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Experimental study of the flat plate pulsating heat pipe operation during dry-out and flow reactivation periods under microgravity conditions
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An investigation of thermal performances of the flat plate pulsating heat pipe (FPPHP) and liquid-vapor interfaces oscillation influence on the flow pattern inside FPPHP for microgravity conditions have been performed. Tested pulsating heat pipe represents a seven U-turns closed-looped FPPHP made of molybdenum base (200×80×3 mm 3 ) and sapphire cover plate (200×80×5 mm 3 ) and designed for 69 th ESA Parabolic Flight Campaign. Serpentine channel with depth of 2.5 mm and width of 3 mm is engraved in molybdenum base that with following gluing of sapphire plate on the base gives 3×3 mm 2 square channel (0.5 mm of the glue thickness). Ethanol is chosen as working fluid with volumetric filling ratio of 40%. Experimental tests are performed for heat loads range from 100 W to 150 W. Microgravity periods are mostly characterized by the significant temperature augmentation in the evaporator zone (temperature rise up to 36 K for 150 W of applied power). This temperature rise is a result of fluid accumulation in the condenser and dry-out of evaporatorheat transfer only by the FPPHP body conduction. Flow reactivation, accompanied by the flow pattern change from slug-plug to semi-annular and temperature drop, was observed only for few cases during microgravity phases. Video post-processing was done to define flow parameters influencing flow transition for microgravity conditions, as well as to determine liquid plugs velocities and accelerations for both phases. Most used criteria of the slug-plug flow definition are validated for this case: obtained average Weber number value is almost the same that reference value (Weref = 4) and average Garimella number is most of the ten times higher than reference (Gaexp = 1980, Garef = 160). The magnitude of driving pressures are in the range of 50-630 Pa with average value of 360 Pa.

Introduction

Integration of high power and performance electronic devices in modern spacecraft systems with heat generation of hundreds of watts per square centimeter crucially increases needs in high performance, low weight, energy efficient and reliable thermal management systems. Due to these specific demands, twophase heat rejection devices are preferable for space applications. However, pumped cooling devices, despite their capability to remove high heat fluxes, require supplemental equipment, as well as pumping subsystem (usually consisting moving parts), extension reservoir etc., which leads to additional energy consumption, increase in weight and size and, as a consequence, reliability loose. Heat pipes, as one of the most widely used, both for terrestrial and aerospace applications, passive two-phase thermal dissipation technology, despite their reliability and development, cannot manage with extra high heat fluxes and longdistance heat transportation [START_REF] Hengeveld | Review of Modern Spacecraft Thermal Control Technologies[END_REF]. Capillary Pumped Loops (CPLs) and Loop Heat Pipes (LHPs) are devoid of these disadvantages (heat removal capability could be at least in two orders magnitude higher than for conventional heat pipes), but CPLs need exhaust and time-consuming starting process and for LHPs is not easy to achieve a steady-state temperature regime due to wick "back conduction" [START_REF] Bugby | Multievaporatorhybrid loop heat pipe for small spacecraft thermal management[END_REF]. Although existing highly efficient passive cooling solutions, the engineering society is still in search of simple, low cost, high performance and reliable heat transfer technologies.

During few last decades, research and engineering studies on a new passive two-phase heat transfer device with a simple structure, called Pulsating Heat Pipe (PHP) or Oscillating Heat Pipe (OHP), took shape. In the following, the acronym FPPHP will refer to "Flat Plate Pulsating Heat Pipe", i.e. a metallic plate in which is engraved a unique square or rectangular channel. The simple structure of the PHP is represented by a curved tube or channel (with an inner diameter of capillary dimension to ensure domination of surface tension forces compared to gravitational ones), which is folded back to make itself parallel and partially filled with liquid to reach saturation conditions [START_REF] Akachi | Pulsating heat pipes[END_REF]. The liquid is distributed inside the channels in a chaotic manner, forming alternating chains of liquid plugs and vapor bubbles. Evaporator and condenser are placed usually on the opposite sides of PHP (with an intermediate so-called adiabatic zone between them), which leads to differences in saturation conditions between two zones and, as a result, pressure driven displacement of the liquid-vapor pairs along the channels. Consequently, heat transfer process related to PHP operation, consists of both latent and sensible heat forms, which increases thermal performances. Simple design without any porous structures, moving parts and sub-systems, coupled with high heat transfer performance makes PHP a very promising technology for future exploitation onboard space apparatuses.

