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� Three performance indicators used including a newly defined heat pipe effectiveness.
� Optimum operation is discussed based on existence/absence of dryout in the grooves.
� Near optimum, dryout tendency increases with increasing groove density and heat flux.
� Effectiveness increases with groove density, and drops with increasing heat flux.
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Four aluminum flat grooved heat pipes with groove widths of 0.2, 0.4, 0.8 and 1:6 mm are fabricated and
the effect of filling ratio on the thermal performance is experimentally studied for four different heat flux
values of 2.1, 3.2, 4.2 and 5:3 W=cm2. An optimum filling ratio corresponding to each heat flux is deter-
mined where the heat pipe has the best thermal performance. Thermal performance of the heat pipes are
evaluated using three indicators; (i) the temperature difference between the heat source and heat sink
surfaces, (ii) the temperature difference between the peak system temperature and the temperature of
the cooling ambient and (iii) heat pipe effectiveness defined as a temperature difference ratio under
dry and operating conditions. A flow and evaporative mass scaling model is developed to interpret the
experimental findings. Experimental results reveal that at the optimum point the heat pipe with the
0:4 mm groove width has the best thermal performance, and the heat pipe with the smallest 0:2 mm
groove operates under dryout conditions even for the lowest heat flux, the reason of which is discussed
based on interpretation of underlying phase change physics. Experiments reveal the existence of two
operating regimes; with and without dryout in the grooves. Although higher heat loads can be carried
under dryout conditions, a limit exists for the maximum heat flux where the pipe operates without
the onset of dryout for a specific groove density.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The growing demand for boosting functionality of electronic
devices requires higher number of transistors to be placed on
one single chip. Developments in microfabrication and MEMS tech-
nology enable the manufacturing of single chips having more than
one billion transistors on a small area of silicon [1]. While the per-
formance of such electronic components has been dramatically
improving and their size has been diminishing over time, their
thermal management becomes more challenging and requires
the development of novel methods to prevent the malfunction or
irreversible damage of electronic components. Heat pipes are com-
monly applied in the thermal management of electronic compo-
nents. They use the phase change heat transfer mechanism,
which enables the transfer of large amounts of heat from a source
to a sink with small temperature gradients [2]. Moreover, heat
pipes require no external pumping power, which makes them reli-
able and vibration-free. In addition to the thermal management of
electronics/electrical devices, they are widely used in many terres-
trial and aerospace applications [3,4].

Heat pipes can be fabricated in many types including two-phase
closed thermosyphons, capillary-driven heat pipes, annular heat
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Nomenclature

DI deionized
F fin width, mm
H groove depth, mm
IPA isopropyl alcohol
DT temperature different between the two most distant

thermocouples, T1 � T5;
� C

TC thermocouple
Vfluid total volume of the working fluid inside a heat pipe
Vgroove total volume of all the grooves of a heat pipe
W groove width, mm

Greek symbols
a contact angle

ehp heat pipe effectiveness
h edge angle

Subscript
dry dry operating condition corresponding to filling ratio of

zero
eff effective
hp heat pipe
operating operating condition at a filling ratio higher than zero
water cooling water reservoir
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pipes, micro and miniature heat pipes, vapor chambers, capillary-
pumped loop heat pipes, pulsating heat pipes, rotating heat pipes,
gas-loaded heat pipes, loop heat pipes and inverted meniscus heat
pipes [5]. In particular, capillary-driven heat pipes utilize a wick
structure to provide sufficient capillary pressure to pump the liq-
uid working fluid to the evaporator section. Porous structure,
screen mesh, non-circular micro-channels with sharp-angled cor-
ners and axial grooves are some examples of wick structures,
which enable the heat pipes to function even against or in the
absence of gravity [5]. For the case of grooved wick structures, var-
ious groove geometries have been studied in the literature such as
fan-shaped [6], circular [7], reentrant [8,9] triangular [9,10], trape-
zoidal [7–9,11–13] and rectangular [7–9,12,14–27] cross-sections.
Particularly, heat pipes with rectangular grooves can be easily
modeled and/or numerically studied due to the simplicity of the
groove geometry [28,29]. Thermal performance of a heat pipe
can be influenced by a variety of factors such as wall material, wick
structure [30–32], working fluid [18] and its charge amount
[6,22,23,33], input heat load, and inclination angle [24,34].

Flat plate, or simply, flat heat pipes have been investigated in
many studies due to the ease of manufacturing and experimenta-
tion. Due to its superior thermal conductivity and compatibility
with various working fluids, copper has been typically selected as
the base material for heat pipes, and has been at the focus of many
studies in the literature [12,22–24]. In a pioneering study, Hopkins
et al. [12] compared the maximum heat transfer capability of flat
heat pipes with rectangular and trapezoidal groove geometries.
They concluded that among the investigated heat pipes, narrower
or deeper grooved wick structures had a better heat removal per-
formance. The effect of boiling, which is considered as a limitation
on the performance of a heat pipe, was investigated at different fill-
ing ratios [22]. For heat pipes charged with n-pentane, effects of
filling ratio and vapor space thickness have been theoretically ana-
lyzed and experimentally investigated [23]. Based on the results,
optimal filling ratio for the vapor space thickness of 2 mm is in
the range of 1.0–2.5, corresponding to a minimum value in total
thermal resistance of the heat pipe. Moreover, a very small or very
high vapor space thickness results in trapping of the working fluid
in the corners and sides of the heat pipe or dominating the gravi-
tational forces and flooding the grooves, both adversely affecting
the performance of the heat pipe. Thermal performance of a copper
flat grooved heat pipe with axial rectangular grooves charged with
different concentrations of a designer fluid was experimentally
studied for different inclination angles [24]. Compared to water,
a chemically advanced working fluid demonstrated a better perfor-
mance by lowering the thermal resistance of the heat pipe by
approximately 20% and extending the onset of dryout to higher
heat loads. Furthermore, the proposed working fluid could make
the heat pipe operate at higher inclination angles due to the cre-
ation of surface structures.

