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Loop Heat Pipe for thermal management of aircraft engine equipment

According to recent aircraft engine development trends, the performance enhancement of the propulsion plants is accompanied by both an increase of the overall pressure ratio and a decrease of the fan pressure ratio. Projections for the next decade show that equipment within the engine compartments can exceed their temperature thresholds, mining aircraft safety.

Loop heat pipes (LHP) represent highly appealing solution that could be employed as part of future passive cooling architectures, replacing or enhancing the heat transfer capabilities of currently adopted mono-phase solutions. To meet the compatibility, safety and environmental constraints, a titanium-water LHP was designed, manufactured and tested for the thermal management of aircraft engine equipment. The results encouraged the use of this technology providing clues for the development of other prototypes. The sintered titanium wick showed an excellent mechanical resistance to repeated cycles of water freeze/thaw, providing that the LHP could be potentially exposed to cold environment with limited risk to undergo structural failures. Experimental data suggests that a passivation process occurred in the first hours of operation, modifying wick wettability and improving LHP performance. This was accompanied by the generation of non-condensable gas. The impact on LHP behavior was 1 PhD, FTC -Fluid dynamics, thermal science and combustion department.

carefully analyzed, together with the influence of heat transfer on the liquid line and the cold source temperature variations. reduction and the design of more electric aircrafts (MEA) [START_REF] Rosero | Moving towards a more electric aircraft[END_REF]. As a result, thermal management is gaining increased attention as it could become one of the major issues in the upcoming generation of aircrafts. An example comes from the nacelle compartments where near future predictions based on aircraft engine's evolution trends show that integrated equipment will be subjected to increasing thermal loads [START_REF] Verseux | New challenges for engine nacelle compartments pressure and thermal loads management with aircraft engine evolution[END_REF]. As represented in Fig. 1, the turbofan nacelle contains three main compartments between the external cowl and the engine casing:

1) FAN: confined between the nacelle outer cowl and the secondary flow;

2) Intermediate compressor: between the primary and secondary flows, near the low-pressure compressor stages (LPC);

3) Core: between the primary and secondary flows, between the intermediate pressure compressor stages (IPC)

and the exhaust nozzle.

N

These regions are considered as fire or flammable fluid leakage zones: hence, specific sealing and fire extinguish systems are implemented for safety reasons. Each compartment contains a certain amount of equipment that must be maintained at an acceptable temperature to ensure the aircraft's reliability [START_REF] Verseux | New challenges for engine nacelle compartments pressure and thermal loads management with aircraft engine evolution[END_REF]. To do so, compartments are ventilated by means of a colder airflow. In the FAN compartment, fresh air from the external environment is used from specific picking points on the outer cowl. Differently, the core compartment uses air from the secondary flux (by-pass stream).

This colder air is sucked into holes drilled along the compartment and oriented toward the most critical items. Among nacelle compartments, the core is surely the most critical one in terms of thermal boundary conditions. Indeed, this relatively narrow volume confined between the carter (engine casing) and the IFS (nacelle thrust reverser inner fixed structure) is congested with several dissipative equipment and it is interested by the large heat leak coming from the engine carter, as illustrated in Fig. 1. In fact, carter's skin temperatures can easily exceed 600˚C in the hottest spots located downstream providing that radiative heat transfer can significantly impact the compartment thermal environment. As argued by Verseux et al. [START_REF] Verseux | New challenges for engine nacelle compartments pressure and thermal loads management with aircraft engine evolution[END_REF], recent engine development trends are expected to lower the fan pressure ratio of 25% and to increase the overall pressure ratio of 5 times in 2030 compared to 1995. With the former, ventilation heat transfer capabilities will be considerably reduced. As the secondary airflow will be less pressurized, the mass flow rate sucked into the compartment will be lower. Moreover, the higher overall pressure ratio will further increase the engine casing temperatures; predictions estimate a gain of 100˚C in 2030 with respect to 1995. It now becomes apparent that, in such scenario, equipment thermal protection will require a different approach in the near future. Indeed, under specific flight conditions, some of the sub-system hardware currently integrated in the engine's nacelle are already experiencing the maximum recommended temperature level.

In response to this challenge, heat pipes are claiming increased attention from the aerospace industry since the last two decades. Appealing characteristics of heat pipes for aerospace applications are: their capacity to drain and efficiently transport heat over significant distances in a fully passive manner, their long-life reliability without maintenance.

