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Abstract

The heat transfer performance of a flat-plate, flexible polypropylene pulsat-
ing heat pipe (PHP) is evaluated experimentally when the device is bent at
different angles, and for different layouts of the evaporator and the condenser.
Flexible pulsating heat pipes are a passive thermal management technology with
important prospective applications in foldable portable electronics, deployable
systems (such as cube satellites), soft robotics, and many others. While a num-
ber flexible PHPs have been develped in the recent past, to date, there is in-
sufficient information about the influence of the bending angle (conformation)
and of the reciprocal positions of the heat sink and source (configuration) on
their thermal performance. Several polypropylene PHP prototypes (250 mm x
100 mm x 1.5 mm) with a channel width of 5 mm and different loop geometries
were fabricated using selective transmission laser welding technology. Ethanol
and FC-72 were used as heat transfer fluids at a filling ratio of 50%. The PHP
performance was evaluated through the equivalent thermal resistance of the de-
vice, calculated from the surface temperatures of both the evaporator and the
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ofcondenser during an ascending/descending stepped heat input ramp applied to

the evaporator. The experimental results show that conformation arrangements
have no significant effect on the thermal performance, however it may affect the
PHP start-up.

Keywords: Pulsating heat pipe, Oscillating heat pipe, Polymer heat pipe,
Laser welding
2010 MSC: 00-01, 99-00

1. Introduction

The current trend towards miniaturisation of high-tech devices and increas-
ing power densities drive the interest in developing compact, high-performance
thermal management technologies to dissipate the excess heat [1, 2]. In addition,
new generations of deployable systems, such as cube satellites, foldable portable5

electronics and soft robotics often require thermal control systems that adapt
their structure to follow the change in shape or displacement of the device [3].
In this context, passive liquid-vapor capillary driven loops, such as pulsating
heat pipes (PHPs), represent a very promising technology to keep the pace of
developing industry and market requirements.10

PHPs are closed loop two-phase passive system able to manage high heat
fluxes without any additional work input. The concept of pulsating heat pipe
mainly relies on the phase change phenomenon and the heat transfer fluid cir-
culating/oscillating motion, which makes it a unique device in comparison with
other heat transfer devices. A PHP consists of an evacuated serpentine channel15

having a small diameter and partially filled with heat transfer fluid. Its struc-
ture is divided into three main parts similar to the conventional heat pipes:
evaporator, adiabatic section, and condenser. Once the PHP receives sufficient
heat through the evaporator, the working fluid circulates/oscillates in a train of
liquid slugs alternating with vapour pockets due to both the capillarity effect20

and the pressure difference [4]. This self-excited circulating/oscillating motion
considerably enhances the convection process and thus promotes the heat trans-
fer of both latent and sensible heat between the condenser and the evaporator
[5].

The first pulsating heat pipe applications date back to the 1990s, although25

there is evidence of earlier developments in the previous decades [6]. Since then,
several conceptual and experimental studies have been conducted [7, 8, 9].

To meet the current demand encountered in compactness and high mechan-
ical flexibility, several prototypes of flexible and/or compact PHPs/OHPs have
been developed. Qu et al. [10, 11] fabricated 3D circular cross-section OHPs30

using copper. The tube was arranged in a multi layers structure so that higher
heat fluxes can be managed in a compact space. Similarly, flat plate OHPs built
with copper were investigated in [12, 13]. very lately, a novel daul-serpentine-
channel flat plate OHP used for multiple heat sources and sinks was develope
[14]. The pipe was manufactured using 6063 aluminium alloy and have two cap-35
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ofillary serpentine square channels mirrored each other symmetrically to manage

higher heat fluxes.
In the view of polymer-based pulsating heat pipes, few attempts have been

carried out. Polymer-based PHPs are lightweight, cost effective, and have a high
mechanical flexibility. However, they may not be reliable in the long-term due40

to the potential permeation of non-condensable gases and the leakage of working
fluid [15]. In this context, insertion of thin metallic layer as a gas barrier would
greatly assist in mitigating the liquid and gas diffusion through the polymer
[16].

