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a b s t r a c t 

A high-performance flexible pulsating heat pipe (FPHP) hermetically sealed with metal has been devel- 

oped as a flexible heat spreader. For this, experimental works are conducted to evaluate the thermal 

performance and long-term reliability of the FPHP. The FPHP consisted of a polycarbonate sheet and 

flexible-copper-clad-laminates (FCCLs). Rectangular channels with dual hydraulic diameters of 0.75 mm 

and 0.5 mm were engraved on the polycarbonate sheet. The width, length, and thickness of the FPHP 

were 53.4 mm, 85.5 mm, and 0.64 mm, respectively. To prevent the permeation of non-condensable gases 

(NGCs) from the ambient, the upper and lower sides of the channel wall were encapsulated with the cop- 

per side of the FCCLs by a silane-mediated bonding method, and the flanges of the FPHP were sealed by 

soldering the two copper-foils. As the working fluid, HFE-70 0 0 was charged into the FPHP. The FPHP has 

a maximum effective thermal conductivity of 1070 W/m �K, which is approximately 2.7 times higher than 

that of copper in the vertical orientation. The effective thermal conductivity of the FPHP decreases by 

20.4% and 3.4% for the horizontal orientation and 45-degree bent condition, respectively. The long-term 

reliability of the FPHP was evaluated by measuring its gas permeability. The results show that the rate 

of the pressure increase inside the FPHP is approximately 0.54 Pa/day, indicating that the lifetime of the 

FPHP is at least 20 0 0 days. The proposed method enables the fabrication of a thin and flexible pulsating 

heat pipe with high thermal performance and guaranteed long-term reliability. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

As the performance of electronic devices has improved, the heat

enerated by electronic devices has increased as well. Therefore, to

ssure their performance and long-term reliability, thermal man-

gement of electronic devices has become an integral part of their

evelopment. Moreover, with the trend toward flexible electronic

evices, such as wearable devices and bendable phones, there is

n increasing need for a flexible heat spreader for effective cool-

ng of flexible devices. As a candidate for a flexible heat spreader,

 pulsating heat pipe (PHP), which was proposed by Akachi et al.

1] , has been attracting attention due to its simple structure and

igh performance. PHPs consist of meandering channels without

ny wick structure required of conventional heat pipes. 

During the last two decades, polymers, due to their low Young’s

odulus, have been used as base materials of flexible PHPs

FPHPs) [ 2 , 3 ]. However, there exist two inherent problems asso-

iated with these FPHPs. First, their thermal performance deteri-

rates in less than a day due to the high gas permeability of poly-
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ers. This is because non-condensable gases (NCGs) disturb the

ondensation phenomena, decreasing the driving force of PHPs [4–

] . To prevent the permeation of NCGs from the ambient, a new

ype of FPHP was suggested in which a polymer sheet engraved

ith micro-channels is packaged with two metallic films [7–9] .

im and Kim [9] fabricated a FPHP in which multilayer laminated

lms were attached on the upper and lower sides of the chan-

el wall and indium was coated on the flanges of the FPHP. With

etallic packaging, the thermal performance of the FPHP is main-

ained for 306 days. However, this is still too short compared to the

ifetime of electronic devices. The main reason for the insufficient

ifetime of the FPHP is that polymer layers in the flanges are par-

ially exposed to the ambient. Therefore, it is necessary to improve

he long-term reliability of FPHPs by using a bonding method in

hich the flanges of FPHPs are hermetically sealed with metal. 

