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ABSTRACT

THERMAL PERFORMANCE CHARACTERIZATION
OF FLAT GROOVED HEAT PIPES

Hossein ALIJANI ALIJANVAND
M.S. in Mechanical Engineering
Advisor: Barbaros Cetin
July 2017

Heat pipes are promising heat removal devices widely used in a variety of fields
ranging from thermal management of electronic components to terrestrial and
aerospace applications. Their working principle, phase change of a working fluid,
makes them superior to other conventional cooling methods. This thesis study
focuses on flat grooved heat pipes and the effects of working fluid, filling ratio,
groove density, and input heat flux on their thermal performance are investigated.
During the study, two aluminum heat pipe generations and one silicon heat pipe
configuration, each having a set of different groove densities, are fabricated. In
each set, different methods of heating and cooling are applied. In all the exper-
iments on aluminum heat pipes, the working fluid is isopropyl alcohol due to its
wetting characteristics that makes it compatible with the aluminum surface. For
the case of silicon, the heat pipes are charged with isopropyl alcohol and water.
The optimum filling ratio, corresponding to the minimum temperature difference
along the heat pipe and maximum effectiveness, is reported for each heat pipe.
Moreover, as one of the operational limitations of heat pipes, the occurrence of
dryout is visually observed and its extent is reported for each heat pipe operating
at different filling ratios under different heat inputs. Furthermore, to find the
heat input to the heat pipes of first generation and to simulate the phase change
in one of the heat pipes of second generation, two 3-D computational models are
developed and temperature distribution along the heat pipes are verified by the

experimental results.

Keywords: Flat grooved heat pipe, thermal performance, filling ratio, dryout.
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OZET

DUZ OLUKLU ISI BORULARININ ISIL PERFORMANS
KARAKTERIZASYONU

Hossein ALIJANI ALIJANVAND
Makine Miihendisligi, Yiiksek Lisans
Tez Danigmani: Barbaros Cetin
Temmuz 2017

Is1 borular: elektronik, uzay ve havacilik uygulamalarinda elektronik ekipmanlarin
sogutulmasinda siklikla kullanilan 1s1 uzaklagtirma cihazlaridir. Faz degigimi ile 1s1
transferi saglamalari ile diger sogutma yntemlerine gre tistiinliik saglamaktadirlar.
Bu tez calismasi diiz oluklu 1s1 borular1 iizerine odaklanmakta ve kullanilan
akigkanin, doldurma oranin, oluk yogunlugunun ve verilen 1s1 akisi 1sil per-
formans ftizerindeki etkilerini incelemektedir. Bu calisma kapsaminda farkh
oluk yogunluklarina sahip iki tane aliiminyum ve bir silikon 1s1 borusu kon-
figiirasyonu tizerinden g¢aligmalar yiiriitiilmistiir. Yirtitilen farkli set deneysel
caligmalarda farkli 1sitma ve sogutma yntemleri uygulanmigtir. Aliiminyum ile
yapilan deneylerde aliiminyum ile uyumu nedeniyle izopropil alkol, silikon deney-
lerinde ise hem izopropil alkol hem de su kullanilmigtir. Is1 borusu iki ucu arasinda
en diisiik sicakligi ve 1s1 borusu i¢in en yiiksek etkinlik katsayisi veren optimum
doluluk orani her 1s1 borusu rapor edilmistir. Ayrica, 181 borularimin ¢alisma lim-
itine karar veren kuruma grsel olarak gzlemlenmis, ve kuruma baglangi¢ noktasi
farkli dolum oranlar1 ve 1s1 girdileri icin deneysel olarak irdelenmistir. Yapilan
n deneylerde 1s1 borusuna verilen 1s1 girdisini belirlemek ve optimum doluluk
oraninda calisan bir 1s1 borusu igerisindeki sicaklik dagilimini belirleyebilmek igin
3-boyutlu sayisal bir model gelistirilmis ve 1s1 borular: iizerindeki sicaklik dagilimi

ile dogrulanmigtar.

Anahtar sézciikler: Diiz oluklu 1s1 borusu, sl performans, doldurma oran, kuruma.
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Chapter 1

Introduction

Heat pipes are promissing heat removal devices which utilize phase change of
a working fluid to dissipate heat from a heat source. Importantly, the phase
change mechanism enables them to operate under small temperature gradients
along their length. They also benefit from high heat removal capacity caused by
high heat of vaporization of working fluids, needing no external pumping power,
and requiring relatively low amount of working fluid [1-3]. Every heat pipe has
two major sections of evaporator (on the heat source side) and condenser (on the
heat sink side). Based on the application area and available space, there might
be an adiabatic section in between. Operation of a typical heat pipe initiates
with vaporization of the liquid working fluid in the evaporator, by absorbing its
latent heat of vaporization from the heat source. The resultant vapor then moves
to the condenser section with the help of its pressure difference, where it releases
its latent heat of condensation to the heat sink. Next, the condensate flows back
to the evaporator by a capillary force caused by a wick structure. This process
continues as long as there is a temperature difference between the evaporator and

condenser. Figure 1.1 depicts schematic of the operation of a typical heat pipe.
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Figure 1.1: Schematic of the working principle and sections of a typical heat pipe,
with direction of the vapor and liquid flows

1.1

Wick Structures

The wick structure of a heat pipe provides sufficient capillary force for the liquid

flow from the condenser to the evaporator. The wicks can be categorized into

sintered, mesh, groove, or occasionally a combination of them.

(1)

(ii)

Sintered wick: This type of wick is made by sintering a metal powder
in temperatures between half of and close to melting point of the mate-
rial. A sintered wick can be of mono-porous or bi-porous type. The high
hydraulic resistance of mono-porous wicks at high heat fluxes may cause
the evaporator to dryout. In such a case, a bi-porous wick increases the
performance, while the bigger pores exhibit a lower hydraulic resistance
and smaller pores supply the adequate capillary force. Figures 1.2—(a) and
(b) shows the cross-sectional and cut-up views of a typical cylindrical heat
pipe with sintered wick structure. A summary of recent developments in

heat pipes with sintered wick structures are given in [5].

Groove wick: Axial grooves are also capable of providing capillary pres-
sure for liquid flow in a heat pipe. The cross-section of the grooves may be
in different shapes, including triangular, square, rectangular, trapezoidal,
or even {)-shaped. However, fabricating miniature sized grooves may in-
crease the fabrication cost of a heat pipe. Figures 1.2—(c) and (d) demon-

strate the cross-sectional and cut-up views of a cylindrical heat pipe with



(e) (f)

Figure 1.2: Three types of wick structures [4], sineterd wick: (a) cross-sectional
view, (b) cut-up heat pipe, groove wick: (c) cross-sectional view, (d) cut-up
heat pipe, mesh wick: (e) cross-sectional view, (f) cut-up heat pipe.

axial grooves. Rectangular grooves are of common interest due to easier

fabrication and simpler geometry to be numerically modeled.

(iii) Mesh wick: Another type of wick structure is composed of a number of
screen mesh layers. In this case, the sharp corners between the mesh wires
act as the capillary structure for the liquid flow [6]. The cross-sectional and
cut-up views of a cylindrical heat pipe with a mesh wick structure is shown
in Figures 1.2-(e) and (f).

It is worth mentioning that depending on the application and design, the afore-
mentioned wick structures can be combined to be used as the capillary structure
of a heat pipe. As an instance, Lefevre et al. [7] investigated thermal perfor-

mance of a flat plate heat pipe with axial grooves covered with screen meshes. As



another, Li et al. [8] manufactured a heat pipe with compound wick of sintered

copper powder on axial grooves.

1.2 Types of Heat Pipes

Heat pipes can be in various configurations and types, including two-phase closed
thermosyphon, capillary-driven heat pipe, annular heat pipe, vapor chamber,
rotating heat pipe, gas-loaded heat pipe, loop heat pipe, capillary pumped loop
heat pipe, pulsating heat pipe, micro and miniature heat pipe [2]. Three of the

most common heat pipes are described in detail as follows:

1.2.1 Micro Heat Pipes

First defined by Cotter [9] in 1984, a micro heat pipe consists of a single channel
of a non circular cross-section, with sharp corners acting as liquid arteries pro-
viding sufficient capillary force for the liquid flow. Figure 1.3—(a) shows different
cross-sections of micro heat pipes studied in the literature. Cotter proposed a
triangular cross-section in a theoretical study to determine the maximum heat
transfer capacity of a microchannel. Other cross-section shapes include rectan-
gular or square with straight or incurved walls, trapezoidal, and circular with
incurved walls, and triangular with concave walls. While the liquid flows at the
sharp corners, the vapor flow occurs in the inner hollow core. The typical hy-

draulic diameter of a micro heat pipe is in the range of 10 — 500 pm [10].

1.2.2 Loop Heat Pipes

Having evaporation and condensation processes similar to conventional heat
pipes, loop heat pipes consist of a capillary pump, a compensation chamber,

a condenser, and liquid and vapor lines. They are capable of heat dissipation



Heat in

; X P = chamber RERRRBRRREIRERERETE] |
A :
L 2 - A - A |
; S p L|_qmd Wick Evaporator V:_:\por
Yy vy line structure line
) > < P—
» A Condenser
Y Y, //'
] [ "A \
) € 4 | ‘ AN
(a)
£
13.41 mm
ARARARRRARARARAARRRARANRRRRRR gf
E ®
0.1, mm
£ £
O o
- <t
0.2 mm S

()

Figure 1.3: Different types of heat pipes: (a) common micro heat pipe cross-
sections (adapted from [12]), (b) schematic of a loop heat pipe (adapted from
[13]), (c) cross-section of a flat heat pipe with axial rectangular grooves (adapted
from [14]), (d) cross-section of a flat plate heat pipe with axial rectangular
grooves(adapted from [15])

over long distances between the heat source and heat sink, against gravity forces.
They have application areas in thermoregulation systems of spacecraft and elec-
tronics and computers cooling [11]. Figure 1.3—(b) shows the working cycle and

sections of a typical loop heat pipe.

1.2.3 Grooved Heat Pipes

Capillary-driven heat pipes with groove wick structure are often called grooved
heat pipes. The grooves might be of triangular, rectangular, or trapezoidal cross-
section, but compound wick structures, such as screen mesh or sintered powder

covering the grooves, may also be used. Cylindrical heat pipes with axial grooves



on the inside wall are the most common type of grooved heat pipes. Unlikely,
flat heat pipes mostly have a bulk with outer rectangular cross-section. Electric
Discharge Machining (EDM), CNC milling process, CNC machining, and drawing
and extrusion processes are some of the techniques used to fabricate flat heat
pipes [16]. It should be noted that the grooves might be present on both the
top and bottom surfaces as in [14,17-20] (Figure 1.3-(c)), or just on the bottom
surface of the heat pipe as in [15,21-24] (Figure 1.3—(d)). They are usually called
a flat plate heat pipe (FPHP); more specifically, if the wick structure is made of
axial grooves, it may be called a flat grooved heat pipe (FGHP). The details of

some experimental and analytical studies on FGHPs are described as follows.

In 1999, Hopkins et al. [17] performed an experimental and analytical analysis
on heat transfer performance of three flat miniature heat pipes on copper with
axial trapezoidal and rectangular grooves. The two heat pipes with trapezoidal
grooves were fabricated by a rolling method and filled with water with amounts
of 0.20ml for one of them and 20% of the internal volume for the other. The
heat pipe with rectangular grooves was fabricated with a different method: first,
62 grooves of cross-sectional dimensions of 0.2mm x 0.2mm and top fin width
of 0.1 mm were machined on two identical copper plates by a high-speed dicing
saw. The symmetric pieces then were attached together by a low temperature
silver solder. The length of the heat pipe was 120 mm. Next, it was charged with
0.84ml of water with weighting method. In their experiments, the maximum
heat loads at operating temperatures of 60, 70, 80, 90, and 95°C were found
under horizontal and vertical orientations. According to the results, the heat
pipe with rectangular grooves exhibited the lowest value of thermal resistance
(see section 1.7.2) of 0.2K/W. Moreover, maximum heat flux was found to be
92.8 W/cm? and 141.8 W/cm? for horizontally and vertically oriented heat pipe,

respectively.

In 2008, Lim et al. [18] evaluated the thermal performance of a flat heat pipe,
which could operate under an adverse-gravity condition due to the high capillary
pump provided by novel fan-shaped microgrooves. The grooves were 0.30 mm
deep with top width of 0.15 mm, machined on two plates of copper using a fem-

tosecond laser micromachining technique. The vapor space was provided with a

6



hollow middle plate between the two plates with grooves. Then, the heat pipe
was charged with 0, 53.9, and 183 L of degassed water, corresponding to empty,
moderately charged, and overcharged heat pipe, respectively. The values of heat
input to the heat pipe were from 1 to 8 W with 1 W increments. Moreover, the
heat pipe operated at different tilt angles between —90° (adverse-gravity orien-
tation) and 90° (pro-gravity orientation). At the maximum input power of 8 W,
the temperature difference between the average of two thermocouples at the evap-
orator and four thermocouples at the condenser of the moderately charged heat
pipe section turned out to be 45.9°C when the peak temperature approaching a
top limit of 120°C, resulted in a minimum thermal resistance of 5.45°C/W. In
addition, thermal resistance values of overcharged and empty heat pipe, where
the heat transfer mechanism is through the conduction alone, were higher than
those of moderately charged one for all of the examined heat inputs, showing the
efficient phase change heat transfer. Furthermore, the heat transfer rate remains
the same (8 W) for tilt angles from —90 ° to 45 °, increasing for the case of 90 ° tilt
angle, indicating the successful operation of the heat pipe under adverse-gravity
operating condition. Moreover, the onset of dryout was observed at input power
of 13 W with a sudden jump in thermal resistance of the heat pipe after increasing

the input power beyond 12 W.