Although copper is a common base material for heat pipes,
despite its lower thermal conductivity, aluminum is a suitable can-
didate for heat pipes in aerospace applications, e.g. unmanned
spacecrafts, and low temperature operating conditions due to its
lightweight, high electrical and thermal conductivity and ease of
machining [35]. Recently, many studies have been carried out to
assess the thermal performance of aluminum heat pipes
[20,21,25,26,33,36,37]. The effects of filling ratio [27,33] and the
groove density [33] on the thermal performance of aluminum heat
pipes were investigated for acetone and IPA, and an optimum fill-
ing ratio was indicated for each heat pipe studied. In a further
study, the effect of filling ratio on the heat pipes with different
lengths and bending angles were also investigated for an alu-
minum heat pipe with acetone [38]. The effect of the surface mod-
ification of the inner groove surfaces was studied, and an
improvement in thermal performance of an aluminum grooved
heat pipe was observed as a result of increase in the capillary pres-
sure [20]. The possible heat transfer enhancement through the use
of acetone-based nanofluids in the heat pipes was investigated for
Al2O3 nanoparticles [21] and multi-wall carbon nanotubes [26],
and it was shown that replacement of the working fluid with a
nanofluid resulted in a better performance. The performance of
aluminum heat pipes with inorganic aqueous solutions was com-
pared to that of copper heat pipes with water, and it was concluded
that aluminum ones have a potential for replacing conventional
copper/water ones [25]. The details of the studies regarding flat
heat pipes (both copper and aluminum) with rectangular grooves
are summarized in Table 1. Thermal performance of heat pipes
have been assessed using different performance indicators in the
literature. These indicators are also included in the summary table.

Miniaturization of high heat dissipating electronic devices
pushes thermal design engineers to seek solutions to remove more
heat within a limited available space. Today, as a commonly
applied thermal solution in electronics cooling, heat pipes are
desired to carry higher heat loads without an increase in size.
Therefore, the optimization of the available wick structures is of
importance. After the experimental study of Hopkins et al. [12],
which promoted the use of narrower and deeper grooves, there
has been numerous analytical and numerical studies concentrating
on the optimization of rectangular grooves [39–41]. Increasing the
groove aspect ratio (depth/width) was reported to significantly
enhance the maximum sustainable heat flux that heat pipe can
carry before reaching the dryout limit [39]. However, there are
two main issues which restrict the performance of wicks in high
aspect ratio grooves. The first one is the cross-sectional area in
the vapor region, which reduces with increasing groove height



Table 1
Studies on flat grooved heat pipes in the literature.

Reference Wall Grooves dimensions Working fluid(s) Different filling ratios Performance indicator
Material W � H [mm � mm]

Hopkins et al. [12] Copper 0:2� 0:42 Water – Heat pipe thermal resistance,
maximum heat transfer rate

Lips et al. [23] Copper 0:4� 0:4 n-pentane 0� 80%b Thermal resistance
Supowit et al. [24] Copper 1:5� 2 DI water, – Thermal resistance

inorganic aqueous solutions
Lips et al. [22] Copper 0:4� 0:4 Methanol 1.3, 1.6, and 2.8 a Thermal resistance
Dean et al. [18] Silicon 0:1� 0:1 Liquid Hg – Temperature drop along the top lid,

effective thermal conductivity
Stubblebine and Catton [25] Aluminum 1:5� 2 Water, – Thermal resistance,

inorganic aqueous solutions DT between the heat source and sink
Hao et al. [26] Aluminum 0:3� 0:65 Acetone, 20, 30, 40% b Thermal resistance,

Acetone-based nanofluids Effective thermal conductivity
Chen and Chou [27,38] Aluminum 0:2� 0:4 Acetone 5–50% b Thermal resistance,

effective thermal conductivity,
DT between the heat source and sink,
maximum heat transport capability

Kim et al. [37] Aluminum Not reported Acetone – Thermal resistance
Alijani et al. [33] Aluminum 0:2� 0:2 Isopropyl alcohol 0–25.0 a DT between the heat source and sink

0:4� 0:4
1:5� 2:0

a Compared to total volume of the grooves.
b Compared to internal volume of the heat pipe.
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when the total height of the heat pipe is kept constant. This reduc-
tion leads to higher flow resistance in the vapor region. The second
limitation is due to the increase of the conduction path between
the groove base and the fin top corner of the groove, where major-
ity of evaporation takes place. Increased conduction path adds an
additional thermal resistance, which is undesired especially in
the cooling of electronic components. Although the aforemen-
tioned effects seem to suggest the presence of an optimum aspect
ratio for rectangular grooves, machining of high aspect ratio
grooves, especially for smaller groove widths, can be challenging
due to manufacturing constraints and/or may not feasible consid-
ering the manufacturing cost.