Lim and Kim [17] investigated a number of polymer pulsating heat pipes with45

different thicknesses. Their PHPs were built with a multilayer laminated film
including an aluminium layer and with a central layer of low-density polyethy-
lene. To reduce the permeation of non-condensable gases in the lateral direction,
an indium coating was applied on the PHP edges. Jung et al [18] developed a
pulsating heat pipe with polycarbonate as a core and hermetically sealed with50

polyimide and a copper casing.
Very recently, Der and co-workers [19, 20] introduced a flat-plate polymeric

PHP having a meandering channel embedded in a composite polypropylene
sheet. In particular, the meandering channel is obtained by cutting out a sheet
of black polypropylene, which is afterwards sandwiched between two colourless55

polypropylene sheets transparent to laser radiation, and bonded to them by
selective transmission laser welding [21, 22]. This polymeric PHP has a small
thickness and consequently the channel has a large aspect ratio, which suggests
the alternative denomination ”pulsating heat stripes” (PHS) [23].

The PHP performance and effectiveness depend on several operational and60

geometric parameters, such as the heat transfer fluid, the heat input, the filling
ratio, the number of turns of the meandering channel, the evaporation, the
adiabatic and the condenser section lengths, the PHP arrangement with respect
to gravity, and many more [8]. However, in flexible PHPs that can be bent
or folded when needed the effect of the geometric arrangement on the thermal65

performance must also be considered. In particular, the PHP configuration (i.e.
the reciprocal position of the evaporator and the condenser), and conformation
(i.e. any of the spatial arrangements obtained by bending the PHP at one
or more points) may affect the PHP operation, and their effects on the PHP
thermal performance are poorly understood to date.70

An initial assessment of the performance of flat-plate polypropylene PHPs
for different spatial orientations with different heat transfer fluids is reported
in a previous work [24]. However, there is no systematic study of the com-
bined effects of the PHP configuration and conformation so far. To address
this gap, the present work aims to experimentally investigate the behaviour of75

of flat-plate polypropylene pulsating heat pipes in different configurations and
conformations.
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2.1. Design and manufacturing

Flat-plate pulsating heat pipes were manufactured by cutting the shape of80

a meandering channel into a black polypropylene sheet (0.7 mm thickness) and
sandwiching it between two transparent polypropylene sheets (0.4 mm thickness
each), as shown in Figure 1. The PHPs length, width, and thickness were 250
mm, 100 mm, and 1.5 mm, respectively, while the average thermal conductivity
was 0.16 W/mK.85

I/O connector

Lower layer

Upper layer

Central layer

Figure 1: Schematic assembly of pulsating heat stripes with I/O connector.

First, the meandering channel was cut out into the central layer (black sheet
with 0.7 mm thickness) using a commercial CO2 laser cutter (HPC Laser LS1290
Pro). Then, the meandering channel was sandwiched between the top and
the bottom layer (transparent sheets with 0.4 mm thickness each), which were
tightly welded to the black central layer using a nanosecond pulsed fiber laser90

(SPI laser G4 HS-L 20W) [19, 20, 23, 24]. Finally, an I/O polypropylene con-
nector (see figure 1) was firmly bonded to the resulting composite sheet using
a commercial ultrasonic welder (Baoshian Ultrasonic Plastic Spot welder), in
order to securely connect the PHP with the pressure transducer and the micro-
metering filling valve, as described in Section 2.2 below.95

To allow comparison with previous works [24], ethanol and refrigerant FC-72
were selected as heat transfer fluids. The fluid properties at ambient tempera-
ture and at the saturation temperature are listed in Table 1.

One important design parameter of pulsating heat pipes is the number of
turns of the serpentine channel, which has an impact on the PHP operation100

stability and performance; in fact, the local perturbation in terms of bubble
growth and collapse may be higher when increasing the number of turns [25].
Thus, when the local perturbation is high enough, the vapour plugs and liquid
slugs circulate along the PHP channel without getting vapour recoiling and
liquid merging conditions [26]. Moreover, the dependence on gravity of the105

PHP operation can be reduced with a higher number of turns [27]. For these
reasons, the pulsating heat pipes used in the present work were designed to
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ofTable 1: Heat transfer fluid properties at T = 20◦C and at the saturation temperature.

Ethanol FC-72
T = 20◦C T = 78◦C T = 20◦C T = 56◦C

ρl [kg/m3] 789 737 1688 1694
ρv [kg/m3] 0.145 1.87 3.46 13.1
Hlv [kJ/kgK] 919 846 95 88
Pv [kPa] 5.83 100 27 100
σ [mN/m] 24 17 12.7 7.8
η [Pa · s] 1.18 0.45 0.64 0.43
θ [◦] ≈ 0 ≈ 0 ≈ 0 ≈ 0

accommodate a variable number of turns (in particular, three-, five- and seven-
turns PHPs were manufactured).