In 2009, nucleate boiling at different filling ratios was experimentally studied
for a copper flat plate heat pipe with axial rectangular grooves charged with
methanol by Lips et al. [15]. Figure 1.3-(d) depicts the schematic cross-section
of their FPHP, including the copper plate on which 88 grooves of cross-section
0.4mm x 0.4 mm are machined, and a nitrile ring covered with a transparent plate
which enables the observation of the liquid /vapor menisci inside the grooves. The
experiments performed under different filling ratio (see section 3.1) values of 1.3,
1.6, 2.8 compared to the total volume of the grooves. Under filling ratio of
2.8 and input heat load of 9.6 W/cm?, boiling was visually observed through the
transparent cover and the performance of the heat pipe characterized accordingly.
The results revealed that occurrence of boiling could decrease the temperature
readings in the evaporator section by approximately 5K compared to operation

without boiling, resulting in a decrease in the thermal resistance of the heat



pipe. This indicated that boiling could improve thermal performance of the heat
pipe. Furthermore, the effect of different filling ratios were taken into account
by corresponding thermal resistance values of the heat pipe under different input
heat flux values. Although at filling ratio of 1.3 the condenser showed the lowest
thermal resistance under lower heat fluxes, filling ratio of 1.6 exhibited the best
performance under high input heat fluxes. However, the optimum filling ratio was
chosen to be 1.6 because of the small thermal resistances in both the condenser
and evaporator sections. In 2010, same authors investigated the effect of filling
ratio and the vapor space thickness on thermal performance of the same flat plate
heat pipe with n-pentane as the working fluid [21]. With vapor space thickness of
2mm, the optimal amount of filling ratio was chosen to be the one that minimized
the overall thermal resistance of the heat pipe under input heat flux of 7.5 W /cm?,
which turned out to be in the range of 10 —25% of the internal volume of the heat
pipe, corresponding to 1—2.5 times of the volume of the grooves. For vapor space
thickness of 5 mm, optimal filling ratio values were in the range of 1 — 2 times the
volume of the grooves. Moreover, a very small or very high vapor space thickness
resulted in trapping of the working fluid in the corners and sides of the heat pipe
or dominating the gravitational forces and flooding the grooves, respectively, both
adversely affect the performance of the heat pipe. In other words, a thicker vapor
space resulted in the homogeneous distribution of the working fluid all over the
condenser section, while a thinner vapor space resulted in trapping the working
fluid in the corners of the heat pipe as well as in the distance between the grooves

and transparent cover.

The effect of filling ratio on cooling performance of a flat grooved heat pipe was
investigated by Chen et al. in 2014 [19]. The grooves were of 0.2 mm width and
0.4mm depth, with 0.2mm distance between them, fabricated from aluminum
with extrusion process. The performance of the heat pipe was characterized
when it was charged with acetone with filling ratio values between 5 % and 50
% with 5 % increments under heat inputs from 5W to 60 W with 5 W inter-
vals. Filling ratio of 25 % demonstrated lowest values of evaporator temperature,
minimum thermal resistance of 0.254 K/W, and maximum effective thermal con-

ductivity of 3150 W/m - K. Moreover, the study of the same grooves geometry is



extended to investigate the effect of filling ratio on the heat pipes with different
lengths and bending angles [25]. It was found that a shorter heat pipe shows
a lower minimum temperature difference between the evaporator and condenser
and, consequently, a lower thermal resistance. In addition, the effective ther-
mal conductivity and maximum heat transport capability of the heat pipes could

increase with increasing the bending angle from 0° to 90°.

Stubblebine et al. [23] studied the effect of inorganic aqueous solutions on
the thermal performance of a grooved aluminum flat heat pipe in 2015. The
heat pipe consisted of 15 grooves, 1.5 mm wide, 2.0 mm deep, and 130 mm long,
machined on an aluminum plate placed under a stainless steel frame, covered with
an acrylic plate, and sealed with two o-rings. The heat pipe charged with two
different inorganic aqueous solutions and the corresponding thermal resistance
values were compared. Accordingly, they showed thermal resistance values similar
to those of a copper heat pipe with the same grooves geometry made of copper
and charged with water in [24]. However, one of the solutions demonstrated a
maximum heat flux 27% higher than that of the copper/water heat pipe under the
same operation conditions. Moreover, dryout was visually estimated and its onset
calculated by corresponding inflection point in the graph of thermal resistance
versus input heat load. Both solutions could delay the onset of dryout compared

to the copper/water heat pipe.

Supowit et al. studied the effect of a designer fluid and inclination angle on
heat removal performance of a flat grooved heat pipe in 2016. The grooves and
heat pipe configuration was the same as in [23]. Ease of machining, low cost, and
visualization of dryout were of reasons for choosing this relatively large groove
dimensions. The heat pipes charged with water and two concentrations of a de-
signer fluid, with the same amount of 7mL equal to a 1.2 times the total volume
of the grooves. For case of the heat pipe charged with water, the onset of dryout
occurred at heat inputs near 85 W and noticed by a sudden increase in ther-
mal resistance with power input, verified visually through the transparent cover.
Moreover, the effect of two concentrations of an inorganic aqueous solution (IAS)
was investigated on the performance of the heat pipe. One of the concentrations

could decrease thermal resistance of the heat pipe charged with water by 20%.
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Furthermore, it could postpone onset of dryout to an input power higher than
200 W. However, thermal resistance of the heat pipe charged with difference con-
centrations of the designer fluid did not show a significant improvement. Details
of the investigated inclination angles and comparison between the performance

of water and the designer fluid can be found in [24].

In 2017, Hao et al. [20] experimentally investigated the performance of acetone-
based nanofluids on a flat plate heat pipe with axial rectangular grooves of 0.3 mm
width and 0.65 mm depth, with 0.55 mm distance between the grooves. To find
the optimum filling ratio, 20, 30, and 40 % of the internal volume of the heat
pipe charged with acetone and corresponding thermal resistances were calculated
under different input heat loads of 10 —130 W with 10 W increments. Since filling
ratio of 30 % showed the lowest thermal resistance values in all of the examined
heat inputs, it was chosen to be the optimum filling ratio for further experiments.
Then, the heat pipe charged with different concentrations of two multiwall car-
bon nanotubes (MWCNTSs) acetone nanofluids and its performance assessed with
corresponding thermal resistance and effective thermal conductivity values (see
section 1.7.3). For both of the nanofluids, 0.005 wt. % concentration resulted
in the lowest thermal resistance and highest effective thermal conductivity and
this was chosen to be the optimum mass concentration of the nanofluids. The
nanofluids could reduce the thermal resistance of the heat pipe 16 % and 40 %
compared to the heat pipe charged with acetone. Moreover, the effective thermal
conductivity of the heat pipe compared with thermal conductivity of the heat
pipe bulk material which was aluminum. Compared to acetone, both nanofluids
showed higher effective thermal conductivity values for all the examined input
heat loads. As an instance, the effective thermal conductivity of the heat pipe,
peaked at approximately 13 times the thermal conductivity of aluminum under
heat input of 160 W. Table 1.1 summarizes some studies on flat grooved heat

pipes in the literature.

10



1T

Table 1.1: Experimental studies on flat grooved heat pipes in the literature

Reference ‘Wall Grooves dimensions Grooves array Working fluid(s) Heat load(s) Different filling ratios Performance characterization
material width (mm) x depth (mm) method
Hopkins et al. [17] Copper 0.2 x 0.42 Double-sided ‘Water 4 — 168 W - Heat pipe thermal resistance,
maximum heat transfer rate
Lim et al. [18] Copper 0.15 x 0.30 Double-sided Jater 1-14W 0, 33.5, 114'%* Thermal resistance
(fan-shaped grooves)
Lips et al. [15] Copper 0.4 x0.4 One-sided Methanol 1.1 — 14.5W/cm? 1.3, 1.6, and 2.8 ** Thermal resistance
Lips et al. [21] Copper 0.4x04 One-sided n-pentane 5,7.5,10 W /cm? 0 — 80 %* Thermal resistance
Dean et al. [22] Silicon 0.1 x0.1 One-sided Liquid Hg 0—20W - Temperature drop along the top lid,
effective thermal conductivity
Chen et al. [19] Aluminum 0.2x04 Double-sided Acetone 5—60W 5-50% * Thermal resistance,
effective thermal conductivity,
AT between the evaporator and condenser,
maximum heat transport capability
Stubblebine et al.  Aluminum 1.5 x2 One-sided Water, 0 — 108 W/cm? - Thermal resistance,
(23] inorganic aqueous solutions AT between the evaporator and condenser
Supowit et al. [24] Copper 1.5 x2 One-sided DI-water, 10 — 120 W - Thermal resistance
inorganic aqueous solutions
Hao et al. [20] Aluminum 0.3 x 0.65 Double-sided Acetone, 10— 170 W 20, 30, 40% * Thermal resistance,

acetone-based nanofluids

effective thermal conductivity

! Considering the fill tube as the extra space
* Compared to internal volume of the heat pipe
** Compared to total volume of the grooves



1.3

Heat Transfer Limitations

Heat pipes are vulnerable to some constraints on their performance, depending on

their shape and size, working fluid, wick structure, and operating temperature [2].

There are physical phenomena that limit the maximum transferred heat through

a heat pipe. Such limitations can be categorized as: (i) those which result in

the failure of the heat pipes, known by inadequate liquid flow to the evaporator

at a given heat input, including capillary, boiling, and entrainment limits; (i)

those which do not fail the heat pipe operation. In such a case, operation at a

higher temperature for an increase in the heat input would resolve the failure.

Sonic, viscous, and condenser limits are instances of this category [26]. A brief

description of the above-mentioned limits is introduced as follows:

(1)

(ii)

(iii)

Capillary limit: The most common limit in operation of a heat pipe
takes place when the sum of the liquid and vapor pressures exceeds the
maximum capillary pressure of the wick structure. Consequently, there
exists insufficient liquid flow from the condenser to the evaporator and
dryout occurs. In addition, the evaporator section undergoes a sudden
temperature jump on its outer surface. The physical properties of the wick
structure and the working fluid determine the maximum capillary pressure

in a heat pipe.

Boiling limit: Boiling limit occurs when the applied input heat causes nu-
cleate boiling in the evaporator. The resultant vapor bubbles may partially
block the liquid flow and result in dryout. It is worth mentioning that this
limit is governed by the heat flux in the direction of the heat source towards
the working fluid, e.g. radial direction for case of conventional cylindrical
heat pipes. This is more often in the heat pipes with non-metallic, rather

than metallic, working fluids.

Entrainment limit: Due to the opposing directions of vapor and liquid
flows, there exists a shear force at the liquid-vapor interface. At relatively
high velocities, the liquid droplets may be torn from the wick surface, en-

trained into the vapor, and flow towards the condenser. In the case of
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high entrainment rates, the evaporator undergoes dryout. Sounds of strik-
ing droplets to the condenser end is an indication of the entrainment limit
which is often associated with heat pipes of small diameters and low to
moderate temperatures, or high temperature heat pipes operating under
high heat input values [2]. An analysis based on Weber number can help a

better understanding of the onset of the entrainment limit [27].

(iv) Sonic limit: This typically occurs in liquid-metal heat pipes during startup
or low-temperature operations. At low densities the vapor flows with high
velocities corresponding to its mass flow rate. Hence, sonic flow occurs in
the vapor flow passage. However, this does not result in operational failure
of a heat pipe. Once a heat pipe operates in this condition, a considerable
temperature drop in the axial direction is observed, i.e. the heat pipe may

not work in a near isothermal condition [2,28].

(v) Viscous limit: For a heat pipe operating at low temperatures, the viscous
forces in the vapor flow to the condenser may become dominant. In other
words, the saturation pressure of the vapor cannot exceed the required
pressure drop for vapor flow. As a consequence, the vapor pressure is
inadequate to sustain the flow. Viscous limit may also be called vapor

pressure limit.

(vi) Condenser limit: Depending on the cooling method, the condenser has a
cooling limit. In some heat pipes, the condenser is not able to remove the
maximum heat transfer rate of the heat pipe and it may not operate at its

full capacity [2]. This is called the condenser limit.

1.4 Working Fluid Selection

The operational temperature range of a heat pipe is a key factor to select the
proper working fluid. Some other parameters that need to be considered include
compatibility with wall and wick material and being able to wet them, high latent

heat of vaporization and high surface tension [2,29]. Table 1.2 shows the useful

13



Table 1.2: Operational temperatrue range of some common working fluids and
their compatibility with some bulk materials [2]

Working fluid Melting point Boiling point Useful range Compatible Incompatible
at 1 atm [K] at 1 atm [K] K] material(s) material(s)
Helium 1.0 4.21 2-4 - -
Nitrogen 63.1 77.35 70-103
Methane 90.6 111.4 91-150 - -
Ammonia 195.5 239.9 213-373 Aluminum, Stainless Steel, -
Iron, Nickel
Acetone 180.0 329.4 273-393 Aluminum, Stainless Steel, -
Copper, Brass, Silica
Methanol 175.1 337.8 283-403 Stainless Steel, Iron, Copper, Aluminum
Brass, Silica, Nickel
Ethanol 158.7 351.5 273-403 - -
Water 273.1 373.1 303-550 Stainless Steel, Copper, Aluminum, Inconel
Silica, Nickel, Titanium
Mercury 234.2 630.1 523-923 Stainless Steel Molybdenum, Nickel, Tantalum,
Inconel, Titanium, Niobium
Lead 600.6 2013 1670-2200 Tungsten, Tantalum Stainless Steel, Nickel,
Inconel, Titanium, Niobium
Silver 1234 2485 20732573 Tungsten, Tantalum Rhenium

operating temperature range of some common working fluids in addition to their

compatibility with materials.

1.5 Evacuation and Charging

Evacuating a heat pipe followed by filling it with the desired amount of working
fluid and subsequent sealing are of critical steps before its operation. Since the
presence of small amounts of any unwanted fluid in a heat pipe can adversely
affect its performance, the working fluid must be cleaned and degassed prior to
charging; doing so guarantees eliminating the introduction of any dissolved or
non-condensable gases (NCGs) to the heat pipe. Based on the type and size
of a heat pipe and working fluid, the charging methods may vary. Faghri [30]
described a charging station with multiple containers with which the working fluid
distills into the heat pipe. However, such a method might be time consuming. A
common and faster charging method is using a three-way connection: one way for
vacuuming and one way for charging, while the third one goes to the heat pipe.