Recently, Ayel et al. tested a semi-transparent FPPHP (square channel dimensions of 2.5 mm with FC72 as working fluid) during the ESA 62 nd Parabolic Flight Campaign. [Ayel,18] highlighted two major periodic phenomena for large diameter channels FPPHP operating under microgravity conditions. First, the fluid spontaneously tends to a temporary dry-out at the evaporator, with liquid phase accumulated only in the cold parts of the condenser zone, pushed by the vapor produced in the evaporator zone. Secondly, isolated liquid plugs moves under the influence of even small pressure variations and flow through the hot evaporator zone, leading to strong evaporation and/or boiling, increasing the local pressure. This mechanism results in triggering a strong slug flow motion in all the interconnected channels and therefore temporarily improving the overall heat transfer, decreasing the evaporator temperatures, until a following weakening of the fluid motion causes another dry-out condition, and so on [Ayel,18].

Similarly, available data on the stable PHP operation in horizontal mode is an object of many contradictions. [Yang,09;Qu,12;Betancur,18;Winkler,[START_REF] Pietrasanta | Experimental analysis of two-phase flows in the context of Pulsating Heat Pipes for space applications[END_REF] reported an efficient PHP operation under horizontal orientation, but unstable operation with low thermal performances caused by intermittent long-term stopover phenomena (momentary stops of liquid slugs oscillation [Jun,[START_REF] Pietrasanta | Developing flow pattern maps for accelerated two-phase capillary flows[END_REF]) or even a complete stop of operation due to early dry-out of the evaporator were observed for horizontal inclination of PHP [Khandekar,02] [Chien,12] [Ayel,14] [Jun,18].

Almost all-available literature on flow visualization in PHP is about qualitative analysis of flow behavior and influence of sensible heat transfer on the overall performance of PHP, which is still contradictory [START_REF] Shafii | Thermal Modeling of Unlooped and Looped Pulsating Heat Pipes[END_REF][START_REF] Senjaya | Oscillating Heat Pipe Simulation With Bubble Generation[END_REF]Nikolaev, 2011;[START_REF] Jo | Experimental investigations of heat transfer mechanisms of a pulsating heat pipe[END_REF][START_REF] Jung | Effect of oscillation amplitudes on heat transfer mechanisms of pulsating heat pipes[END_REF][START_REF] Kamijima | Relating the thermal properties of a micro pulsating heat pipe to the internal flow characteristics via experiments, image recognition of flow patterns and heat transfer simulations[END_REF]. Quantitative analysis of flow regimes and their transition is presented in the work of Pietrasanta et al. [START_REF] Pietrasanta | Developing flow pattern maps for accelerated two-phase capillary flows[END_REF], where the authors proposed a flow pattern characterization based on modified -commonly used-non-dimensional criteria: Bond (Bo), Weber (We) and Froude (Fr) numbers.

Related mostly to design tasks is the definition of adequate critical diameter ensuring stable liquid/vapor separation in slug/plug flow. Today, the most important non-dimensional parameters, like static criterion based on Bond number (eq. 1), considering gravitational and surface tension forces balance, a dynamic criterion, based on Weber number (eq. 2) and including both surface tension and inertial forces, or more relevant criterion, including inertial and buoyancy effects based on Garimella number (eq. 3), are widely used [START_REF] Hosoda | Meandering Closed-Loop Heat Transport Tube[END_REF][START_REF] Gu | Effects of Gravity on the Performance of Pulsating Heat Pipes[END_REF]Harirchian, 2010]. Common critical values for transitional flow from slug flow to annular flow pattern based on these three non-dimensional numbers are given below:

𝐵𝑜 𝑐𝑟𝑖𝑡 = (𝜌 𝑙 -𝜌 𝑣 )𝑔𝐷 2 𝜎 = 2
(1)

𝑊𝑒 𝑐𝑟𝑖𝑡 = 𝜌 𝑙 𝑢 2 𝐷 𝜎 = 4
(2)

𝐺𝑎 𝑐𝑟𝑖𝑡 = 𝐵𝑜 0.5 • 𝑅𝑒 = ( (𝜌 𝑙 -𝜌 𝑣 )𝑔𝐷 2 𝜎 ) 0.5 • 𝜌 𝑙 𝑢𝐷 𝜇 𝑙 = 160 (3) 
where l, v, g, D, σ, v, Re, μl are liquid, and vapor, densities, gravity acceleration, channel diameter, surface tension, liquid slug velocity, Reynolds number and liquid dynamic viscosity respectively.

Andredaki et al. [Andredaki, 2021] numerically studied the break-up mechanism and flow regimes of Taylor bubbles inside capillary tubes of different diameters and fluids. Based on their numerical investigation, partial break-up of bubble happens in the range of 75 < We < 250 and full break-up for We > 250, which is much higher than the above-mentioned value 𝑊𝑒 𝑐𝑟𝑖𝑡 = 4.

Due to complicated interaction between gravitational, interfacial, inertial and viscous forces inside PHP, it becomes difficult to implement these criteria even for adequate design of PHP for terrestrial applications, or to predict flow pattern transition [START_REF] Pietrasanta | Developing flow pattern maps for accelerated two-phase capillary flows[END_REF]. In microgravity, high velocity interface motions lead to flow pattern changes from established slug/plug to annular flow, indicating inertial forces predomination on surface tension [Ayel, 2019a]. Besides, liquid velocities values during PHP operation could be much higher than the widely accepted one of 0.1 m/s.

Complex mechanisms of thermo-hydrodynamic processes inside PHP are not fully studied and any suitable design recommendations are no available, together with some contradictory assessments from researchers [START_REF] Tang | A review of recent experimental investigations and theoretical analyses for pulsating heat pipes[END_REF][START_REF] Bastakoti | An overview on the developing trend of pulsating heat pipe and its performance[END_REF] and absence of universal flow transition criteria. Misunderstandings of the relation between velocity and flow pattern need regular experimental investigations to be carried out.

Due to specific design features of flat plate pulsating heat pipes, as a plane shape which allows the installation of a transparent plate covering it, visualization studies are possible for all channels and zones without significant changes in fluid/structure interactions (besides, the base with milled channels is made from designed material).

The general objective of this work is to study the heat transfer capability of a flat plate pulsating heat pipe designed and test it under microgravity conditions. Also, characterize the flow behavior during stopover and following flow pattern transition during the reactivation phases. For these reasons, a molybdenum/sapphire FPPHP was tested during the 69 th ESA Parabolic Flight Campaign.

Experiments

Test section

The investigated flat plate pulsating heat pipe (FPPHP) with seven U-turns in the evaporation zone is shown in figure 1. It has been fabricated from a molybdenum rectangular plate (80×200×3 mm 3 ) in which a unique rectangular channel (2.5 mm deep and 3 mm large) has been milled. The plate with the milled channel is covered with a sapphire plate (80×200×5 mm 3 ) using epoxy glue to guarantee perfect sealing at the plate boards, and between adjacent channels relative to one-another. The thickness of the glue layer is set at 0.5 mm, providing to the channels a depth of 3 mm, giving them a square shape that corresponds to the chosen hydraulic diameter of 3 mm. Molybdenum as a construction material was chosen in order to have almost the same coefficient of thermal expansion (4.8 μm.K -1 ) as sapphire glass (5.2 μm.K -1 ) while maintaining a high thermal conductivity (138 W.m -1 K -1 ).