Besides the number of turns, the hydraulic diameter of the channel must110

also be considered. As indicated previously, the PHP is a self-propelled system,
where the heat transfer fluid is propelled on the evaporator side by the formation
of vapor plugs, and on the condenser side by the capillary forces arising as the
condensate wets the serpentine channel walls. To ensure capillary forces can
drive the liquid back to the evaporator regardelss of buoyancy, the commonly115

accepted design criterion sets the upper and lower bounds of the Bond number
as [8, 24, 28]:

0.4 < Bo < 4 (1)

In Eq. (1), the Bond Number, Bo, is defined as:

Bo =
g(ρl − ρv)D2

H

σ cos θ
(2)

where ρv and ρl are, respectively, the vapour and the liquid densities, σ is the
surface tension, g is gravity, θ is the is the equilibrium contact angle of the heat120

transfer fluid on a polypropylene substrate, and DH is the hydraulic diameter of
the meandering channel. The capillary force in Eq. (2) accounts for the surface
wettability [29, 30], which may be reduced on moderately hydrophobic surfaces
such as polypropylene.

Re-arranging Eq. (2), one can find the upper and lower bounds for the125

hydraulic diameter are given by:

0.63

√
σ cos θ

g(ρl − ρv)
< DH < 2

√
σ cos θ

g(ρl − ρv)
(3)

We note Eq. (2) provides a static condition, which does not take into account
the transition from confinement to non-confined flow in case of a movement of
the slug, i.e., with a given kinetic term. The problem of flow confinement in
capillary channel with rectangular cross-section, i.e. with sharp corners, and130

arbitrary inclination with respect to gravity is different than in case of circular
cross-section and is poorly understood to date.
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ofAccording to Eq. (2), if ethanol is used as heat transfer fluid one finds 1.1

mm < DH < 3.5 mm, while for the refrigerant FC-72 Eq. (3) yields 0.55 mm
< DH < 1.7 mm. In case of rectangular cross-section of the channel, DH =135

2Wt/(W + t), where W and t are the width and the thickness of the channel,
respectively. In the PHPs used in the present work, the serpentine channel has
a fixed thickness of 0.7 mm, therefore a width W = 5 mm corresponds to a
hydraulic diameter DH = 1.23 mm, which falls within the bounds relative to
both the heat transfer fluids considered [24].140

2.2. Experimental setup

The schematic layout of the experimental setup and of the PHP conforma-
tions and configurations studied in the present work is displayed in figure 2. The
PHP prototypes under investigation were mounted on a hinged support frame
to enable the PHP bending. In particular, the evaporator and the condenser145

sections were clamped between two identical heating elements and fan-assisted
heat sinks, respectively. The support frame was designed to be inclined and/or
folded at a certain angle between −90◦ and +90◦ with respect to the verti-
cal, and folded in the centre between −180◦ and +180◦ with respect to the
straight conformation. Two digital goniometers were used to accurately mea-150

sure the bending and inclination angles. Tests were conducted for four different
PHP conformations and configurations: evaporator inclined at 45◦ and vertical
condenser (E45-C90) (figure 2); horizontal evaporator and vertical condenser
(E0-C90) (figure 2.1); vertical evaporator and condenser inclined at 45◦ (E90-
C45) (figure 2.2); vertical evaporator and horizontal condenser (E90-C0) (figure155

2.3).
In the evaporator section, two ceramic heaters (100 W each) were used to

heat the two sides of the PHP. Two copper plates (100 mm length, 40 mm width)
were placed between the heaters and the PHP to uniformly distribute heat on
the evaporator surface. A thin layer of heat sink paste was applied between160

the ceramic heater and the copper plate to reduce the contact resistance. The
heaters were connected to a regulated DC power supply (Circuit Specialists
CSI 12001X, instrumental accuracy: ±2.2%), to ensure a fine control of the
heating power input. The heaters design ensures the heat flux in the evaporator
section is uniform, irrespective of the number of turns of the PHP channel. In165

addition, thermal insulation on the external side was provided by a rectangular
block (150 mm length, 50 mm width, 10 mm thickness) of Superwool 607HT
(Thermal Ceramics Ltd.) having a thermal conductivity of ±0.05 W/mK. The
thermal insulation block was engraved on one side to host the heater and the
flush-mounted copper plate. Each heating unit was fastened to a horizontal170

aluminium strip mounted on the support frame.
In the condenser section, two aluminium plates equipped with two fan-

assisted heat sinks each (Malico), and fastened to the support frame, were used
to clamp the PHP and to remove heat from the condenser section. Both evap-
orator and condenser sections had the same length of 40 mm.175

