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ABSTRACT

An experiment is carried out in the present study to investigate an improved
design of a CPL (Capillary Pumped Loop) system for electronic cooling. The
evaporator of the CPL system is modeled by a grooved square copper plate of size
30mmx30mmx10mm glued onto another. heated rectangular copper plate of the
same size. The grooved copper plate contains five parallel rectangular open channels
for the vapor generated in the-evaporator.to flow into a vapor transport line. Each
channel is characterized by 30 mm.in-length;-2.4 mm in width, and 3 mm in height. A
porous wick made from open-cell blowing foam of polyvinyl alcohol with a mean
pore radius of 21jum and having a size of 30x30x3mm?® is placed on the grooved
copper plate. The condenser is made of a double-pipe heat exchanger with liquid
water flowing in the outer pipe. Besides, smooth teflon tubes of inside diameter 4.5
mm are chosen for the vapor and liquid transport lines. The deionized water is
selected as the working fluid. Moreover, a thin cotton gauze layer of 150jam in
thickness is covered on the side and bottom walls of the grooved channels to provide
more surface area for liquid vaporization. Tests are conducted for the liquid inventory
varied from 50% to 75%, cooling water temperature in the condenser from 20  to
40 , condenser-evaporator relative height from 0 to 10 cm. The test is terminated

when the mean evaporator temperature exceeds 80 . In the study how the liquid



inventory, cooling water temperature in the condenser, relative height between the
condenser and evaporator, and cotton gauze layer covering affect the CPL
performance is investigated in detail.

The experimental results show that the liquid inventory significantly affects the
heat transfer performance of the system. An optimal liquid inventory exists at which
the maximum power input to the evaporator is the highest and the minimum thermal
resistance of the CPL is the lowest. The CPL heat transfer capability is only slightly
affected by the cooling water temperature in the condenser. But the evaporator
temperature is noticeably higher for a higher cooling water temperature in the
condenser. An increase in the relative height between the condenser and evaporator
results in a significant improvement in the CPL performance. Besides, for a larger
relative condenser-evaporator height the influences of the liquid inventory on the
performance of the CPL are milder..Covering.a thin cotton gauze layer on the side and
bottom surfaces of the grooved-channels-can-substantially improve the heat transfer
performance of the CPL system under. certain conditions. For other conditions the
improvement is comparatively smaller.

Finally, empirical correlations for the Q¢max and Rumin are proposed for the
CPL with and without cotton gauze covering for thermal design of CPU cooling. For

all cases tested in the present CPL system the highest Qe max iS 255W.
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CHAPTER 1

INTRODUCTION

1.1 Motive

With the recent quick increase in the computational frequencies of
micro-processors, heat dissipation is becoming a serious problem for the CPUs of
portable computers to function normally. It is well known that the surface temperature
of the CPU chips should not exceed 85  to avoid the system shutdown. In the past,
the heat dissipation of CPUs was about 10W for the 80486 series. The heat dissipated
in the CPU chips in the series was successfully removed by combining fans and fins.
In the current Pentium 4 series the heat dissipation is much higher and is over 80W.
The methods based on air-cooling are not'enough:to dissipate the heat generated in the
chips. In addition, spacing is relatively-timited for thermal modules especially when
applied to portable electronic devices, like notebook PC or PDA. The conventional
gas cooling methods could not remove the high heat fluxes generated from the today’s
fast speed micro-processors sufficiently. Recently, some commercial products
employed the methods based on the liquid cooling to take the high heat dissipation
away. The liquid cooling can be used with or without boiling. Moreover, the
two-phase heat transfer associated with boiling or condensation has high latent heat
involved in the process and hence it is known to be the most effective and popular.

Aside from the above methods, several exotic cooling approaches such as jet
impingement, spray, heat pipe and capillary pumped loop have been developed.
Among these approaches, the jet impingement or spray cooling needs extra power to
drive the flow. Thus they are not practical in a self-regulated loop system preferred in
electronic cooling. The heat removal capability of heat pipes is often not sufficient to

1



cool high heat flux surfaces. Besides, there are some physical limits for heat pipes,
such as the sonic limit, capillary limit, viscous limit, boiling limit, and entrainment
limit. In the thermal management of electronic devices, the application of capillary
pumped loops have received increasing attention in recent years.

Capillary pumped loop (CPL) is a capillary driven two-phase heat transport
system that consists of an evaporator with wicking structure, a condenser, a liquid
reservoir, and distinct liquid and vapor lines. A typical CPL is schematically shown in
Fig. 1.1. Heat enters the loop through the evaporator, causing the liquid in it to
vaporize. The vapor then moves to a lower pressure region and then flows to the
condenser in which the working fluid condenses and releases heat to the ambient. The
capillary force generated by the wick structure pumps the condensed liquid to the
evaporator. And the loop is completed. Note that in the CPL the liquid and vapor
phases are transported in separated. lines 'to.avoid the flow interaction between the
phases. Thus the liquid-vapor -counter-current.flow and entrainment limits do not
occur. The heat transfer capability of the capillary pumped loop is expected to be
better than heat pipes and the device has high potential in high power density

electronic cooling systems.

1.2 Literature Review

As is well known in the early development for space applications, a capillary
pumped loop utilizes the capillary forces developed in a fine-pore wick to circulate
the working fluid, which can transfer a large amount of heat in a small temperature
difference without a need of external pumping power. Stenger [1] at NASA/Lewis
U.S.A. first proposed the initial CPL concept in the mid-1960s. But not until the
late-1970s serious CPL development for spacecraft applications began. Then in the

1980s the concept of CPL was extensively tested and applied in flight and
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Commercial experiments. Subsequently in 1993, Ku [2] conducted an overview of
capillary pumped loop technology. Characterization of CPL and verification of CPL
performance were addressed. He also presented some performance anomalies. These
include 1) sudden deprime of evaporators: non-condensable gas accumulation inside
the wick or vapor penetration into the wick during startup; 2) evaporator deprime
during rapid power step down: very complex interaction among the reservoir,
evaporator and condensers; 3) pressure oscillations during steady operation: when
accompanied by changes in other conditions it was suspected to cause evaporator
deprimes. An example of a deprime is that when the evaporator is starved of liquid
due to vapor existing in the liquid side of the wick. The phenomenon of deprimes
should be avoided in the CPL operation. If deprimes happen, the system will stop
working and will be broken. Maldanik et al. [3] experimentally and analytically
investigated physical mechanisms.during a CPL startup. They found that the startup
process could be characterized by three-main-stages of different durations. The first
stage is a steady growth of temperature.and pressure in the loop in the absence of
vapor phase. The second stage occurs when boiling in the liquid is initiated, resulting
in quick lowering of evaporator temperature and pressure. In the last stage both the
temperature and pressure become constant. They also predicted the minimum heat
load for a reliable startup. Ku [2] and Meyer et al. [4] also agreed with these findings.
Later Mo et al. [5, 6] experimentally examined how the CPL startup process was
affected by applying an electric field to the evaporator wick. They noted that the
induced Maxwell stress at the liquid-vapor interface tended to reduce the startup time
and improve the system performance. Besides, the depriming phenomenon can also
be prevented.

The pressure and temperature oscillations in steady operation of CPLs can

significantly affect their performance. In an experimental study Kolos and Herold [7]
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found that the oscillations of temperature and pressure were resulted from the
presence of the bubbles in the evaporator core. Specifically, the bubble growth and
collapse cause the oscillations. O’Connell and Ku [8] suggested the factors leading to
the unsteadiness of CPL pressure, including wick permeability, size of transport lines,
reservoir volume, power input, sink temperature, and reservoir set point. Besides,
their experimental results showed that when the transport line diameter was reduced,
the pressure oscillation became more severe. O’Connell and Hoang [9] examined
effects of wick properties on pressure oscillation. They noted that a more revere
pressure oscillation was caused by the reducing permeability of the wick with a
smaller pore size.