Among two-phase passive devices, loop heat pipes (LHPs) are particularly promising for aerospace applications since they have a higher flexibility than conventional heat pipes and less sensitivity to gravity [START_REF] Maydanik | Loop heat pipes[END_REF] and accelerations [START_REF] Fleming | Titanium-water loop heat pipe operating characteristics under standard and elevated acceleration fields[END_REF]. LHPs are two-phase passive thermocapillary driven heat transfer devices with a confined porous wick. As shown in Fig. 2, a conventional LHP consists of an evaporator, provided with a capillary wick and an integrated compensation chamber (hereafter called reservoir), a condenser and transport lines. To operate properly, the LHP must be perfectly sealed, previously vacuumed and then partially filled with a working fluid.

According to Fig. 2, heat is drained from the evaporator wall and reaches the liquid-vapor interface within the capillary structure, where local evaporation generates a vapor mass flow. The capillary pressure developed across the menisci forces the vapor to flow into the vapor line up to the condenser, where it is condensed and then subcooled.

Finally, the subcooled liquid flows through the liquid line into the reservoir. The reservoir is thermally and hydraulically coupled with the evaporator and it generally contains liquid and vapor at saturation conditions. The reservoir stores or releases the excess of liquid depending on the mass flow rate and provides liquid to the capillary wick. The liquid rewets the porous structure and the cycle restarts. A more detailed explanation of the LHP fundamentals and thermodynamics can be found in [START_REF] Maydanik | Loop heat pipes[END_REF].

Nowadays two aeronautical applications for loop heat pipes seems viable and they are well documented: avionics thermal management [START_REF] Baldassarre | Loop Heat Pipe for Avionics Thermal Control[END_REF][START_REF] Park | Design optimization of a loop heat pipe to cool a lithium ion battery onboard a military aircraft[END_REF] and anti-icing [START_REF] Su | A review of Loop heat pipes for anti-icing applications[END_REF]. The main unsolved issues for the use of LHPs within aircraft engine's compartments are the practical integration and the working fluid-material selection. Moreover, a LHP employed in this specific context should be able to operate under severe thermal conditions, meeting specific fire resistance requirements in line with aeronautical standards and providing long life service reliability without maintenance. The present paper deals with these aspects in two steps. First, an insight of the LHP design process deployed for this specific context is discussed. Then, the results of a multi-parametric experimental study conducted on ground under controlled boundary conditions are presented and analyzed. The goal is to provide useful information for future development of LHP dedicated to engine's compartment thermal management. 

II.Loop Heat Pipe design for engine compartments applications

A. Thermal requirements Thermal environment of turbofan engine compartments is heterogeneous and characterized by large temperature variations and different ventilation conditions with respect to both axial and radial location. As a result, the present study refers to the core compartment which is, according to previous considerations, the most critical one. In particular, the targeted equipment are those located near the combustion chamber, as shown in Fig. 1. In this case, the use of a loop heat pipe would make dedicated ventilation unnecessary, since the excess of heat would be drained and transported in suitable colder spots located elsewhere. It is worth noting that the presented approach applies to other integrated items located in different compartments and, eventually, to different types of aircraft engines.

The LHP design requirements are the following: an average and maximum evaporator heat powers of 0.2 kW and 0.5 kW, respectively, a maximum heat flux to dissipate of 20 W•cm -2 together with a maximum item's skin temperature of 250˚C. The device must withstand large temperature variations across the different flight phases and taxi periods of the aircraft. It can be reasonably assumed that a component integrated within the engine's nacelle can be surrounded by an air temperature ranging from -70˚C up to +160˚C.

B. Condenser

The first step of the LHP design consists in the identification of suitable cold spot for the condenser integration and a prior estimation of its dimensions. This information is needed for preliminary sizing of the LHP (transport line path and length, according to integration constraints, reservoir volume and optimization of the evaporator block). To simplify the effective integration, keeping a general approach in the present study, an air-cooled spreader is considered.

As a result, since this component is expected to provide the highest mass fraction of the entire LHP, Aluminum 6061 is selected as building material for the spreader part only (not in direct contact with the working fluid), due to its suitable properties (𝜌 = 2.7 g•cm -3 , 𝜆 = 167 W•m -1 K -1 ) and the excellent workability. As for the heat sink geometry, a simple flat plate is considered. Indeed, although a finned surface (plate or annular) would result in a substantially greater efficiency, the flat plate gives a conservative spreader size estimation and it is particularly suitable for test purposes, allowing an easier control of the cold source temperature.