The heating of the evaporator is provided via an engraved molybdenum plate (80×40×3 mm 3 , fig. 1) glued on the bottom backside of the FPPHP with a serpentine groove of 1.5×1.5 mm 2 . Stainless still coated Ni-Chrome heating wire (Thermocoax ® Type NcAc15) is crimped into the groove of the heating plate. Heat rejection from the condenser is realized via a copper block (100×80×10 mm 3 ), glued on the top back side of FPPHP, with milled rectangular shape serpentine channel through which cooling water circulates. Four T-type thermocouples (±0,8 K, precise positions are presented in fig. 1) are installed between the heating plate and FPPHP within the grooves milled inside channel ribs. Measurements of the fluid pressure at the bottom of the evaporator (connected to a hole in the middle U-turn) are realized with GE ® PTX5076-TA digital pressure sensor (±200 Pa). Leakage tests were done using Pfeiffer Vacuum® Adixen ASM 142 helium leaks detector. Previous preliminarily terrestrial tests showed that molybdenum-water pair induces an electrochemical reaction with generation of non-condensable gas and liquid/surface staining. Thus, pure ethanol was used as a working fluid. Vacuumed PHP was filled with previously degassed ethanol with 40% of volumetric filling ratio. 

Experimental setup

Two dedicated experimental racks have been developed respecting specific technical requirements to provide tests during parabolic flight campaigns onboard Novespace aircraft A320. The experimental system consists of the main control rack, which provides control and maintenance of the second, confined rack dedicated to the experiments (schematic on fig. 2), in which the manufactured flat plate pulsating heat pipe was installed. A confined rack is necessary to isolate PHP and sub-systems from any impact from outside, preventing potential leakage to ambient and making possible the ambient temperature control inside. One side of the confined rack was made from a massive aluminum plate (air-cooled heat exchanger with ambience), embedded with fifteen copper heat sinks equipped with fans which are divided into three independent electrical channels to allow rough control of the cooling fluid temperature level. Aluminum plate in paring with condenser cooling block, Ismatec ® Reglo-ZS gear pump and extension reservoir create a water cooling loop sub-system for heat rejection from the condenser to the plane cabin ambient air. Canon ® EOS 100D camera is used for the recording of fluid flow motions inside PHP. Synchronization of recorded videos with other parameters was performed using a LED, directly mounted on the PHP. Temperature and pressure data, as well gravity level, were acquired via NI ® cRIO-9074 chassis with installed thermocouple and voltage inlet modules, and DC output module for synchronization procedure.

Besides thermocouples installed in the evaporation zone (T1 to T4, see figure 1), two thermocouples are set up on the inlet (Tinlet) and outlet (Toutlet) of the condenser cooling block: one is directly installed on the aluminum massive plate (Tcool), and the last one measures the confined rack ambient air temperature near the PHP (Tamb).

Fugure 2. Schematic view of the experimental system configuration Two computers are mounted into the main control rack for experimental system control, data acquisition and manipulations with camera. Developed LabVIEW ® software allows data acquisition and recording, trigger with camera for synchronization and input power regulation. Command systems also consist of an electrical power supply (ELC ® ALR3220 DC), security box (which is needed for the partial or complete shutdown of the experimental system in case of exceeding threshold temperature), self-made accelerometer and pump flow regulator. DC source is connected to the heater wire located in the heating plate. The main rack is connected to the onboard electrical system.

Parabolic flights

Nowadays, the simplest approach to reach microgravity conditions is the parabolic flight, during which an aircraft (Airbus A310 ZERO-G) flies from steady horizontal flight to following maneuvers: (a) aircraft climbs up to 50° (pull-up phase, fig. 3) for about 20 s with accelerations levels (perpendicular to the aircraft floor) between 1.8 and 2g; after, (b) power of all aircraft engines are reduced for about 20 to 25 s just for air drag compensation (parabolic free fall, i.e. microgravity phase); (c) the aircraft dives down to 42° (pullout phase) during around 20 s with 1,6-2g acceleration and (d) comes back to a steady horizontal flight [START_REF] Pletser | The First European Parabolic Flight Campaign with the Airbus A310 ZERO-G[END_REF]. All these maneuvers are combined in sequences of five parabolas with intervals of around one minute between each parabola. The duration of each sequence is of few minutes. One day of flight allows reaching thirty parabolas plus one for adjustment in the six sequences of five successive parabolas. The residual accelerations sensed by experimental set-ups attached to the aircraft floor structure are typically in the order of 0.01g during the microgravity phase. 