Second, unlike PHPs made of metal or silicon [10–13] , the ther-

al performance of FPHPs still remains at the level of copper.

he low thermal performance of FPHPs can be attributed to the

ethod of bonding the base material and envelope. Existing bond-

ng methods for fabricating FPHPs, such as adhesive bonding [ 7 , 8 ]

r thermal bonding [9] , are not suitable for FPHPs with micro-

hannels, because the micro-channels can be easily clogged by the

https://doi.org/10.1016/j.ijheatmasstransfer.2019.119180
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Nomenclature 

A c cross-sectional area [m 

2 ] 

D crit critical diameter [m] 

g gravitational acceleration [m/s 2 ] 

I electric current [A] 

k thermal conductivity [W/m �K] 

L length [m] 

P pressure [Pa] 

Q in input power [W] 

t time [s] 

T temperature [ °C] 

T time-averaged temperature [ °C] 

V electric voltage [V] or volume [m 

3 ] 

Greek Symbols 

ρ density [kg/m 

3 ] 

σ coefficient of surface tension [N/m] 

Subscripts 

a adiabatic section 

c condenser section 

e evaporator section 

eff effective 

f liquid phase 

FPHP flexible pulsating heat pipe 

g vapor phase 

system system 
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adhesive or melted polymer [ 14 , 15 ]. A clogging problem can not

only reduce the hydraulic diameter of the channel but also deform

the cross-sectional shape of the channel from a square to a circle.

Generally, it is known that such changes in the channel geometry

deteriorate the thermal performance of PHPs [16–18] . Therefore, it

is necessary to improve the thermal performance of FPHPs by us-

ing a bonding method that does not deform the channel geometry.

The purpose of the present study is to improve the long-term

reliability and the thermal performance of FPHPs. To achieve this,

a new fabrication process of FPHPs is proposed. The proposed

fabrication process enables FPHPs to be hermetically sealed with

metal and prevents the channel geometry from being deformed.

To evaluate the thermal performance and long-term reliability of

the FPHP, a series of experiments are conducted. The thermal per-

formance of the FPHP is measured at various input powers in

three conditions: vertical orientation, horizontal orientation, and

45-degree bent condition. In addition, the long-term reliability of

the FPHP hermetically sealed with metal is evaluated by using the

pressure rise method [19] to measure the gas permeability of the

FPHP. 

2. Experiments 

2.1. Fabrication of FPHPs 

To fabricate a FPHP, polycarbonate (PC), which is flexible, was

used as a base material and wrapped in flexible-copper-clad-

laminates (FCCLs), as presented in Fig. 1 . Using a picosecond laser,

a dual-diameter channel with 15 turns was formed in the PC sheet,
Fig. 1. Schematic of the FPHP. 
s shown in Fig. 2 (a). The widths of the channel were 0.5 mm

nd 1.5 mm, and the height of the channel was 0.5 mm, which

re optimal values for maximizing the figure of merit suggested

y Kwon and Kim [13] . The FCCL consists of two layers, as shown

n Fig. 2 (b). The outermost layer is a polyimide (PI) film with

ood mechanical and chemical stability that serves as a protec-

ive layer. The bottom layer is a copper-foil that acts as a gas-

arrier layer which is essential for all two-phase heat transfer de-

ices in that NCGs interfere with the condensation of the working

uid. To bond the PC sheet and the copper-foil of the FCCL, the

ilane-mediated bonding [20] was carried out with some modifi-

ations. Using silane coupling agents, the surface of the PC sheet

as chemically modified and then bonded to the copper-foil of the

CCL at a room temperature [21] . 

The detailed bonding process is depicted in Fig. 3 . The surface

f the PC sheet, on which the channel was formed, was cleaned

horoughly with isopropyl alcohol (IPA, 99%) and dried under a

tream of nitrogen. Then, it was treated with oxygen plasma (Asher
Fig. 2. Schematics of the (a) base and (b) envelope. 
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Fig. 3. Fabrication process for bonding PC to FCCL using silane coupling agent: (a) 

oxygen plasma treatment, (b) silane coating, (c) curing, and (d) silane-mediated 

bonding. 

Fig. 4. FTIR transmission spectra of PC before and after treatment with APTES. 
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Fig. 5. Gas permeation from the ambient into the channel through the flanges of 

the FPHP. 