In spreader size optimization, one should first seek for those nacelle spots having the most suitable thermal boundary conditions (high heat transfer coefficients and low ambient temperatures). Then, compare these spots with local available space and integration constraints. Hence, it could be useful to plot the equivalent spreader surface needed at different compartment locations, to obtain a first selection of suitable spots. This can be done by solving a simple 1D heat conduction problem based on a nodal network like the one presented in Fig. 3 and Eq. [START_REF] Rosero | Moving towards a more electric aircraft[END_REF].

At this stage, the heat transfer between the LHP working fluid and the spreader is neglected. Instead, an equivalent heat power Q generated at the symmetry plane (with surface area Ap) is considered. In the nodal network of Fig. 3a and Eq. ( 1), hamb and Tamb are local values of air temperature and heat transfer coefficient, whilst Rplate and Ramb are the equivalent 1D thermal resistances related to the wall heat conduction and convection (on the outer surfaces), respectively. The maximum inner plate temperature Ti,p is considered to be equal to the average condenser flow temperature. To get a reasonable estimation of the spreader surface (limiting subcooling) and minimize the heat transfer on the liquid line, Ti,p is supposed equal to the air temperature surrounding the targeted equipment on the evaporator side. Since Rplate and Ramb are both functions of Ap, one can easily compute the plate surface finding the root of Eq [START_REF] Rosero | Moving towards a more electric aircraft[END_REF]. Results are reported in Fig. 3b which shows the evolution of the condenser size throughout the core compartment. The blue and red curves represent, respectively, the minimum and maximum values of Ap at different axial distances from the compartment intake. This accounts for the variation of the boundary conditions in the annulus with respect to the angular coordinate (at a fixed axial position). The values of Ap are provided in terms of dimensionless ratios with respect to the maximum allowable condenser size (from integration perspective).

This approach is very simple and effective for the early design phase; parametric analyses can be easily conducted, considering different heat sink types (finned plate, annular fins spreaders…), different materials and asymmetric boundary conditions. According to Fig. 3b, the spreader size is minimum in local spots close to compartment inlet;

this is due to the presence of the compartment air intake (secondary flow) and the lower carter temperatures with respect to the regions downstream (closer to exhaust nozzle). Beyond the second half of the compartment, the spreader surface becomes too large and integration is not possible. Once suitable spots are identified, the best one is selected by pursuing the criteria of transport lines lengths minimization, according to integration constraints. In the present case, the best spot has the following characteristics: Ap,max/Ap = 1.1, relative distance between evaporator and condenser of 1.6 m, relative elevation close to zero (LHP can be considered as horizontal). Consequently, to meet integration requirements and space constraints, the transport line lengths range between 3.3 and 3.6 m (more details in section F). The procedure mentioned above allows to perform a prior estimation of the main LHP dimensions, according to the guidelines presented in the next sections. Then, condenser geometry is optimized and validated with a 2D condenser model coupled with a LHP solver implemented in Matlab®; for more details the reader is invited to consult reference [START_REF] Pagnoni | Effects of loop heat pipe condenser design on the overall thermal performance[END_REF]. As a result, the final geometry consists of a 1 m pipe arranged in a serpentine manner, sandwiched between the internal grooves of two 326 x 146 x 5 mm 3 aluminum plates, as shown in Fig. 3c. Pipe's dimensions and characteristics will be provided in section II.F.
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C. Working fluid and construction material selection

In heat pipes design, the choice of the working fluid and material pair is of primary importance for both performances and reliability. Since titanium and common titanium alloys are widely used in aeronautics, as well as in engine's compartments, they are considered as building materials for the LHP prototype. As for the working fluid, appealing characteristics for potential candidates are:

1) Good thermophysical properties (high surface tension, liquid density and latent heat, low viscosity);

2) Freezing point below the minimum ambient and cooling temperatures;

3) Useful temperature range (UTR [START_REF] Faghri | Heat Pipes: Review, Opportunities and Challenges[END_REF]) superimposed to the LHP operating one; 4) Compatible with the lightweight alloys used in the aeronautical environment (titanium/titanium alloys); 5) Low flammability risk and toxicity.

