Is1 Bilimi ve Teknigi Dergisi, 39, 2, 101-110, 2019
J. of Thermal Science and Technology

©2019 TIBTD Printed in Turkey

ISSN 1300-3615

PERFORMANCE ASSESSMENT OF COMMERCIAL HEAT PIPES WITH SINTERED
AND GROOVED WICKS UNDER NATURAL CONVECTION

Atakan ATAY*, Biisra SARIARSLAN¥*, Yigit F. KUSCU*, Samet SAYGAN**,
Yigit AKKUS**, A. Tiirker GURER**, Barbaros CETIN* and Zafer DURSUNKAY A***
*.D. Bilkent Universitesi, Makine Miihendisligi Boliimii, 06800 Cankaya, Ankara
** ASELSAN A.S. Haberlesme ve Bilgi Teknolojileri Sektor Bsk., 06370 Yenimahalle, Ankara
***QOrta Dogu Teknik Universitesi, Makina Miihendisligi Béliimii, 06800 Cankaya, Ankara

(Gelis Tarihi: 14.08.2018, Kabul Tarihi: 20.03.2019)

Abstract: Heat pipes are widely used in thermal management of high heat flux devices due to their ability of removing
high heat loads with small temperature differences. While the thermal conductivity of standard metal coolers is
approximately 100-500 W/mK, effective thermal conductivities of heat pipes, which utilize phase-change heat
transfer, can reach up to 50,000 W/mXK. In industrial applications, commercially available heat pipes are commonly
preferred by thermal engineers due to their low cost and versatility. Thermal performance of a heat pipe is functions of
heat pipe type and operating conditions. Selection of the appropriate heat pipe complying with the operating conditions
is critical in obtaining satisfactory thermal management. One key point for the utilization of heat pipes is to avoid dryout
operation condition in which heat pipes operate no more at the desired heat transport capacity. In the current study, the
performance of cylindrical heat pipes with sintered and grooved wick structures, which are among the most commonly
used types, is experimentally tested at different heat loads, gravitational orientations and ambient temperatures. Dryout
limits of the heat pipes are determined and the relationship between the dryout onset and operating conditions is
elucidated. The results reported in the present study are expected to guide thermal engineers for the proper selection
and operation of conventional heat pipes.
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SINTERLI VE OLUKLU FiTiL YAPILARINA SAHIP TiCARI ISI BORULARININ
DOGAL TASINIM ALTINDA PERFORMANSLARININ SINANMASI

Ozet: Is1 borulari, yiiksek 1s1 akilarmi kiigiik sicaklik farklari ile uzaklastirabilme yeteneklerinden dolay, yiiksek 1s1
akisina sahip cihazlarin termal yonetiminde yaygin olarak kullanilmaktadir. Standart metal sogutucularin 1s1l iletkenligi
yaklagik 100-500 W/mK iken, 1s1 transferi i¢in faz doniisiimii prensibinden faydalanan 1s1 borularinin 1s1 iletkenleri
50,000 W/mK 'e kadar ulagabilmektedir. Uygun maliyetleri ve ¢ok yonlii kullanimlar1 sebebiyle ticari olarak mevcut
olan 1s1 borulari termal tasarim yapan mithendisler tarafindan endiistriyel uygulamalarda siklikla kullanilmaktadir. Is1
borularinin termal performansi tipine ve operasyon kosullarina gére degismektedir. Saglikli bir termal yonetim igin
operasyon kosullarina uygun olacak sekilde uygun 1s1 borusu tipinin secilmesi énemlidir. Is1 borusu kullaniminda en
Onemli nokta 1s1 borusunun kurumasinin engellenmesidir, ¢linkii 1s1 borusunda kurumanin baglamasi ile 1s1 borusu artik
istenilen 1s1 tagima kapasitesine ulasamamaktadir. Bu ¢aligmada, en yaygin kullanilan tipler olan sinterlenmis ve oluklu
fitil yapisina sahip silindirik 1s1 borularinin performansi, farkli 1s1 yiiklerinde, yer ¢ekimi konfigiirasyonlarinda ve ortam
sicakliklarinda deneysel olarak test edilmistir. Bu ¢alismada 1s1 borularinin kuruma limitleri belirlenmis ve kuruma
baslangici ile ¢aligma kosullari arasindaki iliski agikliga kavusturulmaya calisilmistir. Calismada elde edilen sonuglarin
1s1l tasarim muhendisleri i¢in dogru 1s1 borusu segiminde ve 1s1 borusunun dogru kullaniminda bir kilavuz niteligi
tastyacag diisiintilmektedir.

