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An Ultrathin-Walled Foam
Heat Pipe
We present an advanced thermal solution for capillary-driven heat pipes that addresses a
fundamental problem with existing heat pipes being inefficient space utilization and limited
thermal spreading performance. Our solution features the full occupation of open-cell foam
core and ultrathin-walled envelope—an ultrathin-walled foam heat pipe (uFHP). A copper
layer is formed sequentially via electroless—and electroplating, and envelopes a tailored
block of open-cell foam core, followed by a series of chemical surface treatments that create
a nanoscale texture on the foam ligament and envelope’s inner surfaces for improved
capillary pumping. The high porosity foam core (e¼ 0.974) for vapor passaging and
wicking, and the ultrathin-walled envelope of 50 lm, make the uFHP remarkably
lightweight (64% lighter than commercial heat pipes). Further, conductive spreading and
convective transfer of heat from vapor and condensate by foam ligaments to the envelope,
increase overall heat rejection. Consequently, the thermal resistance and evaporator
temperature are reduced. More importantly, the uFHP could be tailored into any cross-
sectional (e.g., noncircular) shape. This tailorable uFHP can be an alternative heat pipe
thermal solution for extreme compact operations that require improved thermal
performance. [DOI: 10.1115/1.4065352]

1 Introduction

Capillary-driven heat pipes are utilized as a key element of
thermal management systems for high-power electronic compo-
nents, e.g., CPU/GPU chips due to their low cost, design flexibility,
and good thermal spreading capability [1–3]. This device spreads
heat via latent heat conversion of a working fluid as it flows through
the following primary sections of the heat pipe: (i) evaporator, (ii)
vapor passage, (iii) a condenser, and (iv) a wick structure, which is
all enclosed in a simple bar-type pressure chamber, termed an
“envelope.” Theworking fluid of the heat pipe is a phase-changeable
medium (e.g., water, nitrogen, or sodium) whose phase transitions
between liquid and vapor, depending on the operating temperature
range between the evaporator and the condenser. Input heat from the
high-temperature source external to the device is transferred to the
evaporator and then spread to the condenser via the vapor passage.
An external heat rejection system (e.g., fins and cooling fan) is
typically employed at the condenser end.

Among the four components of the heat pipe, the design of the
wick structure greatly determines the overall thermal spreading
capability. The wick is characteristically a porous medium with
small pore dimensions to provide capillary pumping of the working
fluid, “condensate” from the condenser back to the evaporator to
complete a thermodynamic cycle. Existing wick structure designs
include sintered powders [4], grooves [5], and screen meshes [6].
Wicks made of sintered copper powders are predominant, albeit
with several shortcomings.
Traditional sintered powder wicks are mostly monoporous with a

single characteristic pore size whereas recently developed sintered
powder wicks are bi-porous with two distinguishable characteristic
pore sizes [7]. Amonoporous sintered powder wick may give rise to
high hydraulic resistance, causing the evaporator to dry out [8]. Dry-
out occurs when the condensate in the wick prematurely boils off
before reaching the evaporator [9] or an insufficiently filled ratio of a
working fluid in the wick [10], thus the closed thermodynamic cycle
becomes incomplete.
On the other hand, a bi-porous topology is characterized by two

distinctive lengths in which the larger length scale reduces liquid
hydraulic resistance whereas the smaller one provides sufficient
capillary force [7,8,11]. Wu et al. [12] compared a monoporous to a
bi-porous sintered wick structure made from a mixture of nickel
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(size� 3lm) and PMMApolymer particles (size: 250–297 lm) in a
35% volume proportion and demonstrated that the thermal
resistance of the bi-porous wick decreased by about 60%, and the
highest heat load was increased by about 130%.
In addition, highly porous metallic foams constituted by

stochastic open pores are another example of bi-porous media; the
co-existence of dpore and dcell (Fig. 1). The metallic foam pores can
be as small as 40 lm, which enhance capillary forces while the high
porosity corresponds to high permeability, and hence increase capillary
pumping [13]. Zhou et al. [14] observed that a copper metallic foam
with smaller porewick structuresprovides amuch larger capillary force
to drive the cycle of the working fluid. Therefore, the copper foam as a
wick structure achievedbetter thermal performance (i.e., shorter startup
time and decreased thermal resistance).
Despite the limitations of monoporous sintered powder wicks

these structures have widespread utilization in capillary-driven heat
pipes for electronics cooling applications [2]. Due to reasonable
capillary pumping, resultant heat spreading, and cost-effective
fabrication. In a typical manufacturing process, a cylindrical
envelope is chosen for the desired length and diameter. Afterwards,
copper powders are sintered onto the inner surface of the envelope
at� 900 �C [15]. Particularly for themidsection (e.g., vapor passage
and wick), a special mandrel is inserted before filling the wick
volume with sintered powders and removed after sintering. The
particle size, sintering temperature, and time are precisely and
iteratively controlled to achieve designated parameters for sintered
powder wicks [16]. In summary, after the internal shape (typically
cylindrical) and dimensions of the envelope are designed, the
detailed geometrical parameters of wick, e.g., shape and thickness
are subsequently determined. Therefore, particularly for bar-type
capillary-driven heat pipes, the envelope design has been largely
limited to being cylindrical with a circular cross section. The
conventional circular, cylindrical form factor of these heat pipes
often results in low utilization of available space surrounding the
device since these often do not conform well to the external space.
Such limitation becomes exacerbated for compact operations.
The requirement for compact thermal management devices in

miniaturized electronics (e.g., smartphones and tablets) has resulted
in the so-called “ultrathin heat pipe (UTHP),” which typically takes
the form of flattened circular section sintered copper powder heat
pipes, or thin wick sheet sandwiched between two metallic sheets.
Such UTHPs have a thickness of� 2.0mm to provide high thermal
dissipation performance for space-limited electronics [17]. Several
UTHP designs were developed and tested, for example, Cui et al.
[18] developed a striped super-hydrophilic (i.e., thermal oxidation
treated) copper mesh wick structure, with a total thickness of
0.68mmandminimum thermal resistance of 0.26K/W, based on the
temperature difference between the evaporator and the condenser