The evaporator deprime has received some attention. Ku [2] indicated that a
sudden change in the input power.would lead to an evaporator deprime. A step wise
input power was applied to -an.evaporator. by Pouzet et al. [10] to study its
fundamental response mechanisms.i. The--oscillations of temperature and pressure
following the power change werenoted. Using acetone and ammonia as working
fluids, Bazzo and Rienl [11] examined the CPL startup and its operating ability when
the different heat loads were applied to the capillary evaporator. The experimental
results show that heat transfer capacity is better for ammonia. The acetone in the
evaporator was heated more quickly for most cases, which in turn resulted in the
evaporator dry out. Regarding the CPL operating principles, Ku [12] used
thermodynamic diagrams to identify the state of the working fluid in various
components of the system for different operating conditions. He also discussed some
CPL operating limits, such as the capillary limit, subcooling limit and vapor pressure
limit. The capillary limit was considered as the key to the whole system. When the
capillary limit was lower than the vapor pressure limit, the system would stop

working. Thus the vapor pressure of the system needs to be controlled under the
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capillary limit in order to prevent the system failure.

More attention has been paid to investigating the heat transfer characteristics
for CPL systems. Dickey and Peterson [13] examined the effects of the input power
and adverse gravitation with the evaporator located higher than the condenser on the
CPL heat transfer characteristics. At the same time, they also developed a computer
model for the loop and the results for the steady-state variations of the temperature
were presented. Later Liao and Zhao [14-16] moved further to examine the CPL heat
transfer capability affected by the capillary structure height and particle size and the
entrance temperature. They found that at increasing imposed heat flux the heat
transfer coefficient increased to a maximum value and then decreased afterwards.
Strong effects of the height between the liquid tube and vapor tube were
experimentally investigated by Meyer et al. [4]. Similarly, Chen and Lin [17] studied
the influences of the relative -height between the evaporator and condenser, fluid
inventory and power input. At-increasing-height the heat transfer capability of the
CPL using FC-72 as working fluid is.noted-to-increase. But, when it increases to
certain height, thermal resistance does not reduce further. Instead the thermal
resistance remains at a constant. This is attributed to the fact that for an increase in the
height the potential energy increases. So, the mass flux in the CPL increases, which in
turn results in a higher pressure drop in the liquid and vapor tubes. The experimental
results also show that the fluid inventory has an optimal value. Similar conclusion was
reached earlier by Miyasaka et al. [18].

Methods to improve CPL heat transfer capability were also examined by some
research groups. Pohner and Antoniuk [19] showed that machining the vaporization
enhancement grooves (VEGS) into the lands of the evaporator extrusion could raise
the heat transfer coefficient. A fibrous slab wick running through the entire condenser

tube to serve as a non-condensable gas trap was noted to increase the CPL reliability
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and operational lifetime too. A similar measure was taken by Muraoka et al. [20] by
using a porous structure inside the condenser to stabilize the interface between the
liquid and vapor phases. Schweickart et al. [21] showed that adding a mechanical
pump could effectively prevent the evaporator deprime.

Using the techniques of MEMS, Kirshberg and Yerkes [22] Pettigrew and
Kirshberg [23] and Meyer et al. [24] fabricated a miniature CPL system on a silicon
chip. For traditional CPL an evaporator capillary structure is normally employed to
produce capillary forces. However, for the tiny CPL system very small channels are
etched on the chip to yield the required capillary forces. More uniform temperature
distribution can be obtained and the resulting heat transfer capability increases. When
a liquid is in contact with a solid surface in the tiny channel, the extended meniscus
can be divided into three parts, thetintrinsic meniscus region, the thin film region and
the adsorbed region [25]. Park et'al. [26,.27] utdized a mathematical model to
investigate the transport phenomenatand-heat-transfer characteristics in the thin film
region in a micro-channel. They found.the length and the thickness of the thin film
region decrease exponentially at increasing heat flux, leading to higher capillary force
and heat transfer coefficient.

Over the past numerical simulation was also conducted to elucidate the flow
and heat transfer within the porous structure in the evaporator. Cao and Faghri [28, 29]
used a numerical analysis to simulate flat-plate type evaporator. The results show that
some limitations exist between the wick and heater interface. Specifically, as the
babble grows to a size to cover the heater surface, the capillary forces resulting from
the porous structure disappear. The liquid-vapor interface is destroyed and this is
similar to the boiling limit for traditional heat pipes. Zhao and Liao [30] moved
further to consider the effects of the groove size and the thermal conductivity of the

capillary structure. They noted that the low thermal conductivity of the capillary
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structure could result in a very steep temperature gradient at the fin/porous structure
interface. Zhao et al. [31] also investigated the flow in a vertical porous channel
heated symmetrically along its vertical walls. Very different flow phenomena in the
single-phase and two-phase flow motions in the porous structure were noted. In
single- phase flow the mass flux increases with the heat flux, but in the two- phase
flow the mass flux drops sharply for an increase in the heat flux. Hanlon and Ma [32]
developed a mathematical model to study the heat transfer capability for a sintered
wick structure. The results show that the evaporation heat transfer coefficient can be
enhanced by reducing the average particle size. They also proposed that thin film
evaporation played an important role in the enhancement of evaporating heat transfer.
Some feature and major results obtained is the previous study of CPLs reported in the

open literature are given in Table 1:1.

1.3 Objective

The above literature review: clearly. indicates that the basic flow and heat
transfer mechanisms associated with the traditional CPLs have been extensively
investigated. Besides, the CPL systems have been used successfully in large heat
dissipation systems for spacecraft applications. But a flat shape evaporator has been
proposed for CPU heat dissipation [33]. In this experimental study, we intend to
develop and test an improved CPL system aiming at the high power density CPU
cooling. A typical evaporator design is schematically shown in Fig. 1.2. More
specifically, the evaporator consists of a grooved copper plate attached on the wick
surface, acting as the heating zone, and the vapor can move in the grooves. Thus, the
resistance to the vapor flow is reduced. In addition, it is inefficient to use only the
upper surfaces of the fins for heating. The vertical and bottom surfaces of the grooved

channels will also be covered by the thin wick. This will increase the heated surface
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area for liquid vaporization, which is expected to enhance heat transfer in the
evaporator. Effects of the input power, liquid inventory, cooling water temperature in
the condenser, and relative height between the evaporator and condenser on the heat

transfer performance of the CPL will be investigated.



Table 1.1 Summary of some features in previous CPL studies.

Working fluid . x Qeman (WA 2 . . I
References o 9 - (Hem) | Toanmax () (%) Wick properties Applications
Liquid inventories ' Qemax W)
] Ammonia 3.5 ]
Maldanik et al. (1993) 0 32 pore radius = 1.3um, polyethylene spacecraft
775
Ammonia 7.9 pore radius = 1.5um, sintered nickel
Meyer et al. (1993) 0 58 spacecraft
1129 powder
R-134a 0.247 )
Mo et al. (1999) 0 26.5 pore radius = 1.5um, polyethylene spacecraft
50
Mo et al. (2000) R-134a 3.21 )
0 26 pore radius = 1.5um, polyethylene spacecraft
650
Ammonia 1.27 )
Ku (1996) 0 30 pore radius = 13, 16um spacecraft
500
Ammonia 1.27 pore radius = 8.3, 13.02, 16.12,
O’Connell and Hoang (1996) 0 30 spacecraft
500 19.08um
R-134a 5 _
Pouzet et al. (2004) 0 33 pore radius = 20um spacecraft
600
) Acetone, Ammonia 2.8 ) ) .
Bazzo and Riehl (2003) 0 30 pore radius = 20um electronics cooling
100
) Ammonia 2.87 pore radius = 1~1.5um, sintered ) )
Dickey and Peterson (1994) 0 58 ] electronics cooling
130 nickel powder
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Table 1.1 Continued (1)

Working fluid . _ Qeman (W72 . . "
References R g ~H (M) | Teamma () ( Vem ) Wick properties Applications
Liquid inventories ’ Qemax W)
) Water 32 particle diameters = 0.55, 1.09, 1.99, ) )
Liao and Zhao (1999) -0.5 168 electronics cooling
887 2.56 mm
) Water 32 ) ) ) )
Liao and Zhao (2000) 1 144.6 particle diameters = 2.0 mm electronics cooling
256
) Water 259 ) ) ] )
Zhao and Liao (2000) -3.5 135 particle diameters =1.09 mm electronics cooling
740
Chen and Lin (2001) FC-72 2.5 ) ) )
12 83 pore radius =10pum electronics cooling
50% 40
] HCFCs-142b 7 ] o ] )
Miyasaka et al. (1995) 0 38 Capillary pipe diameters =2mm electronics cooling
40% 43.7
] Ammonia 3.16 )
Pohner and Antoniuk (1991) 0 32 pore radius = 20um spacecraft
500
Ethanol 3.81 ) ) )
Muraoka et al. (1998) 0 60 Sintered bronze electronics cooling
120
) Water 375 MEMS Groove height/width ) )
Kirshberg and Yerkes (2000) 0 100 electronics cooling
75 =50/50um
) ) Water 375 MEMS Groove height/width ) )
Pettigrew and Kirshberg (2001) 0 100 electronics cooling
7.5 =50/50um




T

Table 1.1 Continued (2)

Working fluid . _ Qeman (WA 2 . . I
References L : | Hg €M) | Tompma () ' ( e ) Wick properties Applications
Liquid inventories ’ Qumax W)
Water 224 MEMS Groove height/width ) )
Meyer and Dasgupta (2003) 0 100 electronics cooling
4.8 =30/22um
) Water 412 ) ) o
Zhao and Liao (1994) 0 100 particle diameters = 0.55 mm humidistat
123.6
) Methanol 25.62 ) )
Tsai et al. (2005) 0 98 Copper screen electronics cooling
50.00
Maydanik et al. (2005) Water 35 pore radius = 1~10um, sintered ) )
0 100 electronics cooling
140 copper powder

* T evap,max denotes maximum mean evaporator temperature allowed in the experiment.