1.1. Scope of the present study

The current study investigates the performance of grooves with
an aspect ratio of 1.0 which can be fabricated by cost effective
micro-machining process. The combined effects of groove density
and the amount of the working fluid, from fully-flooded to dry,
were reported for aluminum flat grooved heat pipes in [33]. The
present work extends the previous experimental study by includ-
ing the effect of different heat loads (2.1, 3.2, 4.2 and 5:3 W=cm2)
on the thermal performance for a broader set of groove widths
(0.2, 0.4, 0.8 and 1:6 mm), which approximately covers the entire
practical width spectrum having an adequate capillary pumping
effect with feasible manufacturing. Three indicators are used in
the assessment of the thermal performance of the heat pipes.
Two of these are related to the extremum temperatures in the sys-
tem one being the temperature difference between the heat source
and heat sink surfaces, and the second being the temperature dif-
ference between the peak system temperature and the tempera-
ture of the cooling ambient. A new dimensionless thermal
performance indicator, heat pipe effectiveness, is introduced and
used in the assessment of thermal performance replacing the com-
monly used thermal performance parameters such as effective
thermal conductivity and thermal resistance. Furthermore, a flow
and evaporative mass scaling model is introduced to explain the
two distinct regimes of operation encountered in the case of differ-
ent heat loads and heat pipe grooves. The findings establish a basis
for optimization of heat pipe groove density and filling ratio for dif-
ferent application specifications of heat load and maximum
temperature.
2. Flow and evaporative mass scaling

In this section, a scaling of groove and evaporative mass flow is
presented, and will be used in the interpretation of results. Fig. 1
shows the geometry of a single groove of the heat pipe. The length
of the heat pipe is L;w is the groove width and h is the groove
height. The angle at the vapor-liquid-solid interface is denoted by
the ‘‘edge angle”, which at the limit will reach the contact angle, a.
Heat is added and removed at the bottom surface in the heater and
cooler, respectively, separated by an adiabatic section. The vapor is
at the vapor temperature, Tv , and the fin top temperature varies
along the axis from a value less than that of the vapor in the con-
denser to a value larger than vapor in the evaporator. The location
where the fin top temperature is equal to the vapor temperature
separates the condenser from the evaporator, the exact position
of which is a function of operating conditions. The length of the
evaporator section is ‘evap, which may detach from the end of the
groove in dryout operation. A portion of the condenser may con-
tain liquid above the groove—depending on the amount of fluid
charge—and this region is the flooded domain. The capillary pres-
sure difference occurs due to the existence of a radius of curvature
on the surface, therefore it is assumed that the magnitude of flow is
small in the flooded region and the effective flow length, ‘effdefines
the region where flow inside the channel exists. The presence of
dryout in the evaporator section also shortens the extent of the
flow region.

The mass flow rate in the channel is given by

_mflow ¼ qAU � whU; ð2:1Þ
where A is the cross sectional area of the groove. The pressure gra-
dient can be approximated as,

dP
dz

’ � r
‘eff

1
Rbeg

� 1
Rend

� �
; ð2:2Þ

where r is the surface tension, Rbeg and Rend are the radii of curva-
ture at the beginning and at the end of effective length sections,
respectively. The flow inside the channel is laminar resulting in

U � wh
dP
dz

� wh
‘eff

1
Rbeg

� 1
Rend

� �
ð2:3Þ

and the liquid flow rate inside the channel,



Fig. 1. Heat transfer and flow geometry in a single groove.
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_mflow � w2h2 dP
dz

� w2h2 1=Rbeg � 1=Rend

� �
‘eff

: ð2:4Þ

In most cases Rbeg ! 1 due to a 90� edge angle between the liq-
uid and groove surface, particularly at the end of the flooded
region. Invoking the geometric relation between the edge angle,
the groove width and the radius of curvature,

_mflow � w2h2 cos hbeg � cos hend
w‘eff

� wh2

‘eff
cos hbeg � cos hend
� � ð2:5Þ

_mflow � wh2

‘eff
cos hbeg � cos hend
� �

: ð2:6Þ

Evaporation occurs due to the temperature difference between
the solid and vapor, along the length of the evaporator. Majority of
evaporation is in the micro region near the contact line [29,42]. The
length of the micro region or similarly the rate of the evaporation,
is a strong function of the edge angle [43]. Estimation of the evap-
orating mass flow can be given as follows:

_mevap � ‘�‘evapDT: ð2:7Þ
In this expression, ‘� ¼ ‘�ðhÞ is the micro region length and DT is

the average temperature difference between the solid and vapor in
the evaporator. The ratio of flowmass to evaporating mass is unity,
and this ratio can be expressed as,

_mflow

_mevap
� wh2

‘eff ‘
�‘evapDT

cos hbeg � cos hend
� �

: ð2:8Þ

In the current study, all heat pipes have grooves with square
cross sections, i.e., w ¼ h. Nevertheless, to discuss the effect of
groove density on the results the two parameters that define the
depth and width of the grooves are kept separate.

