand
liquid.

- Pressure work and viscous dissipation effects are included enéngy equation
of vapor.

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

- Vapor density variations are evaluated using ideal gas equation.

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

3.3 Governing Equations

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

3.3.1 Vapor region
The conservation of mass and momentum equations and the energy equation for

vapor can be written as:
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Continuity,
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Where,%is the viscous dissipation and is defined as:
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v

Equation of state:

The compressibility effect is included by using ideal gas equation. The vapay dans

be obtained from following equation:

Y2 !
(3-10)

3.3.2 Liquid region
Based on Cao and Faghri [72], the liquid flow in the wick has nétgigiffect on
the temperature distribution of heat pipes and can be ignored. The governingreqaiati

be written as:

3V \/W\Bv F2 5
2 C [ VX

VW W (3-11)

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

3.3.3 Wall region

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

equation:
c3 v \/W\ B v F25
el Vw' B v (3-12)

Where, w refers to the heat pipe wall material.
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3.3.4 Boundary conditions
The following boundary conditions are applied anterline, vapor-wick

interface, wall-wick interface, wall-heat absorb@erface, and external surfaces.
Heat pipe centerline:

At centerline, symmetry boundary conditions indéctitat:

\W
V2 5l 2 51 WZ SI W,25 (3-13)

External Surfaces:

Uniform heat flux boundary condition is specifiedtlae outer container wall surface at
the evaporator. Same condition is applied at theerosurfaces for the main and
secondary heat absorber, which are used inste#liedieat engine and the PCM. Zero
heat flux is applied at the adiabatic sections.s€heoundary conditions can be written

as:

For the case without secondary heat pipes:

Evaporator Adiabatic Primary condenser
xX2'5 oSn Xno X2 oBo,
(3-14)
w 2 w 25 w 2
QW 0 QW SP\W O

In the case with the secondary heat pipe are ieduthe boundary conditions are:

uv
spm2 Gc

Primary Condenser: (3-15)

G 2 t
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uv
P ux 2 qty )
Secondary Heat pipes:
zs g Gp}_

2
qty 4

In the above equations, n is the normal vectah&osurfaceqs, is the heat flux
applied to the evaporatag, is the heat flux released via primary condensdrggnis the
heat flux via each secondary heat pipgisAhe surface area of evaporator andsAhe
surface area of the main condengky.is the outer surface area of each secondary heat
pipe withi equals to 1, 2 or 3. is the condensation mass flow rate at each secpndar
heat pipe. Therefore, , G is the amount of heat delivered to the PCM throegth
secondary heat pipe. The total heat transfer bgrgkzy heat pipe in percentage of heat
input is expressed with the parametergPct nand ; are the thermal conductivities of
the main and secondary heat absorbers.

Wick-wall interface:

Continuous heat fluxes are employed for hydrodyearand thermal conditions

respectively:

W W

— 9 —
Wi'g = 7w (3-16)

Where, n is the normal vector to the boundary asg¢ ik the effective thermal

conductivity of the wick region, which depends be tick type and working fluid.
Wall-heat absorber interface:

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

absorber interface:
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x2 ol 2 hd
O oW, S sPw (3-17)

Wick-vapor interface:

At the wick-vapor interface, non-slip boundary condition is used whicltaspsable
when dealing with viscous phases separated with a solid wirenedregesh or a porous
medium [73]. It is also assumed that the temperature is continidbs avick-vapor

interface.

2 (2

4 yX...?T $t? (3-18)
To calculate the interface temperature, it should be refeorékdet assumption that the
phase change only occurs at the wick-vapor interface. Consideringatapersaturation
conditions at the wick-vapor interfaces, the interface temperatan be related to
pressure by Clausius-Clapyron equation as follow:
[gY\ 2
9 = 7

S (3-19)

Where, s the latent heat of the working fluid.

It is assumed that the vapor quality is approximately equal tcalmmg the heat pipe
length. The liquid volume can be neglected compared to the vapor volume [74].
Neglecting liquid specific volume and using the ideal gas equédionapor, Clausius-

Clapeyron equation can be written as

9Y\ 5 9
(2 —— (3-20)

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

assuming constant phase change enthalpy:
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yX. 2

< . Y.
= — S 3-21
» Yy ( )

Where, p and T are the operating pressure and temperature, respectively.

Evaporation is modeled considering uniform injection at the vapor ont@ewhich, the

vapor velocity can be calculated from the energy balance equation at thecmterf

2 2 w
q( ? W,,,@
(3-22)
2
X2 B ol (22E 25
Q' « “py
Where, refers to the control volume adjacent to the interface.
Zero velocities are employed on the adiabatic part in both cases:
(B ognXno =¢B g3 25 25 (3-23)

@nd ¢ are the thicknesses of liquid and wall regions.

One of the main challenges in the steady state modelingabfpipe is to find the

appropriate velocity profile of the vapor at the wick-vapor interfat the condenser

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

mass suction, which leads to uniform heat rejection. However, thist ian appropriate

assumption in the current geometry.

Due to the high expansion ratio from adiabatic section to the comgérnesaigh-

speed vapor coming from the adiabatic section is similar & #ov impinging on the

39



surface and spreads out radially. The vapor phase changes to hquidieases heat to
the heat sink. In order to model this phenomenon numerically, a poyausdamposed
adjacent to the vapor-wick interface as shown in Figure 3-7 andeFg38r This thin
porous layer acts as a wall to split out the impinging vapor famialy while still allows
mass transfer through it. Here the mass transfer througlcahdenser wall is the
emulation of vapor condensation. The vapor mass flow rate is redocgdtiae way due
to condensation. The returning of the liquid from the condenser to the ewspisra
realized by applying uniform mass flux at the vapor-liquid iaieefof the evaporator.
This porous layer is activated in solving the continuity and momeetymations of the
vapor. However, it is eliminated when solving the energy equatiohs. applied

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

The permeability of the porous medium35?~ m?, the porosity is 0.9, and the
thickness is 2 mm. The material of the porous layer does nat dlffe results in this
study because it is only considered in solving momentum and continuityioegua
Different permeability was tried (T0to 10° m2). Large permeability results in reverse
flow at the outflow boundary. Therefore, the permeability was chasevdid reverse
flow in the outflow boundary. The porosity was chosen to obtain approxintatesame
velocity and pressure profiles at the boundary. The thicknesses @mn2, 8 mm which
resulted in similar velocity and pressure profiles at the vap@ exit (z= 0.415 m), so

the thickness of 2 mm is selected for computations.
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Figure 3-7 Computational model to obtain the velocity components at the
condenser for the case without secondary heat pipe
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Figure 3-8 Computational model to obtain the velocity components at the
condensers for the case with secondary heat pipes

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

zero diffusion flux condition.

3.4 Solution procedure

The simulation was conducted using ANSYS-FLUENT 14.00. Two separate
geometries were created for solid (wall and wick) and vap@ @gions using ANSYS
DesignModeler. ANSYSMeshing was adopted to generate the mésdapped meshing
method with Quadrilateral element was used to mesh the surfaesbbahier grids are

applied in the wall, wick and in the main condenser regions. The comopalaineshes
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for vapor and wick-wall regions in the main condenser are shown ureFg;9 for the

case with two secondary heat pipes.

FLUENT 14.00 was employed to solve the governing equations along with
boundary conditions. The vapor pressure and velocity were coupled using-ESIMP
algorithm. Second order upwind method was used to treat convective arsivditerms.

The resulting linear systems of equations were solved using Aigeultigrid Methods
(AMG). The velocity components were under relaxed by the faofo0.7. The
convergence criteria for continuity, velocity components, and energtieqs were set

to 10°, 10°, and 10", respectively.