Fig. 6. Schematics of bonding process in the flanges of the FPHP: (a) tinning and 

(b) hot-pressing. 
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ystem; ULTEC, Inc.) ( Fig. 3 (a)). The plasma activated surface con-

ained hydroxyl groups which were subsequently combined with

olecules of the silane coupling agent. After that, the PC sheet

as immediately immersed in a solution of 5 wt% silane in IPA.

mino-propyl-triethoxy-silane (APTES) was used as the silane cou-

ling agent. After removing excess silane solution, the coated sur-

ace of the PC sheet was thoroughly dried under a stream of nitro-

en ( Fig. 3 (b)). To cure the coating, the coated surface was placed

n a convection oven at 70 ◦C for 30 min to 1 h At this point, APTES

olecules, which are independent of each other, react with mois-

ure and are cured ( Fig. 3 (c)). When surface modification of the PC

heet is ideally completed, rainbow bands can be seen on the sur-
ace. Fig. 4 shows the types of atomic bond on the surfaces of the

PTES-coated PC and the pristine PC using the Fourier transform

nfrared (FTIR) spectroscopy. In this graph, the types of atomic

ond on the surface were determined by the wave number when

he peak value exists. It can be seen that several peaks were pro-

uced after the PC surface had been treated with the APTES. The

eak at 1640 cm 

−1 was attributed to the N 

–C group [22] , which

eans that APTES was well bonded to the surface. The peak at

20 cm 

−1 was attributed to the Si-OH group [23] , which means the

uring process was carried out very well. This is because the Si-

H group was created in response to water molecules. After coat-

ng, the coated surface of the PC sheet was treated with oxygen

lasma. Also, the copper surface of the FCCL was treated with oxy-

en plasma. These two surfaces were attached to each other and

ured at a room temperature for 24 h using a hot press (QMESYS,

nc.) ( Fig. 3 (d)). Using the same process, the other side of the PC

heet was bonded to the copper-foil of the FCCL. 

The FCCL enveloping the channel can effectively block gas per-

eation from the ambient to the upper and lower sides of the

hannel. However, as shown in Fig. 5 , NCGs can still permeate

nto the channel through the flanges of the FPHP. Lim and Kim

9] showed that gas permeation through the flanges had a signif-

cant effect on the long-term reliability of the FPHP. It has been

eported that the long-term reliability of the FPHP was improved

.6 times by sealing the flanges of the FPHP with indium. In the

resent study, the flanges were hermetically sealed by soldering

he two copper-foils. The bonding process is as follows ( Fig. 6 ):

rst, the copper surfaces, which were the innermost layer, were

insed thoroughly with ethanol, and then roughened using sand-

aper. Then, solder was coated on the copper surfaces ( Fig. 6 (a)).

inally, the two parts were pressed at 250 ◦C for just 2 s ( Fig. 6 (b)).

ig. 7 provides SEM images of the cross-section of the joint. It can

e seen that there is no void at the interface of the copper and the

older layers. Fig. 8 shows a FPHP fabricated using the above men-
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Fig. 7. (a) 800 times and (b) 7000 times magnification SEM images of the cross-section of the flange joint. 

Fig. 8. Photographs of the FPHP: (a) thickness of the FPHP and (b) the FPHP under 

bent condition. 

 

 

 

 

Table 1 

Thermo-physical properties of HFE-70 0 0 at 25 ◦C. 

HFE-7000 

C p ( kJ / kg · K ) μ ( mPa · s ) P sat ( bar ) h fg ( kJ / kg ) 

1.3 1.226 0.716 137.58 

σ ( mN / m ) ρ f ( kg / m 

3 ) ρg ( kg / m 

3 ) D crit ( mm ) 

12.33 1404.5 6.052 1.744 
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tioned process. The FPHP has a total thickness of 0.64 mm and is

literally flexible. 