ends. Other works, such as Li and Lv [19] have reported similar
minimum thermal resistance values for UTHP where at condenser
cooling temperatures of 25 �C, 30 �C, 35 �C, and 40 �C, the thermal
resistances were 0.260K/W (84W), 0.221K/W (96W), 0.196K/W
(108W), and 0.215K/W (96W), respectively. In addition, their
1.0mm thick, sintered hybrid powderwickUTHP achieved over four
times the effective thermal conductivity of a flat copper plate thermal
spreader. While UTHP’s provide compact cooling for miniaturized
electronics the minimal thermal resistance performance appears to
have reached an asymptotic limit of approximately 0.2K/W [17].
An alternative design strategy for capillary-driven heat pipes and

vapor chambers is to utilize metal foams that partially and fully
occupy the internal volume since metal foams are intrinsically bi-
porous by nature, due to the two characteristic pore sizes that
constitute themetal foam structure. The pioneeringwork by Phillips
[20] integrated a metal foam structure into heat pipes for space
applications. He noted that the permeability-to-effective capillary
radius ratio (K/reff) is a key parameter governing the maximum heat
flux at the evaporator and that foam wicks favorably obtained
increased (K/reff) ratios compared to conventional sintered and
screen-type wicks. For example, the (K/reff) ratio of the 200-mesh
screenwas roughly one order ofmagnitude less than that of themetal
foam. Subsequent work by Carbajal et al. [21] proposed a foam
vapor chamber—heat pipe sandwich panel for simultaneous thermal
spreading and mechanical load-bearing applications. They found
that high permeability and porosity of the metal foam facilitated
vapor flow due to low-pressure drop, and its solid ligaments
mechanically connected to the envelope, increased overall thermal
spreading. Queheillalt et al. [22] developed a vapor chamber with a
90 PPI foam insert after longitudinal compression, that achieved a
more uniform temperature distribution than a solid plate. Hansen
et al. [23] characterized flow parameters (e.g., K and reff) of
compressed metal foams with different levels of wick compression.
They showed that the ratio K/reff of compressed foams ranged from
0.54 lm to 2.44 lm and sintered metal powders was roughly one
order of magnitude lower ranging fromK/reff¼ 0.05 lm to 0.77 lm.
Thus, compressed foam exhibited greater permeability for a given
effective capillary radius. Dhanabal et al. [24] inserted copper foam
columns into a flat heat pipe’s vapor passage and found that
increasing the wick volume improves the FHP performance, due to
the decreased thermal resistance with increased fluid movement in
these additional wick columns. A series of analytical and

experimental works by Shirazy and Frechette [25,26] reported that

the partial replacement of the sintered powder wick having a

porosity (e) of 0.52, with the copper foam of 60 pores per inch and

e¼ 0.75 gave rise to five times larger K/reff ratio.
It should be noted that permeability (K) and effective capillary

radius (reff) can be altered also by surface treatments to further
increase the K/reff ratio and to improve capillary pumping. The
chemical oxidation method is the most widely used fabrication
process due to its controllable reaction conditions, simple operation
process, and ability to treatmostwick structures [27]. Namet al. [28]
fabricated Cu oxide (CuO) layers on sintered copper powder wick
surfaces by mixing chemical solutions with alkali agents and
oxidants. The chemical treatment increased the K/reff ratio by an
order of magnitude (for water), which resulted in a 70% higher
critical heat flux of a heat pipe. Similar chemical oxidation methods
were carried out by Shum [29] and Yang [30] on copper foams, and
showed that the superhydrophilic CuO layers significantly improved
the capillary performance (K/reff¼ 3.92) of a copper foam wick.
In this study, we have advanced the capillary-driven heat pipe

design by introducing two distinct solutions to address the following
limitations of conventional heat pipes as: (i) a high form factor,
leading to poor utilization of available space due to the typically
circular, cylindrical shape and (ii) moderate pumping and heat
transport performance (i.e., thermal resistance) attributed to
suboptimal K/reff ratio achieved from conventional wicks. To
squarely address these limitations we have first, tailored an
orthogonal block of high porosity open-cell copper foam as the
vapor passage and wick, which fully occupies a predetermined

Fig. 1 A tailored ultralight foam heat pipe (uFHP) with an
ultrathin-walled envelope
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shape of an envelope, with an improved form factor for compact
thermal management (e.g., thin heat spreader). Afterwards, the
ligaments of the tailored foam core undergo a series of super-
hydrophilic chemical treatments, the so-called “blackening” to
improve capillary pumping. As a result, a nanoporous texture is
created on the ligament surfaces. Hence, micrometer-scale cells and
pores of the foam core and nanometer scale pores of the texture on
the ligaments co-exist, participating in vapor passaging andwicking
as a fully functioning heat pipe. Secondly, an ultrathin layer of tens
of micrometers is integrally formed to envelope the tailored foam
block via electroless-and electroplating—forming an “ultrathin-
walled (uFHP)” envelope. Pore-based mechanical load bearing of
the foam core makes the ultrathin-walled envelope possible (Fig. 1).
In sharp contrast to cylindrical sintered powder wick heat pipes and
“ultrathin heat pipes” where buckling and yielding loads repeatedly
exerted on the whole envelope surfaces, these loads locally apply on
each outer pore of the foam core of the uFHP. The ligaments
constituting these pores support the loads and thus further thinning of
the envelope wall is feasible. These unique mechanical and
topological aspects create flexibility for the cross section of the heat
pipe to be of any shape, and not constrained to be of a cylindrical form.
This article alsodetails the fabrication of our newheat pipe design and
quantifies the thermal characteristics in sharp contrast to an existing
original equipmentmanufacturer (OEM)heat pipe that iswickedwith
sintered copper powders and enveloped by a cylindrical copper tube.