3. Materials and methods

Four flat grooved heat pipes with different groove specifica-
tions, namely G-200, G-400, G-800, G-1600 (the number indicating
the groove width), are fabricated in the current work. Table 2
shows the groove specifications of the fabricated heat pipes. The
length of the grooves are 100 mm. One key parameter for the ther-
mal characterization of a heat pipe is the groove density, which is
defined as the number of grooves per unit width (mm). The values
of groove density are also listed in the table.
3.1. Fabrication of the metal base

The metal base is a 5 mm-thick piece of aluminum on which the
grooves are machined. The first step in its fabrication process is the
machining of a groove for an o-ring to seal the test section. Next, a
recess of depth 1 mm is machined on it to place the vacuum valve
23 mm off the grooves, in order not to block the view of their entire
length. At the bottom side of the metal base, then, a rectangular
recess of dimensions 100 mm� 23 mm is machined 1 mm deep
helping in placement of heater and cooler exactly under the
grooves. On the center line of the recess, five rectangular holes of
depth 0:4 mm with spacing of 10 mm are machined to attach ther-
mocouples. Lastly, the fabrication of the grooves are performed by
a 3-axis micro-machining center (PROINO Z3X Micro Maker) with
an accuracy of �5 lm. The machining process has two major steps:
(i) machining a rectangular recess with area of 103 mm� 23:2 mm
performed by a 1:2 mm cutting tool, feed rate of 2:5 mm=min and
rotational speed of 25;000 rpm and (ii) machining of the grooves
on the surface of the rectangular recess with the following machin-
ing parameters:

� G-200: 0:2 mm tool, 1:0 mm=min feed rate, 30;000 rpm rota-
tional speed

� G-400: 0:4 mm tool, 1:0 mm=min feed rate, 30;000 rpm rota-
tional speed

� G-800: 0:8 mm tool, 2:5 mm=min feed rate, 25;000 rpm rota-
tional speed

� G-1600: 1:2 mm tool, 2:5 mm=min feed rate, 25;000 rpm rota-
tional speed

The rectangular recess creates a space available for the vapor
flow during the experiments. The depth of the recess is 2:5 mm
for all cases except G-1600 which is 1:4 mm. These dimensions
result in a distance of 0:9 mm;0:7 mm;0:3 mm and 0:6 mm
between the thermocouples and bottom of the grooves, respec-
tively for the heat pipes G-200 through G-1600. Following the



Table 2
Groove specifications of four heat pipes.

# of grooves W H F Groove density
[mm] [mm] [mm] # of grooves per mm

G-200 50 0.2 0.2 0.2 2.50
G-400 26 0.4 0.4 0.4 1.25
G-800 13 0.8 0.8 0.8 0.63
G-1600 7 1.6 1.6 1.6 0.31
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machining, the metal pieces are soft-polished and ultrasonically
cleaned to remove machining burr at all edges. Prior to the assem-
bly, all metal pieces are washed by soap and IPA, rinsed with DI
water and blow-dried. The detailed dimensions of the metal bases
and locations of the o-ring, heater, cooler and thermocouples are
shown in Fig. 2.

The fabricated pieces together with the grooves profile are
shown in Fig. 3. The grooves profiles are also investigated with a
3D Laser Scanning Confocal Microscope (VK-X100, KEYENCE
Corp.). The microscope image of the grooves profiles are also pro-
vided in the figure. Moreover, the surface roughness of the bottom
surface of the grooves and top fin surfaces are measured at five dif-
ferent locations and the average values are reported in Table 3.
According to the measurements, no significant variation is
observed on the machining quality of the pieces. Hence, the effect
of surface roughness on the comparison between the different
groove widths is eliminated, and any possible effect of surface
roughness on thermal performances is not considered.

3.2. Heat pipe assembly

The heat pipe assembly consists of layers of a metal base, an o-
ring and a transparent plexiglas cover screwed together as seen in
Fig. 4. The o-ring is of Viton type of durometer A75, specified for
high vacuum purposes. The top cover is fabricated out of plexiglas
to visualize the evaporation and condensation inside the heat pipe
and to enable the measurement of the amount of the working fluid
inside the heat pipe, as well as the location and extent of dryout.
Fig. 2. Top, bottom and mid cross-sectional views of heat pipe G-1600 (all units are
in mm).
The top, bottom and mid cross-sectional views of heat pipe G-
1600 can be seen in Fig. 2 as an example. Except the groove spec-
ifications listed in Table 2, all other dimensions are the same for
the heat pipes.

3.3. Heating, cooling units and temperature measurements

The heater used in the experiments is an electric resistance
(ARCOLHS252R F)with peak power of 25 W. Considering its surface
area in contact with the bottom of the heat pipes, it is capable of
introducing heat fluxes up to approximately 6 W=cm2. The current
passes the heater is measured with a power supply, and the voltage
is measured with a voltmeter at two sides of the heater. To cool
down the heat pipes, a cylindrical copper block of height 100 mm
with top surface of square cross-section of 20 mm� 20 mm is in
touch with the bottom of the aluminum base. The copper block is
submerged 90 mm in awater reservoir with continuous flowof cold
tap water. The water flow rate for all of the experiments is kept
between 1:6 to 1:8 L=min. It is worthmentioning that to avoid ther-
mal contact resistance in the contact areas of the heat pipeswith the
heater and the copper block, silicon thermal paste is applied all over
the contact surfaces. For temperature reading purposes, five T-type
thermocouples are embedded into the metal base at desired loca-
tions between the heater and cooler. In addition, three thermocou-
ples are placed at the half thickness of the plexiglas cover. The
locations of all the thermocouples together with the heater and
cooler are illustrated in Fig. 2. At the beginning of each test, temper-
atures of all surface thermocouples aremeasured for approximately
15 min with the setup insulated, and individual thermocouples are
calibrated using the average temperature. The uncertainty of the
measurement of the temperature differences are estimated to be
�0:1degC with a 95% confidence interval.

