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Abstract

A parametric analysis of the thermal performance of flat polypropylene pul-
sating heat pipes (PHPs) is presented. In particular, the thermal performance
was characterized for pulsating heat pipes with different number of turns of the
serpentine channel, different orientations with respect to gravity, and containing
different heat transfer fluids. The dependence of polymeric PHPs performance
on design parameters is poorly understood to date. The development of poly-
meric PHPs characterized by high mechanical flexibility will have significant
impact on thermal management of smartphones, portable electronics, and de-
ployable systems such as cube satellites. Several prototype PHPs with different
number of turns of the serpentine channel were fabricated bonding together
three polypropylene sheets by selective transmission laser welding, after cutting
out a serpentine channel in the central sheet. The thermal performance of the
devices was characterized by supplying an ascending/descending stepped ther-
mal power ramp to the evaporator, and measuring the corresponding equivalent
thermal resistance between the evaporator and the condenser.
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1. Introduction

The increasing technology challenges posed by volumetric density scaling
in smart systems integration and functional electronic packaging [I] drive the
interest in high-performace, compact heat transfer devices for thermal man-
agement of computers, data centres, smartphones, high power electronics, and
cooling boards. In this context, passive two-phase capillary driven loops, such
as pulsating heat pipes (PHPs) are a very promising, simple and cost effective
technology compared to other heat transport devices [2] 3].

A pulsating heat pipe consists of a small diameter tube arranged in a serpen-
tine or multi-turn structure and evacuated to a high-vacuum level (1073 mBar).
A heat transfer fluid free from non-condensable gases and with thermo-physical
properties suitable to maximize the heat transfer is then fed to the system, only
partially filling the device. Once the PHP is sealed, the heat transfer fluid cir-
culates alternating liquid slugs and vapour plugs due to the dominant effect of
capillary forces with respect to the buoyancy forces. The fluid motion as well
as the flow pattern transitions are rather chaotic, however the system is able
to reach a pseudo-steady state over a wide range of operating conditions [4].
The pressure fluctuations inside the PHP drive a self-excited oscillating motion
of liquid plugs and vapour bubbles [5], significantly enhancing convection and
consequently promoting the heat transfer of both sensible and latent heat be-
tween a thermal source (evaporator) and a thermal sink (condenser) [6]. The
advantages of PHPs with respect to standard heat transfer technologies, such
as purely conductive systems or single phase forced loops, are mainly related
to the exploitation of the high heat transfer rates associated with the phase
change phenomenon, the compactness and the possibility to be operated pas-
sively, avoiding the use of pumps and gravity.

To address the demand of heat transfer devices characterized by low weight,
small unit thickness, low cost, and high mechanical flexibility, it was recently
proposed to embed the PHP serpentine channel into a composite polypropy-
lene sheet [7, 8]. The concept is to cut out the serpentine channel in a black
polypropylene sheet, sandwiched between two transparent sheets of the same
material and bonded together by selective transmission laser welding [9] [10].
Due to the small thickness of the polymer sheet, the PHP channel has a large
aspect ratio, resulting into so-called ”pulsating heat stripes” (PHS), which can
be seen in practice as an engineered composite polymer sheet with enhanced
thermal conductivity [1I, 12]. The development of polymeric PHPs charach-
terized by high mechanical flexibility will have significant impact on thermal
management of smartphones, portable electronics, and deployable systems such
as cube satellites.

The liquid and gas diffusion through the polymer and the billowing of the
flexible material due to pressure differentials are two important technical issues
affecting pulsating heat pipes built with polymeric materials. Very recently, a
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flexible pulsating heat pipe was fabricated by thermally sintering a multilayer
polymer film including an aluminum layer acting as gas barrier on the two sides
of a low-density polyethylene sheet cut into a closed-loop PHP shape [13]. To
minimize diffusion of noncondensable gases through the seal, an indium coating
was deposited on the heat pipe perimeter.

The list of parameters influencing the PHP effectiveness is quite long, the
most important ones being the heat transfer fluid, the applied heat flux, the
filling ratio, the two-phase flow distribution, the liquid film thickness, the char-
acteristics of the fluid oscillations, the gravity level, and the geometrical features,
just to mention the most relevant ones [14} [I5]. Whilst there seems to be a wide
consensus on the optimal value of the filling ratio (50-60%), the effect of many
other parameters is poorly understood or strongly case-dependent. The PHP
geometrical parameters impact in complex way on the PHP behaviour. The
overall length of the channel, the number of turns, the evaporation, adiabatic
and condenser section lengths, the radius of the channel turns, have rather in-
tricate and not well understood effects on the PHP behaviour. Furthermore,
increasing the number of turns improves the operation stability, and allows to
dissipate higher power inputs with almost comparable evaporator temperatures,
resulting into a decrease of the thermal resistance.

