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NOMENCLATURE
Bo Bond number Greek symbols
D diameter, m p density, kg ri?

. -
FR filling ratio, % o  surface tension, Nih

g gravity acceleration, nfs

P pressure, Pa Subscripts

q  heat flux Wni air ambientair

9 heat W c condenser zone
eat power, _ N
crit critical evaporator

Ry thermal resistance, KW
e zone heater

Re Reynolds number

h  hydraulic
T temperature, K -

I liquid
u velocity, ms'

vV vapour

We Weber number



1- Introduction

Pulsating heat pipes (PHP) have been widely studied since the patent of Akachi [1]
assigned them the configuration now largely adopted in many current works. A PHP can be
defined as a single capillary channel bent in several turns between a heated zone and a cold
source consisting of several interconnected turns. The tube is partially filled with a working
fluid at the liquid/vapour saturation state, which is distributed by means of surface tension
effects inthe form of liquid slugs and vapour plugs. Under the effect of the heat source in a
zone called evaporator, phase change phenomena occur in the form of liquid film evaporation
or flow boiling. On the other hand, condensation occurs in the zone called condenser, which is
in contact with the cold source. Complex flow patterns ranging from slug flow to annular flow
are initiated in adjacent tubes logal pressure instabilities, and they have effects on the total
heat flux transferred by the PHP from the heated to the cooled end [2-4].

When the flow patterns are considered in conjunction with related heat transfers, many
parameters have a direct influence on PHP operation [5,6]; while the most important is
obviously the channel internal diameter that allows liquid/vapour phase division into liquid
slugs and vapour plugs separated by menisci [6,7], other parameters deserve mention: number
of turns [8], PHP length, filling ratio, the physical properties of the working fluid or,
indirectly, the cold source temperature [6,9], heat power applied or heat flux, the inclination
with respect to gravity [3,9,10] and the closure or not of the overall loop [11,12]. Among the
above-mentioned parameters, orientation is known to strongly affect the performances of such
systems by the effect of gravity on fluid momentum; Charoensawan et al. [6] pointed out that
the number of turns also affects performances at the level of internal temporal and spatial
dynamic pressure perturbations. The direction of the gravity vector with respect to the 3D
symmetry axis of a PHP influences not only the thermo-hydraulics of two-phase flow inside
the device, but also thermal performances: a PHP always shows better operation in vertical
bottom heated mode than in horizontal position, that is to say with the gravity vector oriented
in the same direction or perpendicularly to the channels respectively. However, Yang et al. [8]
have shown that with a sufficient number of turns and a small tube diameter, a PHP proves to
be practically independent of its orientation. This last point is of particular interest in this
study, since pulsating heat pipes not only remain suitable as highly efficient passive heat

transfer devices for ground applications, but also show promise for space applications.

The present study can be considered as a continuation of the study previously

conducted by Mameli et al. [13], in which the authors carried out an experimental



investigation on aube CLPHP tested both on thground and undemicro/hypergravity
conditions during the 3$BESA Parabolic Flight Campaign. The PHP consisted in a copper
tube with an internal diameter of 1.1 mm (just under the critical diameter for FC-72,
calculated with the static criterion based on the Bond Numbera@atd @0°CDci: = 2(g(o -
,0\,)/0)1/2
zone. Tests during the parabolic flights showed that the vertical operation was affected by

~ 1.68 mm), bent into a planar serpentine, for a total of 16 U-turns in the evaporator

hyper- or micro-gravity phases, the first of them slightly assisting the flow motion, and the
second one leading to a sudden increase of temperature in the evaporator zone. This abrupt
heightening was quite similar to the thermal dynamic response of vertical-to-horizontal tilt
manoeuvre on ground. The horizontal operation does not seem to be affected by variations in

the gravity field.

Gu et al. [14] have experimented two flatplate aluminum PHP models
(250 x 60 x 2.2 mm outer dimensions) during parabolic flights. The PHP was filled with R114
asworking fluid with filling ratio of approximately50-60%. The single continuouschannel,
engraved on the bottom plate, had a cross section of 1 x 1 mm?2 and was laid out with 48 turns
at both endsof the closed loop. Theirspecificity consistsin the configuration of hot
(55 x 16 mm2 Kapton® heater) and cold (80 x 80 mm?2 fan) sources: the first was heated in the
middle position and cooled atne end, whilethe other was heatedand cooled athe two
opposed ends. Thauthorsconcluded thaboth pulsatingheat pipe modelsoperatedmore
effectively underreduced gravityhan undemormal or hyper-gravityphases. Onenay note
that theseconclusionshavebeen confirmed onlyor top-heated moddata, which obviously
yield less successful performance under unfavourable orientation than under micro-gravity or
horizontal orientation. However, according to Gu et al. [14], a dimensional analysis based on
Webernumber(We = pui2D/o, ratio between inertigdnd surfaceaension forceshasshown
that PHPscan operateatisfactorilyundermicrogravity with largerchanneldiameterqup to
5 mm with R114), i.e. with internatliametersthat eventuallyimpedeoperation on ground.
They hypothesized thaPHPscould applylarger channeldiametersin spaceand transport
more heat without gravity, but there was no experimentalvalidation to confirmtheir

hypothesis.