A piezo-resistive pressure sensor (Gems 3500, 0–160 kPa, instrumental ac-
curacy: ±0.4 kPa) was used to monitor pressure inside the PHP, while a micro-
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)(j)

(k)

(l)(m)
(1)

(2)

(3)

Figure 2: Schematic layout of the PHPs conformations and configuration, and of the experi-
mental setup: (1) vertical condenser and horizontal evaporator, (2) condenser inclined at 45◦

and vertical evaporator, (3) vertical evaporator and horizontal condenser. Main figure: evap-
orator inclined at 45◦ and vertical condenser; (a) data acquisition system, (b) thermocouples
data logger, (c) camera, (d) power supply, (e) inclination meters, (f) light, (g) electric heaters,
(h) condenser fans, (i) pressure data logger, (j) pressure transducer, (k) micro-metering valve,
(l) syringe, and (m) vacuum pump.

metering valve was used for the vacuuming and filling operations. In particular,
the transducer and the valve were fastened and mounted on a brass tee connec-
tor, which was in turn connected to I/O port through a flexible nylon hose used180

for both vacuuming and filling procedures.
The DC output of the pressure transducer was sampled by a digital data

acquisition system (LabJack U6) at the rate of 1 Hz. Eight surface thermo-
couples (Omega Engineering, response time ≤0.3 s) with flat probe junction
(instrumental accuracy: 0.75%) were securely attached onto the PHP surface,185

distributed equally in the evaporator zone and in the condenser zone, and con-
nected to a data acquisition system. During the PHP start-up, a FLIR infrared
camera (Hti-Xintai A1) and a CMOS digital camera were used to monitor the
qualitative temperature distribution in the adiabatic region and to visualize the
flow, respectively.190
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The heat transfer fluids used in the present experiments were de-gassed in
a vacuum chamber (Bacoeng) for 24 hours prior to use. The PHP units were
vacuumed to an absolute pressure of 5±1 mBar using a two-stage vacuum pump
(Bacoeng). Then, the micro-metering valve was slowly opened to gradually drive195

the de-gassed fluid from an external syringe reservoir into the PHP under the
effect of amospheric pressure. The filling ratio was 50% of the total PHP channel
volume, that is, 1.6 mL for 3-turns PHPs, 2.2 mL for 5-turns PHPs, and 2.9 mL
for 7-turns PHPs. Preliminary pressure tests on the vacuumed PHP envelope
suggest a leak of 3.3 mbar/h, due to gas and moisture permeation through the200

polymer, and/or to the viscoelastic deformation of the channel walls [20].
In order to characterize the PHP start-up, a constant heat input was supplied

to the evaporator for one hour, starting from a magnitude of 4 W and increased
in steps of 2 W in subsequent tests. After each test, the PHP was allowed to
cool down to ambient temperature before applying a different power input. The205

temperature and pressure fluctuations were monitored in order to identify the
PHP start-up.

To evaluate the PHP thermal performance, an ascending/descending stepped
heat input ramp ranging between the start-up value and 24 W was applied to
the evaporator section, and the evaporator and the condenser surface temper-210

atures were measured continuously. The heat input during each step of the
ramp was kept constant until a pseudo-steady-state regime was reached, which
required approximately one hour. To avoid softening and/or meltdown of the
PHP material, tests were stopped earlier whenever the PHP surface reached the
temperature of ≈ 120◦C.215

The thermal performance was estimated from the equivalent thermal resis-
tance of the PHP, defined as:

R =
Tev − Tcond

Q̇in

(4)

where Tev and Tcond are the arithmetic averages of the four temperature mea-
surements on the evaporator and the condenser surfaces, respectively, taken
when the system has reached the pseudo-steady-state regime corresponding to220

each heat input level, Q̇in. The resulting equivalent thermal resistance was then
compared with the thermal resistance of the PHP envelope [24].