Because the development of polymeric pulsating heat pipes is still in its
infancy, to date there is no systematic assessment of the effect of design pa-
rameters on their performance. To partially address this gap in the current
understanding of polymeric pulsating heat pipes, the present work reports the
results of an experimental investigation of the effects of orientation, heat trans-
fer fluid and loop geometry on the thermal performance of a flat polypropylene
pulsating heat pipe.

2. PHS design

The pulsating heat pipes (or PHS) used in the present study were fabri-
cated using rectangular polypropylene sheets (average thermal conductivity:
0.16 W/mK) having a length of 250 mm and a width of 100 mm. First, the
serpentine channel was cut-out in a black sheet (0.7 mm thickness) using a
commercial laser cutter (HPC Laser LS1290 Pro). Then, the channel was sand-
wiched between two transparent sheets (0.4 mm thickness each), which were
tightly bonded to the black sheet by selective transmission laser welding using
a nanosecond pulsed fibre laser (SPI Lasers G4 HS-L 20W) [7, [8 11], 12]. The
resulting composite polypropylene sheet had an overall thickness of 1.5 mm.

The most important design parameters of a pulsating heat pipe are the
hydraulic diameter, Dy = 2Wt/(W +t), where W is the channel width and ¢
its height, and the number of turns of the serpentine channel. To ensure the
fluid circulation is driven by capillary forces instead of buoyancy, one must set
an upper limit to the Bond number

. 2
BO: g(pl p’U)‘DH (1)
g
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Table 1: Fluid properties at ambient temperature and at saturation temperature.

T Pl Po Hyy a n 0 P,

v
°C]  [kg/m?] [kg/m’] [kJ/kgK] [mN/m] [mPas] []  [kPa]
water 20 998 0.008 2453 72 1 85 2.34
water 99 959 0.6 2256 59 0.28 55 101
ethanol 20 789 0.145 919 24 1.18 ~0 583
ethanol 78 737 1.87 846 17 0.45 ~0 100
FC-72 20 1688  3.46 95 12.7 0.64 ~0 27
FC-72 56 1594  13.1 88 7.8 0.43 ~0 100

where g is gravity, p; and p, are, respectively, the liquid and the vapour densities,
and o is the surface tension. Studies of capillary flow [I6] and flooding in vertical
up-flow [I7] and of heat transfer in confined spaces under a variety of conditions
[18, M9, 20] suggest that capillary effects are significant for channels having
hydraulic diameters such that the Bo < 4 [21], 22]. There is also experimental
evidence of a lower limit for PHP operation, Bo > 0.4 [23]. This results into
the following lower and upper limits for the hydraulic diameter:

g g
063,/ ——— <Dy <2,/ ——— 2
9o —po) = =N glor— po) ®

According to Eq. , the range of acceptable hydraulic diameters depends
only of the fluid properties, which in turn depend on temperature. In the
present work, three commonly used heat transfer fluids (water, ethanol, and
perfluorohexane FC-72) were considered, and their properties are listed in Table
All properties were taken from the reference literature, except the contact
angle, which was measured from side view images of liquid drops deposited on
the same polyropylene sheets used to fabricate the PHP using a specific digital
image processing method [24] [25].

Because one dimension of the channel cross-section is fixed (¢t = 0.7 mm),
the hydraulic diameter and the Bond number for a given fluid depend only on
the channel width. Figure [Ip displays the Bond number as a function of the
channel width, for the three fluids considered, with thermophysical properties
evaluated at ambient temperature (20°C) and at the boiling point, i.e. the
limits of the temperature range where the fluid is in the liquid state. This figure
shows that in the case of FC-72 and ethanol, the Bond number falls within the
range suitable to PHP operation for channel widths between 2.5 and 10 mm,
while the Bond numbers relative to water are too low for PHP operation, for
any channel width.