In this study, a Flat Plate Pulsating Heat Pipe (FPPHP) is designed and tested in order
to meet a twofold objective: (i) to determine whether an evolving geometry with very similar
boundary conditions as those in [10,13,14], but with a hydraulic diameter of about 1.65 mm,

just below the critical one at ambient temperature for FC-72, can effectively work in



microgravity, and (ii)to optimize the FPPHP with respectto a microgravity transient
environment. Aspects concerning the inner diameter optimization will be discussed in Section
2. It is essentiato keep in mind two issudgblat may differentiatea FPPHPfrom a capillary

tube PHP; they have already been discussed by Khandekar et al. [15] and thereafter by Yang
et al. [16], Ayel et al. [17], as well as Qu et al. for micro-pulsating heat pipes [18]. On the one
hand, squarshapechannelsengravedn one plate of the FPPHPhavesharp anglesn the
corners,acting like capillary groovesassisting thdiquid flow. Capillary pumpingfrom one

side helpsthe liquid to flow back to theevaporatorzone;on theotherhand itmay provoke

rupture of the cross-sectional menisci, resulting in flow regime transition into an annular flow.
Operating in favourable vertical inclination, the FPPHP works very effectively under
capillary-assisted thermosyphon mode even for the lowest heat power levels, which is not the
casefor circular shapedchannels[15,18]. On theother hand, dueto geometrycontinuity,

thermal spreading occurs and tends to strongly decrease transverse thermal resistance between
channels, leading to lower temperature gradients in the gap between the channels. This causes
homogenization of th@ressuredifferencesin the channels, which aréhe main driver of
oscillationsunderslug flow, particularlyin horizontalinclination. The FPPHPtested under

this latter inclination consequentlgften showsprematuredry-out [15,17]. To sunup, with

respectto capillarytube PHPs, FPPHPwork moreeffectivelyin the favourableinclination,

while they may cometo a completestop when functioningn a horizontalposition. Forthis

reason, thepresentFPPHP presentsa novel structurefeaturing thermal gapsbetween the

channels, as shown below in Figure 1.
2- Flat plate PHP design and experimental setup
2.1 Flat plate pulsating heat pipe

The FPPHP tested was obtained from a copper plate (width: 120 mm, length: 200 mm,
thickness: 2 mm) machined with a single rectangular shaped groove (1.6 x 1.7 mm2, hydraulic
diameter:Dy, = 1.65 mm) forming a series of 12 U-turns in the evaporator (see Fig. 1a)
coveredwith asecond platéseeFig. 1c)with the samedimensionsand 1 mmof thickness.

The flat plate PHP was designed with a channel cross section enhancing overall performance,
while remaining within the outer dimensions of the capillary PHP in [13]. The PHP plate and
its coverwerebrazed to guarantgeerfectsealing and thadjacentchannelsveresealed off

relative to one another. Further monitoring was carried out in order to avoid brazing material

inside the channels.



As mentioned, in order to minimize transverse conduction between adjacent channels
[15-17], separating grooves (1 x 1.6 mm?2 cross section except where there are screws) were
engraved on the baskde of the PHP. Fig. 1b shows these grooves to be acting as thermal
gaps; while in Fig. 1c a half-sectional view of the PHP is given, highlighting the channels in

contact with the top plate, as well as the separating thermal gaps on the opposite lower side.

(b)
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Fig. 1: View of the FPPHP: (a) photograph of the machined channel; (b) schematic view of the separating
grooves on the back face and (c) half-sectional view.

As regards the cross-sectional dimensions of the channel, the existence of a slug and
plug pattern in the tubes cannot be evaluated in microgravity conditions according to the
critical Bond numberBogit = g(a - &)Dcit?/o < 4) widely used in the literature in terrestrial
condtions. As argued by Mameli et al. [13] in their consideration of viscous, inertial forces
and surface tension forces [19], the Weber criterion suggests, for a fluid velocity between
0.1 m.§* (from visualizations of Gu et al. with R114 as a working fluid [20]) and 0.2 m.s
(from visualizations of Ayel et al. with ethanol [17]) that the flow pattern should be retained
as slug and plug flow in microgravity for liquid temperatures below 60°C for the present
hydraulic diameter. Given thaduring experiments, the temperature at the condenser never



exceeded 45°C, the flow remains slug and plug for all the tests to be presented, at least in

horizontal inclination.