*H g denotes condenser-evaporator relative height.
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€T

channel

Grooved copper block

Fig.1.2 Schematic of a typical evaporator design.




CHAPTER 2

EXPERIMENTAL APPARATUS AND PROCEDURES

The experimental system established in the present study to test an improved
design of a CPL is schematically depicted in Fig. 2.1. The experimental system
consists of four major parts, namely, a test CPL loop, a fluid inventory unit, a

cold-water loop and a measurement unit. These parts are described in the following.

2.1 CPL Loop

The test CPL loop includes an evaporator, a condenser, and vapor and liquid
transport lines, as shown in Fig:%2.2 by a three-dimensional plot. The detailed
dimensions and materials employed in the loop‘are'given in Table 2.1. Note that here
the evaporator and condenser are plotted-at the-same-height and the gravity effects do
not exist.

Plots showing the detailed structure of the evaporator are given in Figs. 2.3 and
2.4. The evaporator is mainly made of a rectangular grooved copper block with a
heated rectangular copper block glued onto its lower surface and with a layer of wick
glued onto its upper surface. As shown in Fig. 2.5, two resistance heaters are inserted
into the heated copper block and the heaters are covered with heat conducting grease
to reduce the thermal contact resistance. The outside surfaces of the heated copper
block, grooved copper block and wick are all thermally insulated by teflon wraps.
They are then installed in a cylindrical teflon base. In order to further reduce heat loss,
the outside surface of the whole evaporator is covered with adiabatic cotton. The wick
used in present study is made from open-cell blowing foam of polyvinyl alcohol
(PVA), and the structure of this PVA is illustrated by the photos given in Fig. 2.6 (its
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mean pore radius is 21jam, porosity 5%, and permeability 3.0x10"'m?) and the wick
layer is 30mmx30mm x 3mm in size. An observational window is also opened in the
teflon cover to facilitate the visualization of the flow in it. Besides, to prevent the
flooding of the grooved channels, a cotton gauze layer of 150 um is placed on the
wick (Fig. 2.7). Moreover, the vertical and bottom surfaces of the grooved channel are
also covered by the cotton gauze layer to allow the liquid to flow into the gauze, as
show in Fig. 2.8. The evaporator is connected with the condenser through the liquid
and vapor transport lines.

In designing the condenser, the heat transfer area and the cooling mechanisms
to cool down the working fluid need to be considered. Specifically, the condenser
must have the following characteristics:

1) Small temperature difference between the condenser and heat sink.

2) Small flow resistance inside-the.condenser:

3) Small gravity force effect under 1G environment.

4) High reliability and light weight:

5) Easy fabrication and low cost.

Herein, we chose a double-tube heat exchanger as the condenser. Cold water is used
to condense the vapor and to control the temperature of the condenser.

The transport lines include the vapor line and the liquid line. In normal
operation the vapor from the evaporator flows through the vapor line and enters the
condenser and the liquid from the condenser flows to the evaporator through the
liquid line. In order to reduce the friction loss, smooth teflon tubes with inside

diameter of 4.5 mm are chosen for the transport lines.

2.2 Fluid Inventory Unit

Before the working fluid is input to the CPL, it is important to insure that the
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system is in a vacuum condition and no noncondensible gas exists in the CPL. The
working fluid inventory unit includes a working fluid tank, a dispensing burette, and a
vacuum pump, which connects with the CPL loop through tubes and valves.

To maximize the capillary limit and heat transport of the CPL, the working
fluid should have the following properties:
1) large surface tension
2) high density
3) large latent heat
4) low viscosity

In this study deionized water is chosen as the working fluid.

2.3 Cold-Water Loop

The cold-water loop is -designed for..condensing the water vapor from the
evaporator. Using a cold-water-thermaostat-and-a spherical valve, we can adjust the
temperature and flow rate of cold<water in.the  cold-water loop. This arrangement

allows us to control the temperature of the condenser.

2.4 Measurement Unit

T-type (copper-constantan) thermocouples are used to measure the temperatures
at selected locations in the test CPL loop. Specifically, six calibrated thermocouples
are employed to measure the temperature of the grooved copper block. They are
placed at locations near the bottom of the grooved channel and near the top of the
channel, as schematically shown in Fig. 2.9. To estimate the heat loss from the
evaporator, the temperature of the outer wall of the adiabatic cotton is also measured,
as schematically shown in Fig. 2.10. Besides, the temperature of the working fluid at

the inlets and exits of the evaporator and condenser shown in Fig. 2.2, are measured.
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2.5 Equipments

1)

2)

3)

4)

DC Power Supply:

A DC power supply of 60V and 3A is selected to supply the required
electric current to the heaters in the evaporator section (Fig. 2.5). The DC
current through the heaters is measured by a Yokogawa DC meter with an
accuracy of +0.2%. Then the voltage drop across the heater is measured
by a Yokogawa multimeter. Thus the power input to the heater can be
calculated.

Data Acquisition:

The data acquisition unit employed to record the signals from various
transducers is a 30-channel data logger (YOKOGAWA MW-100), which is
connected to a persenal computer.. The voltage signals from the
thermocouples and pressure transducers are converted to the temperature
and pressure by the internal calibration equations in the computer and are
displayed on the screen simultaneously:

Thermostat:

The maximum cooling capacity of the thermostat is 1200 W with a
maximum water volume flow rate of 5 L /min

Vacuum Pump:

An oil rotary vacuum pump (VLVAC G-100D) with an ultimate pressure of

5x10~* torr and a pumping speed of 120 L/min is used here

2.6 Experimental Procedures

Before each experiment, the vacuum pump is connected with the CPL to get rid

of the non-condensable gas possibly existing in the CPL loop. Then the working fluid

is injected into the CPL from the fluid inventory unit. Besides, the thermostat of the
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cold-water loop is set at a predetermined level and the DC power supply is turned on
to input the preset amount of heat to the evaporator. After the system reaches a
statistically stable state, the temperature and pressure data from various transducers

are recorded and processed by the data acquisition unit.

2.7 Experimental Parameters

The present study intends to test the performance of an improved CPL system
design. In the study the experimental parameters include the input power to the
evaporator, the liquid inventory in the loop, the cooling water temperature in the
condenser, and the elevation difference between the condenser and evaporator. The

ranges of the experimental parameters:to be investigated are listed in Table 2.2.
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Table 2.1 Geometric and material characteristics of the present CPL system.

Evaporator
Wick structure Size (mm°) 30x30x3
Mean pore radius (zm) 21
Porosity (%) 65
Permeability (m?) 3.0x10™m?
Material polyvinyl alcohol
Grooves block Size (mm®) 30x30x7
Grooves length/height/width (mm) 30/3/2.4
Number of grooves 5
Fin length/height/width (mm) 30/3/3
Number of fin 6
Material copper
Condenser

Outer tube Inner-diameter (mm) 20
Length(mm) 350
Material copper

Inner tube Outer-diameter (mm) 6.35
Inner diameter(mm) 4.5
Length(mm) 350
Material copper

Transport Line

Liquid line Outer diameter (mm) 6.35
Inner diameter (mm) 4.5
Length(mm) 790
Material teflon

Vapor line Outer diameter (mm) 6.35
Inner diameter (mm) 4.5
Length(mm) 790
Material teflon
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Table 2.2 Experimental parameters

Parameter Range Unit
Input power 5~ 260 W
Liquid inventory 50~75 %
Cooling water 20 ~ 40 °Cc

temperature in condenser

Relative height 0~10 cm
between the evaporator
and condenser
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Fig. 2.6 Photographs of the polyvinyl alcohol.
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CHAPTER 3
DATA REDUCTION AND SIMPLE ANALYSIS

In the present test of an improved CPL system design, a data reduction analysis
is needed to calculate the system thermal resistance from the measured raw data. On
the other hand, the thermodynamic states, heat transfer limitation and pressure drop of

the CPL loop are discussed in the following.