The upper and lower limits on the Bond number (Eq. 1)), and consequently
those on the hydraulic diameter (Eq. , however, were determined based on
experiments in metallic or glass capillary tubes, where the liquid is in con-
tact with materials characterised by high surface energy hence high wettability
[26]. In the case of polypropylene, the surface energy of the channel walls is
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Figure 1: Bond number for water, ethanol and FC-72 at ambient temperature and at the
boiling point, plotted as a function of the channel width without considering wettability (a)
and including the effect of wettability (b). The long-dashed horizontal lines indicate the lower
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and upper limits (Bo = 0.4 and Bo = 4, respectively) on the Bond number.

significantly lower, therefore the capillary force at thermodynamic equilibrium
reduces according to the Young-Laplace equation, and the Bond number should

be calculated as )
g(p1 — pv) Dy

B =
© o cosf
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where 6 is the equilibrium contact angle of the fluid on polypropylene. Accord-
ingly, the range of acceptable hydraulic diameters for PHP operation becomes:

0.63 o cos 6 < Dy <2 ocosf (@)
9(pi — pv) g(pt — pv)

Taking into account the fluid wettability (Eq. , the Bond numbers cor-
responding to the three fluids considered change as shown in Figure [Ib, which
suggests the Bond number falls within the range suitable to PHP operation
for all of the three fluids considered. In particular, the contact angle listed in
Table [1] indicate that both ethanol and FC-72 have a very high wettability on
polypropylene surfaces (6 = 0°), so that cosf ~ 1 therefore the Bond number
does not change when Eq. is used instead of Eq. . In the case of water,
the contact angle is significantly higher so that the Bond number calculated
using Eq. is higher than the Bond number calculated using Eq. .

(a) (b) (c)

Figure 2: Prototype pulsating heat stripes with 3-turns (a), 5-turns (b), and 7-turns (c)
serpentine channel.

Another constraint on the channel width is due by the relatively low elastic
modulus of polypropylene. If the channel width is large, the thin (0.4 mm)
polypropylene wall changes its shape according to the pressure difference be-
tween the heat transfer fluid and the atmosphere. This affects both the pressure
level during operation and the hydraulic diameter, as shown by preliminary ex-
periments conducted on a polypropylene PHP/PHS having a channel width of
9 mm [§].
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In conclusion, a channel width W = 5 mm was selected to meet all of the
above constraints, corresponding to a hydraulic diameter Dy = 1.23 mm. As
for the number of turns, three pulsating heat pipe designs were produced with
three, five, and seven turns, respectively, as illustrated in Figure 2] On the
condenser side, the main loop is connected to a short auxiliary channel where
a small hole in one of the channel walls enables fitting a valve and a pressure
Sensor.

3. Experimental setup and procedure

3.1. Experimental setup

Figure [3| shows the schematic layout of the experimental setup. The PHS
units were mounted on a support frame, clamped in correspondence of the evap-
orator zone and of the condenser zone. The support frame could be inclined at
any angle by means of a lab scissors jack. Each side of the evaporator clamp
consisted of a rectangular plywood plate (15 cm length, 5 cm width, 1.5 cm
thickness) insulated on one side by a 1 cm layer of Superwool 607HT (Thermal
Ceramics Ltd.), a material with thermal conductivity < 0.05 W/mK. The in-
sulating layer was shaped to host a 100 W ceramic heater and a flush-mounted
copper plate (10 cm length, 4 cm width), to distribute the heat supply uniformly
on the PHP /PHS evaporator surface. Heat sink paste was used to minimise the
contact resistance between the ceramic heater and the copper plate. The heaters
were connected to a regulated DC power supply (Circuit Specialists CSI 12001X)
to enable a fine control of the power input (instrumental accuracy: +2.2%).

In the condenser section, the PHS were clamped between two aluminium
plates coated with a thin layer of heat sink paste; two fan-assisted heat sinks
(Malico) were mounted on the external plate. The evaporator and the condenser
sections had an identical length of 4 cm.

The heat pipe was connected to a pressure transducer (Gems 3500, 0-160
kPa, instrumental accuracy: £0.4 kPa) and to an aluminium needle valve, used
in turn to vacuum the PHS and to fill the PHS with the heat transfer fluid.
The valve and the pressure sensor were mounted on two orthogonal sides of
a rectangular aluminium block previously drilled to create a T-junction. The
aluminium block was then glued on the PHP /PHS surface so that the T-junction
hole corresponded to the hole on the PHP/PHS auxiliary channel wall, and
secured by two bolts passing through the solid part of the PHP/PHS and a
counter-plate, as shown in Figure The pressure transducer DC output was
sampled at 1 Hz by a data acquisition system (LabJack U6).