Results and discussion

Experimental results, obtained during the 69 th ESA Parabolic Flight Campaign for molybdenum FPPHP with heat loads of 100 W, and 150 W (constant level for each set of five consecutive parabolas), are presented in the following section. FPPHP has been tested in a vertical position with bottom heat mode during normal and hyper gravity phases (position is not important for the microgravity phase). It should be noted that due to the high thermal inertia of the FPPHP and the short duration of microgravity phases, thermal regimes are not developed during these periods.

Temperature responses during parabolas

Figure 4 represents temperature and pressure variations during a series of five consecutive parabolas for respective 100 W (a) and 150 W (b) applied heat powers. The temperature and pressure profile during normal gravity remains almost stable without significant fluctuations. Whereas, hyper gravity periods are characterized by small decrease of evaporator temperature and pressure. However, with the onset of microgravity, a simultaneous temperature rise is observed for all evaporator thermocouples. This temperature increase is a consequence of liquid accumulation in the condenser zone and evaporator dry-out as a result (figure 5 (b, left)). In contrast to the temperature, pressure rises little and then stabilizes (unless during reactivation periods). For all heat loads, such temperature behavior was observed during every microgravity period. The temperature and pressure profiles for 100 W and 150 W, which are the most representative, are shown below. 

Flow characterization during parabola

The presence of the whole menisci in every channel and liquid accumulation in the condenser zone is clearly visible in fig. 5b (left). Due to accumulation in the condenser zone, liquid separates in the form of plugs and vapor bubbles by the menisci, and the vapor phase remains in the adiabatic and evaporation zones and provokes dry-out and failure operation of the FPPHP. In such a configuration, evaporator wall temperatures continuously rises due to a weak heat transfer with the non-moving fluid (until t = 6221 s in fig. 5a). Unlike the dry-out case, flow re-activation leads to a spontaneous rise of menisci oscillating amplitude, menisci deformation and a uniform fluid distribution inside the FPPHP in the form of a semi-annular/annular flow pattern. Flow pattern during this period is very similar to that observed for a FPPHP tested in the bottom heating mode under normal gravity conditions with ethanol [Ayel,14]. Synchronization of videos with temperature and pressure profiles have demonstrated that the reactivation of fluid flow inside the PHP is at the origin of the observed evaporator temperature decrease. In parabola n°2 of figure 4a and 3, 4 of figure 4b, no re-activation phase have been observed and the resulting temperature curves consist of smooth temperature increase due to continuous heating and lack of cooling process.

Menisci movement and re-activation mechanism, as well stopover mechanism, will be explained in the next section.

Video post-processing tool

In this section, obtained images resulting from the recorded video during three microgravity periods (red fields in fig. 4) have been post-processed for liquid/vapor interface tracking during dry-out and re-activation phases. Interface detection and their tracking allow identifying positions of menisci at each time and, as a derivative, to calculate their velocities and accelerations up to the flow transition and re-activation, or until menisci deformation and break-up (if they still exist) do not allow to track them anymore.

To process rough images, first, they were extracted from raw videos in the form of image frames sequences and then converted to black and white. After that, feature definition and object tracking tools, available in the OpenCV® tool-set, are used for the menisci tracking. The main purpose of these tools is the manual definition of the vapor/liquid interfaces and their following automatic tracking through time (fig. 6 (top)).

One of the advantages of this approach is the possibility of defining the flow transition from slug flow to annular flow pattern, or another kindif interface cannot be defined anymore (due to highly deformed menisci). Therefore, in the following, critical velocities/acceleration values can be defined as the last values obtained before menisci "disappearance" or their deformation, corresponding to the transitional flow pattern.