3.1 Data Reduction

Conventionally, the concept of the thermal resistance is adopted to represent the
CPL performance. It shows the heat removal capacity of a CPL. The thermal

resistance is usually defined as

T -T
R _ _evap cond (31)

th
0,

where T, is the mean temperature of the: evaporator, 7,

vap 'ona 18 the mean
temperature of the condenser, and Q, is the effective power input to the CPL. The
total power input O, and the effective power input Q, are respectively evaluated
from the equations

O =V-I (3.2)

where V and I are individually the voltage drop across and current through the

resistance heaters, and

0, =0, = Oy (3.3)

Here the heat loss from the evaporator Q, . 1is approximately estimated from the

relation

anss = hn,z At (f,t - T'amb) + h A (f,r - T'amb) + hn,bAb (f,b - T'amb) (34)

nr*r
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indicating that the natural convection heat transfer from the outside surfaces of the
evaporator to the ambient includes three major parts, namely, from the top,
circumferential and bottom surfaces of the evaporator to the ambient. The associated
natural convection heat transfer coefficients can be approximately evaluated from the

empirical correlations [34] as

b, =132 M (3.5)
- 0.25
b, =142 (T;—T’"b) (3.6)
- 0.25
T
h =059 (%. y ) (3.7)

where 4, i1s the natural convection: heat-transfer coefficient between the outside

surface of the adiabatic cotton and ambient, 4 is the outside surface area of adiabatic
cotton, Fo is the average temperature of the outer wall of the adiabatic cotton, 7;»

is the temperature of the ambient, and d is the diameter of the evaporator, as
schematically shown in Fig. 2.10. The relative heat loss from the evaporator is defined

as

5=Mx100% (3.6)
0

t

From the thermocouple data measured at the outside surfaces of the adiabatic
cotton covering the evaporator, the heat loss from the evaporator to the ambient is
estimated. The results from this estimation show that the heat losses for all cases

investigated here are all less than 3.0 %.
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3.2 Thermodynamic States and Heat Transfer Limitation
As discussed in chapter 1, CPL is a two-phase liquid-vapor heat transport
device composing an evaporator with wick structure, condenser, reservoir, and distinct
liquid and vapor lines. There is no reservoir element in the present study. Figure 3.1(a)
schematically shows a typical CPL system without reservoir. The corresponding
thermodynamic states of the working fluid at various locations of the CPL are
indicated in Fig. 3.1(b). At location 1 (the wick-copper block contacted heating zone),
liquid vaporizes at the saturation state and the vapor moves through the grooves,
resulting in some pressure loss and the vapor becomes superheated at location 2. The
vapor finally flows into the vapor line. Some pressure loss also results in the vapor
line as the vapor moves through it and the vapor is still superheated at location 3.
Upon entering the condenser, the vapor condensation occurs. Thus we have two-phase
liquid-vapor mixture at locations 4.and 5. Beyond location 5, all vapor is condensed
and the working fluid is in liquid state:-The-working fluid continues to cool down in
the condenser and reaches a subcooled temperature at the condenser exit at location 7.
The liquid flows back to the evaporator through the liquid line, accompanying with
some pressure loss. At the inlet of the evaporator (location 8) the liquid is subcooled.
As the liquid moves into the wick, it gets heated. Boiling and evaporation take place
near the wick- copper block contacted region at location 9. This complete the
thermodynamic cycle for the CPL.
The heat transfer limits of a CPL are similar to that of heat pipe. The major heat

transport limits for a CPL are:
1) Capillary limit:

In a normal CPL operation, the wick structure should produce sufficient capillary

force to drive the vapor and liquid flows. For a raise in the heat input to the

evaporator, the liquid and vapor flows speed up, leading to an increase in the flow
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2)

3)

4)

resistance as the menisci form at the liquid/vapor interface. This means that the
capillary force should be high enough to circulate the flow of the working fluid
along the loop. When the radii of curvature for the menisci get larger at a higher
heat input so that they are equal to the capillary radius, the capillary pressure
reaches a maximum level, resulting the so called “capillary limit”.

Boiling limit:

As the heat input to the evaporator exceeds certain value, boiling of liquid begins
and vapor bubbles start to appear inside the wick structure. At a relatively high
heat input bubbles are generated at a large size and at a vary high rate. The
bubbles would block the wick structure and form a layer of vapor film in the
contact zone. Therefore, the resulting thermal resistance becomes very large and
heat transfer capability of the CPL deteriorates. This is designated as the “boiling
limit”.

Sonic limit:

The vapor mass flux is known to increase-with the magnitude of heat input. As the
vapor speed arrives at the sonic point, the flow in the CPL will be choked,
resulting the “sonic limit”.

Entrainment limit:

When the heat input increases and the vapor speed arrives at certain level, a vapor
shear force exerts on the liquid at the vapor-liquid interface. If the shear force is
large enough, surface tension of liquid will be overcome and certain amount of the
liquid can be blown away to become fine droplets, resulting the so called
“entrainment limit”. Because a CPL has distinct liquid and vapor lines, the

entrainment phenomenon will not occur in this system.
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3.3 System Pressure Drop Analysis
In view of the presence of the capillary limit, the maximum capillary pressure
generated in the wick should be greater than or equal to the overall loop pressure drop

for a CPL to function well. Hence,

AP, wax 2 AP, + AR + AP, AP, + AP, 3.7
here AP, .. 1s the maximum capillary pressure, AP, the total pressure drop in the

vapor line, AP, the total pressure drop in the liquid line, AP, the total pressure
drop in the grooved channel, AP the total pressure drop of fluid passing through the

wick structure, and AP, the pressure drop due to the gravity. These terms are

described in the following.
3.3.1 Maximum capillary pressure

In steady CPL operation, the capillary pressure can be calculated from the
contacted angle of vapor-liquid interface-6,-working fluid surface tension ¢ and
effective capillary radius»,. When the ‘contact angle is equal to zero, we obtain a
maximum capillary pressure. In that case, the curvature radius of the vapor-liquid

interface is equal to the effective capillary radius. Specifically,

20 cost
APmp = (3.8)
rC
When 6 =0,
20
capmax (3.9)

c

3.3.2 Pressure drop in transport lines

The transport lines include the vapor line and liquid line. Note that in the
transport lines the fluid flow in the tubes is assumed to be fully-developed. The total
pressure drop in the tube due to the friction, the so called “major losses”, can be

evaluated from the relation
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L pr?
major D 2

(3.10)

where f is the friction factor, L is the flow length, D is the tube diameter, p is the
density of working fluid, V' is the average speed of the working fluid.
If the flow is laminar and fully—developed for the Reynolds number < 2300,

the friction factor can be expressed in a simple relation as
=— (3.11)

For 2300 < Re <10,000 the friction factor can be approximately evaluated from the

Gnielinski correlation [35] as
f=(1.82log,,Re ~1.64) (3.12)

For Re > 10,000 the flow can be considered as turbulent. When the tube is smooth and
the flow is turbulent, the friction®factor can be .approximately evaluated from the

Blasius correlation [36] as
=—0'3}6 (3.13)
ReA
3.3.3 Pressure drop in grooved channels

The pressure drop of vapor which passes through grooves channel of evaporator

L pV?