Eight surface thermocouples (Omega Engineering) with response time <
0.3 s and flat probe junction (instrumental accuracy: 0.75%) were securely
fastened between the PHS surface and the clamps, four in the evaporator zone
and four in the condenser zone, and connected to a data acquisition system.
The temperature distribution in the adiabatic region was monitored by a FLIR
infra-red camera (Hti-Xintai Al).
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Figure 3: Schematic layout of the experimental setup: (a) vacuum pump, (b) syringe, (c)
data logger and PC, (d) pressure transducer, (e) micro-metering valve, (f) thermocouples
data logger, (g) condenser fans, (h) power supply, and (i) electric heaters.

3.2. Procedure

The heat transfer fluids used in experiments were de-gassed in a vacuum
chamber (Bacoeng) for 24 hours before use. To introduce the heat transfer
fluid, the PHS modules were vacuumed to a pressure of 0.5 £ 0.1 kPa (abs)
using a two-stage vacuum pump (Bacoeng); then, the fluid contained in an
external syringe reservoir was slowly driven by the atmospheric pressure into
the PHS as the micro-metering valve was gently opened. The filling ratio was
40% of the total PHP/PHS volume (1.4 mL, 1.9 mL and 2.6 mL, respectively,
for the 3-turns, 5-turns, and 7-turns PHP /PHS); the filling ratio was determined
based on preliminary tests to ensure a maximum pressure of approximately 1.5
bar (abs).

Experiments were conducted by applying to the evaporator section an as-
cending/descending stepped power ramp ranging approximately between 4 W
and 30 W, and measuring the temperatures on the PHS surface at a sampling
rate of 1 Hz. The magnitude of the first step was approximately 4 W to ensure
start-up, based on preliminary tests [7], while the magnitude of subsequent steps
was approximately 9 W. For each power step, the heat supply was kept con-
stant until a pseudo steady-state regime was attained, which typically required
about 30 minutes. Tests were interrupted earlier in case any point of the PHS
reached a temperature of 120°C, to avoid polypropylene softening and/or melt-
ing. Preliminary experiments [7] showed the start-up of two-phase circulation
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Figure 4: Schematic the pressure transducer and micro-metering valve assembly.

in the PHS occurs with a heat input of about 2.5 W at the evaporator.
The equivalent thermal resistance of the PHS was calculated as:

Tev - Tcon
R= o “cond (5)
Q

where Tg, and T,,,q are the averages of the four temperature measurements
of the PHS surface at the evaporator and the condenser, respectively, in the
pseudo steady-states corresponding to each level of the power input, Q The
resulting instrumental error on the power input magnitude is 3.3%. For the sake
of comparison with the thermal resistance of the bare composite polypropylene
sheet, one test was carried out using a vaccumed PHS module, without heat
transfer fluid.

For each of the channel geometries considered (see Figure , experiments
were carried out for three PHS orientations: (i) vertical, (ii) inclined at 45°,
(iii) horizontal. To ensure homogeneous experimental conditions, each test
was carried out using a fresh PHS unit. However, this makes full uncertainty
quantification across different samples impossible due to the complexity of the
manufacturing process and of the filling procedure. In particular, small non-
homogeneities in the polymer sheets may result into small variations of the
channel roughness and width, as well as on the thickness and quality of the
welded layer. In addition, the flexibility of the plastic walls of the PHP chan-
nels makes it extremely sensitive to small variations of the vacuum level before
filling, and of the atmospheric pressure during tests. Finally, because of the
small inner volume of the serpentine channel (of the order of 2 mL, depending
on the number of turns) the manual filling procedure slightly affects the filling
ratio.
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4. Results and discussion

4.1. Response to a stepped power ramp

An initial qualitative visualization of the PHP/PHS response to an ascend-
ing/descending stepped power ramp supplied to the evaporator is given by FLIR
images of the adiabatic region, which are displayed in Figurefor PHP/PHS in
straight vertical arrangement and with 3-turns, 5-turns, and 7-turns serpentine
channel, respectively.