Figure 6. Definition of the menisci position: (top) channel with menisci and (bottom) tracking approach validation

To validate the approach developed in the present work, available images from previous studies of tubular pulsating heat pipe [START_REF] Pietrasanta | Experimental analysis of two-phase flows in the context of Pulsating Heat Pipes for space applications[END_REF] have been used for the generation of the composite image (fig 6

(top)). Then, the image of menisci is isolated and placed over an extracted backdrop of the fluid regions in the image. The menisci are then moved with a given velocity profile (sinusoidal). The developed framework is used to determine menisci velocities from synthetic images and then allows comparing the latter with programmed velocity profile and showing great consistency in the results (fig. 6 (bottom)).

Motion of liquid plugs

For better readability of the acquired data, an extra focus will be placed on the examination of two nearby liquid plugs: LP67 and LP89, which are located in the center of the FPPHP. Figure 7 depicts these two liquid plugs, as well as the channel numbers. Dry-out/Stopover the y-axis of figure 8 (situated between 0 cm and 4 cm positions). This means that the fluid flow transition is probably not triggered by evaporation in the evaporator but in the superheated adiabatic zone. On the other hand, high menisci motion amplitudes lead to the liberation of the wall surfaces in the condenser (located between 12 cm and 20 cm in y-axis of fig. 8) and, as a result, to a higher condensation rate local pressure drop near liquid plug. Unlike cases for 150 W applied heat power, no frequent high amplitude movements of the central liquid plugs have not been observed for 100 W.

Values of maximum velocities (Vmax, see figure 9) obtained for all microgravity periods during which reactivation phases were observed, as well velocities measured just before the flow pattern transitions (Vtrans, see figure 9), are shown in figure 10. In most cases, maximum oscillation velocities correspond to the transition velocities just before the flow pattern transition/menisci deformation. Only in few cases, the maximum velocities Vmax have been reached during the period prior to transition (figure X). The average velocity of transition for all presented conditions is equal to 0.19 m/s, which is two times higher than the commonly known operating velocity of 0.1 m/s in the literature. It must be noted that, sometimes "transition velocity" corresponds to the menisci deformation, but not to their total "disappearance". However, reaching these velocities gives us a flow pattern transition represented in figure 5 (b, right).

Figure 9. Transient velocities of two following liquid plugs menisci (150 W, parabola 1).

Figure 10. Channel distribution of Vmax and Vtrans.

Non-dimensional analysis of flow pattern transition

The obtained transition velocities allow evaluation of commonly used criteria for confined flow prediction: Weber and Garimella numbers, as functions of the channel number are presented in fig. 11 and fig. 12 respectively. First observations show a distribution of Weber number ranging from 1 to 12, but most of the points (72%) are gathered in the zone between 3 and 5, very close to the reference value of 4. Values for the interfaces of the liquid plug 1-14 are significantly higher than other due to higher transition velocity, which could be caused by a length of this liquid plug that is higher (around 50%) than others (surrounding U-turn in the condenser zone). The applied heat power seems to have very little influence on the results.

Almost the same behavior, as shown for Weber number, is observed for Garimella number values (fig. 12).

It is interesting to note that despite the weak influence of the applied heat power on the values, it seems to affect both criteria behaviorvery similar for both parabolas for 150 W of applied power. Despite the similar behavior with Weber number, the average value of Ga number, about1980, is ten times higher than the value of 160 mentioned in the literature. Figure 12. Garimella number based on the transition velocity.

Force balance for liquid plugs motion.