* ' p2

(3.14)

where L is the grooved channel length, D, is the hydraulic diameter of grooved channel
3.3.4 Pressure drop in wick structure

According to the Darcy’s law for a low speed single-phase liquid flow moving
in a porous medium and assuming the flow being one-dimensional in z-direction and

laminar, the flow speed can be approximated as

v = _&(G_Pj (3.15)
#y \ 0z

From the Conservation of Mass, we also have
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4 =/;"—A (3.16)
1““c

Combining the above two equations gives
2l

AP, = HE (3.17)
pl Tt w

here K, is the permeability of wick structure, g, is the viscosity of the working fluid,
¢ 1s the thickness of the wick structure, 4. is the cross-sectional area of the wick
structure, m 1s the mass flow rate, and V', is the vertical flow velocity.
3.3.5 Pressure drop due to gravity

When a relative height between the evaporator and condenser exists, there is an

effect of gravitational head. It can be calculated from the relation
AP, = p,gh (3.18)

where g is the gravitational acceleration, /4 1S the difference in the heights of the

evaporator and condenser.

3.4 Estimate of Mass Flow Rate
In a steady CPL operation, the energy balance for the evaporator can be

expressed as
Q. =0, +9c,ar (3.19)

Assume the sensible energy transfer is small compared with the latent energy transfer,

the above equation can be written as
0, ~0Q, =mh, (3.20)

Thus the mass flow rate of the working flow in the CPL can be calculated from the

relation

.0

== 3.21
. (3.21)

/g

here Q. is the effective power input to the CPL, m 1s the mass flow rate, and Ay is
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the latent heat of evaporation
Using this estimated mass flow rate in the above equations for the pressure drop
analysis we can evaluate the pressure drops in each section of the CPL. The detailed

results from this pressure drop analysis for selected cases are summarized in Tables

3.1-3.3. In these tables AP

> . denotes the total pressure drop in the loop. Thus

AP,

tot

=AP, +AF + AP, + AP, + AP, (3.22)

Here AR, is the vapor pressure drop in the grooved channels.

3.5 Uncertainty Analysis
Uncertainties of the thermal resistance are estimated according to the
procedures proposed by Kline et al.«[37]. The detailed results from this uncertainty

analysis are summarized in Table 3.4.
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Table 3.1 Summary of the results from the pressure drop analysis for Hg=0 cm at

Teold=25
Q. (W) Re, Re, Re,, AP, (Pa) AP, (Pa) AP, (Pa) APy (Pa) AP, (Pa) AP, (Pa) APy (Pa)
8.38 111 97.26 32.78 0.32 88.42 24.89 0.34 0.00 113.97 6761.45
17.99 2.40 207.70 70.01 0.70 169.52 47.71 0.73 0.00 218.66 6719.97
27.79 3.74 319.08 107.55 1.07 236.02 66.43 1.12 0.00 304.64 6675.39
37.93 5.16 432.79 145.88 1.46 293.05 82.48 1.52 0.00 378.51 6626.95
47.88 6.55 543.89 183.33 1.84 348.05 97.96 1.92 0.00 449.77 6590.14
57.76 7.94 651.99 219.77 2.22 389.08 109.51 2.32 0.00 503.14 6536.94
67.78 9.35 760.19 256.24 2.61 426.81 120.13 2.73 0.00 552.29 6483.97
77.38 10.72 863.89 291.20 2.98 465.34 130.98 3.12 0.00 602.42 6445.77
87.04 12.07 968.06 326.31 3.37 503.88 141.83 3.52 0.00 652.59 6413.61
97.37 13.49 1079.43 363.85 3.78 545.65 153.58 3.95 0.00 706.97 6385.94
107.26 14.85 1182.12 398.47 4.20 567.77 159.81 4.39 0.00 736.16 6336.64
116.98 16.16 1285.94 433.46 4.60 604.45 170.13 481 0.00 783.98 6314.84
126.13 17.46 1382.19 465.91 4.97 633.44 178:29 5.19 0.00 821.88 6287.43
136.63 18.93 1493.56 503.45 5.39 672.82 189.38 5.63 0.00 873.22 6266.59
145.47 20.51 1582.75 533.51 5.67 695.10 195.65 5.92 0.00 902.34 6225.98
155.34 21.82 1686.00 568.31 6.09 735.01 206.88 6.36 0.00 954.34 6204.51
166.00 23.21 1797.16 605.78 6.55 782.07 220.13 6.85 0.00 1015.60 6182.77
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Table 3.2 Summary of the results from the pressure drop analysis for Hg=5 cm at

Teold=25
Q. (W) Re, Re, Re,, AP((Pa) AP, (Pa) AP, (Pa) APy (Pa) AP, (Pa) APy (Pa) APy (P2)
8.40 1.12 97.26 32.78 0.32 84.44 23.77 0.34 -489.55 -380.68 6744.47
18.00 244 207.67 70.00 0.69 167.83 47.24 0.72 -489.54 -273.07 6715.83
27.69 3.79 318.01 107.19 1.05 236.97 66.70 1.10 -489.53 -183.72 6679.02
37.88 5.18 432.84 145.90 1.44 298.01 83.88 151 -489.53 -104.69 6636.84
47.94 6.57 545.37 183.83 1.83 354.56 99.80 1.92 -489.53 -31.43 6600.98
57.67 7.87 651.84 219.72 2.23 394.32 110.99 2.33 -489.54 20.33 6547.99
67.67 9.21 761.11 256.55 2.63 438.79 123.50 2.75 -489.54 78.13 6507.57
77.32 10.56 865.47 291.73 3.02 477.01 134.26 3.15 -489.54 127.90 6467.05
87.04 11.91 969.76 326.88 341 512.77 144.33 3.56 -489.54 174.52 6428.42
97.42 13.38 1080.92 364.36 3.82 550.70 155.00 3.99 -489.54 223.96 6393.36
107.48 14.81 1188.26 400.54 421 586.64 165.12 4.40 -489.54 270.83 6363.40
117.20 16.26 1290.84 435.11 4,58 616.55 173.54 4,78 -489.54 309.91 6331.10
126.28 17.62 1385.67 467.08 4193 641.50 180.56 5.15 -489.53 342.60 6298.73
136.78 19.14 1495.79 504.20 5.34 675.58 190.15 5.58 -489.53 387.11 6269.93
145.36 20.29 1584.46 534.09 5.71 701.76 197.52 5.96 -489.54 421.42 6241.97
155.30 21.64 1687.07 568.68 6.13 736.99 207.44 6.41 -489.54 467.42 6212.18
166.07 23.17 1798.61 606.27 6.57 782.60 220.28 6.86 -489.54 526.77 6185.64
175.54 24.55 1896.58 639.30 6.94 828.42 233.17 7.26 -489.54 586.26 6164.60
184.96 25.98 1991.13 671.17 7.31 887.21 249.72 7.64 -489.54 662.35 6132.92
194.56 27.27 2090.46 704.65 7.72 949.06 267.13 8.07 -489.54 742.44 6115.85
206.06 28.94 2207.06 743.95 8.19 1046.41 294.53 8.56 -489.54 868.15 6088.13
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Table 3.3 Summary of the results from the pressure drop analysis for H;=10 cm at

Teold=25
Q. (W) Re, Re, Re,, AP((Pa) AP, (Pa) AP, (Pa) APy (Pa) AP, (Pa) APy (Pa) APy (P2)
8.40 1.38 123.27 32.83 0.42 110.40 24.55 0.35 -979.15 -843.42 6756.04
18.00 3.03 263.69 70.23 0.88 227.40 50.57 0.73 -979.10 -699.52 6741.93
27.80 4,72 406.01 108.13 1.35 329.28 73.23 1.12 -979.09 -574.11 6717.32
38.00 6.53 553.20 147.34 1.83 423.08 94.09 151 -979.07 -458.55 6691.42
48.00 8.31 696.76 185.57 231 508.64 113.12 1.90 -979.06 -353.09 6668.75
57.88 10.11 837.79 223.13 2.77 584.71 130.04 2.28 -979.05 -259.25 6644.65
67.97 11.94 981.37 261.37 3.24 661.96 147.22 2.67 -979.04 -163.96 6624.60
77.65 13.67 1117.01 297.50 3.70 719.51 160.02 3.06 -979.04 -92.75 6594.69
87.38 15.34 1253.39 333.82 4,19 780.54 173.59 3.46 -979.05 -17.26 6570.45
97.82 17.03 1397.72 372.26 4,75 835.67 185.85 3.92 -979.07 51.13 6538.49
107.76 18.77 1535.56 408.97 5.25 894.34 198.90 4.33 -979.07 123.75 6516.44
117.47 20.28 1666.01 443.72 5.80 928.37 206.46 4,79 -979.09 166.33 6477.12
126.57 21.77 1789.58 476.62 6:29 969.51 215.61 5.20 -979.10 217,51 6451.12
137.15 23.59 1935.67 515.54 6.83 1031.91 229.49 5.64 -979.10 294.78 6436.08
145.92 25.12 2052.33 546.61 729 1060.31 235.81 6.02 -979.10 330.32 6406.57
155.92 26.87 2187.78 582.68 7.80 1107.17 246.23 6.44 -979.10 388.54 6387.02
166.62 28.77 2331.66 621.00 8.34 2082.18 256.14 6.89 -979.10 1374.46 6363.92
175.90 30.44 2454.42 653.70 8.82 2209.30 262.87 7.28 -979.10 1509.17 6339.28
185.59 32.21 2582.01 687.68 9.30 2342.96 269.71 7.68 -979.10 1650.55 6314.08
195.11 33.85 2708.50 721.36 9.81 2491.92 278.00 8.10 -979.10 1808.73 6295.35
206.63 35.88 2862.99 762.51 10.40 2693.60 289.72 8.59 -979.10 2023.21 6279.10
215.62 37.46 2980.22 793.73 10.87 2832.56 296.69 8.98 -979.10 2170.00 6258.11
227.30 39.53 3135.38 835.06 11.47 3047.37 308.62 9.47 -979.10 2397.83 6240.78
232.34 40.46 3200.02 852.27 11.73 3130.63 312.77 9.69 -979.10 2485.72 6227.54
241.93 42.22 3325.56 885.71 12.22 3316.13 322.90 10.09 -979.10 2682.23 6210.30
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Table 3.4 Summary of the uncertainty analysis