PEERY p-2.005 w [0 EEERY p-10.33 w [ PEERE p- 1359w (] BERS r-27.72 w =) IS p-16.73 w ) PIAE p-0.425 w I EEERS p-3.675 w [

Figure 5: FLIR snapshots of the adiabatic region of a 3-turns (top), 5-turns (center), and
7-turns (bottom) PHP/PHS with vertical orientation and containing FC-72, during an as-
cending/descending stepped heating power ramp supplied to the evaporator.

Upon increasing the thermal power supply, one can observe the number of
active (i.e., heated) sections of the serpentine channel grows, as well as the active
length of each section. As the number of turns increases, there is a more uniform
distribution of the thermal power on the PHP/PHS surface. When the thermal
power supply is progressively decreased, both the number of active sections and
their active length decrease, however the thermal inertia of the system is not
negligible and induces hysteresis. In the case of the 3-turn channel, the full
activation of all sections occurs during the first step of the descending ramp,
long after the maximum thermal power supply has been reached.

Figure [6] shows temperatures measured in the evaporator and in the con-
denser zones of the 3-turns PHS during the ascending/descending heat supply
ramp, for the three heat transfer fluids considered and different orientations,
while the corresponding absolute pressures in the serpentine channel are dis-
played in Figure[7] Similar results were obtained for the 5-turns and the 7-turns
PHS. In several cases, the maximum heating power could not be maintained un-
til the system reached a pseudo-steady state because the temperature gradient

10
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was too steep (Figure @, therefore the evaporator temperature could locally
approach or exceed the limit imposed by the material.
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Figure 6: Temperatures measured at the evaporator and the condenser of a 3-turns PHP
containing FC-72 (a), ethanol (b), water (c), with vertical (i), 45° (ii), and horizontal (iii)
orientation, during an ascending/descending stepped heating power ramp supplied to the
evaporator. The power levels are 4+0.5 W, 10+0.5 W, 184+0.7 W and 28+0.8 W.

At lowest heating power supply (about 4 W), corresponding to the PHP /PHS
start-up [7, 8], boiling is still weak, therefore its intensity does not change signif-
icantly in the different channels. Thus, the temperature measured at different
points of the evaporator zone surface is approximately uniform. As the heating
power supply is increased one can observe significant differences among mea-
surements taken in correspondence of different points of the serpentine channel,
the lower temperatures being measured in correspondence of the sections of the
channel with stronger fluid circulation. This happens because when the heating
power supply is increased, the intensity of boiling also increases, however the
intensity of boiling can be very different inside adjacent channels due to the
well-known instabilities of two-phase mixtures in parallel channels [27]. Thus,
in channels where boiling is stronger the heat removal from the evaporator zone
is more effective than in channels where boiling is weaker, which causes the dif-
ference in the temperature measured at different points of the evaporator zone.
Similar considerations apply to local temperatures measured on the surface of

11
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Figure 7: Pressure measured in a 3-turns PHP containing FC-72 (a), ethanol (b), water (c),
with vertical (i), 45° (ii), and horizontal (iii) orientation, during an ascending/descending
stepped heating power ramp supplied to the evaporator.

the condenser zone.

The main difference between the ascending and the descending power ramp
is that, for the same magnitude of the heating power supply, the temperatures
measured in the pseudo-steady state during the descending ramp are slightly
but systematically higher than the temperatures measured during the ascending
ramp. As a result, the behaviour of the device during a heating/cooling cycle
shows a hysteresis, similar to most pulsating heat pipes [22].

The pressure measured inside the serpentine channel (Figure|7]) qualitatively
mirrors the trend observed for temperature measurements, although it displays
a somewhat smoother response to step changes in the heating power supply.
At the end of each test (2.5 to 5 hours), one can observe a small increase of
pressure with respect to the beginning, which could be due to (i) gas permeation
through the polymer channel walls, (ii) potential imperfections in manufacturing
(iii) micro-leaks in the connection with the valve and the pressure sensor, (iv)
the viscoelastic relaxation of the polymer channel walls [8]. Whilst this minor
pressure increase does not affect significantly the device performance within the
duration of a single test, it represents an obvious issue over long periods of time.
However, the use of gas barrier layers such as a metallic coating was deliberately
avoided both because it would prevent the visual inspection of the flow, and

12
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because the purpose of the present experiments was to evaluate the thermal
performance increase of the PHP /PHS in different configurations with respect to
the raw polymer material. At present, there is only one study investigating the
performance loss of a polymeric pulsating heat pipe due to gas permeation [13],
however a direct comparison with the present results is not possible because the
materials used in the two studies (low-density polyethylene and polypropylene,
respectively), have different permeation coefficients.