Evaporator zone Condenser zone

e ! ~1 _Screw holes
—t

lTeZ Tcl J
: 5 ~ 1 . / :
r 1 -~ 1 i T 1
| T e |0 |
L 5 1 )| 1
1o . Il To pressure transducer
| ot 1 T2 |t
(3 :—: L 2 1
(] \
g T - 1 I (KL"'I
L E— ,
LT ! — 1 \To filling valve
| B (3 1 s | |
| Tad W\

¥ . 1

(] = ————— | {6 |
: :'[e: [ | :
| ] Tc6 1
:. Ies : » ) :

Fig. 2: Heater, cold source and sensor positions.

2.2  Experimental bench

The evaporatorzoneof the FPPHPIs heated bya wire electricalheater(Thermocoax
Type ZEZAc10, 1 mmexternaldiameter, electricatesistanceR = 3.81 ) embedded in a
copperplateof 10 x 120 mm? dimensionand 2 mmthick by meansof a serpentinggroove
machined on one side of the plate (see Fig. 1¢c and Fig. 2 for position). The latter is connected
to electrical power supply (GWInstek® 3610A, £0.2 V) delivering heat power up to 180 W.
On the opposite side, the condenser section is 165 mm long and 120 mm wide, and is
embedded in an aluminum heat sink (200 x 120 mm?) cooled by means of two air fans (Sunon
PMD1209PMB3-A, Fig. 3a). The PHP and the heat sink are clamped against one another with
through-boltstraversingnine screwholes (Fig. 2). Both heateand heatsink interfacesare
wedged with thermal grease to reduce thermal contact resistance. The heater/heat sink and
PHP elements are surrounded by PTFE plates and brackets (1 mm thick, Fig. 3a)
ensure double containment assembly as prescribed by NOVESPACE security protocols, as
well as partial insulation on account of the air layer thickness confined inside the heated zone.
Except for the sensors, the heater and the cold source, the entire bench is the same as the one
used in previous parabolic flight campaigns for tubular PHP" (38d 54" ESA
Parabolic Flight Campaigns) and described in [13].
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Fig. 3: FPPHP assembly: (a) heat sink with air fans system;
(b) backside with pressure transducer and filling valve.

Sixteen bare T-type thermocouples of 0.5 mm (TC, 0.5 K) monitor the temperature
of each section othe PHP: eight thermocouplesvere glued in eightdifferent separating
grooveson theback sideof the evaporato(Te; to Tey); six similar oneswereinserted in six
separatinggrooveson theback sideof the condense(Tc; to Tg). The position ofall the
sensorscan beseenin Fig. 2, whereit is represented bylack dots. Onethermocouple
measuresair temperatureinside the heatercontainment(T,), and thelast thermocouple
measures air temperature upstream the fagg. (& pressure sensor (GE PTX5076-TA-A3-
CA-HO-PS, 5 bars absolute, £200 Pa) allows recording of local fluid pressugeseAsor
(Dimension Engineering® DE-ACCM3D, =@} located on the external confinement of the
PHP is used to measure gravity level variations during the flight. The thermocouples, pressure
sensor, accelerometand powersupplyare all connected to aataacquisition systenfNI-
cRIO-9073, NI-9214 for thermocouple acquisition). All signals have been recorded at 16
Hz sampling frequency, largely satisfying the Nyquist-Shannon criterion as regards

the fluctuation frequencies of the wall temperatures (of around 1 Hz maximum).

Before being filled, the PHP is evacuated by means of an ultra-high vacuum system
(ASM 142, Adixen by Pfeiffer Vacuum®). The working fluid, initially contained in a tank, is
degassed bireating/coolingcyclesuntil, by meansof an externalalve;it achieveghe right
value of filling mass, which correspond® the desired filling ratio FRat ambient

temperature. Aftefilling, the tank should beempty. Theexactinjected quantityof fluid is



thus deduced from the mass difference of the tank before and after filling. Lastly, the presence
of non-condensablgasegNCG) is monitoredby measuremendf temperatureand pressure

of the PHP in the absenceof applied heat power. Presenceof NCG in the systemwas
detectable only indirectly through verification of the pressure value, which should correspond

to the saturation pressure at the given temperature. The pressure difference between the ideal
saturation pressure and the measured pressure was always situated within the range of sensor
accuracy; the incondensable gas content, estimated with the procedure described by Henry et
al. [21] by measuring the difference between actual fluid pressure inside the PHP and its

saturation pressure at ambient temperature, is consequently less than 3PPM.