3.4. Experimental setup and procedure

The operational temperature range of a heat pipe is a key factor
in the selection of proper working fluid. Some other parameters
that need to be considered include compatibility with wall and
wick material (i.e. wettability), high latent heat of vaporization
and high surface tension [44,45]. Considering compatibility, IPA
is selected as the working fluid due to its wettability characteristic
with aluminum [45]. Fig. 4 illustrates the components of the heat
pipe assembly. In order to eliminate the environmental effects on
the performance of the heat pipes, all exterior surfaces of the metal
base and the plexiglas cover are insulated, and the insulation of the
top surface of the plexiglas is only removed temporarily to visually
observe the evaporation and condensation inside the heat pipe,
measure the amount of IPA and locate the extent of dryout. In
order to keep the heat pipe at a fixed horizontal orientation during
the experiments, it is screwed to an acrylic holder. Fig. 5 shows the
assembled components on the setup bench. The heat pipe is
intended to operate using the vapor and liquid phases of a pure
substance at equilibrium. The presence of even minute quantities
of any other fluid adversely affects the thermal performance, there-
fore the removal of air from the system before charging with the
working fluid is crucial. Moreover, any air dissolved in the liquid



Fig. 3. Fabricated metal pieces and the groove profiles.

Table 3
Average surface roughness of bottom of the grooves and the fins.

Bottom surface of the grooves [lm] Fin surface [lm]

G-200 0.37 0.50
G-400 0.46 0.67
G-800 0.54 0.73
G-1600 0.36 0.50

Fig. 4. Components of the experimental setup.
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IPA must also be eliminated. To achieve this, IPA is degassed for
15 minutes under 0:2 bar vacuum prior to charging in the heat
pipe. Fig. 6 shows the components used in the vacuuming process
of the heat pipes. All the valves and connections used in this work
are gas tight to ensure no air penetration to the heat pipe. The
experimental procedure is as follows:

1. All space in the heat pipe is filled with IPA (the so called ‘‘fully-
flooded” operating condition that corresponds to the highest
values of filling ratio).

2. Four different heating conditions corresponding to input heat
fluxes of 2:1;3:2;4:2 and 5:3 W=cm2 are applied to the heat pipe
and transient temperatures are recorded until steady-state is
reached.

3. The heater is turned off and the cooling water reservoir is
drained. When the system reaches thermal equilibrium with
the environment the heat pipe is tilted to a vertical orientation,
some IPA is extracted from the heat pipe for the new operating
point, and the new IPA extent is measured. Before each IPA
removal, the pressure inside the cavity is less than
7:5� 10�2 Torr assuring that no air is present in the connec-
tions or pipes; i.e. all pipes and connections beyond V3 in
Fig. 6 are subject to vacuum conditions.

4. The procedure is repeated starting from (2) until the heat pipe is
entirely drained of IPA (the so called ‘‘dry” operating condition
that corresponds to the filling ratio of zero).

Fig. 7 shows the transient and steady-state temperature readings
of thermocouples for different filling ratios and heat inputs for a
sample run of heat pipe G1-200. The duration of the test depends
on the number of filling ratios realized and it differs for heat pipes
with different groove density. On the average, each experiment
takes two days to complete in two 10–12 h sessions. There is a lim-
itation in the range of experiments due to failure. For some filling
ratios—especially near fully-flooded and dry operating conditions
with higher heat inputs—temperatures peak and exceed 60�C. In
such a case, the plexiglas is damaged and cracking or surface crazing



Fig. 5. Experimental setup table.

Fig. 6. Schematics of the vacuuming station for the heat pipes (Not to scale).
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occurs due to its lowchemical resistancewhen exposed to high tem-
perature IPA. In order to avoid failure, only a safe operating zone is
exercised, where peak plexiglas temperatures are not allowed to
go beyond the failure limit. This reflects itself in the results, where
the corresponding data points are absent in Table 4.
An uncertainty analysis is performed considering the elemental
uncertainties of measurement devices. These are reflected in the
reported results of filling ratios and heat pipe effectiveness values.
The uncertainties associated with actual temperature measure-
ments are �0:1 �C, these are not shown in figures.



0

Fig. 7. Different operating conditions of heat pipe G-200.
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4. Thermal Performance Indicators

Thermal performance is a function of design as well as operat-
ing parameters, and for a specific design, the amount of working
fluid in the heat pipe significantly affects its performance [46,47].
The filling ratio is defined as the ratio of total volume of working
fluid to the total volume of the grooves, i.e. Vfluid=Vgroove. A fully-
flooded heat pipe has a filling ratio larger than unity, and the filling
ratio corresponding to a fully-flooded operation is a function of
groove width. A filling ratio of zero corresponds to an empty heat
pipe (i.e. a dry operation). Three performance indicators are used in
the assessment of heat pipe performance. Two are temperature dif-
ferences in the system and one is the effectiveness of the heat pipe.
The filling ratio which results in the best thermal performance
based on the relevant indicator is defined as the ‘‘optimum” oper-
ating point for a given heat flux value.