2 Materials and Methods

2.1 Tailored Foam Topology. The topological parameters of
an open-cell copper (Cu) foam core and integration into a capillary-
driven heat pipe are detailed. A block of open-cell Cu foam, 60 pores
per inch (PPI) with dimensions of 90mm (in length) by 4.4mm (in
height) by 4.4mm (in-depth), was tailored (Fig. 2). The unit cell of
the Cu foam may be represented by a tetrakaidekahedron [31], and
the porosity of the unit cell wasmeasured to be e¼ 0.975. The length
(la) and thickness (lt) of foam ligaments constituting the tetrakai-
dekahedron unit cell were characterized based on scanning electron
microscope (SEM) images. The cross-sectional shape of the present
foam specimen’s ligaments is roughly triangular, but for simplicity,
we define the ligament thickness (lt) as the thickness of its
projection. Our statistical data show that la spans between 0.2mm
and 0.9mm with a mean value of 0.412mm 60.009, and lt varies
from 0.14mm to 0.18mm with a mean value of 0.159mm 60.002
(Appendix A Fig. 8). Based on thesemean values, the representative
pore size (dpore) is estimated fromEq. (1) [32] to be 0.7mmwhile the
cell size (dcell) is estimated from Eq. (2) to be 1.165mm [13]

dpore ¼
ffiffiffi
3

p
la (1)

dcell ¼ 2
ffiffiffi
2

p
la (2)

The two scales, dpore and dcell, co-exist within the Cu foam core as a
bi-porous medium that balances permeability and capillary
pressure. It should be noted that in contrast to the topological
specification provided by an original equipment manufacturer

(OEM), e.g., 60 PPI (dpore�0.423mm), there is a noticeable
difference, dpore (measured and estimated)¼ 0.7mm versus dpore
(OEM)¼ 0.423mm.

2.2 Fabrication and Treatment. We aim to encapsulate a
monolithic foam structure in an ultrathin-walled chamber thatworks
as a capillary-driven heat pipe, to achieve a compact thermal
management device with enhanced thermal performance. To this
end, we have devised a fabrication process that begins with
preparing a metal-polymer template as illustrated in Fig. 3(a).
Firstly, an open-cell Cu foam block with 60 PPI was tailored by an
electric discharge machine according to a predetermined shape and
was dipped in a pool of a cold-mounting resin. The cold-mounting
resin is a polymethyl-methacrylate (PMMA) resin that was
polymerized under a pressure of 7 bar at room temperature for the
suppression of bubble formation during curing. After the polymeriza-
tion of the cold-mounting resin that fully infiltrated the voids of the
tailored foamcore, the block of foam-PMMAwasmachined to remove
the excessive PMMA on the outer faces. The machined and polished
exterior faces of the foam-PMMA block exhibits clear bonded
interfaces between the foam ligaments and the void-filling PMMA.
Electroless plating and electroplating were subsequently con-

ducted to deposit a thin copper layer that encapsulated the foam-
PMMA specimen as an envelope of our final foam heat pipe. The
copper layer metallurgically joined the foam ligaments’ cross
section that were cut flush with the exterior surfaces of the foam-
PMMA specimen. The cut individual foam pores on the exterior
surfaces provide mechanical support for the layer for buckling load
during idling and yield load during heat piping. Its fabrication
process is illustrated in Fig. 3(b) and detailed as follows.
Firstly, electroless plating deposited a thin Cu layer at a

predetermined rate of 1.5 lm/hour for 2 h on the polished surfaces
of the foam-PMMA specimen. As a result, the metallurgical joints
between the depositedCu layer of 3.0 lmand the cut foamcells flush
with the exterior surfaces were established. The specific conditions
for the present electroless plating are summarized in Table 2 with its
reaction expressed as

Cu2þ þ 2HCOHþ 4OH� ! Cuþ H2 þ 2H2Oþ 2HCOO� (3)

Here, the pH value of the Cu electroless plating solution was
adjusted to 12.5 by adding sodium hydroxide and formaldehyde was
used as the primary reducing agent.
Cu electroplating with a current density of 3.5 amperes/dm2

subsequently deposited another Cu layer of 48 lm in 4 h at room
temperature by three additives; leveler 5ml/L, accelerator 10ml/L,
and suppresser 10ml/L. A phosphor copper plate was used as the
anode material and the direct electric current of 0.14A was applied,
which caused the copper in the anode to lose electrons and ionize
into copper ions.
Ni-P electroless plating is a well-known process for excellent

corrosion-resistance, which can prevent the heat pipe envelope
oxidation during subsequent chemical treatments. Ni-P electroless
plating deposited a 2 lm thick corrosion-resistant layer on the

Fig. 2 Open-cell copper (Cu) foam with 60 pores per inch (PPI) with a tetrakaidekahedron unit cell [25]
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exterior surfaces of the envelope. The processes and solutions for
Ni-P electroless plating applied are summarized (in Table 2). The
pH level of the Ni-P electroless plating solution was adjusted to 4.0.
To realize internal open-cell foam structures, the PMMA needed

to be removed from the foam-PMMA specimen that was enveloped
by a thin Cu layer. To this end, the foam-PMMA specimen was
dipped in a dichloromethane-filled pool for six days at room
temperature as illustrated in Fig. 3(c)—etching. As a result, only the
foam ligament structures and thin Cu layer with the joints between
theCu layer and the outermost foamcells flush bondedwith the inner
surface of the Cu layer remained.
After which, the surfaces underwent a series of chemical

treatments. Firstly, the specimen was dipped into an acid agent
(5wt% HCL) that removed copper oxide layers on the foam
ligament surfaces and the inner surfaces of the envelope (thin Cu

layer). Secondly, another treatment—the so-called “blackening” was
implemented for super-hydrophilicity [27] as illustrated in Fig. 3(c)
by a blackening solution (7.5 g/L NaOH and 1.5 g/L K2S2O8 mixture
[33]). The whole chemical treatment may be expressed as

Cuþ 2NaOHþ K2S2O8 ! Cu OHð Þ2 þ K2SO4 þ Na2SO4 (4)

Cu OHð Þ2 þ 2OH� ! Cu OHð Þ4½ �2 (5)

Cu OHð Þ4
� �2� ! CuOþ H2Oþ 2OH� (6)

The blackened surfaces exhibit a nanoporous texture as shown by a
scanning electron microscopic (SEM) image in Fig. 3(c).
Next, the specimen is prepared for charging, evacuation, and

sealing, as shown in Fig. 3(d). To make the specimen able to be a

Fig. 3 Schematics of fabrication process of an ultralight foam heat pipe (uFHP): (a) Cu foam tailoring,
(b) enveloping, (c) PMMA etching and blackening, (d) end-capping, DI water filling and sealing, and (e) a complete
foam heat pipe with an ultrathin-walled envelope
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fully functioning heat pipe, one end of a specimen is soldered with a
copper cap while the other is soldered with a filling tube of copper—
end-capping.”
A custom-built evacuation and charging system was constructed

to fabricate the uFHP (Fig. 3(d)). The envelope housing the Cu foam
insert was connected to the system via a filling tube, with a flexible
film for a temporary air-tight connection. A two-stage oil-sealed
rotary vane vacuum pump was used for evacuation. A digital
vacuum gauge monitored the pressure inside the envelope during
evacuation. A reservoir of DI water as the working fluid due to the
good compatibility with the Cu foam and Cu envelope at the target
working temperature ranging from 30 �C to 200 �C [34], was
connected to the system with another flexible tube. In addition, to
control the amount of working fluid injected into the heat pipe, three
bellow-sealed valves were used to switch the mode between
evacuation and charging.
The reservoir was heated and subsequently frozen by liquid

nitrogen to prevent or minimize noncondensable gas (NCG) from
being dissolved back in the DIwater [35]. This process was repeated
at least twice to minimize the NCG in the heat pipe. Subsequently,
the precleaned heat pipe envelopewas connected to the reservoir and
evacuated at an absolute pressure of 2.1 Pa. The heat pipe specimen
was charged with the working fluid via the reservoir due to the
pressure difference and gravity [35]. The filling tube was sealed
using a cold-welding die during evacuation.