Parameter Uncertainty

Length of grooved copper block (m) +0.0005
Width of grooved copper block (m) +0.0005
Thickness of grooved copper block (m) +0.0005
Dimensions of grooved channel (m) +0.00005
Temperature, T () +0.2
Temperature difference, AT () +0.28
Current, I (%) +0.206
Voltage, V (%) +0.05
Total heat load, Q; (%) +0.212
Heat loss, Qjoss (%) +10.2
Thermal resistance, R (%) +11.1
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CHAPTER 4
RESULTS AND DISCUSSION

This chapter presents selected data obtained in the present investigation of an
improved capillary pumped loop system aiming at the high power density CPU
cooling through covering a thin cotton gauze layer on the side and bottom walls of the
grooved channels. The effects of the liquid inventory, cooling water temperature in
the condenser, and relative height between the evaporator and condenser on the heat

transfer performance of the CPL are to be examined. Besides, the mean evaporator
temperature (-Fevap) and condenser temperature (Tens ), Which are the average

temperatures measured at selected locations, in the grooved copper block and the
condenser (double-tube heat exchanger) and the temperature of the working fluid
measured at the inlets and exits of the evaporator and condenser shown in Figs. 2.2
and 2.9 will be inspected. It should be mentioned. that an experimental test of the CPL
system will be terminated as the mean evaporator temperature exceeds 80

Before examining the present data, it should be pointed out that the temperature
oscillation in the evaporator is relatively small in the CPL system tested here, unlike
that observed in the large CPL systems employed in the space applications. Thus the

data for the time variations of Teyap are not presented here.

4.1 Effects of Liquid Inventory

The effects of the liquid inventory, which is defined as the ratio of the total
liquid volume of the working fluid input to CPL to the total loop volume available for
the working fluid are examined first. Table 4.1 shows the volume of each component

in the CPL system available for the working fluid to pass through. Here in the tests of
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the liquid inventory effects, the cooling water temperature in the condenser is set at
25 and the relative height between the evaporator and condenser is fixed at 0 cm.
The liquid inventory is varied from 50% to 75%. Besides, in the tests the side and
bottom walls of the grooved channels are not covered with the thin cotton gauze layer
except in section 4.4 where the effects of the gauze layer covering are investigated.
The measured data for the variations of the mean evaporator and condenser
temperatures and the temperatures at the evaporator and condenser inlets and exits
along with the thermal resistances of the CPL with the power input to the evaporator
are shown in Figs. 4.1- 4.5 for various liquid inventories. It is first noted from Figs.
4.1(a)-4.5(a) that in the sections where the vapor flow dominates at the evaporator
outlet and condenser inlet the measured temperatures increase significantly with Q,
so does the evaporator temperaturei:While at the condenser outlet and evaporator inlet
the liquid flow prevails, the measured temperatures-are close to the saturated value.
We also note from Figs. 4.1(b)-4.5(b).that-the-thermal resistance of the loop decreases
substantially with the power input to..the evaporator except at the lower liquid
inventory of 50%. A close examination of the data given in Fig. 4.6 reveals that for Qe

30W the thermal resistance of the loop is only slightly affected by the liquid
inventory when the liquid inventory is below 62%. But at the higher liquid inventories
of 70% and 75% the thermal resistance is higher. It is important to further note that at
the liquid inventory of 62% the power input to the evaporator can be increased to
166W before Tevap exceeds 80 . This power input is designated as the maximum
allowable power input to the CPL for the given liquid inventory and Tguqg. The
maximum allowable power input to the evaporator Qe max, however, reduces to a
significant amount when the liquid inventory is lowered to 57% and 50% or is raised
to 70% and 75%. More specifically, at the low inventory of 50% the maximum power

input Qe max IS only 100W. This large reduction in Qe max is attributed to the dryout of
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the liquid in the wick due to the insufficient liquid supply from the liquid line at this
small liquid inventory. The evaporator thus rises sharply to exceed 80 at this low
Qemax- For the high inventories of 70% and 75% the maximum power input to the
evaporator are respectively reduced to 107W and 68W. This is the direct consequence
of the flooding of the grooved channels at these high liquid inventories. Besides, the
liquid appears in the vapor transport line and the CPL operation is somewhat
abnormal. Hence at these high liquid inventories the vaporization of the working fluid
near the contact surface between the wick and grooved copper block is retarded to a
significant degree, causing the deterioration of phase change heat transfer in the
evaporator. The above results clearly manifest that an optimal liquid inventory exists

for the heat transfer performance of the CPL.

4.2 Effects of the Cooling Water Temperature in the Condenser

Next, results are presented toillustrate the effects of the cooling water
temperature in the condenser on the performance of the CPL. The measured data are
shown in Figs. 4.7-4.11 for various cooling water temperatures in the condenser for
the liquid inventory set at 62% and the relative height between the evaporator and
condenser fixed at 0 cm. The results in Fig. 4.7 for T =20 indicate that the
thermal resistance of the loop decrease significantly with the power input to the
evaporator. Similar trends are noted in Figs. 4.8 and 4.9 for the cooling water
temperature in the condenser of 25 and 30 . But for the high Tcq of 40  the
thermal resistance of the loop only changes slightly with Q. A close inspection of the
data given in Fig.4.11 reveals that the maximum allowable power input to the
evaporator Qe max IS lowered to a certain degree for an increase in the cooling water
temperature in the condenser. This is conjectured to result from the higher pressure in

the condenser for a higher T, q. Consequently, the pressure difference between the
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evaporator and condenser is smaller. This, in turn, results in a lower vapor flow rate in
the vapor line and heat transfer in the evaporator is retarded to some extent. Besides,
at a higher T¢oq the mean evaporator temperature is slightly higher. It is further noted
that for Tcoig 30 the thermal resistance of the loop is only slightly affected by

the cooling water temperature in the condenser except at low Q. ( 60W).

4.3 Effects of the Relative Height between the Evaporator and Condenser

Then, how the relative height between the condenser and evaporator affects the
performance of the CPL is examined. The results are presented in Figs. 4.12-4.22 for
the cooling water in the condenser set at 25  for various relative heights and liquid
inventories. Note that for all liquid inventories tested here the thermal resistance of
the loop reduces to a noticeable.degree for an increase in the height between the
condenser and evaporator except at.the low liquid inventory of 50%. Most importantly,
the maximum allowable power input-to-the-evaporator is substantially augmented
when the relative height is increased;-as evident from the data given in Figs. 4.13,
4.15, 4.17, 4.19 and 4.21. Moreover, for given Q. and liquid inventory the mean
evaporator temperature is considerably lower for a larger relative height.

It is of interest to investigate the effects of the liquid inventory on the
performance of the CPL for different relative heights between the condenser and
evaporator. This is illustrated in Fig. 4.22. The results indicate that the liquid
inventory exhibits slighter effects on the CPL performance for a larger relative height.
But for all condenser-evaporator relative heights tested here highest Qe max all appears
for the liquid inventory of 62%. Note that at this optimal liquid inventory Qe max Can
reach 242W for the condenser-evaporator relative height of 10 cm.