The operative conditions for all the ground and microgravity tests are:

Working fluid: FC72,FR =~ 50% £2.7% at ambient temperature);

» Heatpowerapplied:from 30 Wto 180W by stepsof 30 W(Q);
« Cold sourceair atambient temperatuia theplane(Ty);

« Orientations: horizontal and vertical (bottom heated), according to the floor of the

aircraft.
3- Experimental results
3.1 Ground tests

Before the flight campaign,the experimentaldevice was tested on ground, for
repeatabilitypurposesundernormal gravity conditions,in vertical bottom heatedmodeand
with horizontal orientations. One may observe in Fig. 4 and 5 some typical examples of tests
of the PHP subjected to heat power levels increasing from 40 W to 150 W by steps of 10 W,
for vertical and horizontal inclinations, respectively. In the case of a limited number
of experiments in horizontal inclination, the PHP did not start for low heat power levels,
and began to operate only when it was subjected to external movements caused randomly
by the users. In vertical bottom heated mode, the applied heat power necessary for PHP
start-up differed in some tests, according to the initial distribution of the fluid, as had been the
case for tubular PHPs by [10]. For vertical orientation, according to Liu et al. [22], the fluid
inside the FPPHP requires additional energy to trigger enough perturbations and instabilities
to initiate its motion between evaporator and condenser. Nevertheless, above a given
threshold value, the FPPHP always managed to function. In this paper, presentation of the
results is limited to tests having worked very satisfactorily and without accidental

iIssues, particularly for



horizontal inclination, in which the FPPHP began working even at the lowest heat power level
without any external or fortuitous event. In this case, start-up behaviour of the FPPHP can be

assigned to a typical first-order transient response, as described in [22].

The temperatureurvesare alwayspresentedn the sameway; for examplein Fig. 4
the temperaturest the evaporatorare drawn graduallyfrom the hottest(red curve)to the
coldest (violet curve), with indications of the corresponding hottest and coldest
thermocouples. lis interestingto notethat during experimentghe hottestthermocouplavas
alwaysTes, located close¢o the middle of the evaporatorzone, whilethe coldestwas either
Te; or Te, i.e. the thermocouples located at the outer edges of the evaporator zone (Fig. 4, 5,
9 and 10). Thesameappliesto the condensethermocouples, which wemrawn gradually
from the hottest(dark bluecurve)to the coldest(cyan curve). In thiszone, and, fothe
following, the highesttemperaturavas measuredn the middle section, in length and width,
of the condenserzone (Tcy), and thelowestin the uppersection atthe outer edgeof the

condenser zone (§c

Lastly, all discussions concerning fluid behaviour inside the FPPHP are based mainly
on visualization test campaigns previously performed on a glass covered flat plate copper
PHP with squared channels [17,23], in conjunction with campaigns from the literature on flat
plate PHPs [15,16]. It is important to keep in mind that all conclusions are provisional, and
that the major issue concerning the two tested orientations is the inability of the fluid flow to

function in annular flow when the PHP is tested horizontally.

First, in Fig. 4 for vertical orientation it is cletlvat the PHP startagh at 40 W in
a purely conductive mode. At 50 W the FPPHP fluid started to move, resulting in a very sharp
decrease(around 10 K)of evaporatortemperatures, togethewith a slight increaseof
condenser temperatures. The thermal jump can be detected on the transient pressure black
curve of Fig. 6 for the same inclination (see the peak at about 300 s). At the same time mean
pressure rises from around 0.30 bar to around 0.35 bar, resulting in a pressure jump of
approximately5000 Pa.After this interval, the PHP operation isstable, with regularly
increasinglevels of temperaturetogetherwith increasingheat power levels. Theoverall
temperaturdifferencein the evaporatorzoneincreaseslightly with Q, from 2.5 K at low

heat power level® around 5 K at 150 W.
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Fig. 4: Transient temperatunesponse of the FPPHP to increasing heat power levels
(ground test, vertical orientation).

Minimum and maximum temperaturesare visible on Fig. 4 (Te, and Te,
respectively),showingthat the lowestare located on theedgeand thehighestin the centre
part of the evaporator. Two effects can help to explain the pronotemedrature difference:
on theone hand, thedeviceis clearly subjected to 2ledgeeffectsdueto heatlossesto the
ambient; on the other hand, theexternalchannelbend hasa longer extension insidehe
condensing zone (Fig. 1a). The fluid can consequently be cooled more efficiently in this zone,
with a higher flow rate during the cold liquid phase.

In this study, the FPPHP works with highly stable temperature curves in most of
the channels. One question is whether or not it works under an annular two-phase regime,
even for the smallest values &f, or always with slug flow patterns. The regularity of the
thermal and pressure curves and the low amplitude of temperature and pressure fluctuations
could be linked to typical annular flow pattern behaviour, as has already been
observed from visualizations of a FPPHP filled with ethanol in a vertical operation [17].

In this respect, it could be argued that most of the channels are filled with vapour

presenting low temperature oscillations.

This consideration can bsupported byhe fact that, asdiscussed in Section 2.1, the
characteristiadimension ofthe channelg1.6 x 1.7 mm?2)suggestghat the critical diameter,
determined solely by the Bond number criterion of an equivalent circular tube, is exceeded for

FC-72 temperaturbelow 35°C[13]. If theinertial and capillaryeffectsof the fluid flow are



taken into account, it is possible, as discussed in Section 1, that flow pattern transition from
slug to annular involves the flow of liquid film along the corners of the square channels; in

that case, most of the film would be collected in the evaporator.
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Fig. 5: Transient temperatures response of the FPPHP to increasing levels of heat power levels
(ground test, horizontal orientation).