Anahtar Kelimeler: Is1 borusu, sinterli fitil, oluklu fitil, kuruma, dogal taginim, sogutucu sicaklig1.

INTRODUCTION

Recent developments in micro-fabrication techniques
and  micro-electro-mechanical ~ system  (MEMS)
technologies allow the packaging of billions of
transistors in a small silicon area on a chip (Garimella and
Harirchian, 2013). Thermal management of these high
performance  electronic ~ components  becomes
challenging due to the high heat dissipation from a

relatively small area. Efficient cooling techniques are
essential ingredient to secure the proper operation of
these devices without any deterioration of performance.
Conventional single-phase cooling methods are not
appropriate due to high temperature difference and
pumping power needs. Phase-change based cooling
methods, on the other hand, is promising due to high
latent heat of vaporization, which enables conveying high
amount of heat from a heat source to a heat sink with a



small temperature difference. Heat pipes and vapor
chambers have been widely utilized in the thermal
management of electronics for many years due to their
distinctive advantages. These devices are capillary driven
and work passively without any external assistance,
which eliminates any need for pumps. Therefore, they are
energy efficient and durable. Moreover, capillary
pumping enables the operation even in the absence of or
against gravity. Furthermore, these devices are suitable
for extreme miniaturization, which makes them excellent
candidates for the chip level cooling solutions by the
direct integration to semiconductor materials (Peterson et
al., 1993; Harris et al., 2010; Kundu et al., 2015; Akkus
et al., 2019). Vapor chambers are generally utilized to
remove hot spots due to their ability of conveying the
localized heat from a source to a large-area heat rejection
surface (Weibel and Garimella, 2013). Heat pipes
function as superconductors to transfer the heat away
from the source (Faghri, 1995; Reay et al., 2014).

The current study investigates the dryout characterization
of conventional cylindrical heat pipes. Working
mechanism of a conventional heat pipe is demonstrated
in Figure 1, where the operation of the heat pipe is
illustrated together with the schematic representation of
the experimental setup. Liquid vaporizes at the
evaporator section by adsorbing the energy transferred
from the heat source. The resulting vapor moves towards
the other end of the heat pipe due to the gas pressure
gradient. When the vapor approaches to the cold end of
the heat pipe, it starts to cool down and condenses to
liquid phase. Then the condensate is passively pumped to
the evaporator by the capillary action provided by the
wick structure.

There exists numerous heat pipe types such as
conventional cylindrical/flat heat pipes, micro heat pipes
and loop heat pipes (Reay et al., 2014). Moreover, these
heat pipe types can be manufactured with different
geometries and/or different wick structures. A suitable
selection of the heat pipe depends on the application. For
instance, loop heat pipes are preferred in space
applications, since they are less sensitive to the change of
orientation in the gravitational field (Maydanik, 2005). In
terrestrial applications, particularly in the cooling of
mobile electronic devices, conventional heat pipes have
been used for many years. While the geometry of the heat
pipe is generally determined by the physical constraints
of the electronic device, wick structure is chosen based
on different factors such as the applied heat load and
gravitational orientation of the heat pipe (Faghri, 1995).
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Figure 1. Schematic of the heat pipe working mechanism and
the heat pipe assembly used in the experiments. Locations of
thermocouples are shown by the abbreviation TC. Dashed-lines
represent the thermal insulation.

Three basic wick structures generally utilized in
conventional heat pipes are sintered, mesh, and grooved
wicks. Although sintered wicks are composed of micron-
scale grains, which provide high capillary pumping, their
restricted permeability leads to high flow resistance.
Permeability of grooved wick structures, on the other
hand, is higher. However, their capillary pumping ability
may become insufficient especially during adverse
gravity operation. Mesh wicks exhibit intermediate
performance between sintered and grooved structures in
terms of permeability and capillary pumping ability
(Sauicic et al., 2000). In the present study, the
performances of commercially available most common
heat pipes having sintered and grooved wick structures
are investigated. Microscopic images of the heat pipe
cross sections of interest can be seen in Figure 2. It should
be noted that sintered heat pipe functioned properly
during the tests despite the non-homogenous distribution
of the sintered layer along the inner heat pipe wall (see
Figure 2b), which might possibly affect the performance
of the heat pipe.