4.1. Temperature difference and peak temperature

The use of phase change heat transfer allows the heat pipes to
operate with lower temperatures in the system, as well as lower
temperature differences between the hot and cold junctions. In
Table 4
Variation of temperature difference and peak temperature with filling ratio and heat flux

Sample/Vgroove Filling ratio

2:1 W=

G-200 Fully-flooded 30.9 22.4/3
200 mm3 Optimum 11.5 3.5/18

Dry 0.0 22.8/3

G-400 Full-flooded 15.4 22.2/3
416 mm3 Optimum 4.2 1.6/(9.

Dry 0.0 23.5/3

G-800 Full-flooded 8.3 24.5/3
832 mm3 Optimum 2.5 2.6/(9.

Dry 0.0 25.3/3

G-1600 Full-flooded 2.8 19.3/3
1792 mm3 Optimum 0.8 6.4/15

Dry 0.0 20.1/3

a Filling ratio 14.9.
b Filling ratio 1.8.
c Filling ratio 3.0.
d Filling ratio 1.9.
e Filling ratio 1.1
industrial applications, electronic component cooling require-
ments dictate the system to operate below temperatures that
would result in component failure. On the other hand, a better per-
forming heat pipe, in general, is a device which transfers the same
amount of heat with the minimum temperature difference
between the hot and cold junctions or with a minimum value of
peak temperature in the system.

4.2. Heat pipe effectiveness

Effective thermal conductivity and thermal resistance are com-
monly used to quantify the performance of a heat pipe. These
parameters are meaningful when the separation between the heat
source and sink is large, resulting in an effectively 1-D heat con-
duction in the base metal; however these parameters may not
effectively describe thermal performance when the distance
between the two approaches zero. A performance indicator that
would be appropriate for the current set of experiments could be
the ratio of the heat transferred through phase change to conduc-
tion—in essence an effectiveness—however, this is not a possible
measurement in the current set-up, and a prohibitively difficult
measurement in general. Therefore, a new indicator, the heat pipe
for different groove sizes.

DT ½�C	/ ðT1 � TwaterÞ ½�C	
cm2 3:2 W=cm2 4:2 W=cm2 5:3 W=cm2

9.3 30.1/52.7 – –
.9 7.6/28.3 14.0/40.6 (21.8)a/(53.1)a

4.6 32.5/48.8 42.0/63.0 –

6.3 31.1/50.9 – –
2)b 2.4/(15.0)b 3.5/(21.2)c 5.2/29.8
6.1 33.3/50.6 42.9/65.4 –

7.3 30.8/46.8 – –
8)d 4.1/(13.7)d 6.0/(19.1)d 7.4/26.2d

7.7 35.6/53.0 46.0/69.2 –

5.2 27.4/49.8 – –
.5 7.1/20.6 (11.6)e/29.1 (12.6)e/(35.4)e

3.9 28.8/48.6 37.0/62.6 –
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effectiveness is introduced and used in the assessment of thermal
performance in the current heat pipes. The effectiveness, ehp, is
defined as,

ehp 
 DTdry

DToperating
ð4:1Þ

where DTdry and DToperating are the temperature differences between
the heat source and sink regions for the dry and heat pipe operating
conditions, respectively. The temperature difference between the
heat source and the sink is at a maximum during dry operation
and reaches a minimum at the optimum operating point. Therefore,
the effectiveness will be unity for dry operation—heat transfer
through heat conduction in the metal alone—and will exceed unity
with the start of phase change heat transfer. The effectiveness can
be related to the effective thermal conductivity or thermal resis-
tance concepts used in the literature. The reason for this new indi-
cator of heat pipe performance is explained in the following
sections, as results will show this parameter to be a function of
not only the filling ratio but power input as well.

5. Results and discussion

5.1. Temperature difference and peak temperature

The two most distant thermocouples TC1 and TC5 are closest to
the heat sink and source (Fig. 2). The temperature difference
between the two, DT 
 T1 � T5, is plotted in Fig. 8 at different fill-
ing ratios and input heat flux values. The highest value of the filling
ratio in each graph corresponds to a fully-flooded while a filling
ratio of zero corresponds to dry operation. All heat pipes show a
similar variation of temperature difference as a function of filling
ratio. When fully-flooded, the entire heat load is transferred
through the aluminum base, IPA and the plexiglas top cover with
thermal conduction. The bulk of the heat is transferred in the alu-
minum, due to negligible thermal conductivity values of IPA and
Fig. 8. Variation of DT with filling ra
plexiglas (0:14 W=m K and 0:18 W=m � K, respectively) compared
to that of aluminum (140 W=m K). As IPA is removed from the heat
pipe and the filling ratio reduced, phase change heat transfer
begins and the temperature difference along the heat pipe drops.
This effect intensifies with successive removals of IPA, reaching a
minimum value of temperature difference. At this point, the heat
transfer via phase change is at a maximum and conduction at a
minimum. Any further removal of IPA results in an increase in
DT , effectively a reduction in heat transferred through phase
change and an increase in thermal conduction through the solid.
This trend continues until the heat pipe cavity is totally void of
any fluid—i.e. it is entirely dry—and the heat transfer is due to heat
conduction in the metal base alone.