To charge an embedded heat pipe system, Wits et. al. [31] proposed a four-step
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Figure 1.4: Schematic of different charging methods: (a) charging of a planar
miniature heat pipe (adapted from [32]), (b) charging of a micro heat pipe
(adapted from [33]), (c) charging of a pyrex-silicon heat pipe (adapted from [34]),
(d) charging of a heat pipe with liquid metal (adapted from [22])

method: mounting, evacuating, filling, and sealing, done through one hole on the
heat pipe. Unlike conventional sealing method of pinching the fill tube, he forced
a plug into the charge component to seal the heat pipe. The accuracy of his
method was 1.5 uL.. Ababneh et al. [32] evacuated and filled a planar miniature
heat pipe thermal ground plane with two holes on its upper surface. Figure 1.4-
(a) depicts the schematic of their setup. In their method, the device was first
evacuated with connecting the left tube in Figure 1.4-(a) to a vacuum station.
Then, it was sealed and the desired amount of previously-purified water enters
the device with the help of low pressure in the heat pipe, through the right tube in
the figure which was also sealed afterwards. Li et al. [33] used a peristaltic pump
charging followed by a differential weighting for accurate charging of a micro
heat pipe. Figure 1.4-(b) depicts the schematic of their charging station. Wang

et al. [34] proposed a double air pumping charge method on a pyrex-silicon flat

15



grooved heat pipe through one hole on the pyrex cover. In the first step, the heat
pipe was vacuumed to 0.1 Pa. Then it was connected to a syringe full of degassed
DI water, in such a way that water filled the heat pipe with a pressure difference.
The heat pipe was then connected to the vacuum pump to pump out some of
DI water until its desired amount was reached. The schematic of their charging
system is shown in Figure 1.4-(c). Dean et al. [22] charged a heat pipe with liquid
mercury with help of micropipettes and a micropump. The challenge in charging
their heat pipe was the fact that mercury is not a wetting liquid. Hence, the
side walls of the grooves were coated with Ti/Pt/Au for easier charging. Their
method is sketched in Figure 1.4-(d).

1.6 Heating and Cooling Methods

Based on the application area, type and size of the heat pipe, available space,
desired operating temperature, and working fluid the heating and cooling methods
at the evaporator and condenser sections may vary from a heat pipe to another.
Electrical resistance heaters are mostly used for metal heat pipes, while for silicon
heat pipes film heaters are usually used. Moreover, common cooling methods
include liquid cooling by water flowing in a cooling jacket, forced convection
air cooling, or natural convection to the ambient. Table 1.3 summarizes various
heating and cooling methods performed in experimental studies on different types

of heat pipes in the literature.
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Table 1.3: Different heating and cooling methods for different heat pipes studies in the literature

L1

Reference Type of the heat pipe ‘Wall material Wick structure Heating method Cooling method
[35] Miniature heat pipe Copper Axial trapezoidal grooves A thin film heater Plate heat sink cooling by a fan
(36] Flat plate heat pipe Copper Axial rectangular grooves A thick resistor film A water heat exchanger
[37] Cylindrical heat pipe Copper Axial rectangular grooves An electrical heater Liquid cooling (cooling jacket)
(18] Flat heat pipe Copper Axial fan-shaped grooves Nichrome-resist wire A refrigerating bath circulator
[38] Flat micro heat pipe Copper Axial rectangular grooves A thick resistor film A water heat exchanger
[39] Flat plate heat pipe Silicon Radial rectangular grooves with A circular thick resistor film A circular water heat exchanger
decreasing width toward the center
[21,40] Flat plate heat pipe Copper Axial rectangular grooves A copper block heated by a heating resistor Water flowing heat sink
[41] Pulsating heat pipe Silicon Axial trapezoidal grooves A film heater Liquid cooling
[42] Pulsating heat spreader Silicon Axial grooves Film heater Liquid cooling (water jacket)
[43] Cylindrical heat pipe Copper Axial rectangular grooves Heating rods heated by hot water Ambient air
[44] Cylindrical heat pipe Copper Axial trapezium grooves Copper sheathing heated by an an electrical bar Liquid cooling
covered with sintered copper powder
[24] Flat heat pipe Copper Axial grooves Two cartridge heaters embedded in a copper block Liquid cooling
[45] Cylindrical heat pipe Aluminum Axial grooves An electrical resistance heating element Liquid cooling (cooling jacket)
[46] Cylindrical heat pipe Copper Helical-grooves Sheath protected Nickel-Chrome heater Liquid cooling (cooling jacket)
[47] Multi-branch cylindrical heat pipe Copper Sintered copper powder Heating module Forced air convection




1.7 Performance Characterization Methods

In the literature, the effect of various parameters on thermal performance of the
heat pipes are investigated, including wall material, wick structure, inclination
angle, heat load, working fluid, nanofluids, and filling ratio. Several parameters
have been used to characterize the thermal performance of the heat pipes. These

parameters are discussed in details as follows:

1.7.1 Merit Number

An indicator of the heat transfer performance of a heat pipe [48], Merit number,
M, is defined as:

h
M = —M/il fo (1.1)

where p; is the density of the liquid, o; is surface energy per unit area of the liquid,
hy4 is latent heat of vaporization of the liquid, and 4 is the dynamic viscosity of
the liquid. This grouping of properties is based on the fact that a desired working
fluid is expected to have a high surface tension to enhance the capillary pump in-
side the grooves, high density and latent heat of vaporization to reduce the mass
flow rates, and a low viscosity to reduce the frictional losses [26]. Therefor, a
working fluid of interest has a higher Merit number among a group of candidates.
However, this number is usually used to select the proper working fluid at the
working temperature range of a heat pipe [49]. Figure 1.5-(a) shows the variation
of Merit number of some common working fluids in intermediate temperatures.
Merit number of some other working fluids including several organic fluids, mer-
cury, sulfur/iodine, and halides in the temperature range of 450 — 700 K can be
found in [50].
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1.7.2 Thermal Resistance

Thermal resistance is widely used to quantify the heat removal performance of a

heat pipe. Based on Fourier law of heat conduction, it is defined as:

Ry — % (1.2)

where Ry, is thermal resistance of the heat pipe, @ is the heat input, and AT is the
temperature difference between the evaporator and condenser sections. However,
some assumptions must be considered when calculating thermal resistance of
a heat pipe, including: (i) negligible temperature difference between the wick
structure and the vapor, (ii) negligible temperature difference between the vapor
at evaporator and condenser sections, (i) no heat loss through the adiabatic
section, so the heat input to the evaporator section equals to the heat output
from the condenser section [51]. The details of some studies which utilized this

parameter to characterize the performance of a heat pipe is discussed as follows:

Supowit et al. [24] investigated the effect of a designer fluid on the thermal
performance of a flat heat pipe with axial grooves. They reported thermal resis-
tance values between 0.6 and 1.0 K/W for heat loads of 20-180 W at six degrees of
inclination. However, the change of Ry, at different power inputs for two different
concentrations of the designer fluid did not show any significan difference. Fig-
ure 1.5-(b) shows the values of thermal resistance of the heat pipe charged with
two different inorganic aqueous solutions (IASs). In 2016, Solomon et al. [45]
studied the effect of filling ratio on the thermal performance of a cylindrical heat
pipe with axial grooves. They found out that thermal resistance of the heat pipe
with anodised surface is lower than that of the one with non-anodised surface.
Cheng et al. [52] reported thermal resistance values as low as 0.2°C/W for a
circular grooved heat pipe with gradient wettability surface. Aly et al. [46] inves-
tigated the effect of inclination angle on total thermal resistance of a cylindrical
heat pipe with helical grooves with water and nanofluids as the working fluid.
They reported values between 0.4 and 0.9 K/W for heat loads of 40 — 65 W for
filling ratio of 80%. Cai et al. [47] calculated thermal resistance of a multi-branch
cylindrical heat pipe under six filling ratios and a wide range of heating loads.
They reported thermal resistance of 0.04°C/W at the heating load of 160 W.
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1.7.3 Effective Thermal Conductivity

Another indicator of the performance of a heat pipe is its effective thermal con-
ductivity, kcss, which is defined as:
Q ' Leff

vaporator — condenser) : Aeff

kepr = . (1.3)

where () is the heat input, L.ss is the effective length of the heat pipe, A.sf
is the effective cross-sectional area of the heat pipe, Teyaporator a0d Teondenser are
the wall temperatures at the evaporator and condenser sections, respectively. The
value of k.f; of a heat pipe can be compared with thermal conductivity of its wall
material. Usually, heat pipes exhibit k. ;¢ values higher than thermal conductivity
of their wall material, as in [20]. Some experimental studies which calculated and

reported kss of heat pipes are described as follows:

In 1993, Peterson et al. [53] fabricated a micro heat pipe consisting an array
of micro grooves on silicon. According to their findings, the effective thermal
conductivity of the heat pipes with an array of rectangular and triangular grooves
were 31% and 81%, respectively, higher than thermal conductivity of a silicon
piece with no grooves. In 2012, Deat et al. [22] reported kess values up to 324
and 789.2W /m - K for a silicon heat pipe with axial grooves, filled with water
and liquid metal (Hg), respectively. Mehrali et al. [54], in 2016, studied the
effect of nitrogen-doped graphene nanofluid on the thermal performance of a
cylindrical heat pipe with axial grooves. With the help of such a nanofluid,
kepy of the heat pipe could exceed 6000 W/m - K for 0.06 wt% concentration of
the nanofluid. Hao et al. [20] studied the effect of acetone-based nanofluids on
thermal performance of an aluminum flat plate heat pipe with axial grooves.
Figure 1.5-(c) shows the ratio of k¢ of their heat pipe to thermal conductivity
of aluminum for different concentrations of acetone nanofluids under different
input heat loads. Accordingly, charging the heat pipe with acetone nanofluids
resulted in k.¢; values of more than ten times higher than thermal conductivity

of aluminum in higher examined heat loads.

The definition of k.ss is not limited to the heat pipes, thermal performance of

other types of heat removal devices may also be characterized by this parameter.
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Figure 1.5: Different parameters to characterize the thermal performance of
heat pipes: (a) Merit number (adapted from [49]), (b) total thermal resistance
(adapted from [24]), (c) effective thermal conductivity (adapted from [20]), (d)
temperature difference between the evaporator and condenser (adapted from [43])

As an instance, Youn et al. [42] studied the effect of filling ratio and heat load on
thermal performance of a micro pulsating heat spreader (MPHS). They reported
values between 200 and 600 W/m - K for charged MPHS. As another example,
kers values of a flat polymer heat pipe heat spreader under acceleration can be
found in [55]. It should me noted that since k.ss is defined based on the heat
conduction law, the heat transfer through the hat pipe must not violate the 1-D
heat conduction assumption, i.e. the cross-sectional area of the heat pipe should
not have the same order of magnitude with the length of the heat pipe, a condition

which results in multi-dimensionality in the heat transfer.
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1.7.4 Temperature Difference between the Evaporator

and Condenser

As mentioned earlier in this chapter, an important advantage of the heat pipes
is operating under small temperature gradients between the evaporator and con-
denser sections. Hence, some researchers report this temperature difference as a
parameter of the thermal performance of a heat pipe. In 2007, Park et al. [56]
investigated the effect of nanofluids on the performance of an oscillating heat pipe
(OHP). According to the results of their study, the minimum temperature dif-
ference belonged to the OHP filled with 50 % nanofluid because of the strongest
oscillatory behavior of the heat pipe. Ji et al. [57] studied the effect of size
of Al;Oj3 particles on the performance of an oscillating heat pipe. Comparing
the temperature difference of the heat pipes charged with nanofluids of differ-
ent particle sizes, they reported an optimum size of the particles, i.e. 80nm,
which resulted in the best heat transfer capability of the tested heat pipe. Za-
ghdoudi et al. [12] studied thermal performance of a series of flat miniature heat
pipes (FMHP) with axial grooves. Compared to a copper plate of the same di-
mensions, FMHP could operate under a temperature difference with lower slope.
Tang et al. [43] investigated isothermal performance of a cylindrical heat pipe
with axial grooves. Figure 1.5-(d) illustrates the temperature difference between
the evaporator and the end of condenser vs. filling ratio at four different heating
temperatures. The effect of the filling ratio is noticeable in the case of heating

temperatures of 53.2°C and 62.7 °C, where AT increases with filing ratio.

1.8 Motivations and Objectives of the Thesis

Among different types of the heat pipes, flat grooved heat pipes are less ex-
perimentally studied in the literature in general, and hence, their heat removal
performance is in need of more investigation in terms of stability and heat transfer
limitations [58]. However, they have found applications in cooling the electronic

components in laptops. In particular, heat pipes with different groove widths
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ranging from pm to mm are not reported in a single study in the literature. Be-
sides, combined effects of the filling ratio and grooves dimensions are not studied
in the literature. Furthermore, considering promising advantages of aluminum as
the bulk material for the heat pipes including low cost, light weight, high ther-
mal conductivity, and relative ease of machining, it has not been studied in the

literature as much as copper.

This thesis experimentally investigates the effects of grooves width and filling
ratio on thermal performance of flat grooved heat pipes. In this regard, three sets
of heat pipes are fabricated: (i) first generation prototype aluminum heat pipes
(heat pipes coded G1): three aluminum heat pipes with grooves widths of 0.2, 0.4,
and 1.5 mm fabricated by CNC machining, (ii) second generation aluminum heat
pipes (heat pipes coded G2): four aluminum heat pipes with grooves widths of 0.2,
0.4, 0.8, and 1.6 mm fabricated by CNC machining, (ii7) silicon heat pipes (heat
pipes coded S): two silicon heat pipes with grooves widths of 0.2 and 0.4 mm. For
first generation heat pipes, thermoelectric units decided to be as the heat source
and heat sink. However, the quantification of the heat input and output to and
from the heat pipes is challenging because their performance is a function of
various operating conditions. Therefore, a 3-D computational model is developed
to quantify the heat input to the heat pipes. For second generation heat pipes,
an electric resistance heater is chosen to be the heat source and a copper block
cooled by cold tap water flow is the heat sink. Moreover, phase change heat
transfer is simulated by a 3-D computational model and further verified with the
experimental results. For case of silicon heat pipes, two chromium electrodes
are used to be the heat source of the heat pipes and cooling water flow through
channels in a PDMS piece are removing the heat from the heat pipes. Thermal
performance of each heat pipe is investigated and characterized under a wide
range of filling ratios from a fully-flooded to a dry heat pipe, and for different
input heat loads. Furthermore, as one of the working limitations in performance of
a heat pipe, the extent of dryout is carefully observed and reported for different
filling ratios and input heat loads. The results of this work can be used for
optimization of the groove size and maximum heat transport limits of flat heat

pipes with rectangular grooves.
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Chapter 2

Experimentation and Simulation

In the present work, three sets of flat grooved heat pipes are fabricated and
the heat removal performance of each heat pipe is experimentally investigated.
The details about the working fluids, the geometry of the heat pipes and their
fabrication steps, along with the experimental setup and procedure, and operating
conditions are introduced in this chapter. In this document, “metal base” refers

to a metallic piece on which the grooves are fabricated.