For each of the PHP geometries (3-turns, 5-turns, 7-turns), experiments
were conducted for four different conformations and configurations (see Section
2) (see figure 2) using fresh PHP unit each test to ensure uniform experimental225

conditions. However, due to the channel deformation, the filling procedure, the
complexity of the fabrication process, full uncertainty quantification across the
samples is almost impossible [24].
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3.1. Start-up characterisation230

A first series of experiments aimed at investigating the unstable response of
the PHP at low heating power inputs in order to characterise the PHP start-up
(i.e., the onset of two-phase flow pulsations). In conventional metallic PHPs,
when the initial heat input is relatively low, the PHP behaviour is mostly unsta-
ble without reaching a pseudo-steady-state. In contrast, When the heating input235

is high enough, the PHP behaves in more stable manner and reaches pseudo-
steady-state. In polymeric PHPs, the PHP has a slow response to the heating
input and thus a smoother energy is transferred to the heat trasfer fluid due to
the low polymer thermal conductivity. As a result, the PHP behaviour is stable
at low magnitudes of the heating power input, and attains a pseudo-steady-state240

regime in all cases.
The PHP temperature and pressure response, corresponding to the heating

power inputs, the camera capture and a FLIR camera snapshot of the adiabatic
section taken during the pseudo-steady-state are shown in Figures 3 and 4 (for 3-
turns PHPs filled with ethanol) and in Figures 5 and 6 (for 5-turns PHPs filled245

with FC-72). Similar results were obtained for the rest of design parameters
considered in this work. The onset of two-phase pulsation, which corresponds
to the PHP start-up, can be seen as an abrupt and small amplitude decrease in
the evaporator surface temperature, followed by random temperature (see the
magnified inset of each temperature graph) and pressure fluctuations.250

Due to the uniform heating, the temperature measured at any point of the
evaporator section, as well as the boiling intensity in each of the parallel sections
of the serpentine channel in the evaporator region are nearly uniform. This can
be visualised qualitatively in the FLIR snapshots, showing that all channels are
active and the thermal power is uniformly distributed on the PHPs surface. In255

addition, one can observe the onset of two-phase pulsation in the camera cap-
tures, which show slug-plug flow as well as film flow regimes. Obviously, the
vapour plugs shape and distribution in the channels change from one case to
another due to gravity [31], the different PHP conformations, and the different
working fluids. Another reason is that the plastic walls of the PHP channels260

deform when the PHP is vacuumed before filling due to the polypropylene vis-
coelasticity [20, 23], which may affect the flow patterns.

When the bending angle is as small as 45◦ (figure 4, 6), the pressure and
temperature fluctuations characteristics of the PHP start-up are observed at
a heat input of 6 W, while for the larger bending angle of 90◦ (figure 3) a265

higher heat input of 8 W for the PHP start-up is required. This behaviour was
observed only in the case of small number of turns and with the working fluid
having higher latent heat (ethanol). For PHPs with a higher number of turns,
the start-up heat input is the same for all PHP conformations; this is likely due
to the fact that the heat flux is distributed over a greater number of channels,270

increasing the total heat into the working fluid. The effect is further enhanced
for the heat transfer fluid with lower latent heat (FC-72), because the same
heat input causes stronger boiling, which makes the PHP operation more stable,

9



Journal Pre-proof

4

4

0

2

4

6

8

10

H
e
a
ti
n
g
 P

o
w

e
r 

[W
]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

C

H
e
a
t 
F

lu
x
 [
W

/c
m

2
]

4

C

0

2

4

6

8

10

H
e
a
ti
n
g
 P

o
w

e
r 

[W
]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

 H
e
a
t 
F

lu
x
 [
W

/c
m

2
]

Jo
ur

na
l P

re
-p

ro
of(a) (b)

0 1 2
0

20

40

60

80
 TC1  TC2  TC3  TC4  TE1  TE2  TE3  TE4

T
e
m

p
e
ra

tu
re

 [
°C

]

Time [h]

0

2

4

6

8

10

 H
e
a
ti
n
g
 P

o
w

e
r 

[W
]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

E

C

H
e
a
t 
F

lu
x
 [
W

/c
m

2
]

0 1 2
100

200

300

400

500

E

C

P
re

s
s
u
re

 [
m

B
a

r]

Time [h]

0

2

4

6

8

10

H
e

a
ti
n

g
 P

o
w

e
r 

[W
]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

H
e

a
t 
F

lu
x
 [

W
/c

m
2
]