Appropriate User Defined Functions (UDFs) are developed usingCthe
programming language and coupled with FLUENT solver. The UDFs wpieed to
compute the inlet velocity of the evaporator section, the saturaioperature as a
function of vapor pressure at the wick-vapor interface, pressure wodk,vidgcous
dissipation in the vapor energy equation, as well as vapor densitypréssure at the
wick-vapor interface at the entrance of the evaporator remaimettanged and

considered as the datum. The sequence of numerical procedure is shown in Ei@ure 3-

3.5 Model validation

To check out the grid independent of the result, three differesdg grere tested
for cases 1, 4 and 5 as shown in Figure 3-4. Geometrical configuraticals cases
studied are shown in table 3 and Fig. 2b. The heat inpus, $glected to be 3000 W and
the heat transfer via secondary heat pipe in percentage of hied#linput to the

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

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

Figure 3-9 Generated grids for the condenser secfi@) vapor region (b) Wick and wall regions

43



Set the initial temperature and absolute pressure of vapof to
%.andYy (zero gage pressure), Calculate density of vapqr
using ideal gas equation

Solve the energy equation in the wall and wick regidns
assuming constant temperature at the wick-vapo
interface equal toy

Calculate velocity at the evaporator of vapor core (velocity)lnl(*

Activate porous layer, Solve for momentum equation in the vapor, exqract
condenser velocity profiles, Deactivate porous layer, Impose velocjty
profile on vapor chamber exits

Calculate saturation temperature
of vapor

at the wick wall-interfagefanction
pressur

Solve energy equations in the vapor, wick and veajlons

Calculate the average temperature at Wick-vapi)r

The difference between two
consecutive iterations is less
than ‘G10°

Update the
density of the
vapor using the

Figure 3-10 Numerical procedure algorithm
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Table 3-7 Grid independence test results

. Course Medium Fine
Grid Mesh
Mesh number . Mesh number . .
— — number -
Case 1 69706 893.5204 173818 893.3553 479569 898.31
Case 4 96872 893.1689 287536 893.0719 643079 893.07
Case 5 240526 892.3345 558504 893.2512 908309 BB 1

To validate the numerical procedure, obtainedltesor the wick-vapor interface
temperature were compared to the experimental adtected by Ivanovskii et al. [75]
and to the numerical predictions obtained by ChashFeaghri [14]. The dimensions and

properties of the heat pipe can be found in [14bo& agreement was obtained

(Figure 3-11).
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Figure 3-11 Comparison of the present result witvipus experimental
data and numerical predictions [14, 75]
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CHAPTER 4

EXPERIMENTAL DESIGN

In this chapter, a description of the main components of theimeygal setup is
presented. In addition, the procedure taken to fabricate the Ipest ipi provided. The

setup is designed to conduct transient experiments using conventidnabraplex heat

pipes.

4.1 Manufacturing Procedure

As it was mentioned in previous chapters, heat pipes include maj@ooents

as:

Container
Working fluids
Wick

Manufacturing of heat pipe includes several procedures as shown in Figure 4-1.
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Material and working fluid selection

v

Envelope Wick
N4 Preparation
Machining
Clean
Clean

Wick insertion into
the container

Clean

4%

Attaching the end caps and the filling tub

|

Leak check the heat pipe containe

=

Evacuation and charging the
heat pipe with working fluid

v

Close charging valve

\

Testing

Figure 4-1 Heat pipe manufacturing procedure [76]
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4.1.1 Material Selection

4.1.1.1Working fluid

One of the main parameters in selecting a suitable workirgy ifuihe operating
temperature range of the heat pipe. In the numerical simulaBodsym was selected as
the working fluid based on the application of the heat pipe network, whicked in high
temperature latent heat thermal energy storage systems, Hige to safety issues
associated with high-temperature heat pipes, the experimentsavehected using water

as the working fluid.

4.1.1.2Container and end caps

Among many materials available for the container, copper, alumiand steel
are commonly used. Copper is preferable for heat pipes with operatigg between 0-

200™3&nd is compatible with water, so is selected as container material [77].

4.1.1.3Wick

The main purpose of the wick is to provide the capillary presseeded to
transport the working fluid from the condenser to the evaporator. Mg®g tof wick
materials are available such as screen mesh, sintered powgleowed kinds. For the

current study, screen mesh is selected because it is easy to be handled &dl[ir&}al
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4.1.2 Cleaning anddeoxidizing
All materials used in heat pipe should be cleaned. Cleaning snthat the
working fluid will wet the materials thoroughly. It also prevents foreignaibj® present

in the working fluid during heat pipe operation.

4.1.2.1Heat pipe container and wick degreasing

Once the machining of the heat pipe container and fabrication ofittkeare
completed, a procedure should be used to remove oil and grease waatseandawing
compounds. The end caps and inner surfaces of container should be disavathfa
soft bristle, and then rinsed in deionized water, followed by soakingarts in 10%
sulfuric acid for 30s, and rinsed again in deionized water and irath@rdMethanol to

remove water droplets [79].

4.1.2.2Heat pipe container and wick deoxidization

After the wick is inserted into the container, deoxidization shbaldlone using
the following procedure: First, it should be immersed in a liquid idemet (the
combination of sodium dichromate (6 oz/gal), sulfuric acid 7% by volumelaiodized
water) for 30 seconds. Next, all parts should be rinsed in deionized foab minutes,

and then immersed in the Methanol [5].

4.1.3 Leak detection
Leak detection should be done by pressurizing the heat pipe container with dried
nitrogen gas and covering the outer surface with soap solution. If the leak i pifese

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

Prior to charging, the heat pipe should be evacuated to remove non-corglensabl
gasses. Removal of free gasses is simply done by using a vguumm Removal of
absorbed gasses requires evacuation of the heat pipe at an dlevatechture. For this
reason, the heat pipe should be evacuated at a temperature tir@atéhe operating
temperature. The heat pipe should be first pumped down at the ambipatdame, and
then the pumping should continue while the pipe is being heated. After ¢mmmuitthis

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

4.2 Cylindrical heat pipe manufacturing

4.2.1 Container components
The cylindrical heat pipe (Figure 4-2) was made of copper pipe avitinner
diameter of 0.5 in (12.7) mm and outer diameter of 0.625 (15.875) mm and larigtal

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

The heat pipe container was tightly sealed with two end caps ehadeper. The
evaporator end cap was assembled with the heat pipe container olsiegng. The
condenser end cap was attached using epoxy DP460NS in order to prevent the
contamination of the soldering flux. The condenser end cap was machitiedhe
evacuation and charging tube (Figure 4-2). The charging tube wagpeduwiith ISO-KF
swagelok adapter therefore it could be connected to a ball valaeilitate the charging

and sealing. The dimensions of the end caps are shown in Figure 4-3.
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Condenser End CAP
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: Envelollge

Figure 4-2 Conventional heat pipe container comptme
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Figure 4-3 Dimensions of conventional heat pipmgonents, (a) Envelope (b) Evaporator end cap (c)
Condenser end cap

4.2.2 Wick insertion

Four layers of copper screen mesh wick with a wire dianoétér105 mm and
mesh number 100/inch was inserted inside the heat pipe. To insertcthéngide the
pipe, the screens were rolled on a mandrel and then inserted intmgher pipe as
shown in Figure 4-4. A close contact between the meshes and thenpgoenall was

achieved due to the inertial tension of the mesh.
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Figure 4-4 Wick insertion for the cylindrical comtars

4.2.3 Heat pipe assembly and Instrumentation

The cylindrical heat pipe had an evaporator whith kength of 91 mm, adiabatic
section with the length of 25 mm, a condenser whth length of 146 mm, and another
adiabatic section located before the end cap \wighdngth of 80 mm. The heat pipe was
equipped with heat input and output systems. Atetvegorator section, a copper block
with six electrical cartridge heaters was emplotgedrovide uniform heat flux to the heat
pipe surface. At the center of the copper cylindarsole with a diameter slightly larger
than that of a heat pipe was machined where thd pgse was placed. The
OMEGATHERM® thermal conducting paste was appliediltdhe gaps and reduce the

contact thermal resistance.

The condenser section was cooled by cooling wetettrolled by a chiller
refrigeration unit and circulated by a pump. WithBs installed at the inlet and outlet of
the cooling jacket and a mass flow meter installee,output heat was measured. Ten K-
type thermocouples were fixed along the test seanecluding three in the evaporator,
one in the first adiabatic section, four in the @emser and two in the second adiabatic

section, respectively. At the evaporator, threeetiolith the diameter of 2mm were
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drilled to insert the thermocouples in such a way that the thermosdoplehed the heat
pipe surface. Surface thermocouples were used for the condensatiaatia section

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

Figure 4-5 Installation of surface thermocouples

Distribution of thermocouples is shown in Figure 4-6.

15 30 30 28 37 40 40 35 35 40
RTDinlet
é‘ I:
2
E 4 | E——
=
=
91 26 146  RTDoutlet 80
Evaporation Section Adiabatic Condensation Section Adiabatic

Figure 4-6 Location of thermocouples on the coneeat heat pipe
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To prevent heat losses, all the sections were atestilusing fiberglass or ceramic wool.
Figure 4-7 shows the conventional heat pipe with teating and cooling system

attached.

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

4.3.1 Container components

The container of the heat pipe network is more complicatedtieaconventional
cylindrical heat pipe. As mentioned above, the complex heat pipe is cethpbsa
primary heat pipe and an array of secondary heat pipes. Egiridsgy heat pipes were

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

Primary Condenser Wall

-

Prim

Figure 4-8 Heat pipe network container

The primary heat pipe is composed of a disk shaped evaporator, dpdsha
condenser and a central adiabatic tubular pipe. The evaporator and eonufetise
primary heat pipes are machined from a copper disk with the diaofeien (127 mm)
and thickness of 0.5 in (12.7 mm). The schematic view of the primaay pipe

components and their dimensions are shown in Figure 4-9.
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Figure 4-9 (a) Primary heat pipe components (bpekator and condenser caps (c) condenser wall (d)
evaporator wall (e) Adiabatic tube
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The secondary heat pipes were made from a copper pipe with dredarheter
of 0.375 in (9.52 mm) and inner diameter 0.3125 in (7.93 mm) and the length oh 5.75 i

(146mm) (Figure 4-10).