Finally, the ultralight foam heat pipe (uFHP) is completed,
consisting of a filling tube, an ultrathin-walled Cu envelope with a
square cross section, and foam core. The overall length of the
fabricated uFHP is L¼ 90mm excluding the filling tube. Dimen-
sions of the square inner chamber are He¼ 4.4mm�We¼ 4.4mm,
and wall thickness is approximately d¼ 50lm as presented in
Figs. 1 and 3(e).

2.3 Thermal and Capillary Rise Test Setups. Thermal
characterization of the uFHP was carried out using a purposely-
built test rig illustrated in Fig. 4(a). The test rig consists of a heat pipe
specimen (Fig. 1 and Table 1), five uniformly distributed cartridge
heaters that simulated the external heat source (Qin) at an evaporator
end, a liquid-cooling unit for a condenser end, an AC power supply,
an infrared (IR) camera, K-type film thermocouples, and a data
acquisition unit. The heat pipe specimen was positioned vertically
by a copper heating base block, with a heating area of
30mm� 30mm and an input power regulated from 5.0W to
40.0W by an AC power supply. In this particular setup, the vapor
generated in the evaporator convects upwards through foam pores
and the condensate moves downwards along the capillary passage
configured by the inner envelope surfaces and foam pores.
Thermal grease was used between the heat pipe and heating base

block to minimize contact thermal resistance. Themultiple layers of

Table 1 Parametric comparison of both OEM and uFHP specimens

OEM heat pipe Ultrathin-walled foam heat pipe (uFHP)

External dimensions L¼ 90mm, De¼ 5.0mm L¼ 90mm,We¼ 4.4mm, He¼ 4.4mm
(for capillary rise tests,We¼ 8.0, He¼ 8.0mm)

Envelope Copper tube Ni-P coated copper layer
Wall thickness, d:� 400lm Wall thickness, d:� 50 lm

Weight:� 4.7 g Weight:� 0.8 g

Wick/insert Sintered powders Blackened 60 PPI copper foam
Weight:� 0.9 g Pore size, dpore:� 423lm

Particle size: 100–150lm and 150–250lm Porosity, e:� 0.974
Weight:� 0.3 g

Working fluid DI water DI water
Weight:� 0.4 g Weight:� 0.52 g

Filling ratio (FR):� 32% Filling ratio (FR):� 30%
Total weight (m) � 6.0 g � 2.2 g (inclusive of the soldering agent and filling tube)
External volume (Ve) � 1.77 cm3 (¼ pDe

2/4�L) � 1.74 cm3 (¼We�He� L)
Effective density (qeff¼m/Ve) � 3.39 g/cm3 � 1.26 g/cm3

Table 2 Processes and solutions for Cu electroless plating and Ni-P electroless plating

Process Process Time (minute) Temperature (�C) Solution

Cu electroless plating Cleaning 2 25 IPA
Cleaning 2 25 DI water
Predipping 3 25 5% HCl
Sensitization 4 40 SnCl2�2H2O (10 g/L)

35% HCl (20ml/L)
Activation 2 25 PdCl2 (1 g/L)

Cu electroless plating 120 40 ELC-250 (A) (70ml/L)
ELC-250 (B) (40ml/L)
NaH2PO2�H2O (40 g/L)

HCHO (20ml/L)
Ni-P electroless plating Cleaning 2 25 DI water

Predipping 3 25 5% HCl
Sensitization 2 25 SnCl2�2H2O (10 g/L)

35% HCl (20ml/L)
Activation 2 25 PdCl2 (1 g/L)

Ni-P electroless plating 120 80 9026 AM EN (140ml/L)
9026 BM EN (40ml/L)
9026 DM EN (3ml/L)
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thermal insulation tape covered the heating base block except the IR
viewing slot to reduce heat loss. A commercial liquid-cooling unit
was used to provide thermal rejection at the condenser section to the
environment in atmospheric conditions. To mount the cooling unit
on the uFHPwith a square cross section, a copper heating base block
wasmachined.Thewhole setupwas supportedbya rotation system that
allows the heat piping axis (the s-axis) to be changedwith respect to the
gravitational g-axis whose angle is denoted by a in degree (deg) in
Fig. 4a. Here, a¼ 0deg indicates that the test specimen is positioned
horizontally, functioning as a heat pipe whereas at a¼ 90deg the heat
pipe orientation is coincident with the gravitational axis, and the
thermal spreading takes place vertically from the bottom evaporator to
the top condenser, thus functioning as a thermosyphon.
To evaluate thermal spreading by the uFHP, the temperature

distribution along the heat pipe span (i.e., the s-axis) was measured
using an IR camera. Prior to measurement, the IR camera was
calibrated against data obtained fromfilm thermocouples attached to
the heat pipe surface at selected locations. Temperature values from
both IR camera and film thermocouples were correlated linearly as
T¼ 0.99TIR – 0.54 (� C) for a wide range of heat inputs to the
cartridge heaters that were attached to the heat pipe.While the uFHP
specimen has a square cross section, only temperatures from one
surface were measured and extracted for thermal characterization.
Therefore, it was necessary to justify that the temperatures on this
surface are representative of those on the heat pipe. To this end, data
at given span-wise locations was averaged and compared with that
from the measured surface. Results indicate that the temperatures
from the surface deviate only d ¼62.1% from the average
temperatures along the entire span of the heat pipe.
Following a method detailed by Tang et al. [36], we purposely