4.2. Effect of design parameters

The performance of the PHP/PHS achieved with different combinations of
the design parameters was estimated based on the values of the equivalent ther-
mal resistance, defined by Eq. . Figure |8] displays the measured equivalent
thermal resistance as a function of the heating power supply at the evaporator
during an ascending/descending heating power ramp, for all the combinations of
design parameters considered. With the exception of the horizontal PHP /PHS,
the equivalent thermal resistance decreases exponentially with increasing heat-
ing power.

In the case of FC-72 and ethanol, and inclinations of 45° and vertical, the
measured values of the equivalent thermal resistance are identical within the ex-
perimental error, both during the ascending and during the descending heating
power supply ramps. In these cases, the PHP/PHS attain the overall mini-
mum equivalent thermal resistance for a heating power supply of about 30 W.
Its magnitude is four to five times smaller than the equivalent thermal resis-
tance measured for the PHP/PHS envelope in the absence of heat transfer fluid
(10.8 °C/W). This corresponds to a four- to five-fold increase of the PHP /PHS
thermal performance compared to a composite polypropylene sheet having the
same composition, size, thickness and weight, in agreement with previous results
18, [T, 12].

In the case of water, the magnitude of the equivalent thermal resistance is
much closer to the value measured without heat transfer fluid, and does not
exhibit a clear monotonically decreasing trend as the heating power supply
is increased. This can be explained with the low saturation pressure, which
requires a high vacuum in the serpentine channel, and to the large latent heat,
which requires large heating power supplies hence larger temperatures at the
evaporator in order to produce the amount of vapour necessary to activate the
liquid-vapour mixture circulation. Since in polymeric PHP/PHS the maximum
temperature at the evaporator is limited by the melting point of the polymer
material, these results suggest water is not a suitable heat transfer fluid for
most polymeric heat pipes (except those built with high temperature resistant
polymers, of course).

Irrespective of the fluid used and of the number of turns of the serpen-
tine channel, the equivalent thermal resistance measured for the horizontal
PHP /PHS increases or remains approximately constant when the heating power
supply is increased. The evaporator temperature approaches or attains the up-
per limit imposed by the material already during the second step of the heating

13
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Figure 8: Equivalent thermal resistance of PHP/PHS containing FC-72 (a), ethanol (b),
water (c), with a 3-turns (i), 5-turns (ii), and 7-turns (iii) serpentine channel, during an
ascending (filled symbols)/descending (open symbols) stepped heating power ramp supplied
to the evaporator. The discontinuous horizontal line corresponds to the equivalent thermal
resistance of the device without heat transfer fluid. Error bars represent the root mean squared
standard deviations of the four temperature measurements, respectively at the evaporator and
at the condenser.

power ramp (/~ 10 W). During the descending step, the equivalent thermal re-
sistance often attains the value measured in the absence of heat transfer fluid
because of the relatively large thermal inertia of the system. This suggests the
capillary forces are not sufficiently large to drive the condensate back to the
evaporator, reducing significantly the circulation of the liquid-vapour mixture
hence the heat transfer performance.

These results are in contrast with the standard design guidelines discussed
discussed in Section 2 above, which prescribe the upper and lower limits for
the Bond number to ensure the capillary-driven circulation of the liquid in
the serpentine channel (0.4 < Bo < 4). In particular, if the Bond number is
calculated as Bo = g(p; — py)D?% /o, the capillary-driven circulation of FC-72
and ethanol should be possible in a channel having a width of 5 mm (Figure[Th),
while if the Bond number is calculated as Bo = g(p; — p,) D% /o cos 0 to account
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for wettability, its magnitude falls within the range of PHP operation for all the
three fluids considered (Figure ) However, the results displayed in Figure
suggest none of the fluids considered are suitable to ensure the correct operation
of the device when the condensate circulation is not assisted by gravity.