After fabrication process was completed, a leak test was per-

formed using a helium leak detector (VSMR152, Agilent Tech-

nologies, Inc.). No helium was detected, even at a rate of
0 −10 atm �cc/s. Then, the interior of the FPHP was evacuated to

ess than 10 −3 Torr and charged with the working fluid through

 hole on the upper side. HFE-70 0 0 was selected as the working

uid, and dissolved non-condensable gases in the working fluid

ere removed through a degassing process, as follows: boiling of

he working fluid, freezing of the working fluid using liquid nitro-

en, and evacuating of NCGs in the chamber using a rotary pump.

he whole process was repeated twice. The thermo-physical prop-

rties of the working fluid are shown in Table 1 . The critical diam-

ter in Table 1 was calculated using the following equation [24] :

 crit = 1 . 84 

√ 

σ

g 
(
ρ f − ρg 

) (1)

here σ , g , ρ f , and ρg are the coefficient of surface tension, grav-

tational acceleration, liquid density, and vapour density, respec-

ively. When the hydraulic diameter of the channel is smaller than

he critical diameter, a slug-train unit is formed. In the present

tudy, the hydraulic diameters of the channel were 0.75 mm and

.5 mm, which were small enough to form the slug-train unit. 

.2. Experimental setup 

.2.1. Experimental apparatus for the thermal performance evaluation 

Fig. 9 shows the schematics of the experimental setup used to

valuate the thermal performance of the FPHP. The lengths of the

vaporator, adiabatic, and condenser sections were, respectively,

0%, 60%, and 20% of the total length of the FPHP. In the evapo-

ator section, the FPHP was attached to a copper block, which was

eated by a film heater made of stainless steel. The film heater was

onnected to a DC power supply (E3633A, HEWLETT-PACARD) for

oule heating. In the condenser section, the FPHP was attached to

nother copper block, which was cooled internally by the coolant

upplied from a bath circulator (RW-0525 G, JEIO Tech.). The in-

et temperature of the coolant was fixed at 20 ◦C. When attaching



C. Jung, J. Lim and S.J. Kim / International Journal of Heat and Mass Transfer 149 (2020) 119180 5 

Fig. 9. Schematics of (a) each section and (b) experimental apparatus for evaluating 

the thermal performance of the FPHP. 
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Table 2 

Working range and accuracy of experimental instruments. 

Instruments Working range Accuracy 

DC power supply 0–400 V (0–2.6 A) 9.5% (Including heat loss) 

Bath circulator −25 to 150 ◦C ±0.05 ◦C 

K-type thermocouples −100 to 1200 ◦C ±1 ◦C ( ±0.4 ◦C) a 

Vacuum gauge 0.01–110 Pa ±0.077% 

a Accuracy in the present study (from 20 to 130 ◦C). 

Fig. 10. Schematics of experimental configurations for three conditions: (a) vertical 

orientation, (b) horizontal orientation, and (c) 45-degree bent condition. 
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he FPHP to the copper blocks, the thermal interface material was

sed to reduce the contact resistance of the interface between each

opper block and the FPHP. 

To evaluate the thermal performance of the FPHP, the tempera-

ures were measured using K-type thermocouples. Fig. 9 (a) shows

ocations of thermocouples. The thermocouples at the evaporator

nd condenser sections were attached to the grooved surface of the

opper block using silver epoxy. The temperatures measured from

hese thermocouples were used to calculate the effective thermal

onductivity. Also, the thermocouples in the adiabatic section were

ttached to the wall of the PHP. Temperature data were recorded

sing a data acquisition system (34970A, HEWLETT-PACKARD). The

orking range and the accuracy of the experimental instruments

re shown in Table 2 . 

To minimize the heat loss from the FPHP to the environment, a

eries of experiments were conducted in an acrylic chamber filled

ith glass wool, as shown in Fig. 9 (b). The experiments were con-

ucted at various input powers for three different conditions: ver-

ical orientation, horizontal orientation, and 45-degree bent con-

ition ( Fig. 10 ). Each experiment started with an input power of

 W and the input power increased by 1 W. The experiments were
onducted for 20 min for each input power and stopped when the

aximum temperature was over 80 ◦C. 