Fig. 5 and 6 showhe temperaturesind pressursignalsfor horizontalorientation. In
most of the channels, the flow pattern is slug-and-plug, with vapour pushing liquid plugs from
evaporator to condenser, as observed in [4]. In horizontal orientation, pressure fluctuations are
much higherin amplitudeand period, and much mongegularthan in verticalorientation.
For example, the mean amplitude of pressure fluctuations varies from around 2000 Pa
to 5000 Pa, for vertical orientation (at 40 W), and from 4000 Pa to 25000 Pa for
horizontal orientatior(at 150 W). These fluctuations are the result of hydraulic instabilities
being much larger in horizontal than in vertical position, and they show that the transfers do

not occur in the same way for the two positions.

Local fluid pressure in the condenser is directly related to flow motion and shows that
the horizontal mode operates with higher amplitude peaks with respect to the gravity-assisted
mode. Indeed, the vertical mode is characterized by stable oscillations, while the
horizontal mode reveals an alternation of short stop-overs and vigorous oscillations (Fig. 5
and 6); since the fluid is not assisted by gravity, the return of liquid slugs from the
condenser to the evaporator is damped. On the other hand, vapour resides for longer
periods inside the evaporator so that pressure locally increases and can push the

adjacent liquid slugs with



abrupt expansions. The impulse-driven flow described above is also typical of the
microgravity periods at any orientation and from the thermal point of view it leads

PHP evaporator temperatures to higher levels with respect to the stable pulsating flow.
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Fig. 6: Transient pressure response of the FPPHP to increasing levels of heat power levels
for the two orientations on ground.

Note that, as mentioned above, the FPPHP activated at 40 W, shows very good
thermal performances in this configuration. At the lowest heat power levels, the FPPHP
operateshorizontally in a kind of stop-and-starfluid motion, asthough thefluid needed
sufficient pressure difference between the evaporator antbtigdenser to trigger its motion.
However, these irregular instabilities seem to disappear around 100 W heat power, except for
somerare remainingstop-and-starphases, in which cadke fluctuation levelsare sufficient

to cause fluid motion at any moment.

A FastFourier Transformanalysishasbeen performed on pressisignalsfor all of
the heatpower stepsin steady-state, oboth inclinations, and ishowedthat no dominant
frequencyfor this signal was detectable. Finallythe pressurecurvesof Fig. 6 illustratethe
fact thatthe mean levelbf pressuremeasured in theniddle part of higherchannelU-turn in
the condenser(see Fig. 2) gradually grows with increasing power, as do condenser

temperatures.

Subsequently, testsuchasthosepresented on Fig. 4 and 5 permittedteady-state
analysis of the FPPHP in relation to the heat power supplied. For each steady state, a special
file was created involving 160 successive recordings of the data for vertical orientation, and
not lessthan 1600 successiveecordingsfor horizontalinclination, dueto the higherlevel of

instabilities, so that evaporator and condenser temperatures could be averaged as functions of



Q. One of thearameters most widely used to analyze the thermal behaviour of the pulsating

heat pipes is its thermal resistance, which can be defined as:

T -T,
R, = ch

(1)

where T, and T, are, respectively, the evaporator and the condenser mean temperatures

(T, = zisleq /18;T, = ZfﬂTq / 6), both averaged over the successive recordings selected for

the steady-state characterizatiGhis the overall heat power applied, not considering the heat

losses due to the difficulty to identify them in such conditions.
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Fig. 7: (a) Thermal resistance and (b) Heat transfer improveraeheat power for the two orientations on
ground.

Fig. 7a presents the FPPHP thermal resist&gcas a function of heat power applied
for both inclinations with corresponding error bars for each measurement, calculated using the
measurement errors of temperatures and electric power acquisition system that affect the
values of Ry. For vertical orientation, as already often observed in the literature for
this configuration, the resistance curve is a smooth decreasing functio .ofln

horizontal

inclination, the trend is less clearly delineated, Rgitikewise decreases, albeit less regularly

than in vertical inclination, when increasing heat power is applied. The pink area surrounding
the horizontal resistance curve represents the maximal and minimal resistance curves obtained
from minimal and maximal evaporator temperatures, as measured based on the amplitude of
the temperature fluctuations. Quite obviously, these boundaries have no actual
physical meaning since the amplitude of the fluctuations depends on the stop-and-start
fluid motion phenomena recorded during these highly specific tests. That said, for each

power step it is helpful to have a snapshot of the influence of temperature fluctuations on
thermal resistance



value. Theinfluence area of thesefluctuationsis observablymuch greaterthan thatof
measuremenerror. Theheatleaks, which usuallyncreasewith the temperaturej.e. the
heatingpower, could motivat@art of the decreasef thermalresistance, buto quantitative
estimation can be given with the present tests. The variations of -22% and -42% for horizontal
and verticalorientation respectivelyand thedifferencecreated byraising the power from

40 W to 150 W are in any case much greater than the possible relative effective heat
variations due to leaks, and vertical orientatxbearly leads to better and more continuous

thermal performances than does horizontal orientation.