In all of the heat pipes, rectangular grooves are used as the wick structure which
drive the liquid flow with capillary action. For first and second generation heat
pipes, aluminum is selected as the base material due to its desirable properties,
namely low cost, high thermal conductivity, light weight, and ease of machining
compared to copper. One key parameter for the thermal characterization of a
heat pipe is the groove density, which is defined as the number of grooves per
unit width. To study the effect of this parameter on the performance of the heat
pipes, each set has heat pipes with different groove densities, enabling comparing

their performance.
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Table 2.1: Physical and thermal properties of water and IPA [59]

Property Water IPA Unit
Density (25°C) 997.05  780.9 kg/m?
Thermal conductivity (25°C) 0.606  0.135 W/m-K
Surface tension (25°C) 71.99 2093 mN/m
Viscosity (25°C) 0.890  2.038 mPa-s
Boiling point 99.97 82.3 °C

Heat of vaporization (at boiling point and 760mmHg) 2258.33 663.06 kJ/kg
Heat of vaporization (at 25°C and 760mmHg) 2443.33 755.24  kJ/kg

2.1 Working Fluids

Although water has superior thermophysical properties, namely high latent heat
of vaporization and surface tension, which makes it the first candidate in in-
termediate temperatures compared to common fluids, it is not compatible with
aluminum surface. Hence, IPA is chosen as the working fluid for aluminum heat
pipes in this study. For silicon heat pipes, however, both water and IPA are
charged to the heat pipe and their performance compared. Table 2.1 shows some

physical and thermal properties of water and IPA.

2.2 First Generation Prototype Aluminum

Heat Pipes

Three flat grooved heat pipes with different groove specifications are fabricated.
The length of the grooves for all the heat pipes is 75mm. Table 2.2 shows the

groove specifications of the fabricated heat pipes.
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Table 2.2: Groove specifications of the first generation prototype aluminum heat
pipes

# of  Groove width Groove height Fin* width Groove density
grooves W [mm)] H [mm] F [mm] # of grooves/mm width
G1-200 50 0.2 0.2 0.2 2.50
G1-400 25 0.4 0.4 0.4 1.25
G1-1500 7 1.5 2.0 1.5 0.33

* The area between two adjacent grooves is called fin.

2.2.1 Fabrication of the Metal Base

The metal base is a 5 mm-thick piece of aluminum on which the grooves are
machined. The fabrication of the metal base starts with the fabrication of the
two rectangular o-ring grooves followed by the fabrication of a rectangular recess
(78 mm x 23 mm) which is 2.0 mm below the top surface using conventional CNC-
machining. This rectangular recess is the base for the fabrication of the grooves
and acts as a space for vapor flow. At the bottom side of the metal base, small
rectangular holes with a depth of 0.4 mm are machined to attach the thermocou-
ples to the desired locations. The location of these holes are shown in Figure 2.1.
The flat grooves are fabricated by a 3-axis micro-machining center (PROINO Z3X
Micro Maker) with £5um accuracy. The fabrication of flat grooves consists of
three major steps. Initially, the top surface of the rectangular recess is machined
(with a 1.2mm cutting tool, feed rate of 2.5mm/min and rotational speed of
25,000 rpm) to enable the precise control of the depth of the grooves. Next, a fine

machining is performed with the following machining parameters:

e G1-200: 0.2mm tool, 1.0 mm/min feed rate, 30,000 rpm rotational speed
e G1-400: 0.4mm tool, 1.0 mm/min feed rate, 30,000 rpm rotational speed

e G1-1500: 1.2mm tool, 2.5 mm/min feed rate, 25,000 rpm rotational speed

In the final step, a soft surface polishing is applied on the entire piece to

remove the machining burr at the edge of the grooves. Following the fabrication,
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Figure 2.1: Top, bottom, and mid cross-sectional views of G1-1500, and the
location of the thermocouples

the sample is ultrasonically cleaned to ensure the removal of any residual debris
remaining in the grooves. Finally, the sample is washed by soap and isopropyl
alcohol, rinsed with DI water, and blow-dried. Five T-type thermocouples (with
an uncertainty of £0.2°C) are embedded into the metal base at the centerline
for temperature measurements. An additional thermocouple is placed at the
midpoint of the top plexiglas cover. The locations of the thermocouples together

with the thermoelectric heating/cooling units are illustrated in Figure 2.1.

The fabricated pieces together with the groove profiles are shown in Figure 2.2.
The groove profiles are also investigated with a 3D Laser Scanning Confocal
Microscope (VK-X100, KEYENCE Corporation). The surface roughness of the
bottom surface of the grooves and the fin top surfaces are measured using the

microscope at different locations. The average surface roughness of the bottom
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Figure 2.2: Fabricated metal pieces and the groove profiles of the first generation
prototype aluminum heat pipes

surface is found to be 3.2 um, 2.3 ym, and 2.8 pm for G1-200, G1-400, and G1-
1500, respectively. The surface roughness of the fin top surfaces are obtained as
2.9 um, 3.1 pm, and 3.5 um for the same samples, respectively. It is evident from
the measurements that there is no significant variation on the machining quality
of the pieces which eliminates surface roughness effect on the comparison between

the different groove widths.

2.2.2 Heat Pipe Assembly

Figure 2.3 shows the disassembled components of the heat pipes assembly which
consists of an acrylic (plexiglas) top cover, two o-rings, a metal base, thermo-
electric heating and cooling units, a fan integrated heat spreader and the acrylic
holder. The top cover is made of a transparent material to enable the visualization
of evaporation and condensation as well as recording the amount of the working
fluid, and location and extent of probable dryout. The two o-rings suitable for

vacuum applications are used for sealing. Six screws are placed to assemble the
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Figure 2.3: The disassembled components of the assembly of the first generation
prototype aluminum heat pipes

plexiglas top cover and the metal base as well as fixing the position of the metal
base on the micro-machining center. Thermoelectric cooling and heating units
are in contact with the metal base on the bottom surface. In order to cool the
bottom hot surface of the cooling unit, a heat spreader integrated with a 12V fan
is used. The metal base sits on the acrylic holder, which carries the heat pipe

and heat spreader.

2.2.2.1 Heating and Cooling Units

Thermoelectric devices capable of converting electricity into thermal energy or
vice versa, are a convenient solution for local heating/cooling applications. The
thermoelectric modules used in this study are of type TEC1-03106T125 with
dimensions of 2cm x 2cm x 4 mm. The module whose hot/cold side is in contact

with the heat pipe acts as the heat source/sink. Thermal paste is applied on
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Figure 2.4: Experimental setup and close-up view of test section of the first
generation prototype aluminum heat pipes

contact surfaces of the modules to reduce thermal contact resistance. The heat
source and heat sink positions are such that they are placed exactly under the
grooves array, as shown in Figure 2.1. It should be noted that the input current
to both heat source and heat sink is kept constant during all experiments for
all samples. Therefore, the heat input and output of all of heat pipes during all

experiments are intended to be equal.

2.2.3 Experimental Setup

The experimental setup is built by integrating the vacuum unit, pressure sensors,
thermocouples, data acquisition system, and other auxiliary units such as power
supplies and a computer to the heat pipe assembly. One two-channel power
supply is used to run the thermoelectric units, another power supply is used to
drive the fan. The vacuum level of the system is monitored through the pressure
sensors. The photograph of the experimental setup is given in Figure 2.4. In
order to ensure the removal of all of the air from the system, all the components
(valves, connectors etc.) used are gas tight. The working fluid is also degassed
for at least 15 minutes prior to charging the heat pipes for the removal of any

possibly dissolved air. Figure 2.5 depicts the vacuuming station for the heat
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Figure 2.5: Vacuuming station for the first generation prototype aluminum heat
pipes (Not to scale.)

pipes. The connection of the heat pipes to the vacuum pump is made by using
some ball valves, a T-junction, and flexible pipes. To be assured of removal of
any air inside the connections, pressure is monitored in two different locations,

one close to the vacuum pump and the other right after the heat pipe.

2.2.4 Experimental Method

The input powers given to the thermoelectric units are recorded during the ex-
periments. In order to minimize the heat transferred to the ambient, the power
inputs to the thermoelectric units are adjusted in such a way that the tempera-
ture measured at the midpoint of the plexiglas top cover is equal to the ambient

temperature.

Each experiment is completed in a single run during which the amount of
working fluid is changed from fully-flooded to dry heat pipe. Figure 2.6 shows
one sample run of heat pipe G1-200. The duration of each test is 2-3 hours.
Initially, all grooves and volumes are fully-flooded with IPA, and the heating
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Figure 2.6: Transient temperature variation of heat pipe G1-200

and cooling units are operating. Every sudden change in Figure 2.6 corresponds
to removal of IPA with the vacuum pump, to which the system responds with
changing temperatures. Once steady operation is reached, more IPA is removed,
moving to another operating point. After each IPA removal, the IPA is collected
on the condenser side of the heat pipe by tilting, and the extent of the liquid
IPA in the grooves is measured under the effect of gravity. Although a vertical
orientation is preferred for a more accurate measurement of the liquid extent, it
was not possible to tilt the heat pipes by 90° because of the heavy weight of the
heat pipe assembly. Hence, the measurements performed while the heat pipes are
tilted approximately 65 °, as shown in Figure 2.7. This procedure is repeated until
all TPA is removed and the unit transfers heat only by conduction in aluminum.
After completion of the run, the optimum operating point is found, the point
which corresponds to the minimum temperature difference between the heater and
the cooler. Strictly speaking, this optimum is not a proper optimum operating
point, since IPA removal is performed in discrete steps, which are course, thus
rendering the possibility that the true optimum point may be missed between
two consecutive steps. Nevertheless, the results are judged to be sufficiently close

and further improvements are planned for future studies.
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Figure 2.7: Orientation of first generation prototype aluminum heat pipes during
the measurements of the liquid extent

2.2.5 Simulation Method

During the experiments, the thermoelectric cooling unit is operated at around
its maximum power approximately 6 W, and the power of the heating unit is ad-
justed to keep the temperature at the midpoint of the top plexiglas cover around
ambient. Although the input powers are recorded, the heat addition and re-
moval through the evaporator and condenser sections require the value of the
coefficient of performance (COP) of thermoelectric units, which typically is a
function of many parameters such as applied current, temperature of the hot
and cold surfaces, and temperature difference between the hot and cold sides.
Moreover, COP data also shows a variation depending on the manufacturer. A
reliable COP data for the thermoelectric units used in this study, however, is not
available. Therefore, a simple computational model based on heat conduction
alone (kg = 140W/m - K, kjpa = 0.14W/m - K, and kpezigias = 0.18 W/m - K)
is developed using a finite element based commercial software, COMSOL Multi-
physics, to quantify the heat input in the experiments. To reduce the computa-
tional time, one half of each heat pipe is simulated due to symmetry. Insulated
boundary conditions are applied on the side and bottom surfaces, and natural
convection is assumed at the top surface with convective heat transfer coefficient

of h = 5W/m? - K. Constant temperature values are assigned on the surfaces

33



Table 2.3: Groove specifications of the second generation aluminum heat pipes

# of  Groove width Groove depth Fin width Groove density

grooves W [mm)] H [mm)] F [mm] # of grooves per mm
G2-200 50 0.2 0.2 0.2 2.50
G2-400 26 0.4 0.4 0.4 1.25
G2-800 13 0.8 0.8 0.8 0.63
G2-1600 7 1.6 1.6 1.6 0.31

where the thermoelectric units are located. The model is used to study the two
extreme cases of working fluid amount; fully-flooded and dry, and exercised to
match the experimentally recorded plexiglas and aluminum temperatures at a

total of 6 points.

2.3 Second Generation Aluminum Heat Pipes

Four flat grooved heat pipes with different groove specifications are fabricated.
The length of the grooves for all the heat pipes is 100 mm. Table 2.3 shows the

groove specifications of the fabricated heat pipes.

2.3.1 Fabrication of the Metal Base

The metal base is a 5mm-thick piece of aluminum on which the grooves are
machined. The first step in its fabrication process is the machining of a groove
for an o-ring. Next, a recess of depth 2.5 mm is machined on it to place the
vacuum valve 23.2 mm off the grooves end, in order not to block the view of their
entire length. At the bottom side of the metal base, then, two rectangles with
dimensions of 28.0mm x 14.0mm and 20.0 mm x 20.0 mm are machined 1 mm
deep for placement of the heater and the cooler, respectively. On the center

line in between, five rectangular holes of depth 0.4 mm with spacing of 10.0 mm
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Figure 2.8: Top, bottom and mid cross-sectional views of G2-1600 (all units are
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are machined to attach thermocouples. Lastly, the fabrication of the grooves
are performed by a 3-axis micro-machining center (PROINO Z3X Micro Maker)
with an accuracy of +5pum. The machining process has two major steps: (i)
machining a rectangular recess with area of 103.0 mm x 23.2 mm performed by a
1.2mm cutting tool, feed rate of 2.5 mm/min and rotational speed of 25,000 rpm,
and (ii) machining of the grooves on the surface of the rectangular recess with

the following machining parameters:

e G2-200: 0.2mm tool, 1.0 mm/min feed rate, 30,000 rpm rotational speed
e G2-400: 0.4mm tool, 1.0 mm/min feed rate, 30,000 rpm rotational speed
e G2-800: 0.8 mm tool, 2.5 mm/min feed rate, 25,000 rpm rotational speed

e G2-1600: 1.2mm tool, 2.5 mm/min feed rate, 25,000 rpm rotational speed

35



G2-200 G2-40

1800.0 ym

1600.0
1400.0
1200.0
1000.0
)
600.0
400.0
200.0

00

Figure 2.9: Fabricated metal pieces and the groove profiles of the second genera-
tion aluminum heat pipes

The rectangular recess creates a space available for the vapor flow during the
experiments. The depth of the recess is 2.5 mm for all cases except G2-1600 which
is 1.4 mm. These dimensions results in a distance of 0.9 mm, 0.7 mm, 0.3 mm, and
0.6 mm between the thermocouples and bottom of the grooves, respectively for
the heat pipes G2-200 through G2-1600. Following the machining, the metal
pieces are soft polished and ultrasonically cleaned to remove machining burr at
all edges. Prior to the assembly, all metal pieces are washed by soap and isopropyl
alcohol, rinsed with DI water, and blow-dried. The detailed dimensions of the
metal bases and locations of the o-ring, heater, cooler and thermocouples are
shown in Figure 2.8. The top, bottom and mid cross-sectional views of heat pipe
(G2-1600 can be seen in the figure as an example. Except the groove dimensions

specified in Table 2.3, all other dimensions are the same for other heat pipes.