70.305in

0 0.375in

Figure 4-10 Schematic of the secondary heat piptaater

4.3.2 Wick Insertion

In order to support the screen meshes against the surfacsamdrator and
condenser chambers of the primary heat pipe, a structure is deamghéprinted from
stainless steel using a 3D printer (Figure 4-11). The stainlessssté@ekeptable due to the
short time testing of water without generating considerableuatmof non-condensable
gas. For the condenser section, in order to prevent blocking of the chiastggngntrance,
the structure had a cut out at its surrounding wall. Figure 4-12 stimvsondenser
chamber components in details. This structure helps to provide a oluisetchetween

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

Primary condenser

Supporting structure

Figure 4-12 Primary condenser and its components
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4.3.3 Heat pipe assembly and Instrumentation
The assembly procedure for the complex heat pipe is shown and explained in

Figure 4-12.

1. Machining the
container components

2. Soldering the
secondary heat pipes
end caps

3. Soldering the 4. Soldering the secondary
adiabatic tube to the heat pipes to the condenser
condenser walll wall



5. Attaching surface thermocouples to
the adiabatic section

6. Put the insulation for the adiabatic
section

7. Attaching the surface thermocouples
to the secondary heat pipe

8. Attaching the cooling section for the
secondary heat pipe

9. Soldering the evaporator wall

10.Mesh insertion for the adiabatic and

the secondary heat pipes

11. Wick insertion in the
caps
12. Attaching the end caps
using epoxy
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14. Adding the heating system at the evaporatotitiaad
cooling section for the primary condenser

Figure 4-13 Complex heat pipe assembly procedure

Cleaning was done in several steps. The firstnalgawas done after machining
the components to remove the oil residues. Aftedesing the adiabatic section and the
secondary heat pipes to the condenser wall, sedeading was done to make sure that
soldering flux are removed completely. The thirepbsof the cleaning was conducted after
soldering the adiabatic section to the evaporaialf. vt this point, the prepared wicks
were cleaned and deoxidized using the procedurdioneal in section 4.1.4.2 and were

inserted.
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The evaporator section was heated using a copper block, which wageshui
with six 140 W cartridge heaters. A hole with the diameter ofch iand the height of
0.125 inch was machined on the copper block; therefore, the heat pipeateap@s
mounted on the machined hole and was tightened to the copper block wittafops.c
The OMEGATHERM® thermal conductive paste was used to decreasgap between
the evaporator and the copper block. Cooling blocks made of acrylic were instalked on t
primary condenser and around the secondary heat pipes. A total o siigpe
thermocouples were used to measure heat pipes surface tempmEudmg three in
evaporator, three along the adiabatic section of the primaryipeat four at the primary

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

Figure 4-14 Location of thermocouples on the compleat pipe

62



4.4 Heat pipes evacuation and charging

In order to remove the non-condensable gassebgtitepipes were connected to a
rotary vane vacuum pump to be evacuated down t8 TIOrr. A Pirani gauge was
provided with the system to measure vacuum predewed. First, the heat pipe was
pumped down at the ambient temperature, and theepumping was continued while the
pipe was heated. The test rig was equipped withwibsking fluid injection system to

charge the heat pipes with appropriate amount okiwwg fluid.

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

The test setup is shown in Figure 4-16, Figure 4-17 and Figure 4-18e§the
setup consists of the heat pipe, heater, and the cooling systerhed@t input to the heat
pipe was applied using six cartridge heaters embedded in a ddppkrto make sure
uniform heating at the evaporator. The thermal conductive paste igauseduce the
contact resistance between the copper block and the heat pipeedtnieapower to the
cartridge heaters was supplied using a variac connected ¢pidhdhe amount of heat
input was calculated by measuring the voltage and current usimgltameter. The
condenser sections of the heat pipes were cooled using watengloavibugh acrylic
chambers. A chiller refrigeration unit with a pump was used to geavie cooling water.
The water flow rate was measured using blue white micro paddel flow meter (FTB
300 Series). The flow rate and the temperature of waterseer@ 125 ml/min and 25 C
for conventional heat pipe. The inlet and outlet temperatures obtiimg water were
measured using 3-wire platinum RTDs. The temperature of the oultice was
measured using K-type thermocouples. The heat pipes were idsukitey fiberglass
insulation to minimize heat losses to the environment. The measumgeratures were
recorded using NI 9213 module for thermocouples and NI 9217 module Tibs R
connected to NI COMPACT DAQ 9188. LabVIEW software is used to read and write the

measured data.

The heat pipes were mounted on an adjustable base plate to study the effects of
inclination angle. The tests were carried out for heat pipes at differemigithahi angles

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

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

Figure 4-18 Photographs of the experimental séaugonventional heat pipe (b) Complex
heat pipe

4.6 Data Reduction

The thermal performance of a heat pipe is usually assessed by cajdhatin
equivalent thermal resistance. As it was mentioned earlier, the thegiséhnee of a

heat pipe is defined as:

2 (4-1)
Where Eand T are the average wall temperatures of the evaporator and condensers and

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

w2 xGe (4-2)
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The effective thermal conductivity of a heat pipe can be evauatnsidering

conduction heat transfer from the evaporator to the condenser as:

2 2

> “€GS (4-3)
Where,
€ 2 =797<> ( 4-4)
and

0, O

0, Z?BoiB? (4-5)
The cooling capacity of the cooling jacket can be calculated as:

v YE ¥ (4-6)

4.6.1 Uncertainty analysis

The uncertainty of the defined parameters in the section can be calculated as

I: 2 ¢[£¥°\ B[?:\ (47)
. ¢[%‘\ B[\ (4-8)
it 5 ¢[%\ B[«:V\ B[—\ (4-9)
B, ¢[£_;\ B [=\ B[?”\ (4-10)

?
The uncertainty of various measurement devices is listed in table
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Table 4-1 uncertainty of the measurement devices

Device Uncertainty
Digital multimeter (GDM 8034) Current 2 1.5%
Voltage? 1%
Flow meter, Paddle wheel , Blue-White, FTB 300 series 2 6%
K-type thermocouples 1.1 °Corx 0.4 %
RTD, Pt 100, CLASS A +(0.15 + 0.00& T)

Using tables, the maximum calculated uncertainty for the defined pararasgdisted in

Table 4-2.

Table 4-2 Calculated uncertainty of the definecapaeters
Heat input +1.8%
Thermal resistance +4.7%
Effective thermal conductivity +£5.6 %

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

RESULTS AND DISCUSSION

5.1 Numerical Results

In this section, first, the results of the primary heat pipepagsented. It was
assumed that all the energy received from the sun was delitetkd heat engine and
the secondary heat pipes were not included. The effects of heatadmliatic section
diameter, and the operating temperature is investigated onntiperegure and pressure
distributions. Second, the results for the case with secondary he#& digseribed where
the effects on the pressure and temperature distributions frohe#henput, portion of
heat transferred to the phase change material, main condensestryeand secondary
heat pipe configurations have been investigated. Finally, the remdtzxiated with
performance improvement are discussed. For the most part, secesestpd in this
chapter were published in Mahdavi et al., Numerical investigatitryydrfiodynamics and
thermal performance of a specially configured heat pipe fdn-teamperature thermal
energy storage systems, Applied Thermal Engineering, 81 (2015373281] and
Mahdavi et al., Mathematical modeling and analysis of steatyy gtaformance of a heat

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

5.1.1.1Effects of heat input

Figure 5-1 and Figure 5-2 illustrates the effects of hgattion the axial velocity

and pressure of the vapor along the centerline of the heat pipe$000K, R =4876 Pa

and R=0.01 m.
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Figure 5-1 Effects of heat input on the vapor viéjoalong the centerline
%2 355:m o2 U —m 25453
Similar patterns were observed for both vapor pressure and yegbooiiles at
different heat input values. Increasing the heat input resulted in increaseca@eapamnd
condensation mass flow rates and associated axial velocity asdneresop at the vapor
core. Here, the pressure is the difference of absolute ancenegempressures. The

pressure in the evaporator is nearly constant. The pressure editd@atic sections
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decreases sharply at the entrance due to flow contraction. Ttherfudecrease is
associated with the velocity increase in Figure 5-1, which istadlee development of
the flow. The flow in the constant area adiabatic sectionmdasito a pipe flow. The

pressure reaches its minimum value at the end of adiabationseantd then recovers in

the condenser.
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Figure 5-2 Effects of heat input on the pressuse@the centerline
%2355 m o2 uf m 25453 .