constructed a test setup as illustrated in Fig. 4(b), which includes a
cantilever that holds both the wick specimen and a reservoir
containing DI water. The cantilever is vertically traversable along
the z-axis, coinciding with the gravitational (g-) axis. The blackened
Cu foam specimen was prepared with dimensions of 8.0mm (H)
� 8.0mm (W)� 90.0mm (L). An OEM cylindrical heat pipe was
cut in half by an electrical discharge machine to prepare the sintered
Cu powder wick specimen. It should be noted that the Cu foam
specimen is bare (i.e., without a Cu envelope attached) whereas the
OEM cylindrical heat pipe is a combination of sintered powder wick
and envelope. The height of the cantilever was set for both wicks to
be submerged in the DI water while the precalibrated infrared (IR)
camera recorded temperature variation along the span of each wick
specimen at the rate of 0.2Hz (i.e., 1 frame per 5 s), as shown by the
inset of Fig. 4(b). The absorbed DI water acts to alter the infrared
emissivity difference between the wick structure and working

liquid, yielding temperature drops [36]. Thus, the capillary rise (h)
may be estimated as a function of time.

2.4 Data Reduction Parameters and Uncertainties. Thermal
resistance (Rh) in K/W is widely used to characterize and compare
the performance of heat pipes. It is a measure of thermal spreading
along a given heat pipe and is defined as

Rh ¼ Te � Tc
Qin

(7)

where Te and Tc are the average temperatures of the evaporator and
condenser, respectively, and Qin is the total heat emitted by a heat
source (or input heat). With a heater simulating the heat source, Qin

is typically calculated as

Qin ¼ V2

R
(8)

where V and R are separately the voltage supplied to the heaters and
electrical parallel resistance. Lower thermal resistance indicates
more uniform thermal distribution along the heat pipe’s span, and
thus preferable.
Measurement uncertainties were estimated using a method

detailed by Coleman and Steele [37], as follows. If y¼ f (x1, x2,
…, xn), then the uncertainty propagated by xi in the variable y is
given by

Dy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@y

@x1
Dx1

� �2

þ @y

@x2
Dx2

� �2

þ � � � þ @y

@xn
Dxn

� �2
s

(9)

where Dxi is the absolute uncertainty in xi. Equation (9) was used to
estimate the uncertainty of thermal resistance (Rh) that was
associated with wall temperatures at both the evaporator and
condenser ends (i.e., Te and Tc) whose accuracy and resolution are
62.0% and 0.06 �C, respectively. Similarly, the uncertainty of input
power supplied by theACpower supply (Qin)was estimated, leading
to an accuracy of 60.0015%. Thus, the uncertainty of thermal
resistance was calculated to be within 68.6%, governed predom-
inantly by the surface temperatures.

3 Results and Discussion

3.1 Capillary Rise and Pumping. Capillary rise is a measure
of capillary pumping for a given wick structure. Thus, higher

Fig. 4 Test setups: (a) thermal test setup with condenser section cooled by a commercial water-cooling
systemwithQinvarying from5.0W to40.0Wbyfivecartridgeheaters and (b) capillary rise (h) test setup forboth
(i) OEM sintered Cu powder wick and (ii) Blackened Cu foam wick, captured by a precalibrated infrared (IR)
camera where L5 90mm

081602-6 / Vol. 146, AUGUST 2024 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/heattransfer/article-pdf/doi/10.1115/1.4065352/7332717/ht_146_08_081602.pdf by The N

anjing U
niversity O

f Aeronautics & Astronautics user on 07 M
ay 2024



capillary rise is typically desirable for any advanced wick material/
structure. For characterization, we measured the capillary rise (h) of
both the blackened Cu foam wick and the OEM sintered Cu powder
wick (as reference) where the details of each heat pipe are listed in
Table 1. It is worth noting that the size of the blackened Cu foam
specimens used is different;We¼ 4.4mm and He¼ 4.4mm with its
length of 90mm for the heat pipe insert whereas We¼ 8.0mm and
He¼ 8.0mm with its length of 90mm for the capillary rise test (see
Table 1). As shown by Tang et al. [36] capillary pressure and
permeability are known to be a function of porosity (e). The size of
the wicks is not expected to influence the capillary pumping, since
the porosity (e) is the same for both cases.
The capillary rise (h(t)) for the two test specimens in Fig. 5

behaves similarly. Based on the measured capillary rise in time (t)
recorded, its rate (i.e., dh/dt) was calculated as included. There is an
initial steep rise and thereafter an asymptotic decrease of the rate of
capillary rise follows. This similar behavior is attributed to the
capillary pressure (DPc¼ 2rcosh/r) during the capillary rise that is
associated with pressure drop and friction forces, governed as

dh tð Þ
dt

¼ DPcK

le
1

h tð Þ
� �

� Kgq
le

(10)

where r, l, andq are the surface tension, viscosity, and density ofDI
water, separately, g is the gravitational acceleration, andK, e, cos(h),
and r are the permeability, porosity, contact angle, and effective
radius of a given porous wick, respectively [38].
In Eq. (10), thermophysical parameters such as q and l are fixed

for a given working fluid. A topology-dependent parameter is K/e for
both wick structures. Given that the prior estimation of the porosity (e)
for the uFHPwick being euFHP¼ 0.974 (Table 2) [39–47], the capillary
pressure (DPc) and permeability (KuFHP) may be separately estimated
by fitting the experimental datawith the exact solution [48] for Eq. (10)

h tð Þ ¼ a
b

1þW �e�1�b2 t
a

� �h i
(11)

where a ¼ DPcK
le ¼ 2rK cosðhÞ

ler , b ¼ Kgq
el , and WðzÞ is Lambert W

function, z ¼ WðzÞeWðzÞ. Here, z is a dummy variable. Results are

also included in Fig. 5 and summarized in Table 3. In comparison to
the testedOEMsinteredpowderwick structure, theuFHPwickprovides
7% lower capillary pressure and yet 3 times higher permeability with 2
times higher porosity. Collectively, the foam wick’s capillary
parameters function to reach roughly 10% lower Jurin’s height
(�100mm), as a limit of capillary rise of a given medium.
On the other hand, the sintered Cu powders with and without

nanostructures produced by chemical treatments (Li et al. [38]),
achieve a capillary rise of 55.0mm and 20.5mm, respectively, at
around tc¼ 70 s. Here, the enhanced capillarity of the former was
argued to be attributed to better hydrophilicity from smaller contact
angles, because the surfaces contain the created nanoporous texture.
The difference in performance between the present OEM specimen
and those from Li et al. [38] may be caused by different geometrical
parameters of the tested sintered Cu powders and test conditions.
Despite the much higher porosity and bigger pore/cell sizes, the
present Cu foam insert after the blackening provides a similar
capillary pumping to the OEM sintered Cu powder wick.