The fabricated pieces together with the grooves profile are shown in Figure 2.9.
The grooves profiles are also investigated with a 3D Laser Scanning Confocal
Microscope (VK-X100, KEYENCE Corp.). Moreover, the surface roughness of
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Table 2.4: Average surface roughness of bottom of the grooves and the fins surface
of the second generation aluminum heat pipes

Bottom surface of the grooves [um] Surface of the fins [ um]

G2-200 3.66 4.99
G2-400 4.57 6.67
G2-800 5.44 7.34
G2-1600 3.63 5.00

the bottom surface of the grooves and the top surface of the fins are measured
using the microscope at five different locations and the average values are reported
in Table 2.4. According to the measurements, no significant variation is observed
on the machining quality of the pieces. Hence, the effect of surface roughness on

the comparison between the heat pipes is eliminated.

2.3.2 Heat Pipe Assembly

The heat pipe assembly consists of layers of a metal base, an o-ring and a trans-
parent plexiglas cover screwed together as seen in Figure 2.10. The o-ring is of
Viton type of durometer A75, specified for high vacuum purposes. The top cover
is fabricated out of plexiglas to visualize the evaporation and condensation inside
the heat pipe, and to enable the measurement of the amount of the working fluid

inside the heat pipe, as well as the location and extent of a probable dryout.

2.3.2.1 Heating, Cooling and Temperature Reading

The heater used in the experiments is an electric resistance heater (ARCOL
HS25 2R F) with peak power of 25 W. Considering its surface area in touch
with the bottom of the heat pipe, it is capable of introducing heat fluxes up
to approximately 6 W/cm? to the heat pipes. The current passes the heater is

measured with a power supply and the voltage is measured with a voltmeter at

37



Screws

Plexiglas top cover

O-ring
Metal base
J
#« —Nuts
» "'\___—Cooling copper block

Heater

Water inlet

Water reservoir

Water safety outlet

Acrylic holder ——————Water outlet

Figure 2.10: The disassembled components of the assembly of the second gener-
ation aluminum heat pipes

two sides of the heater. To cool down the heat pipes, a cylindrical copper block
of height 100 mm with top surface of square cross-section of 20 mm x 20 mm is
in touch with the bottom of the aluminum base. The copper block is submerged
90 mm in a water reservoir with continuous flow of cold tap water. The water flow
rate for all of the experiments is around 1.6 to 1.8 L/min. It is worth mentioning
that to avoid thermal contact resistance in the contact areas of the heat pipes
with the heater and the cooler, silicon thermal paste is applied all over the contact
surfaces. For temperature reading purposes, five T-type thermocouples (with an
uncertainty of +0.1°C) are embedded into the metal base at desired locations
between the heater and cooler. Three thermocouples, additionally, are placed at
the half thickness of the plexiglas cover. The locations of all the thermocouples

together with the heater and cooler are illustrated in Figure 2.8.
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2.3.3 Experimental Setup

In order to eliminate the environmental effects on the performance of the heat
pipes, all exterior surfaces of the metal base and the plexiglas cover are insulated.
However, the insulation of the top surface of the plexiglas is removed temporar-
ily to visually observe the evaporation and condensation inside the heat pipes,
measure the amount of IPA and locate the extent of a probable dryout. In order
to keep the heat pipes at a fixed horizontal orientation during the experiments,
it is screwed to an acrylic holder. Figure 2.11 shows the assembled components
on the setup bench. The heat pipes are intended to operate using the vapor and
liquid phases of a pure substance at equilibrium. The presence of even minute
quantities of any other fluid adversely affects their thermal performance; there-

fore, the removal of air from the entire cavity of the heat pipes before admitting
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Figure 2.12: Vacuuming station for the second generation aluminum heat pipes
(Not to scale.)

the working fluid is crucial. In addition, any air dissolved in the liquid ITPA must
also be eliminated. To achieve this, IPA is degassed for 15 minutes under 0.2 bar
vacuum prior to charging in the heat pipes. Figure 2.12 shows the components
used in the vacuuming process of the heat pipes. All the valves and connections

used in this work are gas tight to ensure no air penetration to the heat pipe.

2.3.4 Experimental Method

The experimental procedure is as follows:

1. All space in the heat pipes is filled with IPA (the so called “fully-flooded”
operating condition that corresponds to the highest values of filling ratio
which will be discussed later in chapter 3 for each heat pipe).

2. Four different heating conditions corresponding to heat fluxes 2.1, 3.2, 4.2,
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Figure 2.13: Transient temperature variation of heat pipe G2-200

and 5.3 W /cm? are applied to the heat pipes and transient temperatures

are recorded until steady-state is reached.

The heater is turned off and the cooling water reservoir is drained. When
the system reaches thermal equilibrium with the environment the heat pipes
are tilted to a vertical orientation, some IPA is extracted from the heat pipe
(with help of the valves shown in Figure 2.12) for the new operating point,
and the new IPA extent is measured. Before each IPA removal, the pressure
inside the cavity is less than 7.5 x 1072 Torr assuring that no air is present
in the the connections or pipes. All pipes and connections beyond V3 in

Figure 2.12, are subject to vacuum conditions.

The procedure is repeated starting from step 2 until the heat pipes are
entirely drained of IPA (the so called “dry” operating condition that corre-
sponds to the filling ratio of zero which will be discussed later in chapter 3

for each heat pipe).

Figure 2.13 shows the transient and steady-state temperature readings of ther-

mocouples for different filling ratios and heat inputs for a sample run of heat pipe
G2-200. The duration of the test depends on the number of filling ratios realized
and it differs for the heat pipes. On the average, each experiment takes two days

to complete in two 10-12 hour sessions. There is a limitation in the range of
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experiments due to failure. In some filling ratios—especially fully-flooded and
dry operating conditions and higher heat inputs—temperatures peak and exceed
60°C. In such a case, the plexiglas is damaged and cracking or surface burning
occurs. In order to avoid this incident, only a safe operating zone is exercised,
where peak plexiglas temperatures are not allowed to go beyond the failure limit.

This reflects itself in the results, where the corresponding data points are absent.

2.3.5 Simulation Method

To assess the thermal performance of G2-800 heat pipe, a 3-D computational
model is developed in “Heat Transfer in Solids” module of COMSOL Multi-
physics, where it solves the stationary heat conduction equation, V - (k;VT;) =0
inside the domains, in which k; represents the thermal conductivity of metal base,

IPA, and plexiglas cover. The model is then verified by the experimental results.

2.3.5.1 Computational Model

The modeling starts with a simplified CAD model of the heat pipe, including
metal base and plexiglas cover. In addition, to reduce the computational time
and because of the symmetry of the heat pipe and boundary conditions, the
simulations are performed for half width of the heat pipe only. Figure 2.14 depicts
the computational domain used in the simulations. The length and width of both
metal base and plexiglas cover in the CAD model are 11.8 cm and 2 cm; and their

thickness are 5 mm and 8 mm, respectively.

For heat input and heat output of the heat pipe, boundary condition of
“Overall heat transfer rate” is assigned to two rectangles placed on the bot-
tom surface of the metal base. The heater and cooler areas are 27 mm x 7 mm
and 20 mm x 10 mm, respectively; and their locations on the bottom side of the
metal base are shown in Figure 2.8. The simulations are run for four equal in-
put and output heat fluxes of 2.1, 3.2, 4.2 and 5.3 W/cm?. Since the boundary

condition of heater and cooler is “Overall heat transfer rate”, there will be
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Figure 2.14: Computational domain of heat pipe G2-800 (all units are in m).

infinitely many solutions to the problem. To find the solution of interest, temper-
atures at three locations in the plexiglas cover measured during the experiments
(T'Cg, TC7, and TCg in Figure 2.8) are assigned to their corresponding locations
in the CAD model to be the reference temperatures of the system. Moreover,
since all outer boundaries of the heat pipe are insulated in the experiments, their
boundary condition correspond to “Thermal Insulation” in the model. The
heat transfer between the vapor of the working fluid and the bottom surface of
the plexiglas cover, and between the vapor of the working fluid and the side walls
of the recess on the metal base is estimated by obtaining the convective heat
transfer coefficients through the appropriate Nu correlation which was studied in
detail in [3].

Phase change heat transfer, the dominant physical mechanism of the heat
pipes, is implemented in the model by defining equivalent convective heat transfer
coefficients for evaporator and condenser sections that match the phase change,
the values which are obtained from a comprehensive numerical study on a unit
cellin which the 3-D heat transfer in the solid and working fluid are coupled with
a 1-D analysis of the momentum equation [16] . They were further curve-fitted
in [3] and extrapolated for the current geometry. Figure 2.15 shows the variation

of effective phase change heat transfer coefficients of the evaporator and condenser
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Figure 2.15: Phase change heat transfer coefficients of the evaporator and con-
denser sections of heat pipe G2-800

sections, as well as their interface, and heater and cooler locations. The effective
heat transfer coefficients in the evaporator is assigned to the top 33 um height
of the groove walls as a convective heat transfer boundary condition, considering
the fact that most of the evaporation of the working fluid occurs in the thin film
region at the contact line. Those of the condenser, are assigned at the surfaces of
the fins, knowing that the condensation of working fluid generally takes place at
the top of the grooves. Moreover, the external temperature of the convective heat
transfer boundary conditions is set to T,qu.- all along the grooves. It is worth
mentioning that the evaporator/condenser transition location is not set a priori,
rather it is the axial position at which the vapor temperature, 7,40, is equal
to the wall temperature and its location is found in successive iterations. In the
current case, the transition location is 7.2 cm away from the starting point of the

evaporator section.

Furthermore, two operating conditions corresponding to cavities fully-flooded
with IPA and dry are simulated. In the former, the CAD model consists of three
domains of aluminum, working fluid, and plexiglas cover. The latter includes
aluminum base and the plexiglas cover. In this case, all surfaces of the grooves

are thermally insulated.
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Table 2.5: Groove specifications of silicon heat pipes

# of  Groove width Groove depth Fin width Groove density

grooves W [mm] H [mm] F [mm] # of grooves per mm
S-200 57 0.214 0.195 0.186 2.52
S-400 29 0.422 0.229 0.378 1.27

2.4 Silicon Heat Pipes

In this set, two heat pipes with different groove specifications are fabricated on
silicon. Table 2.5 shows the groove specifications of silicon heat pipes. The
grooves length is 82 mm for the both heat pipes. It is noteworthy that although
the width of the grooves and fins were 0.2 and 0.4 mm in the photolithography
mask, grooves width is a bit larger than those values, which is attributed to the
shrinkage of the photoresist during hard bake. Figure 2.16 exhibits the fabricated
silicon heat pipes and the 3-D grooves profile.

2.4.1 Fabrication of the Silicon Piece

Silicon wafers used in this study are single side poilshed of diameter 100 mm and
thickness 1 mm. Fabrication of the silicon heat pipes include five major steps, as
depicted in Figure 2.17. First step (Figure 2.17—(a)) is to etch the unpolished side
of the silicon wafer by deep reactive ion etching (DRIE). In this regard, the desired
geometry of the grooves must first be developed by a standard photolithography
process. The details of the photolithography parameters can be found in [3]. The
parameters of the DRIE recipe to etch the silicon are in Table 2.6. The second
step is deposition of a 400 nm chromium layer on polished side of the wafer by
metal sputtering (Figure 2.17—(b)). This step is subsequent to a photolithography
process to pattern the geometry of the chromium electrodes on the wafer. It
should be noted that to place the electrodes exactly under one end of the grooves
array, a back-side alignment is performed in the photolithography process. Next,

the silicon wafer is diced to the designed dimensions (Figure 2.17—(c)). Then, the
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Figure 2.16: Fabricated silicon heat pipes and groove profiles

water cooling channels, embedded in a piece of PDMS, is bonded to the silicon
piece by a standard plasma bonding technique (Figure 2.17—(d)). The last step is
attaching wires to the electrodes with a conductive epoxy, the thermocouples to
the silicon piece by an epoxy, the water inlet and outlet tubes to the PDMS and
insert thermocouples in the tubes with epoxy. Figure 2.17—(e) shows the bottom
view of a prepared silicon heat pipe. The exact location of the electrodes, cooling

water channels, and thermocouples are shown in Figure 2.18.

2.4.2 Heat Pipe Assembly

Heat pipe assembly consists of a plexiglas frame screwed to a plexiglas top cover
with an o-ring in between. The plexiglas frame has a window for the silicon piece

to be put on and sealed with a smaller o-ring. The assembly, then, is screwed
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Table 2.6: Parameters of the DRIE recipe to fabricate silicon heat pipes

Deposition Etching

Cycle time 7s 10s
Pressure 20mTorr  35mTorr
CyFg flow 70 sccm —
SFg flow — 80 scem
O, flow — Hsccm
13.56 MHz Coil Power 400 W 600 W
13.56 MHz Platen Power = 25 W

Table 2.7: Average surface roughness of bottom of the grooves and the fins surface
of silicon heat pipes

Bottom surface of the grooves [um]| Surface of the fins [ um)]

S-200 5.78 3.79
S-400 5.93 3.77

to an acrylic holder to keep the heat pipes in a horizontal orientation during the
experiments. Figure 2.19 shows the disassembled components of the silicon heat
pipes. The electrodes are sputtered on the bottom side of the silicon, but they

are shown detached in this figure for clarity.

2.4.2.1 Heating, Cooling, and Temperature Reading

Two chromium electrodes are sputtered on the bottom side of the silicon as the
heat source of the silicon heat pipes. Their resistance is in the order of k{2 and
by applying a voltage to their two ends, they can act as a resistance heater. The
power is from the potential difference and current. The length of the adiabatic

section (between the heat source and heat sink) is approximately 2cm when
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Figure 2.17: Fabrication steps of silicon heat pipes

both electrodes are operating, and about 4cm when only one (outer) heater is
in operation. In this study, only one heater is used during the experiments. To
cool the heat pipes, cooling water flows in a series of channels in a PDMS piece,
bonded to the silicon (Figure 2.17-(d)). Cooling water flows from an ice water
reservoir (placed about 40 cm higher than the heat pipe, shown in Figure 2.20)
and the outlet tube is put on the floor of the lab to increase the natural head.
Since the distance between the water reservoir and the outlet is constant and
the ice water bath is kept at a fixed temperature, the water flow rate is almost
constant during all the experiments. The accumulated water is weighed with
a scale over a short period of time and corresponding flow rate is calculated.
The water temperature is measured by two thermocouples inserted inside the
tubes before the PDMS piece. The silicon temperature is read by means of six

thermocouples placed in 1cm increments on the bottom surface of the silicon.