Due to the relatively high area expansion from the condenser tmatidiaection,
vapor flow is similar to a submerged impinging jet confined bffat plate. At the
stagnation point, where the vapor flow strikes on the wick regioheotondenser end
surface (at the center of condenser end surface, L= 0.415m) therpressaches its
maximum value, and then decreases after the impingement. Due &xigtence of
condenser end surface at the end of the heat pipe, the vapor flow spakalllg while,

it condenses to liquid releasing heat to the heat sink. In this region, the flowlas sinai
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channel flow with non-uniform wall suction. Here, the wall suctiorhes émulation of
vapor condensation. The vapor mass flow rate is reduced in radiatiahrelue to
condensation along the way. In radial direction, the pressure ipsrehge to total
velocity decrease. The pressure also decreases becausgiai find mass rejection.
Therefore, it remains nearly constant. The pressure profilesuseradius at the

condensation section are shown in Figure 5-3.
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Figure 5-3 Pressure profiles at the condenserssefur different heat inputs
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In Figure 5-4, the streamline patterns are depicted in the evaporator dedsEmn
for three different heat inputs of 1000 W, 2000 W and 3000 W. It demondiinatest
low heat input of 1000 W, which corresponds to a lower Reynolds number, a
recirculation zone, named primary vortex is formed around the jét Adehe heat input
or the vapor jet mass flow rate increases, the primary véesmes stronger and its

center moves outward, a secondary vortex adjacent to the impingesadéevolves. The
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formation of the secondary vortex and the presence of the latallalnduce another

vortex, which is much smaller and weaker than the others are.

Evaporator

Condenser

&1000W S2000W £3000W

Figure 5-4 Streamline patterns at the evaporatdrcandenser sections for different heat inputs
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At relatively high heat inputs, Q=4000 W, the primary and secondanmjces
grow bigger. Their sizes increase and shift toward downstieaadial direction. At this
point, a tertiary vortex appears in the region between the lowkradid the primary
vortex due to the viscous shearing effect of the primary vortemile® patterns were

reported for confined impinging jets [83-85].

The axial velocity profiles are illustrated for the wick-vapor intexfaccondenser

side for various heat inputs, Figure 5-5.
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Figure 5-5 Velocity profiles at the exit of the waghamber for different heat inputs

%w23B5m 2 uf m 25453 m - 2:37436

It can be seen that as the heat input increases, the velatitiution shifts, but
the shape of the distribution profile does not change significarahthié cases with heat
input greater than 3000 W, the vapor flow reversal occurs at thphpeyi of the

impingement zone.
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Figure 5-6 shows the variation of local Mach number along the aixihe heat
pipe. The maximum Mach number of 0.45 occurs at the end of the adiabatic section in the
case with heat input of 3000 W. It confirms that the flow is stilbsonic and the sonic
limitation is not reached. In addition, including the compressibilitgct$ of the vapor
flow is apparently a correct assumption. However, for the cagledeat inputs of 2000
W and lower, the corresponding Mach numbers are less than 0.3, irglitetirthe flow

is incompressible.

Figure 5-7 describes the effects of heat input on the outer wall temperature
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Figure 5-6 Variation of Mach number along the cdinte for different heat inputs

%2355mM 2 p] m 25453 .

Is is the curve length of the outer surface of the heat pipe as shéuwgnaa in red
color and starts from point (0,0). For all the cases studied, the et@psrows

isothermal behavior as expected. The abrupt changes at the end wall of evaeatain
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and the front wall of condenser in the plots of Figure 5-7 ar¢éetek® the change of

boundary conditions.

At higher values of heat inputs, the temperature decreasts fasm the
evaporator to the condenser. The heat increase reduces the atsrpgeature of
condenser while elevating the average temperature of evapandtres This behavior
can be attributed to the high mass fluxes associated with highnipeis, and resulted

large pressure drops and lower densities.
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Figure 5-7 Outer wall temperature for different tieputs
%2355m ¢2: W] m 2 5453 .

5.1.1.2 Effects of adiabatic section radius

Figure 5-8 shows the external wall temperature of the heatwitheadiabatic
section radius () of 10, 15 and 20 mm at the heat input of 40000//is the curve

length of the outer surface. In all the cases studied, the sampertgures are obtained
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for the evaporator walls. However, by increasing the radius fromraGom5 mm, the
temperature drop along the heat pipe reduces dramatically. A rfuritrease in the
radius of the adiabatic section does not change the wall temmgecainsiderably, since
the pressure drop along the adiabatic section is insignificanonmparison to the
operating pressure of the heat pipe when the adiabatic section iadigsater than 15

mm.
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Figure 5-8 Outer wall temperature for different vapor radius

5.1.1.3Thermal resistance

One of the key parameters for the analysis of heat ppibe ithermal resistance,

which is defined as [86, 87]:

?,17? ts1?

~ 2

(5-1)
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The variation of thermal resistance is plotted as a function ofif@at for two different
operating temperatures in Figure 5-9. The results indicated tmathé reference
temperature of 900 K thermal resistance imposed by the heabgipe $ystem increases
with the increase of the heat input. However, at the operating telomgech 1000 K, the
resistance remains approximately constant at various heat iipetfieat pipe performs
better at reference temperature of 1000 K because lower theesiatance exists
between the evaporator and condenser at this operating tempefateireariations of
thermal resistance versus adiabatic section radius are gesenfigure 5-10 for two
different heat inputs. In both cases, the thermal resistanceadesrwith the increase of
the radius from 10 mm to 15 mm. However, for the larger radius,casesgnificant
thermal resistance reduction is observed because a furtiheasecin the radius of the
adiabatic section does not make a noticeable reduction in flow S8epaaad pressure

drops.
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Figure 5-9 Variation of thermal resistance of heat pipe versusnpedt
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Figure 5-10 Variation of thermal resistance of h@pe versus adiabatic section radius
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5.1.2 Steady state modeling of the primary heat pipe including the effectf
secondary heat pipe

5.1.2.1The effects of heat input

Figure 5-11 shows the effect of heat input on vapor flow streamimedke
condenser section of the primary heat pipe for case 2. (Case rAaiches shown in

Figure 3-4).

The flow in the primary condenser region is similar to a lamaxasymmetric
radial flow confined between two parallel disks with mass dfushrough the end disk.
As the flow proceeds in the radial direction, inertia and viscousegonateract in a
complex manner leading to the formation of several vortices in this region.

The pressure and velocity distributions are affected by vodeiguration and

hence, the condensate profile and the heat flux delivered to gireeeAt the heat input
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of 1000 W and Pgt10 %, a strong counter-clockwise recirculation zone, named primary
vortex is formed. As it was mentioned earlier,qf’cthe heat transfer via the secondary
heat pipes in percentage of the heat input.

As the heat transfer via secondary heat pipes)(iRatreases, the size of the
primary vortex decreases and another vortex is formed. The floavioehdoes not
change significantly as the heat removal (mass removal) acandary heat pipe
increases. In the region beyond secondary vortex, the streamtiemnpare similar to

the radial flow with uniform mass rejection after the secondary vortex tgs Fc%.

Different behaviors are observed when the heat input increases toA30&d
the percentage of the heat removal by the secondary heat pige Vihen pgt10%, at
the heat input of 3000 W, the primary vortex size extends in thd chckation, and its
center moves radially outward due to increased vapor mass flewTitze main flow is
deviated in the radial direction and a clockwise secondary voriedused, attached to
the impingement disk. At this point, the primary vortex is strongugh to produce
another vortex named tertiary, adjacent to the lateral wallighr the viscous shearing
effect. By decreasing the heat transfer to the heat engine, which me@asing the heat
transfer to the PCM, more mass is removed through the secdredrgipe (P6t30 %).
The size of the primary vortex decreases and its center ntowssds the center.
However, the size of the tertiary vortex attached to tlegdhtvall increases. In addition,

the small vortex at the corner of the condenser section called quaternaryexbeteds.
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Qe=1000W

Qe=3000W

Pctg=10% Pctg=30% Pcy=50% Pcyg=70% Pct=90 %

Figure 5-11 The effect of heat input on the maindemser streamline patterns
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A further increase in the mass removal through secondarypipssg does not
affect the size of the primary, secondary, or tertiary vatggnificantly. However, the
guaternary vortex becomes weaker, and its center moves towardaribeygreat pipe,

which allows pressure to recover.

The corresponding pressure diagrams at the wick-vapor interfattee ahain
condenser are shown in Figure 5-12a and b. The pressure valuesatare, ihich is the
difference between the absolute and the reference pressupgegdure profiles show a
peak at the center of the impingement surface as expectednmmpjagement. Then, the
pressure decreases rapidly within the potential core (0 <X®1.8) and it remains
nearly constant up to the secondary heat pipe location. The potentialengtk is
weakly dependent on the heat input.