In order to secure the proper functioning of a heat pipe,
dryout possibility of the liquid at the evaporator region
should be eliminated. During the operation of a heat pipe,
viscous forces acting on the liquid during the axial flow
is compensated by the capillary action. If the heat load
applied to the heat pipe exceeds a certain threshold, the
balance between viscous and capillary forces is
established with the presence of a dry region at the
evaporator (Alijani et al., 2018). Dry region does not
necessarily imply a catastrophic failure. The heat pipe
can still operate with the presence of partially dry regions
(Alijani et al., 2018; Alijani et al., 2019). However, dry
regions lead to increasing local temperatures, which
eventually increases the average temperature of the
evaporator region. This situation is undesirable for a heat
source, which is to be cooled, since the temperature of
the source would also increase due to the elevated
temperature of evaporator. Therefore, selection of the
suitable wick structure and application of optimum
operating parameters are vital to achieve efficient
functioning of the heat pipe.
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Figure 2. (a) Cylindrical heat pipe with grooved wick structure.
(b) Cylindrical heat pipe with sintered wick structure. (c) Close-
up view of cylindrical heat pipe with sintered wick structure.

The performance of a heat pipe operating under different
gravitational orientations is directly linked to its wick
structure.  Explicit effect of different gravitational
orientations was investigated for different wick structures
and sintered wick structure was demonstrated to be less
effected by the adverse gravity operation, while grooved
one experienced a severe performance loss (Loh et al.,
2005). On the other hand, heat pipe with grooved wick
structures exhibited superior performance for horizontal
and gravity assisted conditions (Loh et al., 2005). The
reason of this behavior lies in the fact that less permeable
sintered wick leads to higher viscous losses during
horizontal operation, where the capillary pumping ability
of both wicks are already adequate. However, during the
operation against gravity, grooved wick cannot sustain
enough pumping to overcome the gravitational loss,
while sintered ones can manage it due to its higher
capillary pumping ability. To combine the advantages of
high permeable grooved wicks and high capillary
pumping providing sintered wicks, many studies focused
on the potential benefits of hybrid wick structures (Li et
al., 2013; Jiang et al., 2014a; Jiang et al., 2014b; Khalili
and Shafii, 2016; Li et al., 2016). A compound structure
composed of grooved and sintered wick structures was
proposed by Li et al. (2013). They theoretically and
experimentally demonstrated that compound structure
both reduced the liquid backflow resistance and
increased the capillary limit. A composite wick,
containing porous sintered powder structure and axial
micro-crack channels, was developed for electronics
cooling (Jiang et al., 20144, Jiang et al., 2014b). While
the heat pipe with composite wick structure had a higher
transfer limit, its thermal resistance was between that of
grooved and sintered wick flattened heat pipes (Jiang et
al., 2014a). Optimal wick parameters were determined
for different gravitational orientations (Jiang et al.,
2014b). Performance of a conventional sintered heat
pipe was compared with a heat pipe having one third
sintered wick by Khalili and Shafii (2016) and they
reported that partly sintered wick had lower thermal
resistance and was less affected by the gravitational
changes. Grooved, sintered, sintered-grooved composite,
and grooved with half sintered length wick structures
were tested under various centrifugal accelerations,
which mimiced adverse gravity effect on heat pipes (Li
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et al., 2016). While sintered-grooved composite wick
exhibited best thermal behavior, its performance was
reported to be noticeably affected by centrifugal
acceleration.