The following momentum equation [START_REF] Bertossi | Motion of liquid plugs between vapor bubbles in capillary tubes: a comparison between fluid[END_REF] could be used to calculate the magnitude of the driving pressure as well as the impact of the influencing forces on the motion of liquid plugs (fig. 14):

𝑚 𝑙 𝑑𝑢 𝑙 𝑑𝑡 = 𝐹 𝑑𝑟𝑖𝑣 -𝐹 𝑣𝑖𝑠 (4) 
where Fvis and Fdriv are viscous and driving forces, respectively. These forces are calculated with eq. ( 5). Gravity forces are not taken into account in this calculation due to the microgravity conditions. (5)

where ml, Lp, ul are liquid plug mass, length and velocity respectively; l is the liquid density; Acs and R are the channel cross-section area and radius respectively; ΔPv and ΔPc pressure difference between two sides of the liquid plug, and the capillary pressure respectively; and Λ=64/Re is the Darcy coefficient for viscous pressure losses for laminar flow (here, the flow is assumed to be developed laminar flow). Liquid plug mass is calculated as:

𝑚 𝑙 = 𝜌 𝑙 𝐴 𝑐𝑠 𝐿 𝑝 (6) 
As shown in fig. 13, the length of liquid plug is defined from the knowledge of the positions (from top of each channel) of the two menisci located at both ends of liquid plug (xn and xn+1):

𝐿 𝑝 = 𝐿 𝑏𝑒𝑛𝑑 + 𝑥 𝑛 + 𝑥 𝑛+1 (7) 
where Lbend represents the length of the U-turn. Vapor pressure difference between two ends of liquid plug is given by: Due to specific interest in flow transition and almost similar motion amplitudes and frequencies for all liquids plugs, calculated forces magnitudes just for one "surrounding" and two central liquid plugs (for channels 1-14, 6-7 and 7-9, see figure 7) are presented in figure 14.

∆𝑃 𝑣 = 𝑃 𝑣𝑟 -𝑃 𝑣𝑎 ( 
Left-hand side of figure 14 represents forces magnitudes, obtained from Eq. ( 4) and ( 5), for a period, representing one second before transition, for 100 W, and right-hand side for 150 W, applied powers, respectively (parabola 5). Figure 14d, where forces are negative due to the opposite direction of the liquid plug movement, is presented with reversed y-axis for better comparison. Re-activation zone characterized by the significant amplitude and frequency rise of all forces oscillations for high heat loads. Fluctuations for lower heat powers are less noticeable. It is important to note that the viscous forces are the weakest, while not being negligible for both cases during dry-out phase; but this influence comes out just before transition (as can be seen in fig. 14d, e and f). Comparing presented cases, the acceleration and driving forces values on the transition line are very close from case to case. Interesting fact is that the transition takes place not at the same time for each liquid plugs, but with short time delay, that may be due to the vapor compressibility (dash line in fig. 14).

Knowing the driving forces, the resulting values of the driving pressures ∆𝑃 𝑑𝑟𝑖𝑣 (eq. 9) are plotted in figure 15. Note that the capillary pressure drop, ∆𝑃 𝑐 , is directly included in the driving pressure term in eq. ( 9) due to the fact that its value is not estimable in these measurements. In analogy with the previous figures, driving pressures are plotted for the liquid plugs 6-7, and 8-9, in figure 15 for the periods from start of microgravity (at t = 0 s) until the re-activation phase with applied power of 100 W (fig. 15a) and 150 W (fig. 15b). In parallel, the experimental absolute pressure (Pexp), in the evaporator between these two liquid plugs, is also plotted in the same graphs. One can see that the absolute pressure shows increased instabilities during the re-activation phases, synchronously with the calculated driving pressure fluctuations from the post-processing of the image analysis. Here it can be seen that during total period until re-activation, values of driving pressure for the two liquid plugs seems to be almost similar with a slight time lag, due to the vapor compressibility (as shown previously). Amplitudes of pressure oscillations increase up to the value attained at the re-activation time and do correspond to significant absolute pressure surge between two liquid plugs. Interesting to note, that the final values of driving pressure (corresponding to the flow pattern transition) are almost similar for both values of applied heat power and are of about 350-380 Pa. However, unlike the particular case represented in figure 15, driving pressure is varying in the wide range of values from 50 to 670 Pa, as represented in figure 16. At the same time, 62% of data are in the range of ±100 Pa from the average value of 360 Pa. Note that this pressure difference is one order of magnitude higher than the maximum capillary pressure drop, from minimum receding contact angle to maximum advancing contact angle (∆𝑃 𝑐,𝑚𝑎𝑥 = 2𝜎 𝑅 ⁄ ), of about 20-28 Pa when calculated in the temperature range of figure 4. This signifies that the driving pressure difference is largely counterbalanced by the inertial and viscous forces before the rupture of the menisci at the transition between slug flow and annular flow. 