As some amounts of vapor is removed via the secondary heat pippsesbere
increases. However, at lower heat input this recovery is ingigntf By increasing the
heat input, the associated vapor mass increases, and lower mem®um@tained as
shown in Figure 5-12b. It should be noted that the pressure is consthmt thid
separated regions of the flow whereas a strong pressurergredodserved near the re-
attachment point. The fluctuations in Figure 5-12b are due to muliyptexvformations
in radial direction. The temperature distribution at the wick-vaperfaate of the main
condenser and wall-Heat engine interface are shown Figure 5-13h famddifferent

percentage of heat transfer to the PCM.
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(2) Q=1000 W

(b) Q=3000 W

Figure 5-12 The effect of heat input on the maindsmser wick-vapor interface pressure

Figure 5-13a shows the main condenser temperdistr@butions at 1000 W and

the case with heat input of 3000 W is shown in Fedar13b.
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(a) @=1000 W

(a) @=3000 W

Figure 5-13 Temperature distribution of the maindenser for different heat input

Both figures show similar trends for temperaturefiges at the wick-vapor

interface and heat rejection surface of the maindeaser. Since the vapor is at the
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saturation condition at the wick-vapor interface, and the temperatwmeeselated to
pressure via Clausius-Clapeyron equation, the temperature trendlag@us to that of
the pressure. The maximum temperature occurs at the centes, whernet strikes the
surface. Then, it decreases rapidly within the stagnation regioms,approximately
constant afterwards, especially in lower heat input. As the in@at increase, the
temperature jumps down to the lower values within the stagnatioonsegfhe heat
transfer to the PCM does not change the wick-vapor interfageetatare significantly,
which can be explained by referring to the pressure distributions.

Figure 5-14a and b depict the effect of heat inputs on the tempgewtuhe
secondary heat pipes. When the heat input isfow2 3555 W), as the amount of heat
rejected from the secondary heat pipe increases, the tempserdecrease. The flow
inside the secondary heat pipe is similar to that of a concgipec The higher the heat
transfer via the secondary heat pipe is (Largeg) Rbe higher the mass flow rates and
the larger pressure drops are. Therefore, higher temperatureeispsvithin the heat
pipe over the length. When the heat input is large2 555 > , as the Pgtincreases
to the 90 %, higher temperatures are observed at the first ithé gkcondary heat pipe
length. It can be seen from the streamline patterns and prelssgr@ms of Figure 5-12a
and b, the pressure near the entrance of secondary heat pipe is adflibgnthe fluid
flow at the upstream (main condenser). As thqiRcteases to 90 %, the primary vortex
shrinks and allows the flow to enter the secondary heat pipe wikiened pressure. As
the flow develops inside the secondary heat pipe, larger pressureodoypsalong the
heat pipe due to larger mass flow rate in comparison tg=3%t%. Therefore, the

temperature drops with faster rate. Faster rate of tempermtop along with the higher
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heat transfer rate from the secondary heat pipe to the R8MNts in lower temperatures

at the second half of the wall-PCM interface length.

(a) G=1000 W

(b) Q=3000 W

Figure 5-14 Temperature distribution of the secopti@at pipes for various heat inputs
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5.1.2.2The effects of secondary heat pipe position

The effect of the secondary heat pipe location on the vapomdimea and

pressure distributions in the main condenser is shown in Figure 5-15 and Figure 5-16.

Pct=10 %

Pct=90 %

Figure 5-15: Effect of secondary heat pipe position on the streamline patterns
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Figure 5-16: The effect of secondary heat pipetfmrsdbn wick-vapor interface pressure of the main
condenser

When the majority of heat is transferred via thairmcondenser to the heat
engine, the location of secondary heat pipe doésffiect the streamline patterns in the
main condenser significantly. For the same reatbandlifference in pressure distributions

is also insignificant, Figure 5-16.

Since the temperature distribution is affectedobgssure, the same temperature
distribution for the wick-vapor interface at theimaondenser is expected as shown in
Figure 5-17. However, as the heat transfer viarsdauy heat pipe increases, the location
of the secondary heat pipe has more profound infdes on the size of the vortices
especially the primary vortex. Shifting the secagdaeat pipe closer to the primary heat

pipe reduces the size of the primary vortex.
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In the case of higher heat transfer rates thraegiondary heat pipes, placing it
near primary heat pipe provides better pressui@vesy in the main condenser. Increased
mass removal from the main condenser chamber wesakenprimary vortex. However,
the upstream radial flow induces a stronger tgrivartex due to viscous shearing effects.

Similarly, the downstream radial flow produces géa quaternary vortex.

The temperature distributions of the main condensehe radial direction are
depicted in Figure 5-17a. As expected, placing seary heat pipe near the primary heat
pipe results in higher temperatures at the secatiddf the wick-vapor interface and
wall-engine interface (0.04 <r < 0.98). Howevetyaiing it away from the primary heat

pipe, leads to more uniform temperature distribuafter the potential core.

)
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Figure 5-17 The effect of secondary heat pipe ositn the temperature distributions of (a) main
condenser (b) secondary heat pipe

Figure 5-17 b reveals that, case 1 (in which the secondaryipeais positioned
near the primary heat pipe in the main condenser) has lower temperatmggrison to
two other cases, because the area enclosed by concentricsveatialler. As a result, for
the same mass flow rates, vapor velocities and pressure dropglaee On the other
hand, smaller side surface area of the secondary heat pips nedaiger heat fluxes and
hence larger temperature drops in the radial direction. Lower tatape is obtained at

the interface of the PCM and heat pipe outer wall.

5.1.2.3The effects of the main condenser spacing

Figure 5-18 shows the effects of the main condenser spagimg the vapor

streamlines for case 1 where the secondary heat pipe iedocaar the primary heat
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pipe. The heat input and the heat transfer to @kl Rre chosen to be. 2 555 and

Y q 2 51 | Three different thicknesses have been studie@ 6m 35 °» 36 >

026 o 2 35 o 2 36

Figure 5-18 The effect of main condenser thickmesthe streamline patterns
,2°555 andY 2754

As the spacing of the main condenser increasessiie and strength of the main
vortex become larger and its center moves outwardhdial direction. As a result, all
other vertices are pushed outward. Wioer2 36 mm, the flow patterns becomes more
complicated in the primary condenser chamber. Tlaeagnary vortex becomes smaller
since there is no space for it to develop. In aolditthe tertiary vortex is split into several
vortices. It should be noted that, increasing thece of the main condenser, leads to the
increase of jet to impingement surface spacing,amohcrease in flow instabilities in the

primary condenser.
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In order to study the effects of the primary condenser spacirige performance

of the heat pipe network, it is essential to consider the pressure distribugare(b+19).

Figure 5-19 The effect of main condenser spacintherwick-vapor interface pressure

» 2 555 andY 254

The pressure profile reveals that although the smaller spsicovgs simpler flow
patterns and better pressure recovery are observed in theypdomalenser, the relative
pressure at the wick-vapor interface is much lower than thatwibther cases, which,
results in lower temperatures at the wick-vapor and outer emgike interface. The
spacing of 10 and 15 mm lead to more uniform temperature distributichg abain

condenser, which, is desired (Figure 5-20 a).

The effects of the main condenser spacing on the temperature distribution of the

secondary heat pipe condenser are shown in Figure 5-20.
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Figure 5-20 The effect of main condenser spacing on the temperature dstsbuti
case 1(a) main condenser (b) secondary heat pipe

» 2 555 andy 25!
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All temperature profiles appear to have the similar trendause the positions of
the secondary heat pipes and the mass flow rates in theseatasdse same. As
explained, the fluid flow inside the secondary heat pipe is influebgeithe upstream

pressure in the main condenser chamber.

The case with spacing of 5 mm has the smallest tempeeatdrte configuration
with 10 mm spacing presents the highest temperature on the sgcbedaipipe wall-
PCM interface. Based on the main and secondary heat pipe temgeliattibutions, the

spacing of 10 mm seem to be the best choice.

5.1.2.45.4 The effects of secondary heat pipes configurations

Figure 5-21 represents the vapor streamline contour plots of thelecoimeat
pipe with one, two, or three secondary heat pipes. The streamleneepicted for the

case with heat input of 3000 W and J&dt10 and 90 percent.

When ten percent of the heat is transferred to the PCM ¢@PdO0), similar
patterns are obtained in the main condenser chamber for cases 2 éinddenand two
secondary heat pipes respectively (see Figure 3-4 for the descptthe cases). Size
and strength of the primary, secondary, tertiary, and quaternargegdre about the
same. In the case of three secondary heat pipes (case5)ntaeymecirculation zone is

diminished.
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Figure 5-21 The effect of secondary heat pipe quyaot the main condenser streamline patterns
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As the heat transfer to the PCM increases, thenskecy heat pipes configuration
plays more important role in fluid flow patternshél'size and strength of the developed

vortices are greatly affected by the quantity dredgosition of the secondary heat pipes.

The associated primary condenser pressure digtmisuin radial direction are
presented in Figure 5-22. As the vapor passestbeesecondary heat pipe, the pressure
increases, especially for Raf 90. Since the temperature is at saturation atwitk-

vapor interfaces, it would have the same trendhaptessure.