On Fig. 7athe dashed linecorrespondgo theresistancesalue of the empty FPPHP,
Rin,empty(€valuated both from tests without fluid and from FEA numerical calculations carried
out with StarCCM+). This value was calculated at 0.58 K/W. Fig. 7b presents the
correspondingheat transfer improvementof the filled compared to theempty FPPHP,
(L/Rn)/(L/Rn.empry- It shows that heat transfer is further enhanced when more heating power is
applied, and that while it is around twice the empty PHP for horizontal inclination, it grows
from 2.8 times (at 40 W) to more than 4.5 times (at 150 W) in vertical orientation, thereby

highlighting the satisfactory performances of these kinds of thermal systems.

3.2  Parabolic flight campaign

A parabolic flight campaign consists dhree days of tests during which 31
parabolic trajectories are carried out every day, through six series of five consecutive
parabolas with a five-minute break between each series [24]. In Fig. 8a the grey lines
show the acceleration data along thexis (perpendicular to the floor of the plane)
measured by the accelerometer during two parabolas. The fluctuations of these curves are due
mainly to the vibrations of the support caused by the fans. The period of around 22 s of
microgravity (with a nominal gravity of 0.1 nfsis preceded and followed by two periods
of hypergravity (1.8gbefore and 1.6g after, approximately) of around 20 s each. These
phases may affect the passage from one flow pattern to the other, and in order to compare
the transient response of the FPPHP during a parabola to the FPPHP tested on the ground
under the same conditions, a vertical-horizontal-vertical tilting manoeuvre simulating one
parabola was carried out, as shown in Fig. 8b. The tests on the ground distinguish the
transient responses of the FPPHP with microgravity from the responses presenting
horizontal inclination. One may observe the effect of the hypergravity phases
compared to normal ones on the ground, which may perturb the operation of the system from
one configuration to another during transient phases. During parabolic



flights, the experiments were carried on in vertical orientatimitom heated mode) with
increasing heat power steps from 30 W up to 180 W for the first day, in horizontal inclination
with the sameincreasing heapower steps(30 W) for the second dayand again in vertical
position, withdecreasing hegiower stepsfrom 180 W downto 30 W for the third dayfor

repeatability purposes.
3.2.1 Tests in vertical orientation

Fig. 8 presenteomparisondbetween temperaturieansientresponse®f the FPFHP
recorded during ongarabola(with two different heat power levels) and thesametests
performed on ground simulating the parabdigssimply tilting the PHP from vertical to
horizontal to vertical orientationsvith the same time periods as during a parabola,
and following the same approach as Mameli and al. during their PF experiments
[13]. As mentioned above, these manoeuvres are visible on the grey curves of acceleration
along thez-axis of Fig. 8. Since the major goal of this experimental campaign is to
determine whether there are differences in FPPHP thermal and hydraulic behaviour
between ground-horizontal and microgravity environment operations, these ground tests

were performed during the parabolic flights for all heat power levels.

Through comparison ofthe thermaltransientresponse®f Fig. 8 between parabolic
flight and simulated transient ground tests, it became evident that the FPPHP operation is less
repeatablan horizontalor microgravity conditionsthan in theobservation®of Mameli et al.
[13]. As highlighted in Fig. 5, due to a higher channel diameter FPPHP temperatures fluctuate
much moreunderthe above-mentioned operativanditions. In fact, sincirgerdiameters
result in smallerviscouslossesand in alower capillary pressuredifference between the
advancingand recedindronts of liquid slugs, thdluid insidethe FPPHPis much quicketto
respond to the configuration changes (vertical to horizontal or microgravity), which means
that a nearlycomplete alteration of the thermo-hydraulic regime during the 22 s of

microgravity may be observed.

In Fig. 5 it was shown that temperature fluctuations are much greater with low applied
heat power. Finally, the high&p, the less fluctuating the FPPHP. Temperatures consequently
show betterrepeatabilityand closeicorrespondencbetween PRand ground simulatiotests
for higher values ofQ (at Q = 150 W compared to & 90 W) in Fig. 8. This trend is even

more pronounced when the applied heat power is (i 180 W, Fig. 9a). Furthermore,



periods of hyper-gravity do not seem to affect the behaviour of the FPPHP in vertical

orientation.
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Fig. 8: FPPHP tested in vertical orientation at 90 W and 150 W: comparison between (a) parabolic flight (PF)
and (b) ground tests (Ground test V-H-V) experiments.