The significance of the two temperature differences used as per-
formance indicators differ in specific applications. When the appli-
cation involves maximizing heat transfer from a constant
temperature reservoir, the indicator DT is relevant, whereas in an
application where the maximum allowable temperature in the sys-
tem is a design criterion—i.e. in electronics cooling—the second
temperature difference, T1 � Tambient is the relevant indicator.
Fig. 9 shows the temperature differences between the first thermo-
couple TC1 and the cooling water reservoir. This thermocouple
being the closest to the heating unit records the highest tempera-
ture readings, which is of the highest temperature in the system.
Comparing Figs. 8 and 9, it can be seen that the minimum value
of temperature differences and peak temperatures occur at approx-
imately the same filling ratios for all cases studied. These points
where both temperature performance indicators are at a minimum
are the optimum operating points. The filling ratios for which the
heat pipes operate at minimum temperature difference are sum-
marized in Table 4. The results also reveal that the operation of a
heat pipe with high or very low filling ratios, away from the opti-
mum, may be dominated by conduction alone with little heat
transferred through phase change. In such a case, the device is
operating at best marginally, at worst not at all as a heat pipe.
tio for different heat flux values.



Fig. 9. Variation of T1 � Twater with filling ratio for different heat flux values.
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Unless observed visually, or a wide scan of filling ratios is covered
experimentally, this operating regime cannot be argued to be a
heat pipe.

5.2. Heat pipe effectiveness

The effectiveness of the heat pipe is a function of the filling ratio
and heat input for a given design. The filling ratio is especially
important, and an effectiveness value close to unity indicates that
the heat pipe is actually not operating as it is supposed to, i.e.
through phase change. The operating point where the effectiveness
is at a maximum is desired, since this will result in the best possi-
ble use of a given design operating between two constant temper-
ature reservoirs—enabling the maximum heat transfer. In the
current study, however, the heater side experiences constant heat
flux and the cooler is subjected to a convective boundary condition.
As a result of this, for an identical heating power, different filling
ratios result in different temperature differences. Since the length
of the adiabatic section is nonzero, the temperature difference
between the heater and cooler sections is an indication of the mag-
nitude of the conduction heat transfer in the solid base. The metal
base cross sectional areas are approximately identical for heat
pipes G-200, G-400 and G-800 and larger for G-1600 due to man-
ufacturing restrictions. Table 4 shows that for the same input
power, heat pipes G-200, G-400 and G-800 experience approxi-
mately the same temperature differences for the dry cases in all
heat fluxes, and G-1600 has a smaller temperature difference due
to a larger cross sectional area. Therefore, it can be concluded that
for the same heat input the three smaller grove heat pipes have the
same heat conduction in the metal base. Because of this the effec-
tiveness can be used as a metric to compare the thermal perfor-
mance of two different heat pipes operating at the same load, or
as a metric comparing the performance of the same heat pipe for
different filling ratios. If one compares the ratio of the temperature
differences to the heat input for the dry cases for the same heat
pipes, in the current configuration it can be seen that the temper-
ature difference, hence the effectiveness is a measure of the heat
conducted in the base metal. For the G-200 case, for example,
the ratio of input powers to temperature differences for the three
reported heat loads are, 2:1 : 22:8;3:2 : 32:5 and 4:2 : 42:0 , respec-
tively, enabling the usage of the effectiveness for the same heat
pipe for different loads as well. It should be emphasized that the
current definition of effectiveness may not be suitable when com-
paring geometrically identical heat pipes with different base mate-
rials, or different working fluids, since the operating regimes and
the multi-dimensional nature of conduction in the base material
may be substantially different so that any comparison may become
invalid. Fig. 10 shows the variation of effectiveness with filling
ratio. Comparing this figure with Fig. 8, the highest value of ehp
for each heat pipe corresponds to the filling ratio at which it has
the lowest DT during its operation. The uncertainties in the mea-
surements affect the location of peak effectiveness values. The fill-
ing ratio corresponding to maximum effectiveness for G-200, G-
400 and G-800 are 11.5, 4.2 and 2.5, respectively, for all the heat
flux values. For G-1600, this point lies in the approximate range
of filling ratios, 0.8–1.4 for all heat flux values accounting for
experimental uncertainties.

When a heat pipe operates at the filling ratio on the onset of
dryout, removal of additional working fluid results in a partial dry-
out, causing an increase in temperatures and a reduction in the
amount of liquid flowing to the evaporator. As a consequence,
some or all of the grooves become partially dry. This condition
may result in a temperature jump at and in the near vicinity of
the evaporator section. Moreover, once dryout initiates, increasing
the heat input may lead it to extend further in the grooves. Fig. 11
shows the extent of dryout in four heat pipes. According to this fig-
ure, after onset, dryout extent increases with increasing heat input
and decreasing filling ratio.

The effectiveness of G-1600 is independent of the heat flux
whereas the others are strongly affected by the magnitude of the



Fig. 10. Variation of effectiveness with filling ratio under different input heat fluxes.
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heat flux. The sudden drop in the effectiveness near the optimum
point can be attributed to two reasons. For filling ratios less than
the value corresponding to optimum, the heat pipe operates pro-
gressively with increased dryout extent as the heat flux increases.
For higher filling ratios, on the other hand, the effectiveness
decreases due to a reduction in the contribution of phase change
to heat transferred.

Fig. 10 shows an increasing trend of effectiveness values with
decreasing groove width, (i.e. increasing groove density) for G-
400 to G-1600. The increase in the effectiveness from G-1600 to
G-400 is expected, since heat transfer area for evaporation is pre-
dominantly near the contact line [29] within the groove and an
increase in groove density increases the total area for evaporation
enabling the heat pipe to carry the same evaporative heat load
with lower temperature differences. For G-200, the trend is
reversed and the effectiveness decreases. This is due to the pres-
ence of dryout in the G-200 for all heat flux values. Fig. 12 shows
the variation of DT with filling ratio at the lowest heat flux for G-
200, G-400 and G-800. In the case of G-400 and G-800, the mini-
mum temperature difference is sustained in a range of filling ratios
(i.e. a minimum temperature plateau), whereas for G-200, this is
observed at a single point. As reported in Fig. 11, G-400 and G-
800 operate without any dryout, however G-200 operates with
dryout in the neighborhood of the minimum temperature
difference.