Although the cause of this anomalous behaviour cannot be identified unam-
biguously at present, one can pinpoint a number of possible mechanisms that
can hamper the condensate circulation. Firstly, geometric design parameters
such as the length of the channel sections connecting the evaporator and the
condenser (=~ 200 mm in this case), and the relativey large aspect ratio of the
channel cross-section, which in this case was 1:7, have a direct influence on the
frictional losses. An additional factor that may affect the capillary-driven cir-
culation of the liquid is the possible entrapment of the condensate in the dead
volume between the serpentine channel and the fittings with the micro-metering
valve and the pressure transducer. In any case, one should bear in mind that the
limits on the Bond number were established on the basis of boiling and conden-
sation experiments in channels made of high surface energy materials (metals)
at relatively high heat fluxes, while the number of studies about boiling and
condensation in channels made of low surface energy materials (such as poly-
mers) at low heat fluxes is not significant. This requires further investigation,
which may potentially lead to identify an alternative range of Bond numbers
applicable to polymeric channels.

.
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Figure 9: Effect of the heat transfer fluid in a PHP/PHS with vertical (a), inclined at 45°
(b), and horizontal (c) orientation.

Figuresdisplay the minimum equivalent thermal resistance of PHP /PHS,
defined here as the equivalent thermal resistance measured at the maximum
thermal power supply (about 30 W in the case of ethanol and FC-72, and about
20 W in the case of water) for a given set of design parameters (number of turns,
type of heat transfer fluid, and inclination with respect to the horizontal). This
quantity is representative of the overall performance of the device, therefore it
can be used to compare devices having different design parameters.

The effect of the heat transfer fluid used (FC-72, ethanol or water) is dis-
played in Figure |§|, for different orientations of the PHP/PHS with respect to
gravity. In most cases, one can observe a systematic effect of the heat transfer
fluid, and the lowest equivalent thermal resistance is achieved in devices con-
taining FC-72, with ethanol closely following. The absolute minimum thermal
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Figure 11: Effect of the number of turns of the serpentine channel on a PHP/PHS filled with
FC-72 (a), ethanol (b), and water (c).

resistance measured in this set of experiments is just above 2 °C/W, which
represents an increase of the equivalent thermal conductivity with respect to a
polypropylene sheet with the same composition and size of 500%.

Figure shows the effect of the PHP/PHS orientation with respect to grav-
ity, for different heat transfer fluids. For FC-72 and ethanol (Figures and
10p), there is a clear performance gap between the vertical or inclined orienta-
tions and the horizontal orientation, which confirms gravity is necessary to assist
the fluid circulation as discussed above. The equivalent thermal resistances of
the pulsating heat pipes inclined of 45° and 90° with respect to the horizontal
are comparable with each other, and their difference is within the experimental
error, which can be significant because each test was conducted with a fresh
PHP.

Finally, the effect of loop geometry (i.e., the number of turns of the serpentine
channel) on the PHP /PHS performance is shown in Figure In all cases, there
seems to be no significant effect of the number of turns, with the exception of
the PHP /PHS containing ethanol with vertical and inclined orientations (Figure
11p), where one can observe a modest but systematic reduction of the minimum
equivalent thermal resistance as the number of turns increases.
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5. Conclusions

The thermal performance of a polypropylene flat pulsating heat pipe (or
"pulsating heat stripes”) was investigated experimentally to better understand
the effects of three design parameters: the heat transfer fluid, the orientation
with respect to gravity, and the number of turns of the serpentine channel,
respectively.

In polymeric pulsating heat pipes, where temperatures and the thermal
power supply are limited by the relatively low maximum continuous service
temperature of the material, usually in the range 100°C-150°C, the phase tran-
sition heat and the boiling point of the fluid are the most critical thermophysical
parameters, because if they are too large they prevent the heat pipe startup.
The contact angle of the fluid on the polymer material and its dependence on
temperature are also important because they affect the Bond number; in par-
ticular, a large contact angle indicates a poor wettability, which hampers the
self-driven capillary flow from the condenser to the evaporator. Thus, fluids
with a large latent heat and poor wettability on polymer materials such as wa-
ter are not suitable heat transfer fluids in this application. Significantly better
performances can be obtained using heat transfer fluids having a low latent heat,
such as ethanol or perfluorohexane FC-72. In this case, the equivalent thermal
conductance of the device can increase up to five times in comparison with that
of a polypropylene sheet of the same dimensions.

Irrespective of the heat transfer fluid used, gravity plays a major role in
driving the fluid circulation in the serpentine channel, despite the hydraulic
diameter was selected so that the Bond number falls within the range commonly
prescribed to ensure capillary-driven fluid circulation. This aspects remains ill
understood and requires further investigation.
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