Conclusions

Experimental investigation of the thermal and flow behaviors of a molybdenum flat plate pulsating heat pipe filled with ethanol and operating under microgravity conditions, is performed to characterize the stopover and flow re-activation mechanisms. Specific results for three parabolas with flow re-activation for the microgravity conditions obtained during 69 th ESA Parabolic Flight Campaign are presented. Microgravity periods, as previously reported, are accompanied by the stopover phenomena and evaporator dry-out that leads to overall thermal transport degradation. It was found that, during some parabolas, stopover periods occur and are sometimes interrupted by a flow pattern transition from slug flow to annular flow with uniform liquid distribution inside pulsating heat pipe, also called re-activation phases.

The motion of liquid/vapor interfaces, as well as the force influence on fluid flow and flow pattern change, were analyzed. Despite the different amplitude and oscillation frequencies during microgravity start and stopover periods, the values of transition velocities appear to be very close to each other.

Frequently used non-dimensional criteria, based on Weber and Garimella numbers, have been evaluated for tested FPPHP under microgravity conditions. Experimentally obtained average values of We number are identical to the reference critical value (Wecrit = 4), whereas average values of Ga number (Ga = 1980) are one magnitude higher than reference critical value (Gacrit = 160).

Most of the driving pressure values (ΔPdriv,av=360 Pa) for the transition from slug flow to annular flow, obtained from the momentum equation for liquid plugs, are one order of magnitude higher than the maximum capillary pressure drop (ΔPc,max=20-28 Pa).

Future complex studies are necessary to enhance the characterization of flow behavior and flow transition inside of FPPHP under microgravity conditions.
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 3 Figure 3. Parabolic flight trajectory[START_REF] Pletser | The First European Parabolic Flight Campaign with the Airbus A310 ZERO-G[END_REF] 
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 4 Figure 4. Temperature and pressure profiles of FPPHP during a series of five parabolas for 100 W (a) and 150 W (b) of applied power Sometimes, evaporator temperatures suddenly and arbitrarily drops during microgravity periods, as well observable instantaneous pressure rise which corresponds to some changes in flow regime and fluid
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 5 Figure 5. Transient operation during microgravity phase: (a) temperatures profiles of flow reactivation during the 5 th parabola of fig. 4b; and (b) flow patterns one second before (left) and one second after fluid flow reactivation (right).
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 78 Figure 7. Representing liquid plugs and channels numbering As the flow dynamics directly influence the re-activation phenomena, a study of the liquid/vapor interfaces displacements is presented in the following section. Menisci displacements of the two neighboring liquid plugs in the central zone of the FPPHP, for three tested cases (one for 100 W, and two for 150 W applied heat power, respectively) are presented in figure 8. Microgravity phase turns fluid into slugs and plugs form and, once dried-out, the liquid plugs accumulated in the condenser zone are accompanied by low displacement interfaces movements (figure 8 (yellow section)) after flow stabilization due to influence of small pressure variations in the evaporator caused by vapor superheating, which was already observed in

Figure 11 .

 11 Figure 11. Weber number based on the transition velocity.
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Figure 13 .

 13 Figure 13. Schematic diagram of liquid plug movement.

Figure 14 .

 14 Figure 14. Forces influencing the liquid plugs motion during period prior to reactivation phases: for 100 W (a) channels 1-14 ; (b) channels 6-7; (c) channels 8-9; and for 150 W (d) channels 1-14 ; (e) channels 6-7; (f) channels 8-9.

Figure 15 .

 15 Figure 15. Comparison of driving forces values for two central liquid plugs (fig. 7): (a) 100 W and (b) 150 W.

Figure 16 .

 16 Figure 16. Transitional driving pressure based on the transition velocity.
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Nomenclature

Acs

Cross-section surface, m