.2.2. Experimental apparatus for measuring gas permeation through 

he FPHP 

As previously mentioned, permeation of NCGs into the FPHP

as a significant impact on the long-term reliability of the FPHP.

herefore, the amount of NCGs permeating into the FPHP was

easured to estimate the long-term reliability of the FPHP. For

his, the pressure rise method [19] was used. Fig. 11 provides the

chematic of the experimental apparatus for measuring the gas

ermeation rate into the FPHP. The apparatus consisted of stain-

ess steel pipes and a copper block. To minimize any leakage of

he system, all the connections in the apparatus were made of

CR (vacuum coupling radiation) fittings containing metallic gas-

ets. To attach the FPHP specimen to the apparatus, TIG welding

as used to join the copper block to the end of the stainless steel

ipe. After that, the FPHP specimen was bonded to the copper

lock by soldering. With the specimen attached, the whole sys-

em was evacuated using a turbo pump (TURBOVAC 350iX, Oer-

ikon). Then, bellows-sealed valve I was closed when the pressure

eached 10 −4 Torr. The internal pressure started to increase be-

ause NCGs started to permeate into the system through the FPHP

ue to a pressure difference. The rate of the pressure increase was

easured using a vacuum gauge (CMR 364, Pfeiffer vacuum). The
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Fig. 11. Schematic of the experimental apparatus for measuring the gas permeability of the FPHP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Effective thermal conductivities of the FPHP at various input heat flux in 

the vertical orientation. 
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working range and accuracy of the vacuum gauge are shown in

Table 2 . The experiments were performed for two different condi-

tions: vertical orientation and 45-degree bent condition ( Fig. 10 (a)

and (c)). 

3. Results and discussion 

3.1. Thermal performance of the FPHP 

To evaluate the thermal performance of the FPHP, the effective

thermal conductivity of the FPHP was calculated using the follow-

ing equation: 

k eff = 

Q in · L eff (
T e − T c 

)
· A c 

(2)

where L eff , A c , T e , T c , and Q in are the effective length and the

cross-sectional area of the FPHP, the average temperatures of the

evaporator and condenser sections, and the input power, respec-

tively. The representative temperature of each section is the arith-

metic average value of the temperature data obtained from the

three thermocouples. The time average is obtained from the data

after reaching the pseudo-steady state in which the standard de-

viation of the temperature difference between the evaporator and

condenser sections is less than 0.3 ◦C. The effective length and the

input power are calculated using the following equations, respec-

tively: 

L eff = 

L e + L c 

2 

+ L a (3)

Q in = V × I (4)

where L e , L c , L a , V , and I are the lengths of the evaporator, con-

denser, and adiabatic sections, and the electrical voltage and cur-

rent, respectively. The experimental uncertainty was analyzed us-

ing the method proposed by Holman [25] . In accordance with a

95% confidence interval, the overall uncertainties in the present

study were less than 9.5%. 

The effective thermal conductivities of the FPHP at various in-

put heat flux in the vertical orientation are presented in Fig. 12 .
t an input heat flux of 0.3 W/cm 

2 , the FPHP starts to oper-

te normally because the startup phenomenon occurs [26] . Then,

he experiment was conducted until the input heat flux reached

.8 W/cm 

2 , which is approximately 1.6 times higher than that in

he previous FPHP [9] . The thermal performance of the FPHP tends

o increase with input heat flux, which is in sync with the results

eported by Jun and Kim [12] . Accordingly, the FPHP has a max-

mum effective thermal conductivity of 1070 W/m �K at an input

eat flux of 2.8 W/cm 

2 , which is approximately 2.7 times higher

han that of copper and 2 times higher than that of the previous

PHP [9] . The main reason for the improved thermal performance

ompared to the previous FPHPs is because the bonding process

eveloped in the present study was carried out at room temper-

ture to prevent deformation of the channel geometry. Fig. 13 (a)

nd (c) show the channel geometry before the bonding processes

sed in the present study and Reference [9] were carried out,

espectively. Fig. 13 (b) and (d) show the channel geometry after
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Fig. 13. Microscopic images of the channel geometry of FPHPs: (a) before and (b) 

after the silane-mediated bonding was carried out, and (c) before and (d) after the 

thermal bonding was carried out. 