0 1 2 3
0

20

40

60

80

 TC1  TC2  TC3  TC4  TE1  TE2  TE3  TE

T
e
m

p
e
ra

tu
re

 [
°C

]

Time [h]

E

0 1 2 3
100

200

300

400

500

600

E

P
re

s
s
u
re

 [
m

B
a
r]

Time [h]

Figure 3: Temerature profile (top panel) and pressure profile (middle panel), corresponding to
heating power (blue dash line), and digital camera image (bottom-left panel) with FLIR snap-
shot (bottom-right panel) of the adiabatic region of a 3-turns PHP with horizontal evaporator
and vertical condenser (a), vertical evaporator and horizontal condenser (b), and containing
ethanol.

irrespective of the number of turns of the serpentine channel. Figure 7 shows the
magnitude of start-up heating powers for the four different conformations of the275

PHPs filled with ethanol (a), and FC-72 (b). The results indicate that bending
angles have an adverse effect on the PHP start-up, and thus increases the start-
up heating power compared to the PHP start-up in straight conformations [24],
if the heat transfer fluid has a large latent heat and the serpentine channel has
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Figure 4: Temerature profile (top panel) and pressure profile (middle panel), corresponding
to heating power (blue dash line), and digital camera image (bottom-lift panel) with FLIR
snapshot (bottom-right panel) of the adiabatic region of a 3-turns PHP with evaporator in-
clined at 45◦ and vertical condenser (a), vertical evaporator and condenser inclined at 45◦

(b), and containing ethanol.

a small number of turns.280

3.2. Effect of conformation parameters on the PHP thermal performance

The thermal performance for all PHPs at different design parameters con-
sidered in this work was measured and estimated with respect to the equivalent
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Figure 5: Temerature profile (top panel) and pressure profile (middle panel), corresponding to
heating power (blue dash line), and digital camera image (bottom-lift panel) with FLIR snap-
shot (bottom-right panel) of the adiabatic region of a 5-turns PHP with horizontal evaporator
and vertical condenser (a), vertical evaporator and horizontal condenser (b), and containing
FC-72.

thermal resistance corrosponding to each power level using Eq. (4), as sum-
marised in Figures 8 and 9 (for 3-turns PHPs filled with ethanol) and in Figures285

10 and 11 (for 7-turns PHPs filled with FC-72). These graphs display the tem-
peratures profile measured at the evaporator and the condenser sections for
all power levels, along with the channel average pressure profile and with the
corresponding values of the equivalent thermal resistance. Similar results were
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Figure 6: Temerature profile (top panel) and pressure profile (middle panel), corresponding
to heating power (blue dash line), and digital camera image (bottom-lift panel) with FLIR
snapshot (bottom-right panel) of the adiabatic region of a 5-turns PHP with evaporator in-
clined at 45◦ and vertical condenser (a), vertical evaporator and condenser inclined at 45◦

(b), and containing FC-72.

obtained with the rest of design parameters considered in this work.290

As mentioned previously at the lowest heating power, corresponding to the
PHP start-up, the evaporation/boiling intensity is almost uniform over all the
serpentine channels, therefore the temperatures measured at any points of the
evaporator is almost uniform, meaning that fluid oscillates rather than circu-
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Figure 7: Start-up heating power of all PHPs with four different conformation parameters
and filled with ethanol (a), FC-72(b). The horizontal dashed line indicates the start-up heat
input in a straight conformation [24].

lates. In contrast, when the heating power increases, the boiling intensity also295

increases, thus the working fluid starts to circulate. However, the boiling in-
tensity is not uniform due to the well-know issue of instabilities in two-phase
mixtures in parallel channels [32]. This variation in the boiling intensity results
into significant differences among temperature measurements taken in corre-
spondence of different points of the serpentine channel. In addition, one can300

observe that the temperatures measured in the evaporator and condenser zones
of 7-turns PHPs filled with FC-72 exhibit large fluctuations, resulting into higher
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vapour bubbles in capillary. On the other hand, PHPs filled with ethanol do
not show similar fluctuations for all of the heat inputs considered, possibly due305

to the thermal inertia of the system.
The pressure inside the PHP serpentine channel (figure 8-11), measured

corresponding for the the heating power inputs, mirrors the trend observed
for temperature measurements. Similar results were obtained with the rest of
design parameters considered in this work. These results clearly show that the310

pressure response to the stepped heating power input is rather smooth, and
exhibits small amplitude fluctuations compared to metallic PHPs.