3.2 Heat Piping Performance. The variation of surface
temperature along individual heat pipes is indicative of thermal
spreading capability.An effective heat pipe provides (a) low thermal
resistance (Rh) for minimal temperature drop between the
evaporator and the condenser, and (b) lowered temperature of the
evaporator (Te) for a given heat input (Qin). Thus, the characteristics
of a uniform-like temperature distribution along the span (s—axis)
and a low evaporator temperature in operation, are desirable.
Figure 6(a) shows how heat is spread from the evaporator (E) to

the condenser (C) for selected input heat values, e.g., Qin¼ 5W,
15W, 25W, and 35W at a¼ 90 deg (functioning as thermosy-
phons). Data from both OEM heat pipe (wicked by sintered Cu
powders) and ultralight foam heat pipe (uFHP) were compared.
With the same length as the uFHP (L¼ 90mm), the cylindricalOEM
heat pipe has an outer diameter of 5.0mm, an inner diameter of
4.2mm (i.e., a wick thickness of 0.4mm), and a water content of
0.4 g as summarized in Table 1. A one-to-one comparison is made
of the surface temperature with respect to ambient temperature
(T–T1), varying along the span of both heat pipes (s/L). Here, s/
L¼ 0.0 and 1.0, respectively, denote the evaporator (bottom end)
and condenser (top end) as both specimens were positioned
vertically (i.e., a¼ 90 deg) while being heated from the bottom;
the condensate at the top end is fed by gravity to the bottom end.
The surface temperature for the OEM heat pipe is roughly

constant within each discrete section (i.e., E, M-S, and C) but
decreases in the intermediate sections between E andM-S, andM-S
andC.However, for the present uFHP the surface temperature varies
along the midspan, which indicates possible heat loss as the
condensate moves from the condenser to the evaporator via the wick.
The surface temperature of the uFHP is always lower than that of the
OEM heat pipe under identical operation conditions, e.g., heat
rejection at the condenser and heat input at the evaporator. This
difference becomes substantial as the heat input increases, e.g.,
T e ( O E M ) – T e ( u F H P ) � 3 0 K a t Q i n ¼ 2 5 W a n d
Te(OEM)–Te(uFHP)� 20K at 35W where Te is the average
evaporator temperature. A lower evaporator temperature is desirable
since the attached electronic device can operate at a low temperature.
Now, both specimens are positioned horizontally (i.e., a¼ 0 deg),

functioning as heat pipes (Fig. 6(b)). In this orientation, the
condensate at the C-section (0.8� s/L� 1.0) is fed by the capillarity
of the wick to the E-section (0.0� s/L� 0.2). The surface
temperature of the uFHP is also always lower than that of the

Fig. 5 Comparison of capillary rise between OEM sintered Cu
powder wick measured by the present setup and alternative
developmental sintered Cu powder wicks [38]

Table 3 Estimated capillary parameters by Eqs. ((7), (8)) for both uFHP and OEM heat pipe

Specimen Pc (Pa) K (m2) q (kg/m3) l (Pa�s) e

uFHP 934.32 1.08� 10�10 998.2 (of DI water) 0.001 (of DI water) 0.974
OEM 1001.30 3.89� 10�11 0.470

K for open cell metal foams [39–47]: 1.0� 10�10� 5.4� 10�7 m2.
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OEM heat pipe and the difference becomes substantially larger with
increasing Qin, e.g., Te(OEM)–Te(uFHP)� 10K at Qin¼ 35W.
However, the thermosyphon orientation (i.e., a¼ 90 deg) achieved
lower operating evaporator temperatures than the horizontal (i.e.,
a¼ 0 deg) heat pipe configuration, likely due to the increased
condensate pumping from the gravitational field.
The thermal spreading of the uFHP is further characterized by the

thermal resistance (Rh) for a given heat input, with lower values
indicating favorable spreading performance. Figure 7(a) compares
the thermal resistance of the uFHP with the OEM together with four
other data sets from references [9,49–52] who tested cylindrical heat
pipes with sintered Cu powders, having similar dimensions to the
presently tested OEM heat pipe. All the heat pipes were at a¼ 0 deg.
The OEM heat pipes show the thermal resistance of 0.2 K/
W<Rh< 0.5K/W in the heat input range up to 40.0W while the
presently tested OEM heat pipe provides Rh� 0.5K/W atQin>25W.
Although there exists a slight deviation from the reported values, the
credibility of the present experimental setup is nonetheless established.
The thermal resistance of the uFHP decreases slightly from 0.37K/

W to 0.16K/Was the heat input is increased from5.0W to 20.0W.The
further increase in the heat input up to Qin¼ 40.0W causes no visible
change in thermal resistance, Rh� 0.16K/W. Thus, the thermal
spreading by the uFHP exceeds the present OEM specimen by 70%
(lower thermal resistance) in the heat inputs (25.0W�Qin� 40.0W).
It is ideal that heat pipes perform identically, regardless of their

orientation with respect to the axis of gravitation, where Dhanabal
et al. [24], have identified that metal foamwicked heat pipes are able
to manage more heat in any orientation. We thus characterize the
variation of thermal spreading of the present OEM heat pipe and
uFHP without the gravity feed. Figure 7(b) shows four data sets in
two selected orientations, a¼ 0 deg (without the gravity feed) and
a¼ 90 deg (with the gravity feed) for each specimen. It is apparent
that after Qin¼ 15W, the gravity feed (a¼ 90 deg) plays no part in
spreading heat better, providing similar thermal spreading for both
OEM heat pipe and uFHP. Before Qin¼ 15W, for the OEM heat
pipe, both orientations give rise to the same thermal spreading
whereas for the uFHP, the gravity feed results in slightly inferior
thermal spreading to the case without the gravity feed (a¼ 0 deg).
As a result of thermal spreading along a given heat pipe and heat