48



Vacuum hole——|

° ®

34

Cooling water
outlet (TC44)

TCy—

:‘ ‘j Cooling water
inlet (TC1o)

TCq
TCy

Electrod 2 I
Q TCq - TC, o~
wn
& TCqy
@ ® 3 TC,
— TC
¢, Electrod 1 !

o

TC, ©
Plexiglas o
[ce)

O-ring W
I [
<
TC,

Figure 2.18: Top, bottom, and cross-sectional views of heat pipe S-400

Moreover, three thermocouples are placed inside the plexiglas top cover to record

its temperature. All of the thermocouples are T-type.

2.4.3 Experimental Setup

Figure 2.20 illustrates the assembled components on the setup table in addition to
other essential equipment, including a PC, data acquisition system, vacuum pump
and its necessary connections and valves, two power supplies, ice water reservoir,
and a cylindrical piston filled with the degassed working fluid. Figure 2.21 depicts
the schematic of the evacuation and charging station of silicon heat pipes. After

screwing the plexiglas top cover to the plexiglas frame and to the acrylic holder,
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Figure 2.19: The disassembled components of the assembly of silicon heat pipes

the silicon piece must be put in place. To do so, all the valves shown in Figure 2.21
are opened and while the vacuum pump is turned on, the silicon piece is put in

place. Once placed, it can be kept in position with the help of the vacuum inside.

2.4.4 Experimental Method

It should be noted that the experiments are performed on heat pipe S-200 only
because of lack of enough time prior to publishing this document. The experi-

mental method consists of the following steps:

1. The empty heat pipe is kept under vacuum for about 15 minutes to assure
the removal of any non-condensable gas inside (V1, V2, V3: open; V4:
closed).

2. The connection of the heat pipe to the vacuum pump is cut by closing V3
and the working fluid cylinder is connected to the vacuum pump, by opening
V4, for a few seconds for final degassing step. Then, V4 is closed again so

the vacuum pump removes the released working fluid in the connections.
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Figure 2.20: Experimental setup table of silicon heat pipes

3. Once the desired amount of vacuum is reached, V2 is closed and the heat
pipe is connected to the working fluid reservoir by opening V3 and V4. This
lets the working fluid fill the entire heat pipe (The so-called “fully-flooded”
operating condition). Next, V3 is closed to isolate the heat pipe from other

connections.

4. The valve of the water reservoir is opened to start the cooling water flow.
Then, heat fluxes of 1.1, 2.0, 3.0, and 4.2 W /cm? are applied to the heat

pipe and steady-state temperature readings are recorded.

5. The heater is turned off while the cooling water is let to flow for a few more
minutes in order to condense all of the vapor inside the heat pipe. Next,
it is tilted to a vertical orientation, V3 is opened slowly to pump out some
of the working fluid and closed. The new extent of the working fluid is

measured to calculate the filling ratio.

6. The experiment continues by going to step 3 until the heat pipe is empty

of the working fluid, corresponding to dry operating condition.

Figure 2.22 shows the transient and steady-state operations of heat pipe S-200
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Figure 2.21: Charging and vacuuming station for silicon heat pipes

charged with DI water. It should be noted that due to the low chemical resistance
of plexiglas against IPA, at filling ratios near fully-flooded heat pipe, that plexi-
glas cover could be damaged. Hence, not all input heat flux data are available for
all the filling ratios. A very important point that needs to be considered in the
operation of silicon heat pipes is unstable operation, i.e. fluctuations in temper-
ature readings over relatively long periods of time, occurred often at filling ratios
away from the optimum range and higher input heat loads. An example of un-
steady operation is shown in Figure 2.22 for the filling ratio of 41.6 and input heat
flux of 3.0 W/cm? (a higher degree of unsteady behavior was observed in other
filling ratios). Inspecting the heat pipe carefully during unsteady operation, the
reason might be attributed to the structure of the heat pipe. The outer grooves
are located around 2 mm off the long edges and the end points of the grooves
have about 3 mm distance from the short edges of the smaller o-ring. Since this

space is covered with the plexiglas frame, there exists a very thin gap between
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Figure 2.22: Transient temperature variation of heat pipe S-200 charged with DI
water

the silicon piece and the plexiglas frame, which acts as a capillary structure. This
gap causes the flow of working fluid from the condenser section to the evaporator.
If the heat pipe has an excessive amount of working fluid, some may accumulate
beyond the grooves end, or result in the bursting of the working fluid. Since the
amount of transferred working fluid through this gap is not constant over time,
and the bursting depends on this amount, such processes happen randomly and

does not let the heat pipe reach a steady operation (temperature variation).

2.5 Experimental Failures

Due to the trial-and-error nature of experimental studies, some challenges faced
while carrying out the experiments on each set of heat pipes, are described in this

section.
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2.5.1 Heat Pipe Charging

As the first proposed charging method for the first generation prototype aluminum
heat pipes, micro syringe pumps, capillary tubes, and relevant valves are utilized.
The filling procedure starts with vacuuming the heat pipe, follows by connecting it
to a micro syringe pump filled with the working fluid for charging. The advantage
of such method is the accuracy in the measurement of charged amount of the
working fluid (41 L) by the user interface of a software. However, since the
valves and fittings are not gas tight and the heat pipe is under vacuum prior to
charging, this method let the ambient air penetrate the heat pipe. Figure 2.23—(a)

shows the connections on the heat pipe with this charging method.

2.5.2 Water Incompatibility with Aluminum

As mentioned in section 2.1, the compatibility of the working fluid with the
bulk material of a heat pipe is a must for its proper operation. Due to the
superior properties of water, first generation prototype aluminum heat pipes were
first charged with water. However, due to its wetting characteristics, the water
couldn’t wet the aluminum, especially the grooves surfaces. Figure 2.23—(b) shows
a charged amount of water which is stuck to the plexiglas cover and the aluminum
surface, while it couldn’t enter the grooves. This resulted in changing the working
fluid to IPA. Although its latent heat of vaporization is about one fourth of that
of water, the payback of using IPA is its compatibility with aluminum which leads

to proper operation of the heat pipes.

2.5.3 Damage on the Plexiglas due to Overheating

While performing the experiments on second generation aluminum heat pipes or

2. At some filling

silicon heat pipes, input heat loads could exceed 4 — 5 W /cm
ratios away from the optimum ones, the temperature of the plexiglas cover or the

plexiglas frame in the evaporator section exceed 60°C. Such high temperatures
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JTo vacuum pump

Figure 2.23: Examples of failures during the experiments: (a) the first charging
method, (b) incompatibility of water with aluminum surface, (c) and (d) burnt
plexiglas cover pieces (Note: the scale of the photographs are not identical.)

along with the low chemical resistance of plexiglas against IPA!, led the plexiglas
pieces to be burnt or cracked. This happened to the plexiglas cover in second
generation aluminum heat pipes assembly, shown in Figure 2.23—(c), and plexiglas
frame in silicon heat pipes assembly, shown in Figure 2.23—(d). In one case, small
detached pieces of plexiglas attached to the grooves on silicon and rendered it

unusable.

!According to ePlastics®, continuous exposure of plexiglas to IPA at 50°C is “not rec-
ommended. Immediate damage may occur such as severe crazing, cracking, or permeation
losses.” [60]
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Chapter 3

Results and Discussion

Experiments were performed on the first generation prototype aluminum heat
pipes, second generation aluminum heat pipes, and silicon heat pipes to inves-
tigate their thermal performance under different operating conditions. During
the experiments, temperature variation on the bottom of the metal base, ambi-
ent, plexiglas top cover, and cooling water (for second generation aluminum heat
pipes and silicon heat pipes) are recorded. In addition, a computational model
is developed to quantify the heat input during the experiments on first gener-
ation aluminum heat pipes. Moreover, phase change heat transfer is simulated
for one of the second generation aluminum heat pipes to predict its temperature

variation. The experimental and computational results are given here.

3.1 Definition of the Filling Ratio

The fill charge, known as the amount of working fluid charged in a heat pipe,
significantly affects its performance [26,61]. Although this value is mostly referred
to as filling ratio, its definition may vary from one study to another. As an
instance, filling ratio was defined as the ratio of the liquid volume to the internal

volume of the flat plate heat pipe in [21]. In this case, filling ratio of unity
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corresponds to a fully-flooded heat pipe and zero filling ratio demonstrates an
empty one. In another study, it was defined as the total volume of liquid working
fluid minus the dead volume inside the heat pipe over the volume of the grooves
[15]. With such definition, an empty heat pipe has a filling ratio of zero. In present
work, filling ratio is defined as the ratio of total volume of the liquid working fluid
inside the heat pipe (Vjuiq) over total colume of the grooves (Vi ooe). Therefore,
filling ratio of zero corresponds to an empty heat pipe and filling ratio of a fully-
filled heat pipe differs from a heat pipe to another, still has a value higher than

unity.

3.2 Thermal Performance Indicators

Thermal resistance of different sections and effective thermal conductivity are
of common parameters in the literature to characterize the heat removal perfor-
mance of heat pipes. However, due to the geometry and operating conditions
of the heat pipes in this work, the 1-D heat transfer criteria to apply such pa-
rameters are not met. In other words, there are 2-D and 3-D effects in the heat
transfer from the heat source to the heat sink. Hence, the following parameters

are defined and used as performance indicators of the heat pipes in this thesis:

3.2.1 Temperature Difference and Peak Temperature

The use of phase change heat transfer allows the heat pipes to operate with lower
temperatures in the system, as well as lower temperature difference between the
evaporator and condenser sections. In the current study, this difference is chosen
to be one of the indicators of the phase change heat transfer performance of the
heat pipes. Moreover, this definition is extended to include the peak temperature
encountered as a second indicator of heat pipe thermal performance. Practically,
electronic component cooling requirements dictate the system to operate below
temperatures that would result in component failure, which is another manifesta-

tion of the above defined thermal performance indicators. With these definitions,
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a better performing heat pipe is a device which transfers the same amount of heat
with a lower temperature difference between the hot and cold junctions or with a
smaller peak temperature in the system. Since this performance is a function of
design as well as operating parameters, for a specified design, the thermal perfor-
mance of a flat grooved heat pipe is a function of the filling ratio. In the present
work, the filling ratio which results in the best thermal performance is defined
to be the “optimum”. The results show that the operation of a heat pipe with
very high or very low filling ratios, away from the optimum, may be dominated
by conduction alone with little heat transferred through phase change. In such a
case, the device is operating at best marginally, at worst not at all as a heat pipe.
Unless observed visually, or a wide scan of filling ratios is covered experimentally,

the modus operandi of the device cannot be argued to be heat pipe.

3.2.2 Heat Pipe Effectiveness

A third indicator is introduced in the assessment of the thermal performance of

a heat pipe. The effectiveness of a heat pipe, ey, is defined as,

ATvdry

= — 3.1
AT‘operatin g ( )

Ehp

where, ATy, and ATj,crating are the temperature differences between the heat
source and sink regions for the dry and operating conditions, respectively. The
temperature difference between the heat source and the sink is at a maximum
during dry operation (where the heat transfer is dominantly through conduction
in the metal base), and reaches a minimum at the optimum operating point (where
the input heat is being transferred mostly by the phase change of the working
fluid). The effectiveness will be unity for dry operation—heat transfer through
heat conduction in the metal alone—and will exceed unity with the start of phase
change heat transfer. The effectiveness can be related to the “effective thermal
conductivity” concept used in the literature. The reason for this new indicator of
heat pipe performance is explained in the following sections, as results will show
this parameter to be a function of not only the filling ratio but power input as

well.
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3.3 First Generation Prototype Aluminum

Heat Pipes

Due to the dependency of the COP of the thermoelectric heating and cooling
units to their operating conditions, the heat input and output to and from the
heat pipes are not measured directly; therefore, these values are obtained with
a simple 3-D computational model for two extreme values of filling ratio, fully-
filled and dry. Since in these cases the heat transfer is through conduction in
the metal base and working fluid, the values of their thermal conductivity are
of great influence on the performance of the heat pipes. Thermal conductivity
of IPA is set to 0.14 W/m - K. For that of aluminum, since the exact type of
aluminum alloy is not known, a set of experiments with the heating and cooling
methods used for the second generation aluminum heat pipes were performed
on heat pipe G1-200 to find the temperature variation along the metal base.
Knowing the heat input to the system, a computational model was used to match
the experimental temperature readings with the model. Accordingly, thermal
conductivity of aluminum found to be 140 W/m - K and this value used as an

input to the computational model on the heat pipes of first generation.