To remove the heat from the heat pipe at the condenser
zone, almost all of the studies have used cooling baths,
i.e. forced liquid convection, except a few studies, where
natural convection of air was utilized (Sauicic et al.,
2000; Lv and Li, 2017; Atay et al., 2017). Only the effect
of the coolant temperature on the working performance
was investigated in studies, which used forced liquid
convection for the cooling of condenser region (Loh et
al., 2005; Peyghambarzadeh et al., 2013; Jiang et al.,
2014a; Bertoldo Junior et al., 2015). The temperature
differential between the evaporator and condenser was
reported to decrease for higher ambient temperatures by
Loh et al. (2005) and Peyghambarzadeh et al. (2013).
Similarly, an increase in temperature of the cooling liquid
was reported to allow the heat pipe to transport higher
amounts of heat without the occurrence of dryout
phenomenon (Bertoldo Junior et al., 2015). On the other
hand, thermal resistance and heat transfer limit of porous
composite wick flattened heat pipe were adversely
affected by the increase of coolant temperature in another
study (Jiang et al., 2014a). Although forced convection
provides higher heat transfer coefficient with respect to
natural convection, utilization of pumps and/or fans is not
always possible due to the size and portability
requirements of electronic devices. Therefore, natural
convection from extended surfaces becomes a viable
option to cool down the condenser section of heat pipes
for many applications. However, studies which assess the
thermal performance of heat pipes with natural
convection, are limited in the literature. The present study
investigates the dryout limits of the most commonly
used, commercially available cylindrical heat pipes with
grooved and sintered wick structures cooled by natural
convection, at different heat loads, gravitational
orientations, and coolant temperatures. To the best of
knowledge of the authors, the effect of coolant
temperature is investigated extensively for the first time
in the literature for heat pipes, which are cooled by
natural convection. One of the objectives of the present
study is to provide technical data for the realistic
industrial applications of heat pipes and to emphasize the
proper utilization of heat pipes for thermal management
by thermal design engineers.

MATERIAL AND METHODS
Experimental Setup

A slidable test assembly adjustable in length is designed
and manufactured for the performance tests of cylindrical
heat pipes with different lengths. Schematic of the heat
pipe assembly is shown in Figure 1. A resistance heater
(51.1Q) powered by a direct current (DC) power supply
is attached to the evaporator side of the heat pipe by
means of an intermediate metal plate. To ensure that all
the heat dissipated by the heater is transferred to the heat
pipe, the heater and intermediate metal plate are covered



with a plastic closure filled with glass wool. In the
condenser part, the heat carried by the heat pipe is
transferred to an aluminum extended surface (heat sink)
and heat is removed from the heat sink by natural
convection. The region between the evaporator and
condenser (adiabatic zone) is thermally insulated by
wrapping glass wool around the heat pipe outer wall to
prevent heat loss at the adiabatic zone. Two copper
cylindrical heat pipes (manufactured by Enertron Inc.)
with grooved and sintered wick structures, with a
dimension of 200 mm in length and of 3 mm in diameter
are utilized during experiments. The working fluid of the
heat pipes is water. The temperature distribution along
the heat pipe is measured by four T-type thermocouples.
The thermocouples are located at both ends of the
evaporator and condenser sections. Positions of
thermocouples can be seen in Figure 1. Data received via
thermocouples is recorded using Digital 1/0 DAQBook
data recorder. Heat pipe assembly is placed within a
temperature controlled oven during experiments. A
computer is used to monitor the changes in the
temperatures. The experimental setup is shown in Figure 3.
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Figure 3. The experimental setup.
Experimental Method

Experiments are initiated with low heat loads (usually
around 1.0W) to eliminate the possibility of an early
dryout. During the experiments, temperatures are
continuously monitored by the computer interface and
the data is recorded at every 5 seconds. At each heat load,
care has been taken to ensure that sufficient time is
allowed for the system to reach steady operation. Since
the natural convection mechanism is used to remove the

heat from the system, long operation durations are
needed for the stabilization of system temperatures.
While the test periods last ~1-2 hours for heat loads
sufficiently lower than the dryout onset, experiments are
prolonged for ~3-4 hours in order to ensure that the
system becomes stable at the heat loads close to the
dryout onset. Evaporator temperatures are closely
monitored during experiments to terminate them in the
case of a dryout condition. The temperature difference
between the two ends of the evaporator, (T; — T5), is
selected as the dryout indication parameter and the
experiments are terminated when this difference exceeds
the threshold, 1.0°C. Variation of evaporator
temperatures during a sample dryout event can be seen in
Figure 5. Constant temperature of the ambient is secured
during the experiments. Heat pipe assembly is placed at
the base of the temperature controlled oven during
horizontal experiments (see Figure 4a). For the vertical
tests, the heat pipe assembly is mounted to the side wall
of the oven. When the condenser of the heat pipe is
positioned at the top, gravity assists the liquid feeding to
the evaporator (see Figure 4b), which is called as gravity
assisted operation in this study. The opposite case is
called as gravity resisted operation (see Figure 4c).