rejection at the condenser, the evaporator temperature (Te) of a heat

source (e.g., electronic chip) is reduced. Therefore, this temperature
may be another measure of the thermal characteristics of a liquid
cooling unit that consists of a heat spreader, a liquid circulation
pump, and air-side fins. Under identical cooling and operating
conditions, the evaporator temperature of both heat pipes – (Te–T1)
is compared in Fig. 7(c) at 5.0W � Qin � 40.0W where T1 is the
ambient air temperature. For both specimens, (Te–T1) increases
monotonically as the input heat increases. The decrease in (Te–T1)
is observed for the uFHP oriented horizontally whereas the
improvement is seen for the OEM when functioning in a horizontal
orientation. For both heat pipes at a¼ 0 deg, the evaporator
temperature of the uFHP is approximately 15% lower than the
OEMheat pipe atQin¼ 40W. For a given external volume (Ve) (i.e.,
OEM HP� 1.77 cm3 and uFHP� 1.74 cm3), the experimental
testing demonstrated that the uFHP achieves higher thermal
spreading for a given input heating power compared to the OEM
HP, thus the power density W/cm3 when dryout is likely to occur is
enhanced using the uFHP.
The thermal transport performance of any heat pipe is dependent

on the filling ratio (FR), which is the ratio of the volume of DI water
(as a working fluid) used in the vessel of the heat pipe to the empty
volume. In this study, both heat pipes tested (Figs. 6 and 7) have a
similar filling ratio of FR¼ 30%. However, the uFHP filling ratio
was determined based on the prior measurement (Appendix B
Fig. 9). During the charging process (Fig. 3(d)), we varied the FR
discretely for 20%, 30%, 40%, and 50%. The uFHPs with too little
(FR¼ 20%) and too much (FR¼ 40% and 50%) DI water stops
working as heat pipes. With FR¼ 20% at Qin¼ 5.0W, the uFHP
works as a heat pipe reasonably well (Rh¼ 1.0K/W) when the
evaporator temperature is Te�T1¼ 20.0K. However, a slight
increase inQin to 10W leads to a remarkable increase in Rh to 4.8K/
Wand inTe�T1 to 50.0K.A further increase inQin causes the uFHP
to stop working. With FR¼ 40%, a monotonic decrease in Rh from
1.2K/W is inter-rupted at Qin¼ 15.0W, and Rh increases further
with Qin. Similarly, the evaporator temperature increases steeply
after Qin¼ 15.0W. With FR¼ 50%, similar to the case with
FR¼ 20%, the uFHP does not function as a heat pipe after
Qin¼ 10W. The uFHP with FR¼ 30% works extremely well,
showing superb thermal spreading and low evaporator temperature
as compared and discussed in Figs. 6 and 7.

Fig. 6 Variations of surface temperature (T(s/L)2T‘) along the OEM heat pipe and uFHP for selected heat input values:
(a) at a590deg (as thermosyphons) and (b) At a50deg (as heat pipes)
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3.3 Heat Rejection Through an Ultrathin-Walled Envelope.
The uFHP with similar dimensions compared to the OEM heat pipe
demonstrated improved thermal characteristics, which are summar-
ized as follows: 70% lower thermal resistance (Rh) and 15% lower
evaporator temperature (Te�T1) of the uFHP than those of theOEM
heat pipe, e.g., (Te�T1)� 110 �C for the OEM heat pipe versus
(Te�T1)� 95 �C for the uFHP at Qin¼ 40W. Further analysis of
the thermal and fluid mechanics that underpin the improved
performance of the uFHP is reasoned as follows. Heat (Qin) entering
the evaporator vaporizes the charged DI water and is transported to
the condenser via the vapor passage. During the vapor flow, some
heat is lost to the surroundings through the M-S surface. In typical
analysis, this surface is assumed to be adiabatic, i.e., negligible heat loss
in the M-S. However, the applicability to the uFHP is questionable or
uncertain. Thus, a question naturally arises as to whether the heat loss
(Qloss) through the M-S and reduced thermal resistance along the span
of a heat pipe (Rh) in Fig. 7(b) alter the evaporator temperature (Te or
Te�T1) as observed in Fig. 7(c). To this end, a thermal analysis based
on an energy balance was performed.
For a capillary-driven heat pipe with heating power (Qin) input

imposed on the evaporator running at an average temperature (Te).
In themidsection, there is heat loss (Qloss) through the envelopewall
to the surroundings at ambient conditions: heat transfer occurs
through the heat pipewall to the surroundings. The condenser has an
average temperature (Tc) where heat is removed (Qout) via

convective cooling. The conservation of energy (Appendix C)
gives the evaporator temperature expressed as

Te ¼ Qin

UA
þ RhQin þ T1 � Qloss

UA
(12)

Here, T1 is the ambient temperature, U is the overall heat transfer
coefficient andA is the heat transfer area. The final expression, Eq. (12)
explicitly indicates that for given heat input through the evaporator end
(Qin) and heat rejection at the condenser end by convection (UA
(Tc�T1)) of a heat pipe, both thermal resistance along the heat pipe
span (Rh) and heat loss through the midsection surface (Qloss) indeed
determine the evaporator’s operating temperature, Te.
Foam ligaments are all interconnected, and thus heat transferred

from hot vapor flow to ligaments in the central region of a vapor
passage can directly reach the joints between foam ligaments and
envelope by conductive spreading. In contrast, such conductive
spreading is limited via sintered copper powders for OEM heat
pipes. Further, condensate flowwhose temperature is lower than the
vapor flow (but much higher than the ambient temperature), also
transfers heat to the inner surface of the envelope, which is expected
to be much higher than that in OEM heat pipes due to substantial
enhancement by foam ligaments protruding internally from the
envelope. The foam ligaments hence provide an enlarged heat
transfer area (AM-S, m

2) and an increased convective heat transfer

Fig. 7 Thermal resistance (Rh) and evaporator temperature (Te2T‘): (a) comparison with existing OEM heat pipes
[9,49–52] for selected heat input values at a50deg, (b) comparison with the presently tested OEM heat pipe for both at
a50deg and 90deg, and (c) comparison between the presently tested OEM heat pipe and uFHP with varying heat input
values for both at a5 0deg and 90deg
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coefficient (hM-S, W/m2K) over the sinter powder wick structure. As
a result, the heat loss (Qloss) through the ultrathin-walled envelope of
themidsection becomes substantial compared to theOEMheat pipe.
Consequently, both the increased Qloss and the reduced thermal
resistance (Rh(uFHP)¼ (1/3)Rh(OEM)) in Eq. (12) act to lower the
evaporator’s operating temperature, Te as observed in Fig. 7(c).