(@ ,2°'555¢ 1A 2 53A =A> ,2 555 1= 2 53>

Figure 5-22 The effect of secondary heat pipe diyaoih the main condenser pressure

The temperature distribution of secondary hea¢pipf cases 4 and 5 are shown
in Figure 5-23 a, b, ¢, and d. From these figuitesan be seen that the secondary heat
pipes present different behavior at various peeggd of heat transfer to the PCM. In
case 4 with two secondary heat pipes, wheg étgials to 10, the secondary heat pipe

near the center shows higher temperature, wharets case of P¢90%, the secondary
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heat pipe located outmost has the higher temperature. It can be ségure 5-21, when
Pct = 10%, the primary vortex has stretched out to the outer secondanyipeaind the
pressure increase occurs after this point. It indicates bmatflow enters the outer
secondary heat pipe with non-recovered pressure. On the other hanesthegin the
region between the potential core and the end of the primary vortesades in radial
direction. Therefore, the flow entering the secondary heat pipdheearimary heat pipe
has higher pressures than the flow entering the outer secondarpipeaSince the
interface temperature is determined from the pressure using Clausngss@la equation,

higher temperatures are obtained in the inner heat pipe.

As the Pgtincreases to 90 percent, the primary vortex shrinks, allowing the flow
to enter the outer secondary heat pipe with higher pressuresloatée, the decrease of
pressure in the radial direction is insignificant in comparisohd@tessure recovery due
to the mass removal. Therefore, the outer secondary heat pipe Inasgrissure over its

length, and hence higher temperatures.

In the case of three secondary heat pipes (case 5), with P@%o, the primary
vortex stays bellow the outer heat pipe, which allows the flow tr ¢imé outer heat pipe
with higher pressure and hence higher temperatures. In the redgiom @mfimary vortex,
where the inner and the middle heat pipes are located, the prdssueases in the radial
direction. Subsequently, the inner secondary heat pipe poses higheratemgpthan the

middle one.
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(a) Case 4, 2 35! (b) Case 4, 2 35!

(c) Case 5, 2 35! (d) Case 5, 2 35!

Figure 5-23 The effect of secondary heat pipe dtyaoih the secondary heat pipes temperature,
' (=3000W
(

When Pctg = 90%, the streamlines patterns reveals that the ramdti@uter heat
pipes are supplied with the downstream flow of the primary vortex., These two heat
pipes present higher temperatures than the inner one. Extracting flapavith the
middle heat pipe results in a jump in pressure and hence the heghgeratures at the

outer heat pipe.
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5.1.3 Design improvement

The results from previous sections revealed that due toléterety high ratio of
sudden expansion from adiabatic section to the primary condenser angéeghos the
flow leaving the adiabatic section, a confined jet flow was obderwhen the flow
impinges on the condenser surface and spreads out toward radiiod| several
recirculation zones are formed. These recirculation zones are undesiteblthey cause
fluctuations in the temperature distributions on the condenser surfack s directly
connected to heat acceptor of the heat engine. They make themaerée of the
secondary heat pipes unpredictable. Further investigation is condudteth&iaim of
finding the geometry which leads to improvement in the performanceeofi¢at pipe
network by mediating or preventing flow separations. The effgfctondenser entrance
shapes on the temperature distributions of secondary and primary coadanser
evaluated and is presented in the current section. In additions, #ut efffadiabatic
section location is illustrated. The adiabatic section can be caithes placed at the

centerline or around the PCM container.

5.1.3.1The effects of main condenser entrance shape

Figure 5-24 shows the effect of primary condenser inlet shapde @treamline
contours on the main condenser chamber for both cases with secondawp&eear or

away from the centerline.

It can be seen that the shape of the main condenser inlendbéave real
significant effects on the streamlines patterns for eithatilme of secondary heat pipes

and it does not change the number, size or position of the formeditaime zones. The
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pressure distributions along the radial direction are shown in Fhy2fe for different

shapes of the primary condenser.

Figure 5-24 The effect of main condenser entrahepe on the stream lines,
(Qe=3000W and Pctq=90 %)

The increased cross section area at the end of adiabatic pige thes shape
change results in the decrease of jet velocity, and therdfermcrease of the pressure.
Higher-pressure flow enters the main condenser with higher peesBwe to the

similarity of the recirculation vortices of the cases studiled,pressure patterns remain
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unchanged but shift up slightly after the potential core. Sincesahgation condition
exists at the wick-vapor interfaces, the temperature profiles tiee similar trends as

shown in Figure 5-26.

(a) Secondary heat pipe (b) Secondary heat pipe
away centerlin near centerlir

Figure 5-25 The effect of main condenser entrahepe on pressure profiles of main condenser

Qe=3000W and Pgt90 %)

The secondary heat pipe temperatures are depicted in Figueedy@b. For the
case with secondary heat pipe positioned close to the centerling, teigiperature drops
are observed along the secondary heat pipe, because the area sdrroynthe
concentric walls is smaller and for the same mass flows,ratepor velocities and
pressure drops are higher. For the cases with rounded and tapereds, ctitee
temperature is higher at the secondary heat pipes since flens ¢heé secondary heat

pipe with higher pressure and temperature.
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(a) Secondary heat pipe (b) Secondary heat pipe
away centerlin near centerlin

Figure 5-26 The effect of main condenser entrahepea on temperature profiles of the main condenser
Qe=3000W and Pgt90 %

Figure 5-28 shows the thermal resistance for both configuratibsecondary
heat pipes. The tapered inlet for the main condenser entrapoesslered. The heat
input is chosen to be 3000 W andRaft 10, 50 and 90 percent are seledted the case
of Pcy= 10, where only 10 percent of heat input is transferred to PCM veettendary
heat pipe, placing the secondary heat pipe away from the centertinks in lower
thermal resistance. As the percentage of transferred heatases, the case with
secondary heat pipe near the centerline has better performaticdower thermal

resistance at the main condenser.
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(a) Secondary heat pipe (b) Secondary heat pipe
away centerline near centerline

Figure 5-27 The effect of main condenser entrahe@ea on temperature profiles of the secondaryipat
By examining the secondary heat pipe performance, it can be tftainghen the
secondary heat pipe is away from the centerline, the samadhresistance is resulted
for all values of Pgt This is due to the factor that as the heat transfer tegbendary
heat pipe increases, more vapor flow is removed from the main conataseber and
the pressure jumps up to higher value. Therefore, the flow entessedbedary heat pipe
with higher pressure and temperature. However, for higher neagsdtes, the pressure
drop is also larger along the heat pipe. These two effects effisbt other resulting in

roughly the same thermal resistances.

By moving the secondary heat pipe inward, different behaviersl@aerved. The
case with Pgtof 50 percent has the highest thermal resistance. As discussed\aibove,
the same amount of heat input, increasing the value qf féduces the primary
recirculation zone; hence the pressure recovery occurs earliereMdgwwhen the

secondary heat pipe is located near the center line, for the wakePcg of 10 and 50
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percent, the primary vortex extends beyond the location of thendag/ heat pipe,
therefore, the flow enters the secondary heat pipe with unrecoverqadesure. As the
Pct increases from 10 to 50 percent, the pressure drop along the secbedapipe
increases, resulting higher temperature drop and higher thezsislance. For the case
with Pct of 90 percent, the primary recirculation zone shrinks so that tleday heat
pipe is located outside the primary recirculation zone. The floaretite secondary heat
pipe with recovered pressure. Although the pressure drop is largehstbleta pressure

is high due to high initial pressure, results in higher temperatddoaver temperature

drop.
oAway from centerline BAway from centerline
mNear to centerline mNear to centerline
0.0023 0.003 —
0.0022 ] 0.0025 _
0.0021 0.002
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x @
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0.0018 } 0.0005
0.0017 L . 0 . .
0.9 0.5 0.1 0.9 0.5 0.1
(Pet)q (Pct)q
(a) main condenser (b) Secondary heat pipe

Figure 5-28 Effect of Pgbn thermal resistance for tapered main condengsr i

—=3000W
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5.1.3.2The effects of secondary heat pipe entrance shape

Figure 5-29 shows the effects of secondary heat pipe inlgiesba the
streamline in the main condenser chamber. The total heat inguisercas 3000 W and
two values are considered for the Pctg. The results showed theffeébeof secondary
heat pipe inlet shape highly depends on the location of the secondanyipe and the
size of the primary vortex. If the entrance of the secondary heat pipénis thié primary
vortex, the primary vortex stretches towards the tapered atbarvise, it does not
affect the streamline configuration significantly and only an taafdil small clockwise

vortex appears at the entry of the secondary heat pipe.