Fig. 14. Effective thermal conductivities of the FPHP at various input powers in 

three different conditions. 
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Fig. 15. Experimental process for measuring the gas permeation through the FPHP. 
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hose bonding processes were carried out, respectively. Fig. 13 (b)

hows the corners of the rectangular channel were maintained

ithout any deformation due to adhesive or melted polymer, while

ig. 13 (d) shows the corners of the rectangular channel were par-

ially filled with melted polymer. Lee and Kim [17] reported that

he corners of the rectangular channel lead to the thinning of the

iquid film along the sides of the channel, resulting in a sharp in-

rease in the heat transfer rate for the phase change process. 

Fig. 14 shows the effective thermal conductivities of the FPHP

t various input powers for the three different conditions: verti-

al orientation, horizontal orientation, and 45-degree bent condi-

ion. In the vertical orientation, the FPHP has a maximum effective

hermal conductivity of 1070 W/m �K at an input power of 26 W,

hich is 2.7 times higher than that of copper. In addition, it is con-

rmed that the FPHP works normally even in the horizontal orien-

ation. Generally, it is known that PHPs with less than 20 turns

ave orientation-dependent performance due to the stopover phe-
omenon [27] . To solve this problem, a dual-diameter channel [13] ,

hich is known to help PHPs achieve orientation-independent per-

ormance, was used in the present study. Consequently, although

he effective thermal conductivity of the FPHP in the horizontal

rientation is decreased by 20.4% on the average compared to that

n the vertical orientation, the thermal performance of the FPHP is

till higher than that of copper at input powers higher than 3 W.

n the 45-degree bent condition, the effective thermal conductiv-

ty of the FPHP was maintained well and decreased by only about

.4% on the average compared to that in the vertical orientation. 

.2. Long-term reliability of the FPHP 

To evaluate the long-term reliability, the gas permeability of the

PHP is measured using the pressure rise method [19] . The rate of

he pressure increase inside the FPHP is calculated using the fol-

owing equation: 

dP 

dt 

)
FPHP 

= 

V system 

V FPHP 

·
[ (

dP 

dt 

)
system w / FPHP 

−
(

dP 

dt 

)
system w / o FPHP 

] 

(5) 

here P, V , and t are inner pressure, inner volume, and time, re-

pectively. The detailed experimental process is shown in Fig. 15 .

n order to reduce outgassing inside the system, the whole system

as baked in vacuum at 60 ◦C for 6 h. The rate of the pressure

ncrease was then measured with a copper-foil covering the hole

n the copper block first. This measured value corresponds to the

mount of NCGs permeating through the system. After that, the

ate of the pressure increase was measured again with the FPHP

pecimen connected to the copper block of the system. In this case,

he measured value corresponds to the amount of NCGs permeat-

ng through the FPHP as well as through the system. Therefore, the

mount of NCGs permeating through the FPHP can be calculated

y subtracting the former from the latter. 

Fig. 16 shows how the internal pressure increases over the ex-

osure time when the FPHP is in the vertical orientation and 45-

egree bent condition. The red dots indicate the values measured

ith a copper-foil attached to the copper block, which corresponds

o the gas permeation through the system itself. Through linear

tting of the data, it can be seen that the rate of the pressure

ncrease is approximately 17 . 47 × 10 −3 Pa / hr . On the other hand,

he black dots represent the values measured with the FPHP spec-

men attached to the copper block of the system. Through linear

tting of the data, it is confirmed that the rate of the pressure

ncrease is approximately 21 . 07 × 10 −3 Pa / hr . Then, by subtracting

he former from the latter, the rate of NCGs permeating into the

ystem through the FPHP can be calculated to be approximately

 . 6 × 10 −3 Pa / hr . Considering that the volume ratio of the system
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Fig. 16. Rate of the pressure increase of the system and FPHP for air. 