A close inspection of the data given in Figs. 4.12-4.21 reveals that at the liquid

inventory of 62% and at Qe max the thermal resistance of the loop reduces significantly
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from 0.30 /Wto0.20 /W when the relative height is increased from 0 cm to 10
cm. While the corresponding maximum allowable power input to the evaporator is
increased from 166W to 242W. Similar situation is noted for other liquid inventories.

The profound influences of the relative height between the condenser and
evaporator on the CPL performance presented above can be attributed to the large
increase in the gravitational force acting on the downward liquid flow in the liquid
transport line for an increase in the relative height. Thus the liquid supply to the wick
is greatly enhanced by the relative height increase, which can significantly augment
the heat transfer capacity of the evaporator and Qe max. Besides, the thermal resistance
of the loop is reduced substantially.

We move further to illustrate the effects of the condenser-evaporator relative
height on the CPL performance.for different cooling water temperatures in the
condenser in Figs. 4.23-4.30 for-the liquid inventory-of 62%. Similar trends are noted
from these data. But at the highT¢oq10F40__the thermal resistance of the loop is less
affected by the relative condenser-evaperator-height (Fig. 4.30(b)).

Figure 4.31 shows the influence of T.uq on the CPL performance at different
relative condenser-evaporator heights. The results indicate that for a larger relative
height the thermal resistance of the loop is less affected by T ¢. But the opposite is

the case for the mean evaporator temperature.

4.4 Effects of Covering Cotton Gauze Layer on Grooved Channel Surfaces
Finally, the CPL performance affected by covering thin layers of cotton gauze
on the vertical and bottom surfaces of the grooved channels on the copper block
shown in Fig. 2.8 are investigated. The data obtained in this investigation are
presented in Figs. 4.32-4.37 for the cooling water temperature in the condenser set at
25 . Comparing the data in Figs. 4.32-4.36 for the variations of the mean evaporator
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temperature and loop thermal resistance with Q. for the same liquid inventory and
same relative height between the condenser and evaporator for the cases with and
without the covering of the cotton gauze layers on the grooved channel surfaces
shows that the cotton gauze layer covering can somewhat lower the mean evaporator
temperature and loop thermal resistance and can substantially increase the maximum
allowable power input to the evaporator for most cases. Besides, the effects of the
relative condenser-evaporator height on the evaporator temperature and loop thermal
resistance are less pronounced for the CPL system with the cotton gauze covering.

To further illustrate the effects of the cotton gauze layer covering on the CPL
performance, the measured data for different cooling water temperatures in the
condenser are shown in Figs. 4.38-4.41 for the liquid inventory of 62%. Comparing
the data in Figs. 4.38-4.41 for the.variations of the mean evaporator temperature and
loop thermal resistance with Q.. for the same .cooling water temperature in the
condenser and same relative height:between-the condenser and evaporator for the
cases with and without the covering-of the cotton gauze on the grooved channel
surfaces exhibits similar trends to that observed in Figs. 4.32-4.37.

To be more clear on the effects of the cotton gauze layer covering, the above
data for the maximum allowable power input to the evaporator and the minimum
obtainable thermal resistance of the loop are summarized in Fig. 4.42 and Tables
4.2-4.5. The results clearly indicate that with the cotton gauze layer covering the
maximum power input to the evaporator is still the highest and the loop thermal
resistance is still the lowest at the liquid inventory of 62%, as that without the cotton
gauze layer covering. Besides, at the relative condenser-evaporator height of 0 cm we
have the largest increase in Qe max through the cotton gauze layer covering at the liquid
inventory of 62%. But at the relative height of 5 cm the largest increase occurs at the

low liquid inventory of 50%. At the large relative height of 10 cm substantial
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augmentation in Qe max appears at low inventory of 50% and high inventory of 75%.

4.5 Correlation Equations

It is realized that the qualitative trends of the correlations for Qe max and Rinmin
can be guided by the simple pressure drop analysis given in Chapter 3. As discussed
in chapter 3, the maximum capillary pressure generated in the wick should be greater

than or equal to the overall loop pressure drop for a CPL to function well, that is

APy max 2 AP, + AR + AR, + AP, + AP, (4.1)
where
20
APcap,max = r_ (42)
2
AP = f L AV, (4.3)
D, 2
2
AR =f AV (4.4)
D 2
2
AR = f o AV (4.5)
D, 2
AP, = /”I_m (4.6)
pIA:KW
AP, = p,gh 4.7)

If the flow is laminar and fully—developed for the Reynolds number < 2300, the

friction factor can be expressed in a simple relation as

_ 64

fo
Re

(4.8)

For 2300 < Re <10,000 the friction factor can be approximately evaluated from the

Gnielinski correlation [35] as

f =(1.82log,, Re ~1.64)" (4.9)
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For Re > 10,000 the flow can be considered as turbulent, the friction factor can be

approximately evaluated from the Blasius correlation [36] as

¢ 0.316 (4.10)
Re%

In addition, the mass flow rate of the CPL may be written as

=
h

fg

Combining the above equations and introducing some empirical constants C; to C,4 for

each term in Equation (4.1) gives

29,0 4L o MQL o #QbLy o mQL Lo (4.11)
r D hfgpv D hfg,O| D hfgpv plhngKW

c

Rearranging above equation provides an indication for the approximate upper limit of

Qe,

20

T‘Agh
Q. < : (4.12)

C /Uva +C2 /:lILI +C3 'ilVLVg +C4 /'llé
D hfgpv DI hfgpl Dvghfgpv plhfg'%Kw

According to the present experimental data for the CPL system under normal
operation, empirical correlations for the maximum allowable power input Qg max to the
evaporator of the CPL is proposed here. The maximum power input Qemax for the
CPL with and without cotton layer gauze covering are respectively correlated by
selecting the proper values for the empirical constants C;, C,, Csand C,4 appearing in

Eq. (4.12) as

A gh
: L (4.13)

0.55 f’V'W v012 Ab g Mhe go5 M
hfgpv DI hng D hfgpv ﬂhng:Kw

Qe,max

and
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T—Agh
: 1% (4.14)

inv " T ou
049 Ah 025 AL g Ahe oy M
Dv hfgpv D hfgﬂ Dvg hfg pv ﬂ hfg At Kw

where Liy is the liquid inventory. Besides, a dimensionless factor Fgy, is used to

Qe =

account for the effect of covering cotton gauze layers on the side and bottom walls of

the grooved channels and it is defined as

Fu:(i] ' ( N - A top ] (4.15)
’ h (N_l)'Ag

where O is the cotton gauze layer thickness, hy is the grooved channels height, N is
the total number of grooved channels on the evaporator, Asinwop IS the top surface area
of a single fin, and Aq is the total surface area of a single grooved channel. The
proposed correlations are compared, with the present data in Figs. 4.43 and 4.44. The
comparison indicates that most of our data are within + 25% of the values predicted
from the above empirical equations. The corresponding standard deviations of the
above two correlations are 8.4% and 5.8%, respectively.

Then, empirical correlations for the minimum thermal resistance R, min Of the

CPL are proposed as

_(-T—evao —T—omd)
I:ih,m'n - 20_
" —Agh

Lo (4.16)

055 A g A4 g Ahe o5 Ml
Di'hfgm+ D“hfg/q+ Do AMAK,

for the CPL without the cotton gauze layer covering and
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| :(fw—fm)
| 2:7 A

LR (4.17)
Q .
0do b o Hb gy HAhe gy M

Dh,e  Oh,a  DOhwa  AhAK,

for the CPL with the cotton gauze layer covering. In the above two equations T eveo

is the mean evaporator temperature and Teona is the mean condenser temperature.

Figures 4.45 and 4.46 shows that the present experimental data fall with +25% of
the correlations given in Egs. (4.16) and (4.17). The corresponding standard

deviations of the above two correlations are 8.1% and 5.7%, respectively.
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Table 4.1 Volume of each component in the CPL system.

Component Volume (cm®)
liquid storage 7.5
Evaporator grooved channel 2
Condenser 55
Liquid line 125
Vapor line 125
Total 40
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Table 4.2 Maximum obtainable power input to the evaporator for various liquid inventories and relation condenser-evaporator heights at T g=25
for the CPL without cotton gauze covering.