This suggests that for G-400 and G-800, the liquid film is pre-
sent in the groove for all values of filling ratios. In general, this liq-
uid film is assumed to attach to the upper corners of the grooves
along the groove axis during the meniscus deformation. However,
the presence of a twin menisci structure at the bottom corners was
also reported prior to dryout [39]. Each inner corner meniscus con-
tacts the wall and bottom of the groove with identical contact
angles (a). Therefore, the capillary pumping of the liquid is gener-
ated by the continuous shrinking of the inner corner menisci,
instead of a varying edge angle [39]. In the evaporator region, the
variation of the edge angle, h, from approximately p=2 to a can
be portrayed as shown in the inset of Fig. 12, where the linear vari-
ation of the edge angle is illustrative. This behavior can be
explained considering parameters that affect the capillary flow
and evaporation in the grooves. In this regime, the condenser sur-
face is partially flooded, with the edge angle being equal to p=2 at
the beginning of the region where the flow starts. With decreasing
fill ratio the effective flow length, ‘eff , increases and to sustain the
flow in the pipe—as given in Eq. (2.6)—the edge angle at the end,
hend, decreases. This trend continues until the edge angle reaches
the contact angle. Before the onset of dryout, G-400 and G-800
operate along the full-length of the evaporator section; the evapo-
ration capacity of the heat pipe is fully utilized, resulting in a lower
temperature difference between the walls and the vapor to transfer
the heat. G-200, on the other hand, is in the dryout regime, and the
edge angle varies from p=2 to the value of contact angle in a
shorter distance due to the presence of a dried-out extent, effec-
tively reducing the evaporation area. This, in turn, results in an
increase in the temperature difference between the wall and vapor,
thus increasing the minimum temperature difference. In this case,
G-200 is operating in a different regime; with phase change in the
presence of dryout. The underlying physics of this regime can be
explained through the parameters that affect the ratio of mass flow
rate and evaporative mass, given in Eq. (2.6). In this regime, there
may still be excess liquid on the condenser top, resulting in
reduced effective flow length and a corresponding higher pressure
gradient, however, due to the decreased groove width w, the flow
cannot sustain evaporation and the fluid recedes, reducing the
effective flow length and increasing the pressure gradient until
mass and evaporative flow rates balance. Since this balance occurs
at a reduced evaporation length with dryout, a lesser amount of



Fig. 11. Variation of dryout extent with filling ratio under different input heat fluxes.

Fig. 12. Effect of presence of dryout on the performance indicator DT at the lowest heat flux (2:1 W=cm2).
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heat can be transferred through phase change, and the tempera-
ture difference between the evaporator and vapor must increase.
This regime is regarded to be undesirable due to the absence of
the minimum temperature plateau, since the system is prone to
sudden temperature increases with any increase in heat flux dur-
ing operation. Therefore, the performance parameters described
above should not be interpreted alone but in conjunction with
the presence or absence of dryout. It should be noted that the same
operating regime is also observed for G-400, G-800 and G-1600 as
seen in Fig. 8 where the minimum temperature plateau tends to
disappear at higher heat flux values.

6. Concluding remarks

The effects of filling ratio, groove density and input heat flux on
the thermal performance of flat grooved heat pipes are extensively
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studied. Four heat pipes with different groove densities are fabri-
cated on aluminum and experiments carried out. The findings
can be summarized as follows:

� All tested heat pipes are able to dissipate the input heat pre-
dominantly through phase change of the working fluid and thus
operate as a heat pipe. It should be noted that unless confirmed
through measurement or observation it is possible to operate
the device mainly with heat conduction rather than phase
change, in which case the device is, effectively, not a heat pipe.

� The indicator for the ‘‘optimum” operating point should be cho-
sen according to the type of thermal boundary conditions and
the desired output of the heat pipe. The filling ratios corre-
sponding to the optimum operating point based on temperature
differences and effectiveness, for which the temperature differ-
ences are at a minimum and effectiveness is at a maximum, are
reported.

� Near the optimum operating point, dryout tendency increases
with increasing groove density. Dryout tendency also increases
with increasing heat flux. For low heat fluxes the devices oper-
ate in a regime where no dryout is present, and the indicators,
although a function of filling ratio, follow a flat profile in mid-
range, rendering them comparatively insensitive to filling ratio.
For higher heat flux values, on the other hand, dryout settles in,
the plateau in the indicator–filling ratio variation shrinks to a
single point and vanishes, and the device operates in a different
regime. Although functional, thismodus operandi is judged to be
undesirable, since the device may become susceptible to sud-
den increases in temperature with fluctuations in heat input.

� As long as the heat pipe operates without any dryout, the heat
pipe effectiveness increases with groove density, rendering nar-
rower grooved pipes preferable; and it drops with increasing
heat flux when the dryout operating regime appears, restricting
the use of narrow grooves. Moreover, narrow grooves are not
preferable vis-à-vis the manufacturing time and cost, therefore
the groove size needs to be selected accordingly for a given
application.
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