Pct;=10% Pet90% P&t10% Pct90%

Figure 5-29 Effect of secondary heat pipe inleppghan streamline contours
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Figure 5-30 shows the effect of tapering the inlet of thers#ary heat pipe on
the thermal resistances of main condenser and secondary heat @pespe&ted, at
lower heat transfer to the secondary heat pipe, the @fféapering secondary heat pipe
inlet is almost negligible. As the RBcincreases to 90%, tapering the flow inlet to the
secondary heat pipe improves the performance of the primary conéflanige case with
the secondary heat pipe located away from the centerline. Irhall cdses, it leads to an

undesirable increase in thermal resistances.

mNear to centerline, Tapered mNear to centerline, Tapered
mNear to Center“ne’ Stra|ght mNear to Centel’hne,_ Stra|ght
m Away from centerline, Tapered mAway from centerline, Tapered
m Away from centerline, Straight m Away from centerline, Straight
0.0024 0.00275
0.0027 }
0.0023 | 0.00265 |
0.0022 | 0.0026 1
s $0.00255 |
¥ 0.0021 | < 0.0025 |
3 3
2 £0.00245 |
0.002 F 0.0024 |
00019 | 0.00235 |
0.0023 }
0.0018 0.00225
10 90 10 90
(Pct)q (Pct)q
(a) Main condenser (b) Secondary heat pipe

Figure 5-30 Effect of secondary heat pipe inlefppghan thermal resistances

The temperature distributions are presented in Figure 5-3180Q0 W and
Pct=90%. For the case with the secondary heat pipe located neantbdine, tapering

reduces the pressure after the vapor flow passes the secondapypbedihe stream of
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flow enters the secondary heat pipe with lower gues Since the saturation condition

exists at the wick-vapor interfaces, the tempeeatsirhence, lower.

(&) Main condenser

(b) Primary condenser

Figure 5-31 Effect of secondary heat pipe inlefpghan temperature distributions of (a) main conde(is)
secondary heat pipe.

When the secondary heat pipe is placed outwardlasitemperature distributions

are obtained. Although, tapering causes a slightease in the general tempreature
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distribution of the main condenser, it does result in lower tempesat the secondary
heat pipe. Because local pressure at the entrance of secondarpigesis lower in
comparison to the straight inlet, the pressure of the flow entdrengecondary heat pipe

is lower.

5.1.3.3The effect of adiabatic section

As discussed in previous section, for centrally located tubular ddigleation of
the primary heat pipe, effects of entrance geometry of pyimiad secondary heat pipes
is insignificant. To further explore the feasibility of improvingat pipe performance by
modifying geomtery, the adiabatic section of the primary hext {3 moved outward to
the surrounding forming an concentric ring (Figure 3-6). The thickonésadiabatic
section is chosen to be 4 mm.

Figure 5-32 shows the effect of heat input and heat transfiee teecondary heat
pipe on the streamline contours for the complex geometry heat pipehe&iconcentric
adiabatic section. It can be seen that reconfiguring the adiaeation from tubular to
concentric has a remarkable effect on the formation and theof&iites recirculation
zones. Lesser number and smaller recirculation zones are fornmgeedshdwn in
Figure 5-32, the case with concentric adiabatic section and thenpeabf 3000 W, Pgt
of 90 percent, only has two recirculation zones. However, for the aaroant of heat
transfer, four vortices are formed for the case with tubulabat@section. It can also
be noticed that the size of the primary recirculation developed arbenidlét corner is

much smaller.
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The size and strength of the recirculation zones are nearlpeandent of
secondary heat pipe location. The only difference is that for higgreentages of heat
transfer to the secondary heat pipe, the secondary recirculatiennzoves closer to the

centerline.

Q=1000, Pc§=10 Q=1000, Pc§=90 Q=3000, Pc§=10 Q=3000, Pc$=90

Figure 5-32 Effect of heat inputs and heat transféhe secondary heat pipe on streamline contours.
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Figure 5-33 shows the pressure distribution at the main condenseofgalues

of Qe=1000 Wand Q=3000 W.

(2)Qe=1000W

(b) Qe=3000W

Figure 5-33 Effect of heat inputs and heat trantsféhe secondary heat pipe on pressure distribatio
main condenser
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The pressure at the wick-vapor interface of the main condensepiug@etely
different from that of the case with centerline located adialsa&ction. More uniform
pressure distributions are achieved and pressure values are higheraly, higher
pressure are resulted when the heat pipe is located away liowenter line but the

difference is very small.

The comparison of average temperatures in the main and secondary heat pipes for

both configurations of adiabatic section are shown in Figure 5-34.
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Figure 5-34 Effect of adiabatic part location er@age temperature of (a) main condenser (b) secpnd
heat pipe

For the cases in these figuress, the 90 percent of input heahséerred to the
secondary heat pipe, and the secondary heat pipe is locatedramaire centerline. It
can be seen that placing the adiabatic section ouward resaltsemarkable increase in
the average temperature of the main condenser and the secondaipéeAs the heat
input increases, the difference between the average temperatures configuration

increases.
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Figure 5-35 shows the effect of tapering the main condenseronl¢he stream line
contours for @3000W. For both Pgtof 10% and 90%, tapering has eliminated the
primary vortex formed around the main condenser corner, however it dokaveoainy
noticable effect on the secondary vortex around the secondary heahlpipd-or the
PCt of 90 percent, tapering brings up a small counter clockwise uéatii@n zone at the

corner of the adiabatic section and main condenser.

Q=3000, Pc$=10 Q=3000, Pc$=90 Q=3000, Pc§=10  Q=3000, Pc$=90

Figure 5-35 Effect of tapering of the main condenser inlet on the
streamline contours

Figure 5-36 and Figure 5-37 show the tapering effect on the tetupedistribution of
the main condenser and secondary heat pipe for the heat inputs of 300panhd the
main condenser inlet increases the temperatures of the main cendedssecondary
heat pipes for both locations of the secondary heat pipe. Taperiogmalkes the
temperature distributions of the main condenser more uniform, espefdallower

values of the Pgt
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(8 Secondary heat pipe away from the (b)Secondary heat pipe near centerline
centerline

Figure 5-36 Effect of tapering of the main conderisiet on the temperature distribution of main
condenser

(a) Secondary heat pipe away from the (b) Secondary heat pipe near centerline
centerline

Figure 5-37 Effect of tapering of the main condensiet on the temperature distribution of the setary
heat pipe
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5.2 Experimental Results

5.2.1 The effects of input heat
In this section, the results are presented for a heat pipe aésatharged with 13
ml of water or 30 % of the total volume of the heat pipe. Fi§u88 shows the transient

response of the surface temperature at the adiabatic section.

55.00 - 100w
53.4

0 2500 5000 7500 10000 12500 15000
Time (sec)

Figure 5-38 Transient response of the heat pipe

Usually, the temperature of outer wall of the heat pipe adiabatic sectelaates
as the parameter to study the response time since it shovwedheipe status. This
temperature is used as saturated vapor temperature and is emnfdogletermine the
operating pressure of the heat pipe. It can be seen in Figuréh&at38s the heat input

increases, the steady state condition is reached within approximately 20t86.m
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The steady state temperature distribution for the heat pipewalieis shown in

Figure 5-39 for different heat inputs.
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Figure 5-39 The effects heat input on steady $ta#t pipe outer wall temperature

At the beginning, only the cooling system was on and the heaseofivantil the
steady state was reached. The water entered the coalkeg gt 25°C and 125 ml/min.
Since the temperature of water was higher than the room temmgerthe condenser acts
as an evaporator while the evaporator section worked as condensénaistdady state
condition was reached. At this point, the heater was turned on and deatided to the
evaporator. As the heat input increases, the rate of evaporati@ases, so is the vapor
temperature. Furthermore, the condition of cooling water remainsacontterefore, the
outer wall temperature of the condenser increases to regget heat. Since the wall and
wick temperatures are coupled with the vapor, these two faesut in the increase of

the operating temperature of the heat pipe until another stestdycendition is reached.
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The steady state temperature distribution is uniform along Wapoeator but the
temperature increases along the condenser due to convective h&fal toh the cooling
jacket. The adiabatic section is thermally insulated; theretbeestemperature remains

unchanged.

The outer wall surface temperature at the evaporator is higherthe vapor
temperature since the heat needs to be conducted through the heedlpgred wick to
the wick-vapor interface. At the condenser, lower temperature isvellsat the outer
surface, as heat needs to be conducted from the wick-vapor interfdaeeheat sink. As
mentioned above, it is assumed that the vapor temperature remaitentahsng the
heat pipe and is equal to the average temperature adiabaimnsd&th adiabatic
sections show approximately the same temperature, which $teesgthis assumption.
The small temperature difference between the two sedBothse to the effects of axial

conduction in the wall and wick regions.