Liquid inventory

(50%) (57%) (62%0) (70%) (75%)

Relative height
Ocm 97TW 145W 166W 107W 68W
5cm 136W 195W 206W 155W 136W

10 cm 215W 227TW 242N 185W 175W
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Table 4.3 Maximum obtainable power input to the evaporator for various liquid inventories and relation condenser-evaporator heights at T g=25
for the CPL with cotton gauze covering.

Liquid inventory

(50%) (57%) (62%0) (70%) (75%)

Relative height
Ocm 107W 195W/ 207W 136W 82W
5cm 206W 215W 215W 176W 155W

10 cm 228W 244WN 242N 220W 195W
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Table 4.4 Maximum obtainable power input to the evaporator for various cooling water temperatures in the condenser and relative

condenser-evaporator heights for the liquid inventory of 62% for the CPL without cotton gauze covering.

Cooling water

temperature
20 25 ) 30 40
Relative height
0cm 175W 166W 155W 155W
5cm 206W 206W 184W 184W
10 cm 254W 242W 237TW 227TW
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Table 4.5 Maximum obtainable power input to the evaporator for various cooling water temperatures in the condenser and relative
condenser-evaporator heights for the liquid inventory of 62% for the CPL with cotton gauze covering.

Cooling water

temperature
20 25 ) 30 40
Relative height
0cm 210W 207W 206W 195W
5cm 221W 215W 215W 215W

10 cm 255W 244\ 242W 232W
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Fig. 4.1 Variations of the temperature at various locations in the CPL (a) and thermal
resistance of the CPL (b) with the input power to the evaporator for the cooling
water temperature in the condenser Teg = 25 , liquid inventory of 50% and

relative height between condenser and evaporator of 0 cm.
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Fig. 4.2 Variations of the temperature at various locations in the CPL (a) and thermal
resistance of the CPL (b) with the input power to the evaporator for the cooling
water temperature in the condenser Teoq = 25 , liquid inventory of 57% and

relative height between condenser and evaporator of 0 cm.
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Fig. 4.3 Variations of the temperature at various locations in the CPL (a) and thermal
resistance of the CPL (b) with the input power to the evaporator for the cooling
water temperature in the condenser Teq = 25 , liquid inventory of 62% and

relative height between condenser and evaporator of 0 cm.
61



100
i ——o—— Evaporator
o0l ——e— Condenser
——&—— Condenser Inlet
i ——m— Condenser Outlet
80~ —>—— Evaporator Inlet
- —»—— Evaporator Outlet
70
@ © |
= 50
40 |-
30 2 z;:;:;Ff :
20
10 \ I I I I I
0 20 40 60 80 100 120
Qe (W)
1.6
14
1.2
s T
by 2 |
@ 08|
0.6
0.4
02 \ | I I I I
“0 20 40 60 80 100 120
Qe (W)

Fig. 4.4 Variations of the temperature at various locations in the CPL (a) and thermal
resistance of the CPL (b) with the input power to the evaporator for the cooling
water temperature in the condenser Teoq = 25 , liquid inventory of 70% and

relative height between condenser and evaporator of 0 cm.
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Fig. 4.5 Variations of the temperature at various locations in the CPL (a) and thermal
resistance of the CPL (b) with the input power to the evaporator for the cooling
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(b) with the input power to the evaporator for various liquid inventories for cooling
water temperature in the condenser Teog = 25  and relative condenser-evaporator

height of 0 cm. 64



100 -

L —o—— Evaporator

9o} ——e— Condenser
——— Condenser Inlet
———— Condenser Outlet

80 —&— Evaporator Inlet
[ —»—— Evaporator Outlet
70 |
(@ o
'_
ol L 00
0 20 40 60 80 100 120 140 160 180
Qe (W)
1.8
16
14}
12
(b) o 1
0: =
0.8
0.6
0.4
0.2 TR IR NN SRNVRN NRNTHN RN SRR B
“0 20 40 60 80 100 120 140 160 180
Qe (W)

Fig. 4.7 Variations of the temperature at various locations in the CPL (a) and thermal
resistance of the CPL (b) with the input power to the evaporator for the cooling
water temperature in the condenser Teq = 20 , liquid inventory of 62% and

relative height between condenser and evaporator of 0 cm.
65



100 -

| ——o— Evaporator

90 - ——e—— Condenser
——&—— Condenser Inlet

——m—— Condenser Outlet

80~ —P>—— Evaporator Inlet

- —»—— Evaporator Outlet

(a)

T(C

1
0 20 40 60 80 100 120 140 160 180

Qe (W)

10

03

o J7) AT I I I I I I——— —— ——
0 20 40 60 80 100 120 140 160 180

Qe (W)

Fig. 4.8 Variations of the temperature at various locations in the CPL (a) and thermal
resistance of the CPL (b) with the input power to the evaporator for the cooling
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Fig. 4.9 Variations of the temperature at various locations in the CPL (a) and thermal

resistance of the CPL (b) with the input power to the evaporator for the cooling
water temperature in the condenser T¢g = 30 , liquid inventory of 62% and

relative height between condenser and evaporator of 0 cm.
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Fig. 4.10 Variations of the temperature at various locations in the CPL (a) and thermal
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Fig. 4.12 Variations of the temperature at various locations in the CPL (a) and thermal resistance of the CPL (b) with the input power
to the evaporator for various relative condenser-evaporator heights for the cooling water temperature in the condenser Tcog =

25  and liquid inventory of 50%.
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Fig. 4.14 Variations of the temperature at various locations in the CPL (a) and thermal resistance of the CPL (b) with the input power
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25  and liquid inventory of 57%.



100

90

80

70

@) O

50

40

30

20

0.9

0.8

0.7

0.6

W)

(b) Sos
0.4
0.3
0.2
0.1

0

[ R I NI IR N SR VI R NI S R
0O 20 40 60 80 100 120 140 160 180 200 220 240
Qe (W)

[ T R INVE NI N NI NNAN NI S . R
0 20 40 60 80 100 120 140 160 180 200 220 240
Qe(W)
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Fig. 4.16 Variations of the temperature at various locations in the CPL (a) and thermal resistance of the CPL (b) with the input power
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25

and liquid inventory of 62%.
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Fig. 4.18 Variations of the temperature at various locations in the CPL (a) and thermal resistance of the CPL (b) with the input power
to the evaporator for various relative condenser-evaporator heights for the cooling water temperature in the condenser Tcog =
25  and liquid inventory of 70%.
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Fig. 4.20 Variations of the temperature at various locations in the CPL (a) and thermal resistance of the CPL (b) with the input power
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Fig. 4.23 Variations of the temperature at various locations in the CPL (a) and thermal resistance of the CPL (b) with the input power
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CHAPTER 5

CONCLUDING REMARKS

In this study experimental tests are conducted to investigate an improved CPL
design for high power density CPU cooling through covering a thin cotton gauze layer
on the vertical and bottom walls of the grooved channels for vapor flow to provide
more surface area for liquid vaporization. The effects of the liquid inventory, cooling
water temperature in the condenser, and relative height between the condenser and
evaporator, and cotton gauze layer covering on the heat transfer performance of the
CPL have been examined in detail. The major results obtained here can be briefly
summarized as follows:

(1) An optimal liquid inventory: exists/at which Qemax iS the highest and Ry, is the
lowest for given Toq and relative condenser-evaporator height for the CPL with
and without cotton gauze layer covering on the side and bottom walls of the
grooved channel. Moreover, increasing or decreasing the liquid inventory from
this optimal value causes a reduction in Qe max and a raise in R.

(2) The CPL heat transfer capability is only slightly affected by the cooling water
temperature in the condenser. But the evaporator temperature is noticeably
higher for a higher Tog.

(3) An increase in the relative height between the condenser and evaporator results in

a significant improvement in the CPL performance with a much higher Qg max and
a much lower Ry,. Besides, for a larger relative condenser-evaporator height the
influences of the liquid inventory on the performance of the CPL are milder.

(4) Covering a thin cotton gauze layer on the vertical and bottom walls of the grooved

channels can substantially improve the heat transfer performance of the CPL
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system under certain conditions. For other conditions the improvement is
comparatively smaller.
(5) Empirical correlations for Qemax and Rinmin are proposed for the present CPL

system to facilitate thermal design of CPU cooling units.
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