In addition, the ascending trend of pressure plots observed when the PHP
surface is at constant temperature indicates there is a modest but noticeable
pressure leak during the tests (of the order of 10 mbar/hour), which could315

be caused by gas permeation through the polymer channel walls, to potential
defects in PHP fabrication, to micro-leaks in the I/O connector and in the
connection with the micro-metering valve and the pressure transducer, and to
the viscoelastic relaxation of the polymer channel walls [20, 23]. Although this
minor pressure leak does not affect significantly the PHP performance during320

a single test, it becomes of course an issue in the long term. This problem can
easily be resolved by inserting a gas barrier layer such as a metallic coating,
however this is beyond the scope of the present work.

The thermal performance of all PHPs arranged in different conformations
and filled with FC-72 and ethanol as heat transfer fluids was estimated ac-325

cording to the measured values of the equivalent thermal resistance using Eq.
(4). Figures 8 and 9 display the measured equivalent thermal resistance, cor-
responding to each ascending/descending heating power ramp supplied at the
evaporator, for all of the 3-turns PHPs containing ethanol and with four differ-
ent conformations considered in the present study. Similar results were obtained330

for the 5-turns PHPs and the 7-turns PHPs (figure 10 and 11), filled with all
working fluids. It is evident that the equivalent thermal resistance decreases
exponentially when the heating power is increased.

In all cases, the measured values of the equivalent thermal resistance during
the ascending/descending heating power ramps are almost comparable. In par-335

ticular, the PHPs achieved the minimum equivalent thermal resistance when
the heating power reaches the maximum level. Its magnitude is around one
quarter to one third of the equivalent thermal resistance of PHP without heat
transfer fluid, which is 10.8◦ C/W [24]. These results corresponds to a four to
five fold rise in the thermal performance of the PHP, which is in agreement with340

the results achieved in previous works [20, 23, 24].
Figure 12 shows the comparison among the minimum equivalent thermal

resistances of all PHPs with four different conformations filled with ethanol (a),
and FC-72 (b). These quantities represent the overall thermal performance of
the PHP, consequently it can be used to compare PHPs having different de-345

sign parameters considered in this work. These results suggest the type of heat
transfer fluid and the loop geometry (i.e., the number of turns) have a stronger
influence on the PHP thermal performance than the conformation parameters.
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number of turns and FC-72 as heat transfer fluid, due to its lower latent heat350

and boiling point in comparison with ethanol, which facilitates boiling. In con-
clusion, the PHP conformations and configurations do not have a significant
influence on the overall thermal performance except in the case of low number
of turns of the PHP channel.

4. Conclusions355

Flexible pulsating heat pipes represent one of the most promising technolo-
gies for the thermal management of deployable systems, foldable electronics,
and many other applications. However, the effects of the bending angles (con-
formations) and of the reciprocal arrangements of the evaporator and condenser
(configurations) on their thermal performance is poorly understood. Thus, the360

thermal performance of a flat polypropylene pulsating heat pipe at four different
bending angles was investigated to address this gap. In particular, three dif-
ferent loop geometries PHPs bent in four different angles were experimentally
investigated using two heat transfer fluids: ethanol and FC-72 (perfluorohex-
ane).365

In case of low number of turns and using a heat transfer fluid with compar-
atively higher latent heat such as ethanol, results show that the start-up heat
input increases when increasing the bending angle. However, it does not show
any dependency on the reciprocal position of the evaporator and the condenser.
In all conformation arrangements, the overall PHP thermal performance with370

respect to equivalent thermal resistance attains asymptotic values and does not
significantly change when it is compared to that achieved in straight conforma-
tion. Therefore, one can conclude conformation parameters have no significant
effect on the overall thermal performance of the PHP.