Experiments are carried out at three different
gravitational orientations: horizontal, vertical-gravity
assisted and vertical- gravity resisted. During horizontal
experiments, the effects of wick structure and ambient
(coolant) temperature on the dryout limit are
investigated. In vertical experiments, the effects of
favorable and adverse gravity are tested on the heat pipes
with sintered and grooved wick structures. The thermal
resistance values at each heat load are calculated using
the following equation:

1)

When the applied heat input exceeds the capillary limit,
the wick structure starts to dry at the evaporator tip. This
behavior can be easily seen in Figure 5. During the
experiments, heat load is immediately ceased after the
occurrence of dryout. Therefore, temperatures recorded
by TC;are almost never affected by dryout. On the other
hand, a temperature difference of 1.0°C to 1.5°C is

a) b)

)

Figure 4. Gravitational orientations during the tests: (a) horizontal, (b) gravity assisted, and (c) gravity resisted orientations.
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formed between the two ends of the condenser due to the

comparatively higher length of the condenser.

Considering these effects, the difference between tip

temperature (T1) and average condenser temperature is
used in the calculation of thermal resistance.
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Figure 5. Temperature jump during the dryout incident.
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RESULTS AND DISCUSSION

Horizontal Tests

The heat pipes with sintered and grooved wick structures
are tested in the horizontal orientation under increasing
heat loads. Ambient temperature is adjusted to
22°C,25°C,37.5°Cand 50°C to assess the effect of
ambient temperature on the thermal performance of the
two heat pipes tested. Results for sintered and grooved
wick heat pipes are shown in Figures 6a and 6b,
respectively. When both figures are examined, it is
observed that the dryout in the sintered heat pipe occurs
and progresses gradually, whereas in grooved heat pipes
dryout starts suddenly. The reason of these behaviors can
be explained as follows: in the sintered wick structure the
liquid patches that hang between the grains of the wick
dry up at different times, resulting in a gradual transition.
On the other hand, for the heat pipe with a grooved wick,
the liquid meniscus attached to the groove walls loses its
contact with the groove edges abruptly at a certain heat
load, the contact line approaches the bottom of the groove
and the interface recedes backwards towards the
condenser, effectively reducing the evaporation length.
This regime change was also theoretically (Nilson et al.,
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2006) and experimentally (Wong and Chen, 2012)
verified in previous studies.

When the performances of the two heat pipes are
compared at the same ambient temperature, the heat pipe
with the grooved wick structure exhibits better
performance in terms of both thermal resistance and heat
load limit prior to dryout. For instance, at the ambient
temperature of 22°C, while the heat pipe with a sintered
wick experiences dryout around the heat input of 4.5 W
with a corresponding thermal resistance of ~ 0.6°C/W,
the heat pipe with grooved wick starts to dry with heat
loads higher than 5.5 W and a thermal resistance of ~
0.4°C/W. Compared to a copper block with identical
dimensions (whose thermal resistance is ~ 50°C/W for
the two pipes), these thermal resistance values are two
orders of magnitude smaller. Figure 6b also shows that
in case of small thermal loads, the performance of the
grooved heat pipe deteriorates swiftly with decreasing
heat load. This can be attributed to an increased thermal
resistance in the evaporator section due to thicker fluid
film (Khalili and Shafii, 2016). Although a similar
behavior is also present in the case of sintered heat pipe
(Figure 6a) the effect is much less prominent, which can
be attributed to the individual flow paths and evaporation
surfaces present in the sintered structure that lead to a
gradual reduction in evaporation area.

The increase of the ambient (coolant) temperature delays
the dryout onset to higher heat loads for both wick types.
For instance, the heat pipe with sintered wick structure
experiences dryout at 4.5 W, 6.5 W, 7.5 W and 9.5 W for
the ambient temperatures of 22°C,25°C,37.5°Cand
50°C, respectively. The enhancement of maximum heat
load capacity with increasing coolant temperature is in
accordance with previous studies (Bertoldo Junior et al.,
2015). It should be noted that a small temperature
difference in ambient temperature can lead to
substantially different dryout onsets for both wick types.
Thermal designers must be cautious about the potential
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Figure 6. Thermal resistance vs. heat load for the (a) sintered wick heat pipe and (b) grooved wick heat pipe at different ambient

(coolant) temperatures.