Concerning the parabolic flight tests in vertical orientation, Fig. 9 shows
representative profiles for the temperatures (Fig. 9a) and pressure (Fig. 9b) of the FPPHP for

three values of heat power applied (30, 120 and 180 W) and two successive parabolas that

highlight the effects ofQ on reproducibility. Regarding evaporator temperatures, they once
again increaséseeFig. 8) during the microgravity period, becauséhe fluid motion isno
longerassisted by gravity [13]. Interestingly, the temperature increase can be very sharp, as is
the case in the second parabola of Fig. 9a for 120 W heat power applied, and is accompanied
by an equally rapid return to operation: the hydraulic response time of the flat plate pulsating
heat pipe proves to be very short, lasting only a few seconds (between 5 s and 12 s according
to the cases), whilghe fluid is in motion. Afterwards, asnentioned above, vergifferent
behaviouris observed in two successiyarabolasfor 30 W: at the second parabola, the
FPPHP is immediately activated, and the temperature increase is visibly less pronounced. For
increasing heat power levels, the dynamic temperattggponses are more and

more repeatable without a visible difference from one parabola to the next.
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Fig. 9: Transient response of the FPPHP subject to two successive parabolic trajectories
in vertical orientation: (a) temperatures; (b) pressure.

Since the pressure sensor is located in the highest section of the FPPHP in the
condenser zone, it is therefore connected to the coldest FPPHP area. At 30 W, while the
temperature signals are not affected during the hyper-gravity period, it is evident that a
pressure increase occurs (of approximately 600 Pa, while noting that the overall gravity
pressure drop for the liquid phase potentially approximates 2700 Pa over the entire height of
the PHP). Knowing that, during this gravity transition, no change in the saturation
temperature is detected, the pressure increase is therefore due to a change in either the
hydraulic regime or in the fluid distribution in the tubes. What we do not know is whether the

pressure increase is due to gravity pressure drop of some of the liquid plugs, which are



actually absent at higher heat power levels. At 30 W, during the starting parabola, most of the
liquid is collected in the evaporator, andogcillatesslightly. Duringthe hypergravityperiod
the gravity force increases and a small difference of head between two close channels suffices
to promotethe shortcirculation ofliquid slugsin the condensealongwith a global pressure
increases. In addition, durirtpe first hypergravityphasea small temperaturgeduction has

been observed.

The question arisebecause, in areviousparabolicflight experiment(CNES PF98,
[23]), performed with anothdfPPHPdeveloped fowvisualizations(the sameapparatusasin
[17]), it was observed that, fostrictly annular flow patterns, an increasef gravity is
accompanied by a slight decrease of temperatures at the evaporator. This may be explained by
considering the thinning of the liquid film with increased gravity, leading to better
heat transfer coefficient by conduction through the liquid.fn else, in the case of liquid
slugs accumulated in the evaporator, a gravity pressure drop between two liquid levels
in two adjacent channels could suffice to promote liquid motion in hypergravity phase as
compared to normal gravity. For the highest heat power levalgryaslight reduction in
temperature at evaporator can also be observed on Fig. 9a, partially confinewsaus

evaluations.

The mean pressure level always decreases when passing from hyper to
microgravity (Fig. 9b). When the temperature levels increase at the evaporator, they
decrease at the condenser (Fig. 9a). Fluctuation amplitudes also increase during microgravity
phases. This is confirmed by the difference of pressure fluctuation levels for vertical and
horizontal ground experiments shown in Fig. 6. Pressure evolutions over time are highly
affected by the mean temperature of the fluid inside the condenser and by the operative
modes of the FPPHP. Gravity influences the amplitude oscillations of the slugs and
plugs inside the FPPHP channels. Gravity usually enhances heat transfer and helps the
condenser to keep the mean temperature value at a lower level. Analysing the results shown
on Fig. 9Db, it appears that the mean pressure value duriogetgtion increases with input
power, as does the condenser temperature, while decreases during the Og Ipetios.
period the effect of gravity on the circulation of the fluid is suspended and circulation is

similar to horizontal case on ground with higher amplitude and lower frequency oscillations.

Finally, the transitions from microgravity to hyper-gravity (first case) are accompanied
by an increase of the mean pressure, contrary to what happemansitions from normal
to hyper-gravity (second case),except at 30 W. This could be due to a change of flow pattern

in



the first case (from slug flow to annular), together with an increase of condenser temperatures,
which does not occur in the second case (only annular or semi-afiowar

3.2.2 Tests in horizontal orientation

Tests in horizontal orientation are very important during parabolic flight experiments,
because they help to determine whether gravity has an influence on the phase distribution, and
consequently on flow patterns and heat and mass transfers: does there exist an influence of the
gravity vector normal to channel direction on the shape of the menisci? If so, does it affect the
possibility of maintaining a slug-and-plug regime? Can we imagine lpettearmances with
higher hydraulic diameters leading to very low pressure losses and maintaining liquid/vapour
phase separation due to capillary forces? Operation of the horizontal FPPHP is not markedly
influenced by a change in gravity levels (Fig. 10). When hyéraulic diameter is in
the transition range for the static Bond number condition, capillarity in the channel corners
could improve suction for smaller tube internal diameters. To verify this point,
experiments with similar PHP geometry containing a circular section of the channel will help
to understand the respective weight of the two effects, i.e. global capillarw$lowedge

capillary entrainment.