3.3.1 Simulation Results

The comparison of the experimental data and the simulation results can be seen
in Figure 3.1. According to the results of the simulations, the input heat flux for
the experiments is estimated to be in the range of 1.40 — 1.80 W /cm?. Although
the same constant electrical power is supplied to the thermoelectric units, this
variation in heat flux is attributed to the dependence of COP value on operating

conditions.
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Figure 3.1: Simulated and measured temperatures of first generation prototype
aluminum heat pipes

3.3.2 Experimental Results
3.3.2.1 Temperature Variation along the Heat Pipes

For each heat pipe, five different IPA amounts are used from fully-flooded to dry.
Figure 3.2 shows the temperature differences between temperatures measured at
locations described in Figure 2.1 (77 through T5) and the plexiglas temperature
(Ts) which is kept approximately equal to the ambient temperature. This is done
because during the experiments both the ambient temperature, which is not con-
trolled, and hence the plexiglas temperature varied. This referencing eliminates

an erroneous interpretation of the temperature curves for different IPA extents.
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Figure 3.2: Temperature differences between thermocouples on the bottom of
the metal base (77 through 75) and the one on plexiglas (7%) for first generation
prototype aluminum heat pipes

It should be noted that because of the heavy weight of the experimental compo-
nents, it was not possible to put the heat pipes in a vertical orientation during
the TPA extent measurements (section 2.2.4). Hence, the average length of IPA
extent is reported and the values of filling ratio are estimated. Estimated range
of filling ratios corresponding to different cases are tabulated in Table 3.1. Due to
inaccuracies in the measure of the liquid extent, the estimated range of optimum
operating points is large, especially for higher groove densities. The temperature
variations along the heat pipes are similar for the fully-flooded and dry cases,
and displays a linear behavior. This is expected since in the absence of phase

change, the heat transfer is due to conduction only. In the fully-flooded case,
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Table 3.1: Estimated range of filling ratio for different liquid extents of IPA in
first generation prototype aluminum heat pipes

G1-200 G1-400 G1-1500
Case Filling ratio | Case Filling ratio | Case Filling ratio

Fully-flooded 25.0 Fully-flooded 12.5 Fully-flooded 4.0
Extent: 3 cm 9.0 -11.0 Extent: 3 cm 4.5-5.5 Extent: 1 cm 0.50 — 0.60
Extent: 2 cm 55-175 Extent: 2 cm 3.0-4.0 Extent: 0.5 cm 0.25 - 0.40

Optimum 0.8 - 2.5 Optimum 0.5-1.5 Optimum 0.15 - 0.20
Partial dryout — Partial dryout — Partial dryout 0.07 - 0.12
Dry 0.0 Dry 0.0 Dry 0.0

there is a possibility of heat transfer due to conduction and convection in the
liquid. Both of these, however, are found to be very small; conduction due to the
extremely small thermal conductivity of IPA compared to that of aluminum, and
convection due to very small velocities in the liquid. Since the heat transfer in
the fully-flooded case is through conduction in both the metal base and liquid,
the temperature differences measured in the close proximity of the heater and
the cooler are expected to be slightly lower compared to the dry case, where the
heat transfer is through the metal base only. In Figures 3.2-(a) and (c), however,
the temperature difference on the heater side of the dry case is lower than the
fully-flooded case. The same trend is also seen in Figure 3.2-(a) in the proximity
of the cooler side. This unexpected behavior can be attributed to the accuracy of
the calculated temperature reading difference, which is estimated to be (£0.2°C).
With the removal of IPA, the phase change complements conduction, the tem-
perature curves flatten, and all temperatures approach the ambient temperature.
This is characteristic of heat pipes, where the temperature difference between the
high temperature and low temperature reservoirs are small, and these tempera-
tures remain close to ambient for low heat flux values. At the optimum operating
point, phase change is dominant, and the slope of the temperature curve is at its
minimum, showing that heat conduction in the metal base is at a minimum. Once
the temperature difference between the heater and cooler reaches a minimum at
the optimum operating point, any additional removal of IPA forces the system

to partial dryout and an increase in the temperature differences. The optimum

62



point is achieved with a small quantity of the working fluid, and therefore is
very close to the dry operating condition. Although the estimates of filling ratios
cover a wide range, it can be concluded that the filling ratio at the optimum point

decreases with lower groove density.

3.3.2.2 Temperature Difference along the Heat Pipes

The temperature difference between the heater and cooler sections (7} — T5) is
given in Figure 3.3 for different operating conditions. For G1-200, the temper-
ature difference between the heater and cooler is 6.9°C (£0.2°C) for the fully-
flooded case, dropping gradually to 0.9°C (£0.2°C) for the optimum, and in-
creasing to 6.5°C (£0.2°C) for the dry case. This shows that with the removal
of IPA the system operates like a heat pipe, eventually reverting back to con-
duction only for the dry case. A similar performance is observed for G1-400 and
G1-1500 where the temperature differences between the heating and cooling units
are 8.5°C (£0.2°C) and 7.2°C (£0.2°C) for the fully-flooded, reaching a min-
imum of 1.5°C (£0.2°C) and 1.9°C (£0.2°C) at the optimum, and eventually
reaching 8.3°C (£0.2°C) and 7.2°C (£0.2°C) for the dry operation, respectively.
The operating characteristics of different groove densities are also apparent in
the results. The majority of evaporation occurs near contact line within each
groove; therefore increasing the number of grooves (i.e. groove density) enhances
phase change heat transfer to the fluid [62]. A major fraction of the heat input is
transferred through phase change rather than conduction through the heat pipe
bulk material, resulting in a considerable reduction in the temperature difference
between the heat source and sink. A difference in groove width and the cor-
responding fin width also changes the conduction in the fin cross-section; this
effect, however, is believed to be minor compared to the effect of the increase in
length of the contact line. The temperature difference between the heater and
cooler sides can be considered as a measure of the effectiveness of a heat pipe.
G1-200 with the highest groove density (i.e. the smallest groove size) has the

best performance with a minimum temperature difference of 0.9°C (£0.2°C).

Another observation is the existence of a partial dryout in heat pipe G1-1500,
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Figure 3.3: AT for different operating conditions for first generation heat pipes:
(a) G1-200 and G1-400, (b) G1-1500

which is not seen in the other two samples. In G1-200 and G1-400, the amount of
IPA left in the grooves in optimum operating condition is excessively small and
an attempt to remove additional IPA resulted in a total removal of all remaining
IPA, bringing the system to dry operating condition. In case of G1-1500, however,
there is substantially more IPA left inside the grooves compared to G1-200 and
G1-400 at the optimum operating point; therefore it is possible to remove more
IPA from the system without rendering the grooves entirely dry. This enables
the operation of the system with partial dryout conditions, where some of the

grooves are void of liquid IPA in the vicinity of the heater unit.

3.4 Second Generation Aluminum Heat Pipes

The effect of groove density, filling ratio, and input heat flux is extensively studied
on thermal performance of the second generation heat pipes. In this regard, heat
pipes operated in a wide range of filling ratios under four different input heat flux

values.

64



--@--2.1 W/cm? 3.2 W/icm? --¢--4.2 W/cm? --A--5.3 W/cm?

50 — e — 50 —
I - 1 A
A
40 TN 1 40 + A
N S ] VoA .
— —_ L
g 30 b 8 30 . . )
520 T WA il 1 Koo ‘ - ]
10 e, e 1 10 | % VN A ]
L \‘._\',/" R \ .\.2‘_-_'_‘_’.‘:"_1' B
0 S R S B R 0 R . s el T R SR
0.0 10.0 20.0 30.0 0.0 5.0 10.0 15.0
Filling ratio (+0.30) Filling ratio (£0.15)
(a) G2-200 (b) G2-400
50 — . ‘ ‘ ‘ ‘ ] 50 N
40 T 1 40 A
\ -k A |
030 | i 30 LN\ 5 .
K20 A — o G20 e N A
10 », ."‘ \\A /,:' ] 10 : ) N *...‘::Z::‘ - |
V--:\‘::::Z‘//" b haS e o
O .“.-"'_—-\--' L L I L L O L L I L L I L L L L
0.0 3.0 6.0 9.0 0.0 1.0 2.0 3.0
Filling ratio (£0.08) Filling ratio (£0.03)
(c) G2-800 (d) G2-1600

Figure 3.4: Variation of AT with filling ratio under different input heat fluxes for
second generation aluminum heat pipes

3.4.1 Temperature Difference and Peak Temperature

The two most distant thermocouples, T'C, and T'Cs, are closest to the heater
and cooler sections of the heat pipes (Figure 2.8). The temperature difference
between the two, AT = T7 — T5, is plotted in Figure 3.4 for four heat pipes at
different filling ratios under four input heat flux values. The highest value of the
filling ratio in each graph corresponds to a fully-flooded heat pipe, while a filling
ratio of zero corresponds to a dry (i.e. empty) heat pipe. All heat pipes show
a similar variation of temperature difference as a function of filling ratio. When
fully-flooded, the entire heat load is transferred through the aluminum base,
IPA and the plexiglas top cover with thermal conduction. The bulk of the heat
is transferred in the aluminum, due to negligible thermal conductivities of IPA
and plexiglas (0.14 W/m - K and 0.18 W/m - K| respectively) compared to that of
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Table 3.2: Variation of temperature difference and peak temperature with filling
ratio and input heat flux for second generation aluminum heat pipes

Temperature difference AT [°C] / Peak Temperature (Ty — Tyater) [°C])

Filling ratio 2.1W/cm? 3.2W/cm? 4.2 W/cm? 5.3 W/cm?
G-200  Fully-flooded 30.9 22.4/39.3 30.1/52.7 - -
Optimum 115 3.5/18.9 7.6/283  14.0/40.6 (21.8/53.1)!
Dry 0.0 22.8/34.6  32.5/488  42.0/63.0
G-400  Full-flooded 154 22.2/36.3 31.1/50.9 - -
Optimum 4.2 1.6/(9.2)? 2.4/(15.02  3.5/(21.2) 5.2/29.8
Dry 0.0 23.5/36.1 33.3/50.6 42.9/65.4 -
G-800  Full-flooded 8.3 24.5/37.3 30.8/46.8 = -
Optimum 25 26/(9.8)  4.1/(137)*  6.0/(19.1)* 7.4/(26.2)"
Dry 0.0 25.3/37.7 35.6/53.0 46.0/69.2 -
G-1600  Full-flooded 2.8 19.3/35.2 27.4/49.8 r -
Optimum 0.8 6.4/15.5 7.1/206  (11.6)°/29.1 (12.6/35.4)°
Dry 0.0 20.1/33.9 28.8/48.6 37.0/62.6 -

T Corresponds to filling ratio of 14.9.
2 Corresponds to filling ratio of 1.8.
3 Corresponds to filling ratio of 3.0.
4 Corresponds to filling ratio of 1.9.
5 Corresponds to filling ratio of 1.1.

aluminum (140 W/m - K). As IPA is removed from the heat pipe and the filling
ratio reduced, phase change heat transfer begins and the temperature difference
along the heat pipe drops. This effect intensifies with successive removals of
IPA reaching a minimum value of temperature difference. At this point the heat
transfer via phase change is at a maximum and conduction at a minimum. Any
further removal of IPA results in an increase in temperature differences, effectively
a reduction in heat transferred through phase change and an increase in thermal
conduction through the solid. This trend continues until the heat pipe cavity
is totally void of any fluid—i.e. it is entirely dry—and the heat transfer is due
to heat conduction in the metal base alone. Figure 3.5 shows the maximum
temperatures in the system. Comparing Figure 3.4 to Figure 3.5, it can be seen
that the minimum value of temperature differences and peak temperatures occur
at approximately the same filling ratios for all cases studied. Based on the above
definitions, the optimum operating points are the same for both factors of thermal
performance. Importantly, the filling ratios at which the heat pipes operated at

minimum value of temperature difference along them are noted in Table 3.2.
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Figure 3.5: Variation of T} — T qse with filling ratio for second generation alu-
minum heat pipes for different input heat flux values

Figure 3.5 shows the temperatures measured by the first thermocouple T'C} of
the heat pipes under different heat inputs. This thermocouple being the closest
to the heater records the highest temperature readings, which is an indication of
the highest temperature in the system. According to the aforementioned expla-
nations, when the share of phase change in total heat transfer is high, the heat
pipe operating temperature falls dramatically. As an instance, for heat pipe G2-
400, Ty at fully-flooded case is 46.3°C' while at filling ratio of 1.8 it is 20.9°C'. In
short, at optimum filling ratio, the heat pipes dissipate the same amount of heat
as fully-flooded and dry cases while they operate in a much lower temperature

range.
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Table 3.3: Highest effectiveness values of second generation aluminum heat pipes
under different input heat fluxes

Heat input [W/cm?] 2.1 3.2 4.2 5.3

G2-200 6.5 41 30 —
G2-400 146 134 124 -
G2-800 6.5 6.6 - -
G2-1600 3.1 40 31 -~

3.4.2 Heat Pipe Effectiveness

The effectiveness of the heat pipes is a function of the filling ratio and the heat
input, for a given design. The filling ratio is especially important, and an effec-
tiveness value close to unity indicates that the heat pipe is actually not operating
as it is supposed to, i.e. through phase change. The operating point where the
effectiveness is at a maximum is desired, since this will result in the best possi-
ble use of a given design. The effectiveness is also expected to be a function of
other design parameters, the distance between the heat source and sink being an
important one, and also the effect of multi-dimensional heat conduction in the
metal base. Figure 3.6 shows the variation of effectiveness with filling ratio under
different input heat fluxes for the heat pipes. The highest values of ¢, of the heat
pipes are listed in Table 3.3 under different input heat fluxes. According to this
table, G-400 is the most promising heat pipe in heat dissipation by phase change,
while G-1600 is the least successful one. This can be attributed to the available
surface for vaporization, since the majority of evaporation originates from a small

area near the grooves wall tip, named micro region [62].

3.4.3 Temperature Variation with Axial Position

Figure 3.7 shows the temperature readings of thermocouples T'C to T'C5 for the

optimum operating condition and under different input heat fluxes. It should be
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Figure 3.6: Variation of effectiveness with filling ration for second generation
aluminum heat pipes under different input heat flux values

noted heat pipes G2-400 and G2-800 didn’t undergo dryout at optimum filling

ratio values of 4.2 and 2.5, respectively. Hence, their temperature distribution

shows a linear behavior. However, heat pipe G2-200 operates under dryout even

at its optimum filling ratio which is 11.5. Unlike the case of 2.1 W/cm?, for
input heat fluxes of 3.2, 4.2, and 5.3 W/cm? the dryout extent passes the first

thermocouple. Therefore, a sudden temperature drop moving from 7'C to T'Cj.