The issue of pressure leakage due to the gas permeation and the viscoelastic375

deformation of the channel walls does not affect significantly the PHP perfor-
mance during a single test, it would be a major matter of concern for the long
term operation. Therefore, further work should consider strategies to mitigate
this problem, such as the application of coatings on the PHP surface.
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Figure 8: Temperature profile (top panel) and pressure profile (middle panel), corresponding
to heating power (blue dash line), and equivalent thermal resistance (bottom panel) of a
3-turns PHP with horizontal evaporator and vertical condenser (a), vertical evaporator and
horizontal condenser (b), and containing ethanol. The horizontal solid line (bottom panel)
corresponds to the equivalent thermal resistance of the PHP envelope without heat transfer
fluid.
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Figure 9: Temperature profile (top panel) and pressure profile (middle panel), corresponding
to heating power (blue dash line), and equivalent thermal resistance (bottom panel) of a 3-
turns PHP with evaporator inclined at 45◦ and vertical condenser (a), vertical evaporator
and condenser inclined at 45◦ (b), and containing ethanol. The horizontal solid line (bottom
panel) corresponds to the equivalent thermal resistance of the PHP envelope without heat
transfer fluid.
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Figure 10: Temperature profile (top panel) and pressure profile (middle panel), corresponding
to heating power (blue dash line), and equivalent thermal resistance (bottom panel) of a
7-turns PHP with horizontal evaporator and vertical condenser (a), vertical evaporator and
horizontal condenser (b), and containing FC-72. The horizontal solid line (bottom panel)
corresponds to the equivalent thermal resistance of the PHP envelope without heat transfer
fluid.

23



Journal Pre-proof
Jo
ur

na
l P

re
-p

ro
of

(a) (b)

0 1 2 3 4 5 6
0

20

40

60

80

100

120

140

C

E

 TC1

 TC2

 TC3

 TC4

 TE1

 TE2

 TE3

 TE4

 T
e

m
p

e
ra

tu
re

 [
°C

]

Time [h]

0

5

10

15

20

25

H
e

a
ti
n

g
 P

o
w

e
r 

[W
]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

H
e

a
t 
F

lu
x
 [

W
/c

m
2
]

0 1 2 3 4 5 6
0

200

400

600

800

1000

C

E

P
re

s
s
u
re

 [
m

B
a
r]

Time [h]

0

5

10

15

20

25

H
e
a
ti
n
g
 P

o
w

e
r 

[W
]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

H
e
a
t 
F

lu
x
 [
W

/c
m

2
]

0 5 10 15 20 25 30
0

2

4

6

8

10

12

C

E

 Envelope

 Ramp up

 Ramp down

T
h
e

rm
a
l R

e
si

st
a

n
ce

 [
°C

/W
]

Heating Power [W]

0 1 2 3 4 5 6
0

20

40

60

80

100

120

140

E

C

 TC1

 TC2

 TC3

 TC4

 TE1

 TE2

 TE3

 TE4

 T
e

m
p

e
ra

tu
re

 [
°C

]

Time [h]

0

5

10

15

20

25

H
e

a
ti
n

g
 P

o
w

e
r 

[W
]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

H
e

a
t 
F

lu
x
 [

W
/c

m
2
]

0 1 2 3 4 5 6
0

200

400

600

800

1000

P
re

s
s
u
re

 [
m

B
a
r]

Time [h]

0

5

10

15

20

25

H
e
a
ti
n
g
 P

o
w

e
r 

[W
]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

E

C

H
e
a
t 
F

lu
x
 [
W

/c
m

2
]

0 5 10 15 20 25 30
0

2

4

6

8

10

12

E

C

 Envelope

 Ramp up

 Ramp down

T
h
e

rm
a
l R

e
si

st
a

n
ce

 [
°C

/W
]

Heating Power [W]

Figure 11: Temperature profile (top panel) and pressure profile (middle panel), corresponding
to heating power (blue dash line), and equivalent thermal resistance (bottom panel) of a 7-
turns PHP with evaporator inclined at 45◦ and vertical condenser (a), vertical evaporator and
condenser inclined at 45◦ (b), and containing FC-72. The horizontal solid line (bottom panel)
corresponds to the equivalent thermal resistance of the PHP envelope without heat transfer
fluid.
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Figure 12: Minimum equivalent thermal resistance of all PHPs with four different conforma-
tion parameters and filled with ethanol (a), FC-72(b).
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Highlights 
 

Performance of flat-plate, flexible polymeric pulsating heat pipes at 
different bending angles 

 
 
 
 

• The	performance	of	pulsating	heat	pipes	is	assessed	at	different	bending	angles	
• The	bending	angles	have	no	significant	effect	on	the	thermal	performance	
• The	bending	angles	may	affect	the	PHP	start-up	heat	input 
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