105



onset of dryout caused by a sudden decrease in ambient
temperature.

Although an increase in the ambient temperature causes
difficulties in the cooling of devices, enhancing heat pipe
performance in response to an ambient temperature
increase is a significant reason for the utilization of heat
pipes in high temperature environments.

Vertical Tests

Heat pipes with sintered and grooved wick structures are
tested at the ambient temperature of 22°C under
increasing heat loads for both gravity resisted and
assisted orientations. The resultant thermal resistance
variations are shown in Figure 7.

When sintered and grooved heat pipes are positioned
against the gravity, dryout phenomenon occurred
approximately 1.0 W and 2.0 W earlier than the
horizontal tests, respectively. The reason of this
performance degradation is the gravitational loss. In
horizontal configuration, capillary pressure difference
between evaporator and condenser compensates only the
pressure drops due to friction generated by the viscous
flows of liquid and vapor. In gravity resisted
configuration, some part of the capillary head is used to
compensate the gravity head, which restricts upper limit
of the circulating mass flow rate in the heat pipe. Results
also show that grooved wick structure is affected more
by the gravitational effect, similar to previous studies
(Sauicic et al., 2000; Loh et al., 2005; Russel et al.,
2011). When Figure 2 is investigated, it is seen that
average hydraulic diameter provided by the grains of
sintered wick structure is much smaller than the hydraulic
diameter of the grooves. Therefore, capillary force
generated by the sintered wick is higher than that of the
grooved wick, which leads to a lesser performance loss
in gravity resisted operation of the heat pipe with sintered
wick.

While the grooved heat pipe is observed to operate at a
minimum thermal resistance value of 0.4°C/W in the
horizontal position at the onset of dryout, this value is
0.6°C/W in the gravity resisted configuration. On the
other hand, thermal resistance values of the heat pipe
with sintered wick structure at horizontal and gravity
resisted orientations are almost identical, similar to the
findings of previous studies (Loh et al., 2005; Russel et
al., 2011). This result promotes the use of a heat pipe with
sintered wicks in applications where it is necessary to
operate the heat pipe against gravity. The increase in the
thermal resistance observed for the case of lower heat
fluxes for the horizontal configuration is also present for
the vertical operation.

In gravity assisted experiments, both heat pipes are able
to work under higher heat loads without drying when
compared to horizontal tests as expected. While the heat
pipe with sintered wick exhibits a slight increase in the
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heat load limit, the heat pipe with grooved wick shows a
performance increase of more than 100% by drying at a
power input higher than 12 W. Moreover, the heat pipe
with grooved wick has lower thermal resistance,
especially near the onset of dryout for gravity assisted
condition. For the heat pipe with sintered wick, thermal
resistance values are close for both horizontal and gravity
assisted configurations. Therefore, heat pipes with
grooved wick structures are better alternatives for the
application scenarios, where the condenser is positioned
at the top (Loh et al., 2005).

----Sintered gravity resisted —— Sintered gravity assisted

————— Grooved gravity resisted —— Grooved gravity assisted

Thermal resistance [PC/AW]

0.2

6.0 8.0 10.0

Powerinput [W]
Figure 7. Thermal resistance vs. heat loads for the heat pipes
with sintered and grooved wicks under gravity assisted and
resisted orientations (T, = 22°C).
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When the variation of thermal resistance with heat input
is examined in Figure 7, an optimum operating point
exists for each case, predominantly for the heat pipe with
grooved wick. Optimum point is reached at the onset of
the dryout (Alijani et al., 2018). The reason for the
efficient operation of the heat pipe at this point is the
increase in evaporation efficiency. The thickness of the
liquid film at the evaporator attains its minimum value
prior to the onset of dryout. In other words, evaporation
resistance decreases due to the extremely thin film
thickness formed at the micro evaporation region near the
groove edges, where a substantial amount of evaporation
takes place (Akkus and Dursunkaya, 2015; 2016; Akkus
et al.,, 2017). Although the maximum efficiency is
achieved, the heat pipe operation near the inception of
dryout is risky for the grooved heat pipes due to the fact
that small fluctuations in the heat load or small variations
in ambient temperature can lead to the onset of dryout. In
addition, during the experiments it was observed that a
heat pipe experiencing dryout cannot immediately
achieve the thermal performance prior to dryout, after the
heat input is adjusted to lower values. Therefore, heat
pipes should not be operated at heat loads in the close
vicinity of their dryout limits to eliminate the adverse
consequences of dryout.