Figure 5-40 shows the effect of heat input on thermal resist&scéie heat
input increase, the thermal resistance decreases sharplyafofiux@s up to 50 W and
then remains approximately constant. This indicates that the heathas better
performance at larger heat inputs. The heat pipe has higherathesistance at lower
heat inputs since more liquid resides at the evaporator sectiodditiva, as the heat
input increases, the operating temperature and pressure of theigeacreases. This
indicates that the vapor temperature drop along the heat pipaiwalgl smaller in
comparison to the heat pipe operating temperature. The temperatarendé between

the evaporator and condenser increases at lower rate than that of the heat input.
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Figure 5-40 Effect of heat inputon heat pipe thdnmasistance

Figure 5-41shows the effective thermal conductivity of the heat gapaulated by

equation ( 4-3).

0 20 40 60 80 100 120
QW)

Figure 5-41 Effect of heat input on equivalent thakr conductivity of the heat pipe

The effective thermal conductivity of the heat pipe increaségaer heat inputs.
The effective thermal conductivity of the heat pipe is approximately 20 tong8 tiigher

than a copper rod.
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The absorbed heat by the cooling jacket is shown in Figure 5-42.

0 20 40 60 80 100 120
Heat input (W)

Figure 5-42 The heat output versus heat input

At lower heat inputs, where there is a relatively smallpenmature difference
between the inlet and outlet of cooling water, the source of @amugris largely due to
the uncertainty of the RTDs. Table 5-1 shows the heat inputs, and #sune@ heat
output and the associated uncertainties. At the larger heat inputsfféhence between

the heat input and the heat outputs is mainly due to heat losses.

Table 5-1heat output uncertainty

Heat input Calculated heat output  Heat output Uncertainty error

(W) (W) %
13 6.3 +73.2
26 17.2 +26
40 32.4 +14.5
53 46.2 10.2
70 57.8 +8.3
86 68.4 +6.6
100 79.0 +5.8
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5.2.2 The effects of working fluid charged value

The effect of the charged value of the working fluid on the opgradimperature
of the heat pipe is shown in Figure 5-43. At lower values of heat inpatles amount of
working fluid resulted in lower temperatures at the evaporato.ekcess liquid resided
at the evaporator for the case of lower heat input or higlfieg fratios, imposes higher
thermal resistance at the evaporator. The underfilled heat pigelbagr maximum heat
transfer, since the working fluid was not sufficient to filetentire wick for high heat

inputs.

As the heat input increased, higher temperature and responsedrmeecorded
for the small amount of working fluid. As at such condition, there wsa€mnough liquid
at the wick of the evaporator to transfer the heat, the raggagforation decreased. The

temperature difference between the evaporator and condenser increasdéidalhama

As the amount of working fluid increased, better performance wasneltand
the heat transfer limit of the heat pipe increased. For therdwstudy, this trend remains
only up to a certain limit which is 30% or when the heat pipe lisdfivith 13 ml of
water. Further increase of the working fluid amount resultechigher operating
temperature of the heat pipe since the excess liquid accumwdatdee evaporator

interferes with the evaporation and condensation processes.

The corresponding thermal resistances with the effects dfingpfluid filled

volume on the overall performance of the heat pipe are shown in Figure 5-40.
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Figure 5-43 Effect of working fluid charged voluroe the evaporator surface temperature

At low heat inputs, the evaporation rate is low and there isciffiliquid to
keep the wick at the evaporator section saturated all time. rLihwemal resistance is

obtained for the case with 10% of the heat pipe volume filled.

As explained, the excess liquid at the evaporator affectewhporation and
condensation rate. As the heat input increases, the thermahmesisif the heat pipes
with smaller amount of working fluid increases, and the temperditiezence between
the evaporator and condenser increases. It also takes longer time for the heatgaigle t
the steady state. This trend remains only up to a certainnpageeof filled volume of the
working fluid. As the filled volume of working fluid exceeds this amotme, heat pipe
shows higher thermal resistances, especially at low heat imghdse the effects of

excess liquid is more significant.
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Figure 5-44 The effect of working fluid amount dwetmal resistance

5.2.3 The effects of inclination angle on the heat pipe performance

Figure 5-45 shows the variation of thermal resistance versligaithen angle in
gravity-assisted orientation for three heat input levels. lkeigr¢hat the heat pipe works
very well for all inclination angles and the performance gualitthe heat pipe has not
changed significantly for different inclination angles in gra@sgisted orientation. The
reason that the heat pipe has higher thermal resistance wmickination angle of 90
degree, especially at low heat inputs is likely caused lylea dverfilled working fluid
volume. In general, the effect of inclination angle where the coedeassabove the

evaporator can be neglected.
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Figure 5-45 The effects of inclination angle on tieat pipe performance in gravity-assisted oriérat

Figure 5-46 shows the effects of inclination angle in gravity agbosientations.
As the orientation of the heat pipe changed from horizontal directien,titermal
resistance increased dramatically. This is because theyghas adverse effect on the
circulation of the liquid in the wick. The huge difference betwdle® horizontal
orientation and the inclination angle of thirty can be attributed tocttzging valve
located at the condenser side. Since the valve’s inner surfaceatoesve a wick, the
condensed liquid accumulated there at gravity-opposed orientationabledb return to
the evaporator. As the inclination angles increases, the resigtatice flow of liquid

along the heat pipe increases and it degrades the performance of the heatrpgesdeg
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Figure 5-46 The effects of inclination angle on tieat pipe performance in gravity-opposed orieoieti

5.3 Comparison of numerical to experimental results

Figure 5-47 shows the comparison of numerical to experimentatsrdsulthe
heat pipe wall surface temperature. The heat input to the heedsrset to 40 W.
However, the heat removed by cooling water at the condenser seesocalculated as
32.4 W with the discrepancy of £14.5%. The numerical analysis is caududth the
heat input of 32.4 W. In addition, the computations were done for both high-bound
(37W) and low-bound (27W) of estimated heat input. The operating tempecdtthie
heat pipe is obtained from experiment and is 37.5 °C (Figure 5-38)hdensin the
figure, a good agreement is obtained between the numerical and expermesuital The

source of error can be attributed to the following factors:

The temperatures at the condenser section measured by tloe shefanocouples

might be affected by the water flowing in the cooling jacket.
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The properties of the wick are obtained from the theory using ieqaat3-1),
(3-2) and (3-3). However, rolling the screen mesh wick might afffecporosity
of the wick and therefore the effective thermal conductivity. Thermal
conductivity of the wick influences the temperature distribution at cier
surface of the heat pipe.

The non-uniformity in the wick thickness.

The numerical method does not consider the excess liquid, whichsregidlee

evaporator especially at low heat inputs.

| ¢ Experiment
— .
] = Numerical
i — — = Numerical_low bound
i — — Numerical_high bound
0 0.05 0.1 0.15zm) 0.2 0.25 0.3 0.35

Figure 5-47 The compariosn between numerical apérxental results
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CHAPTER 6

CONCLUSION

The results obtained from numerical analysis of the heatm@pgork showed
that the thermal resistance of the primary heat pipe dedre@ie the increase of the
operating temperature and vapor radius, but increased with thesmaktne heat input.
In the cases studied, adiabatic section radius of 15 mm was enuffiiecause of the
large expansion ratio from the adiabatic section to the main cagdens vapor flow
coming from adiabatic section was similar to a confined jet nggment, which
impinges on the surface and spreads out radially while it is comgerBue to the
complex interaction of convective and viscous forces in the main condems@ber,
several recirculation zones were formed in this region, which rredeerformance of
the heat pipe convoluted. The temperature distributions of the primargeaoddary
heat pipe highly depended on the secondary heat pipe configurationaigncomdenser
spacing, especially for the cases with higher heat inputs andr ligheentages of heat
transfer to the PCM via secondary heat pipes. In all casesome secondary heat pipe,
secondary heat pipe temperature was higher when it was plaegdiram the primary
heat pipe. The corresponding temperature distribution in the main consesenore
uniform. The primary condenser spacing of 10 mm offered higher and umdoem
temperature distribution in the main condenser and secondary heat pipeffect of

geometry of the secondary heat pipe inlet was insignificant coverall performance of
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the heat pipe network. Of the shapes studied for the main condensethialéipered
corner yields higher temperatures and hence lower thermatamsts at the main
condenser and secondary heat pipes. However, the improvement is snthé faase
with tubular adiabatic section. Changing the location of the adiadettoon reduces the
jet effect of the vapor flow and curtails the recirculatzones, leading to higher average

temperature in the main condenser and secondary heat pipes.

The results obtained from experimental analyses, showed tihat ¢ondition of
the cooling jacket at the condenser remains constant, the inandaesat input results in
higher operating temperature and better performance of theptpeatUnderfilling the
heat pipe with working fluid leads to lower maximum heat transfewever, heat pipe
has lower thermal resistance in low heat inputs. Overfillirghbat pipe increases the
thermal resistance because of the excess liquid that inseengtk evaporation and
condensation mechanism. For the gravity-assisted orientations, linatioo angle has
negligible effects on the heat pipe thermal resistance and response tiratn&ihe heat
pipe in gravity-opposed orientation deteriorated the performanceeohé¢at pipe in

comparison to horizontal orientation.
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