At the lowest heat power (30 W) fluctuations are naturally very large, even for a fixed
gravity field (Fig. 5). The top-left curves in Fig. 10a show that while some start-and-stop
phases are noticeable and correspond to gravity changes (first parabola), others also occur
during the following constant lgeriods, and are not particularly affected during the
transitions (second parabola). Therefore, the temperature instabilities observed for horizontal
inclination are primarily a result not of the change in gravity levels, but rather of the low

thermal drive.

This phenomenon is even more pronounced when heat power is high. If some
instabilities are still noticeable for 120 W (for temperature and pressure signals), no

significant change is visible during the transition phases for 180 W.

Analysis of the results on Fig. 10b shows that, for higher input powers, no change is
observed between the transition from normal gravity to microgravityvased versa. The
effect of gravity is not evident in these test cases because a PHP operates in a microgravity
environment as well as on ground, at horizontal orientation. For low input powers, where
nearly no circulation / low amplitude oscillations are likely to occur in the FPPHP, the effect
of gravity reduction is more random and can promote random oscillations inside the channels.

This could explain the random behaviour observed at 30W in Fig. 10b.
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Fig. 10: Transient response of the FPPHP subject to two successive parabolic trajectories
(horizontal orientation): (a) temperatures; (b) pressure.

One can therefore assume that when tilted horizontally a flat plate pulsating heat pipe
can operate similarly under microgravity to the way it does on the ground. This is
a significant result because it once again shows that, despite some persisting issues related
to
redundancy, pulsating heat pipes are a promising technology for space applications. It
would be essential to test such systems with tube diameters larger than the 1g capillary
diameter in order to be able to achieve operational goals having to do with space application.
Finally, it is worthwhile to underline that no evaluation of the thermal resistances
during the parabolic flight, i.e. during an instationary regime, can be given, since thermal
resistance can be calculated only for steady state conditions. A rough comparison of the



FPPHP performances on the ground and for the different gravity levels may be inferred

looking at maximum evaporator temperatures.

Conclusions

A Closed LoopFlat Plate Pulsating Heat Pipe (FPPHP) has been tested on ground and
in hyper-and micro-gravityconditionsduring the 60" ESA parabolicflight campaign. The
purposewasto testan innovativeFPPHP, whichhehavedifferently from tubularPHPsdue
to two main characteristicéi) the square/rectangulathannelswith sharpanglesand (ii) the
transverseheat spreadingthroughoutthe continuity of the plate bulk. The latter effect has
been partially smoothed thanks to the novel insertion of separating grooves limiting transverse
conductiveheatflux. The testsshowedthat the systemwas also operationain horizontal
orientation, with good performances (more than twice the void PHP equivalent thermal
conduction). Furthermore, using a pressure sensor in the device linked temperature variations
to hydraulic flow pattern changes, particularly from one gravity configuration to
another (horizontal/vertical, hyper/microgravity transitions). The main observations to be

drawn from this set of results are:

» The FPPHP works more effectively for ground tests in bottom heated vertical than in
horizontal orientation. Pressure fluctuations and thermal instabilities are greater in
horizontal position, with stop-and-start phases that decrease with increasing heat

power.

» Compared to the tubular PHP tested by Mameli and al. [13], this FPPHP has proved
to be quicker to respond to gravity variations in horizontal inclination, mainly on
account of the higher hydraulic diameter of its channels: the experiments conducted
during parabolic flight and on ground simulating the transition from vertical to
horizontal orientatiorshowed similar transient behaviour, with a steady-state regime
reached in only 22 s of microgravity, at least from a hydraulic point of view. It

demonstrates that the system is very quick to respond to transient changes.

* The thermal behaviour of the pulsating heat pipe tested in the vertical orientation is
obviously influenced by the change of gravity levels, due to distinct thermal
performances markedly varying from one case to the other. The occurrence of
annular flow patterns is (most) probably the cause of such behaviour, compared to

slug flow patterns in horizontal orientation or under microgravity conditions.



* The more the heat power level increases, the more stable and efficient the PHP,

showing reproducible behaviour for parabolas performed for the higheatues.

» The FPPHP tested in horizontal inclination is not influenced by changes of gravity
levels, proving that such a system can be an efficient candidate for thermal control in
different space applications, once a greater channel size is combined with a sufficient

number of turns.

» The effect of the “wedge-capillary” due to the rectangular shape of the channels

should be further investigated.
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