4 Conclusions

Based upon a new design strategy for capillary-driven heat pipes
that are tailorable, lightweight, and thermally effective, we
advanced a thermal solution with such a heat pipe constituted by
an ultrathin-walled envelope and foam core for vapor passaging and
condensate wicking – an ultrathin-walled foam heat pipe (uFHP).
We documented the detailed fabrication and characterization
procedures. The high porosity foam core tailored for a noncircular
cross section and ultrathin envelope by blackening make a
lightweight capillary-driven heat pipe, approximately 64% lighter
thancommercial heatpipeswickedbysinteredCupowders,with similar
dimensions. Due to additional heat rejection through the ultrathin-
walledenvelopeof�50lm, theevaporatorof theuFHPoperates at 15%
lower temperature with 70% lower thermal resistance than commercial
heat pipes in the input heat range from 5.0W to 40.0W. The uFHP can
be tailored into any cross-sectional (e.g., noncircular) shape, albeit with
a thin-walled envelope, due to the pore-base mechanical support from
foam ligaments. This tailorable uFHP can provide an alternative,
flexible heat pipe thermal solution for extremly compact operations.
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Nomenclature

AM-S ¼ enhanced heat transfer area, m2

dcell ¼ cell size of Cu foam, mm
dpore ¼ pore size of Cu foam, mm
FR ¼ ratio of the volume of DI water used in the heat pipe to the

empty volume
g ¼ gravitational acceleration, m/s2

h ¼ height of capillary rise, mm
He ¼ height of heat pipe, mm

hM-S ¼ increased convective heat transfer coefficient, W/m2K
K ¼ permeability of metal foams, lm2

L ¼ length of heat pipe, mm
la ¼ length of foam ligaments, mm
lt ¼ thickness of foam ligaments, mm
m ¼ total weight of heat pipe, g

Qin ¼ input heat, W
Qloss ¼ heat loss through the mid-section surface of heat pipe, W
Qout ¼ removed heat, W

R ¼ electrical resistance of heater, X
reff ¼ effective capillary radius of metal foams, lm
Rh ¼ thermal resistance, K/W
s ¼ distance fromevaporator end along the span of heat pipe,mm
T ¼ surface temperature of heat pipe fromfilm thermocouple, � C
t ¼ time of capillary rise, s

T1 ¼ ambient temperature, � C
Tc ¼ average temperatures of the condenser, � C
Te ¼ average temperatures of the evaporator, � C
TIR ¼ temperature value from IR camera, � C
U ¼ overall heat transfer coefficient W/m2 K
V ¼ voltage supplied to the heater, V
Ve ¼ external volume of heat pipe, cm3

We ¼ width of heat pipe, mm
DPc ¼ capillary pressure, N/m2

Greek Symbols

a ¼ the angle between heat pipe axis (s-axis) and gravitational
axis (g-axis), deg

d ¼ wall thickness of envelop, lm
e ¼ porosity of metal foams
h ¼ contact angle, deg
r ¼ surface tension of DI water, N/m
l ¼ viscosity of DI water, Pa�s
q ¼ density of DI water, g/cm3

qeff ¼ effective density, g/cm3

Subscripts

uFHP ¼ ultralight foam heat pipe
OEM ¼ original equipment manufacturer heat pipe

Appendix A: Topological Parameter

Fig. 8 Open-cell copper (Cu) foamwith 60 pores per inch (PPI): (a) Distribution of ligament length (la) (mean: 0.412mm60.009
and (b) distribution of ligament thickness (lt) (mean: 0.159mm60.002)
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Appendix B: Optimal Filling Ratio (FR)

Appendix C: Heat Rejection Through an

Ultrathin-Walled Envelope

We consider a generic capillary-driven heat pipe with heating
power (Qin) input imposed on the evaporator end running at an
average temperature (Te) as illustrated in Fig. 10. In the midsection,
there is heat loss (Qloss) through the envelope wall to the
surroundings at ambient conditions: heat transfer occurs through
the heat pipe wall to the surroundings. The condenser end has an
average temperature (Tc) where heat is removed (Qout) via
convective cooling. The objective is to demonstrate with energy
balance considerations how the operating temperature of the
evaporator (Te) is related to the heat loss (Qloss) through the M-S
wall. It should be noted that in the conventional thermodynamic
analysis for capillary-driven heat pipes, the heat loss is typically
assumed to be negligible as being adiabatic, i.e., (Qloss¼ 0).
Using the conservation of energy, the input power (Qin) is equal to

the sum of heat loss (Qloss) and heat rejected (Qout) from the
condenser end as

Qin ¼ Qout þ Qloss (C1)

The input heating power (Qin) is also related to the overall thermal
resistance (Rh) across the evaporator and the condenser by definition
as

Rh ¼ Te � Tc
Qin

) Qin ¼ Te � Tc
Rh

(C2)

The heat rejected at the condenser end is determined by heat transfer
to the surroundings at ambient temperature (T1) where U is the

overall heat transfer coefficient and A is the heat transfer area as
expressed

Qout ¼ UA Tc � T1ð Þ (C3)

Substitution of Eqs. (C2 and C3) into Eq. (C1) yields

Te � Tc
Rh

¼ UA Tc � T1ð Þ þ Qloss (C4)

Further simplifying and re-arranging Eq. (C3) for the evaporator
temperature (Te) lead to

Te ¼ 1þ RhUAð ÞTc � RhUAT1 þ RhQloss (C5)

From Eq. (C2), the condenser temperature (Tc) is found to be

Rh ¼ Te � Tc
Qin

) Tc ¼ Te � RhQin (C6)

Substitution of Eq. (C6) into Eq. (C5) gives

Te ¼ 1þ RhUAð Þ Te � RhQinð Þ � RhUAT1 þ RhQloss (C7)

Equation (C7) can be reduced to

Te ¼ Qin

UA
þ RhQin þ T1 � Qloss

UA
(C8)

The final expression, Eq. (C8) explicitly indicates that for given heat
input through the evaporator end (Qin) and heat rejection at the
condenser end by convection (UA(Tc�T1)) of a heat pipe, both
thermal resistance along the heat pipe span (Rh) and heat loss
through the midsection surface (Qloss) indeed determine the
evaporator’s operating temperature, Te.
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