It should be noted that such temperature jump in the vicinity of the heat source is

usually an indication of dryout when visualizing inside a heat pipe is not possible,

as in cylindrical or flat heat pipes.
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Figure 3.7: Variation of temperature with axial position under different input
heat fluxes for second generation aluminum heat pipes working at their optimum
filling ratios

3.4.4 Operation with Partial Dryout

When a heat pipe operates at the optimum filling ratio, removal of additional
IPA results in a partial dryout, a condition in which a reduction in the amount
of vaporization occurs, causing an increase in temperatures and a reduction in
the amount of liquid flowing to the evaporator. As a consequence, some or all
of the grooves become partially dry. This condition may result in a temperature
jump at and in the near vicinity of the evaporator section. Moreover, once dryout
initiates, increasing the heat input may lead it to extend further in the groove.
Figure 3.8 shows the extent of dryout in four heat pipes. According to this figure,
after onset, dryout extent increases with increasing the heat input and decreasing

filling ratio.
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Figure 3.8: Variation of dryout extent with filling ratio for second generation
aluminum heat pipes under different input heat fluxes

3.4.5 Verification of the Computational Model

After running a mesh independency analysis, the simulations are run using about
750 K quadratic elements which leads to about 1.130 M DOF. Figure 3.9-(a)
shows the simulation results together with experimental temperature readings for
heat pipe G2-800 operating at filling ratio of 2.5 under different input heat loads.
The simulation results are tabulated in Table 3.4. The results reveal that about
90% of the heat input is transferred through the phase change of the working fluid
through the evaporator. Moreover, relative error of each thermocouple compared
to its corresponding location in the model is calculated and the average relative
error of five thermocouples readings are reported in Table 3.4. Possible reason
for the deviation of experimental results from the simulations is the fact that the

filling ratio of the experiments is different than that of the simulations. However,
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Figure 3.9: Experimental verification of computational model of heat pipe G2-800

the low values of average relative errors of the experimental results and the same
trend of the thermocouples readings as to that of the simulations indicate that
the model is able to predict the thermal performance of the heat pipe with a high
accuracy. It should be noted that finding the optimum filling ratio by modeling
requires a thorough numerical study, which is beyond the scope of this present
preliminary work. As an instance, dependence of the maximum heat transport
capacity to the filling ratio for a unit cell with varying groove width and depth
and fin width are reported in [16]. Furthermore, the negligible difference between
the values of Qevaporator aNd Qeondenser i Table 3.4 corresponds to two factors
of: (i) the convective heat transfer between the vapor of the working fluid and
the bottom surface of the plexiglas cover, and (ii) the convective heat transfer
between the vapor of the working fluid and the side walls of the recess on the
metal base. Moreover, the difference between total heat input and Qevaporator 1S

transferred probably through conduction in the metal base.

Figure 3.9-(b) shows the simulation and experimental results for three operat-
ing conditions fully-flooded, optimum, and dry under heat input of 2.1 W /cm?.
While fully-flooded, the whole heat input is transferred through conduction
mostly in aluminum, resulting in a high temperature gradient in the heat pipe.
For the optimum operating condition, the temperature gradient along the heat
pipe reaches its minimum, showing that the most of the heat input is transferred
through phase change. In dry case, the heat input is transferred through con-

duction in the metal base, which makes the heat pipe undergo a considerable
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Table 3.4: Simulation results of heat pipe G2-800

Heat input [W/cm?] 21 3.2 4.2 5.3
Qin (Total heat input) [W] 8.0 120 16.0 20.0
Tyapor [°C] 256 309 36.8 40.8
Qevaporator W] 71 107 14.2 17.8
Qeondenser | W] 7.3 -11.0 -14.6 -18.3
Qevaporator /@y, [%)] 89 89 89 89

Average Rel. Error of Exp. Results [%] | 23 24 2.7 3.1

* A positive value indicate the heat transfer from the groove walls to its surrounding,

while a negative one shows the heat transfer from surrounding to the groove wall.

temperature gradient again. It is noteworthy that because of the limitations
mentioned in section 2.5, the experimental and simulation results for heat inputs
of 3.2, 4.2, and 5.3 W /cm? are missing.

Since the majority of the evaporation originates from the groove wall tip [62],
named micro region, its temperature along the length of the grooves plays a key
role in the performance of the heat pipe. Figure 3.10 shows the temperature
distribution along the groove wall tip of 7 grooves of half width of the heat pipe
(seventh groove being the one at the middle). Regarding the difference in the
temperatures of the grooves, it should be noted that the 3-D effects mainly due
to the conduction heat transfer through the metal base have an influence on the
heat transfer mechanism. That difference is more noticeable on the parts of the
grooves which are right above the heater and cooler because of 3-D geometry of
the system and the high heat fluxes through the heater to the grooves and through
the grooves to the cooler. Figure 3.11 depicts the temperature of the top surface
of the plexiglas cover and bottom surface of the heat pipe under four different
heat input values. The temperature distribution of the bottom side the aluminum
base, i.e. the isothermal patterns, is a good indication of the conduction through
it.
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Figure 3.10: Simulated temperature distribution along the grooves of heat pipe
G2-800 for different input heat flux values

3.5 Silicon Heat Pipes

The effect of working fluid, filling ratio, and input heat flux is extensively studied
on thermal performance of heat pipe S-200. In this regard, it was charged with

a wide range of filling ratios of DI water and IPA, and operated under different

input heat fluxes.

3.5.1 Temperature Difference and Peak Temperature

For silicon heat pipes, thermocouples T'C, and T'Cy are located on the heater

electrode and T'Cy is the closest one to the heat sink (cooling water channels),
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Figure 3.11: Temperature distribution of top and bottom surfaces of G2-800 heat
pipe by the computational model under different input heat flux values

as depicted in Figure 2.18. Hence, the temperature difference between the two
far-most thermocouples, i.e. AT = T — T, indicates the performance of the heat
pipes. Figure 3.12 shows the variation of AT along heat pipe S-200 with filling
ratio, charged with water or IPA, under different input heat loads. Both working
fluids exhibit a similar trend in AT as the filling ratio decreases from a fully-
flooded heat pipe to a dry one. When fully-flooded, the input heat is transferred
through conduction mostly in silicon. As some of the working fluid is extracted
from the heat pipe, phase change heat transfer starts to occur. At optimum
filling ratios, its share in the total heat transfer is at its maximum, while that of

conduction is at its minimum. This is indicated by significantly lower values of
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Figure 3.12: Variation of AT with filling ratio for heat pipe S-200 under different
input heat fluxes (Note: the hollow data points correspond to unsteady operation
of the heat pipe.)

AT compared to fully-flooded case. Further removal of the working fluid results
in an increase in AT and, consequently, a decrease in share of phase change
heat transfer until there remains no working fluid inside the heat pipe. In this
condition, AT has a relatively large value corresponding to heat transfer through
silicon. More importantly, because of the compatibility of DI water with silicon,
operation of the heat pipe charged with water can be compared to that of charged
with IPA. Since water has superior thermal and physical properties corresponding
to its significant Merit number, its better performance is indicated by lower values
of AT compared to those of IPA at a similar range of filling ratio. In other words,
compared to IPA, water is capable of transferring the same amount of heat input
with lower temperature difference along the heat pipe. Furthermore, the heat
pipe charged with water was able to transfer higher input heat loads of 3.0 and
4.2 W/em? steadily at filling ratios near the optimum range, while the one charged
with IPA experienced unsteady operation under input heat loads of 2.0 and 3.0
W/em?.

According to the results of the experiments, temperature variation along the
heat pipe is strongly dependent on the cooling water inlet temperature, T, uter
(corresponding to thermocouple T'Cg in Figure 2.18). Any sudden or gradual
change led the thermocouples T'C; to T'Cys to change accordingly. This can be

easily noticed from Figure 2.22 which depicts the temperature readings of the
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Figure 3.13: Variation of 77 — Tyater With filling ratio for heat pipe S-200 under
different input heat fluxes (Note: the hollow data points correspond to unsteady
operation of the heat pipe.)

thermocouples over time. Therefore, water inlet temperature is considered as a
reference to compare the peak temperature of the heat pipe. Furthermore, the
difference between the peak temperature of the system, i.e. T'CY, and water inlet
temperature found to be a strong function of filling ratio. The values of T} — T3, qer
are plotted in Figure 3.13 for heat pipe S-200 charged with water or IPA. Phase
change enables a heat pipe to operate with a low temperature gradient and low
peak temperatures as well. This is one of the reasons that they are devices of
interest in applications where the localized hot spots must be avoided. According
to Figure 3.13, near the range of optimum filling ratios, the heat pipe significantly
lower the peak temperature in the heat pipe system compared to very high or
very low filling ratios. As an instance, the values of T} — T}, 4., for the heat pipe
charged with water are 31.7°C and 46.4°C under input heat load of 1.1W/cm? for
fully-flooded and dry cases, respectively. This value was 7.8°C for the optimum
filling ratio of 2.3. Moreover, the peak temperatures of the heat pipe charged
with water were lower than those of the heat pipe charged with IPA, which can

be considered as another indication for its better performance.
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Figure 3.14: Variation of heat pipe effectiveness with filling ratio for heat pipe
S-200 under different input heat fluxes (Note: the hollow data points correspond
to unsteady operation of the heat pipe.)

3.5.2 Heat Pipe Effectiveness

Figure 3.14 shows the variation of effectiveness with filling ratio for heat pipe S-
200 charged with different filling ratios of water or IPA under input heat loads of
1.1 and 2.0W/cm?. Since the heat pipe charged with water exhibits lower values
of AT during its operation at optimum filling ratios, the values of its effectiveness
is higher compared to those of IPA. Along with more desirable thermophysical
properties of water, the heat pipe charged with water does not operate with dryout
at its optimum range of filling ratio. This enables the heat pipe to successfully
transfer the input heat load through phase change at its maximum share. Hence,
in both of the input heat loads of 1.1 and 2.0WW/cm?the effectiveness of the heat
pipe charged with water is significantly higher than that of charged with IPA

3.5.3 Operation with Partial Dryout

The transparent top cover enables the visualization of the possible dryout during
the operation of the heat pipe. Figure 3.15 show the variation of the extent of
dryout with filling ratio for heat pipe S-200 under different input heat loads prior
to dry operating condition. Expectantly, the extent of dryout increases by the
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Figure 3.15: Variation of dryout extent with filling ratio for heat pipe S-200 under
different input heat fluxes

heat load due to the higher rate of evaporation. For the heat pipe charged with
IPA, the extent of dryout increases by decreasing the filling ratio, while for the
case of water-charged heat pipe, dryout occurred at only one filling ratio prior to
dry operating condition. With the help of its higher surface tension, water can
provide more capillary pump in the same heat pipe. Consequently, the heat pipe

charged with IPA experienced dryout in a wider range of filling ratio.

3.5.4 Heat Output Calculations

Knowing the inlet and outlet temperatures of the cooling water, the heat output

of the heat pipe is calculated with the equation
Qout =m- Op - AT (32)

where (), is the heat output from the heat pipe, m is the mass flow rate of
cooling water, C), is the specific heat of water (4.2kJ/kg - K), and AT is T1; — T
corresponding to rise in the cooling water temperature. Figure 3.16 shows the
plot of calculated heat output against filling ratio for heat pipe S-200 charged
with water and TPA. Input heat loads of 1.1, 2.0, 3.0, and 4.2 W/cm? correspond
to 3.6, 6.6, 10.3, and 14.4 W respectively. According to the input heat loads, the

average relative error of heat output calculations are listed in Table 3.5. Based on
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Figure 3.16: Variation of heat output with filling ratio under different input heat
loads for heat pipe S-200 (Note: the hollow data points correspond to unsteady
operation of the heat pipe.)

Table 3.5: Average relative error in heat output calculations for heat pipe S-200

Heat input [W/cm?] 1.1 2.0 3.0 4.2

Heat pipe charged with DI water 95.1% 35.0% 22.7% 15.4%
Heat pipe charged with IPA 34.1% 204% 8.9% -

this table, the average relative error decreases with increasing the input heat load
to the heat pipe. Although the relatively large values of the average relative error
in heat output calculations make them not reliable enough to be interpreted, one
possible source of error may be attributed to the change of the height of water
inside the ice water reservoir during the experiments and subsequent water flow
rate. For future experiments especially for heat pipe S-400, extra care is required
to ensure the energy balance of the heat pipe. In this regard, switching inlet and
outlet of the cooling water and inserting thermocouples directly to the PDMS

piece are of possible solutions.
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Chapter 4

Concluding Remarks

In the first phase of this research, three first generation prototype aluminum heat
pipes with different groove densities are fabricated. Thermoelectric modules are
used as the heat source and heat sink in the experiments. Moreover, a computa-
tional model is developed to quantify the input heat load. With the experience of
prototypes, four aluminum heat pipes of second generation with different groove
densities are fabricated and their thermal performance characterized. In their
setup, a resistance heater and a copper block cooled by water flow are utilized
as the heat source and sink. In addition, to simulate phase change heat transfer,
a 3-D computation model is proposed for one of the heat pipes and verified by
experimental results. At last, two silicon heat pipes with different groove densi-
ties are fabricated and experiments carried out on one of them. Two chromium
sputtered electrodes are used as the heat source and cooling water flow in chan-
nels in a PDMS piece is the heat removal method. The thermal performance of
each heat pipe is experimentally investigated under a wide range of filling ratios
from fully-flooded to dry under different input heat loads, the optimum filling
ratio is found by proposed thermal performance indicators, and extent of dryout

is reported for different filling ratios and input heat fluxes.

The key findings of this thesis are as follows:
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Thermal performance of a flat grooved heat pipe is a strong function of

filling ratio, groove density, and input heat flux.

All heat pipes could properly transfer the heat input through phase change
of the working fluid. However, the share of phase change depends on the
filling ratio. For each heat pipe, the optimum filling ratio is selected by a

minimum temperature difference along the heat pipe and reported.

Among prototype heat pipes, the one with 0.2 mm grooves width showed
the best performance. For second generation aluminum heat pipes, the one
with 0.4 mm grooves width demonstrated minimum values of temperature

difference and peak temperature.

The computational model could simulate phase change heat transfer and is
capable of predicting the temperature distribution along the heat pipe of

interest, showing a strong agreement with the experimental results.

As one of the performance limitations, the onset of dryout and its extent
in different filling ratios are reported for all heat pipes. Beyond optimum
filling ratios, further removal of the working fluid or increasing the input

heat flux results in an increase in the extent of dryout.

Compared to IPA, water could significantly boost the thermal performance
of the silicon heat pipe by decreasing its minimum temperature difference,
decreasing the peak temperature, and increasing its effectiveness by a fac-
tor of more than 2. Moreover, water could postpone the onset of dryout
compared to IPA, which can be attributed to its higher Merit number than
that of IPA.

There are some points that need to be considered for further studies, partic-

ularly for silicon heat pipes. The top cover used for the heat pipes in this study

is decided to be plexiglas because of its transparency. Due to its low chemical

resistance against some working fluids, using a pyrex cover would extend the

maximum operational temperature range of the experiments, as well as the input

heat flux. Moreover, for silicon heat pipes, improving the geometry of the frame
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by decreasing the dead volume around the are of the grooves array would decrease
the liquid flow in the gap between the frame and silicon piece. In addition, higher
groove densities can be fabricated on silicon, e.g. grooves of 0.8 mm width. Hence,
the optimum groove width can be selected having a more thorough understand-
ing of dependency of thermal performance of silicon heat pipes on groove density.
Furthermore, the vapor space can be fabricated in the top cover to decrease the

number of the required materials, as well as the total thickness of the assembly.
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