Uncertainty Analysis

Uncertainty of thermal resistance is based on the
uncertainties of heat (power) input estimates and
temperature measurements. During the experiments,



power input, Q, to the system was calculated using the
current and voltage measurements, i.e. Q =1 -V. Based
on the manufacturer’s specification, the uncertainty of
the readings was 0.5% of the displayed values on DC
power supply device. Following the root of the sum of
the squares uncertainty (RSS) approach, the relative
uncertainty of heat input, £,/Q, is calculated as 0.707%
using the following formula:

() +(F)

where &, and &, are the uncertainties of current and
voltage readings. The temperature difference between the
evaporator and condenser parts, AT, is calculated based
on the temperature measurements at the TC,, TC;, and
TC, as given in Equation 1. Therefore, the uncertainty of
AT is the function of the uncertainty of these
thermocouples as specified in the following formula:

ar = Jlen) + () 4 ()]

The same type of thermocouples were used at each
measurement point and the manufacturer’s uncertainty
for these thermocouples is +0.2°C. Using Equation 3,
uncertainty of the temperature difference, &,y is
calculated as +0.245°C. Finally, uncertainty of the
thermal resistance, &g, is calculated based on the
uncertainties of heat input and temperature difference as

-J(G) Gy

All the thermal resistance data presented in the current
study has been subjected to the uncertainty analysis
explained above. However, this analysis only considers
the bias error of the measurements associated with the
uncertainty of measurement devices. To determine the
precision of the experiments, each experiment should be
repeated several times and associated precision error
should be calculated. In the current study repeatability
tests for each experiment were not conducted due to the
quite long experimentation time of each experiment.
Instead, a single repeatability study for one of the
experiments was made at the ambient temperature of
25°C, at horizontal orientation for the heat pipe with
sintered wick structure. This experiment was repeated 10
times. The source of the precision error in the
repeatability experiments is only temperature readings,
because the heat input is always adjusted to a definite
value. The precision error of each temperature
reading, €7 ,» Is calculated based on the 95% confidence

level according to following formula:
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where ¢ and n are standard deviation and number of the
experiments, respectively. Total error of a temperature
reading is due to both bias (manufacturer’s) and precision
errors, which can be combined by RSS approach:
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When total error of each temperature reading is inserted
to Equation 3, overall uncertainty for AT is estimated.
Finally, Equation 4 is used to calculate the total error of
thermal resistance. Figure 8 shows the average thermal
resistance variation of 10 times repeated experiments and
associated overall uncertainties.
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Figure 8. Thermal resistance vs. heat loads as the results of 10
times repeated experiments including both bias and precision
uncertainties for the heat pipe with sintered wick at the ambient
temperature of 25°C.

CONCLUSION

In this work, cylindrical heat pipes with sintered and
grooved wick structures, which are commonly used in
industry to remove high heat fluxes or to distribute hot
spots, have been subjected to performance tests at
different ambient temperatures and gravitational
orientations under increasing heat loads. The main
conclusions of the current study can be summarized as:

While the dryout progresses gradually in heat pipes
with sintered wick, grooved heat pipes experiences
a sudden performance loss due to dryout.

Higher ambient (coolant) temperatures allow the
heat pipes to dry at higher heat loads.

Heat pipes with sintered wick structure suffer less
performance loss than grooved heat pipes in gravity
resisted orientation.

In gravity assisted orientation, heat pipes with
grooved wick structure are more suitable than the
ones with sintered wicks, by exhibiting more than
100% performance increase.



Heat pipes with grooved wick structures operate
most efficiently near the onset of their dryout points.

Heat pipes experiencing dryout cannot immediately
achieve their thermal performance prior to dryout,
after the heat input is adjusted to lower values.

Heat pipes should not be operated at heat loads very
close to their dryout onsets to eliminate the
undesired consequences of dryout.
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