Fig. 17. Change of the thermal performance over the exposure time in an 

atmospheric-pressure environment at the input power of 15 W. 
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v  
to the FPHP is 6.3, the rate of NCGs permeating into the FPHP in

the vertical orientation can be estimated to be 0.54 Pa/day. Simi-

larly, in the 45-degree bent condition, the rate of NCG permeation

can be also estimated to be 0.55 Pa/day using the data obtained

from the blue dots in Fig. 16 . This implies that the effect of bent

condition on the long-term reliability of the FPHP can be negligi-

ble. On the other hand, no additional experiment was conducted

for the horizontal orientation, since it can be expected the long-

term reliability of the FPHP in the horizontal orientation is same

as that in the vertical orientation. This is because there is no dif-

ference between the former and the latter as far as the gas per-

meation is concerned. Based on the experimental results reported

by Lim and Kim [9] , it can be inferred that the pressure of NCGs,

which decreases the effective thermal conductivity of the FPHP by

11%, is approximately 2710 Pa, which indicates that the lifetime

of the FPHP was at least 20 0 0 days. Therefore, the permeation of

NCGs into the FPHP developed in the present study is negligible,

which means the issue of the long-term reliability of FPHPs has

been practically solved. This improvement is possible because the

FPHP is hermetically sealed with metal, such as copper and sol-

der. On the upper and lower sides of the channel, copper-foils with

thicknesses of more than 10 μm completely block the permeation

of NCGs [28] . So does the soldered copper-foil on the flanges of
he FPHP. Because solder has good wettability on the copper sur-

ace, there is no effective void, through which NCGs can pass, as

hown in Fig. 7 . 

Additionally, an experiment was conducted to validate the long-

erm reliability of the FPHP. Fig. 17 shows how the thermal per-

ormance of the FPHP changes over the exposure time in an

tmospheric-pressure environment at input power of 15 W. The

lack dotted line indicates the value which is 11% lower than the

nitial effective thermal conductivity, which is defined as a crite-

ion of the long-term reliability of the FPHP. Over 100 days of mea-

urement, it can be seen that the thermal performance of the FPHP

s maintained without any noticeable degradation. 

. Conclusion 

In the present study, a method for fabricating a high-

erformance polymer-based flexible pulsating heat pipe (FPHP)

ermetically sealed with metal was proposed, and a series of ex-

eriments were conducted to evaluate the thermal performance

nd long-term reliability of the FPHP. A polycarbonate sheet was

sed as a base material and a FCCL was used as an envelope.

hese two materials were bonded together by the silane-mediated

onding method, in which the silane treated surface of PC was

hemically bonded to the copper-foil of the FCCL. The flanges were

ealed by soldering the two copper-foils; soldering was carried out

hrough tinning of the copper surface and hot-pressing. From the

EM image, it can be confirmed that there was no void at the inter-

ace of the joint, which means the FPHP fabricated in this process

as hermetically sealed with metal. The width, length, and thick-

ess of the FPHP were 53.4 mm, 85.5 mm, and 0.64 mm. As the

orking fluid, HFE-70 0 0 was charged into the FPHP. 

(a) The thermal performance of the FPHP was evaluated at var-

ious input heat powers in three conditions: vertical orien-

tation, horizontal orientation, and 45-degree bent condition.

For the vertical orientation, the maximum effective thermal

conductivity of the FPHP was 1070 W/m �K. The FPHP oper-

ated normally even in the horizontal orientation, and the ef-

fective thermal conductivity of the FPHP decreased by 20.4%

on the average. In the 45-degree bent condition, the effec-

tive thermal conductivity of the FPHP decreased by 3.4% on

the average compared to that in the vertical orientation. 

(b) The long-term reliability of the FPHP was evaluated by mea-

suring the gas permeability of the FPHP. The rate of the pres-

sure increase inside the FPHP was measured to be approx-

imately 0.54 Pa/day and 0.55 Pa/day in the vertical orien-

tation and 45-degree bent condition, respectively. This indi-

cates that the lifetime of the FPHP was at least 20 0 0 days.

Consequently, the issue of the long-term reliability of FPHPs

has been practically solved. In addition, to validate the long-

term reliability of the FPHP, the thermal performance of

the FPHP was measured for 100 days in an atmospheric-

pressure environment. It was confirmed that the thermal

performance of the FPHP was maintained during that period

without any noticeable degradation. The proposed method

enables the fabrication of a thin and flexible pulsating heat

pipe with high thermal performance and guaranteed long-

term reliability. 
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