Fig. 4 contains a list of working fluids with respect to the thermal requirements of section II.A, degree of potential risk and availability of compatibility data [START_REF] Faghri | Heat Pipes: Review, Opportunities and Challenges[END_REF][START_REF] Hall | Rules of Thumbs for Chemical Engineers[END_REF][START_REF] Mishkinis | Loop Heat Pipes working fluids for intermediate temperature range: from -40˚C to 125˚C[END_REF][START_REF] Anderson | Evaluation of Heat Pipe Working Fluids in The Temperature Range 450 to 700K[END_REF]. As reported in Fig. 4, only few fluids can withstand the large temperature excursion that interests the different nacelle's regions. However, most of them have a high level of hazard and their use for aeronautical applications is already prohibited (ammonia, pentane, methanol, toluene, naphthalene, Dowtherm A) or it might be restricted or banned in the near future (organic, synthetic and silicon-based fluids).

Moreover, most of these fluids are proprietary; relevant information about their thermophysical properties (like surface tension variation with temperature), chemical compatibility, thermal degradation and stability in two-phase closed systems is not provided. Hence, these fluids are discarded from the list of potential candidates (at least as long as their data are insufficient). As a result, despite its freezing point at 0°C, water is the only fluid of the list with excellent thermophysical properties, perfect UTR, not flammable, hazardous free and successfully tested in long-life tests with titanium and titanium alloys [START_REF] Anderson | Evaluation of Heat Pipe Working Fluids in The Temperature Range 450 to 700K[END_REF][START_REF] Anderson | High Temperature Water Heat Pipe Life Tests[END_REF]. Indeed, in their life tests, Anderson et al. [START_REF] Anderson | High Temperature Water Heat Pipe Life Tests[END_REF] analyzed the chemical compatibility between water and titanium in several wicked heat pipes made up of commercially pure (CP) titanium and some of the most common alloys (Grade 5, 7 and 9) from a minimum of 8000 up to 20000 hours at 277˚C. They argued that, despite initial gas generation during the passivation process, water and titanium alloys showed an acceptable compatibility. Indeed, a limited amount of non-condensable gas (NCG) was produced in all the tested samples showing an asymptotic evolution. Titanium alloys and CP titanium heat pipes provided different NCG generation rates during the tests. According to Anderson et al. [START_REF] Anderson | Intermediate Temperature Fluids Life Tests -Experiments[END_REF], the NCG generation is strongly related to operating temperature and might also depend of the operating time. Limited information on NCG generation in titanium-water

LHPs is available in the literature. In some of the manufactured CP-Ti LHPs [START_REF] Hartensine | Titanium Loop Heat Pipe for Nuclear Power System[END_REF][START_REF] Fleming | Titanium-Water Loop Heat Pipe Operating Characteristics Under Standard and Elevated Acceleration Fields[END_REF], the authors mention an initial device processing at low heat powers, followed by a purge and refill with the working fluid. Details about the operating temperatures and gas generation rate inside the devices are not provided. Moreover, according to the literature (an example in [START_REF] Maydanik | Loop heat pipes[END_REF]), a controversial aspect in using water below its freezing point is the atypical volume expansion upon solidification which can lead to startup failure or, in the worst case, to serious structural damages of LHP components. This is actually one of the major issues that has prevented from the use of water as working fluids for several heat pipe applications, including aerospace ones. However, there is a serious lack of data on this topic and the limited number of available studies concern heat pipes made of mold materials like copper [START_REF] Stein | Quality Assurance in solar and thermal heating and cooling technology, keeping track with recent and upcoming developments (QUAIST) -Summary report: freeze resistance test of heat pipe evacuated tube collectors[END_REF]. Hence, there is a strong need of experimental researches to clarify this aspect using stiffer materials like titanium for both the envelope and capillary wick. In the present paper, a resistance test of water freezing in a CP titanium wick is presented in section II.E. A wide discussion on NCG generation in the titanium water prototype is proposed in section IV. For the present LHP, CP-2 Ti is selected for both the evaporator envelope and the porous wick, whereas condenser and transport lines pipes are made in Grade 9 Ti (standard pipes used and certified for core compartment's fire zones). The use of these materials prevents the LHP from encountering differential thermal expansion problems and reducing the risk of Galvanic corrosion.

D. Evaporator and reservoir

The LHP evaporator and reservoir are both hydraulically and thermally coupled: a careful design must be carried out to ensure the liquid supply in the porous wick while keeping a low heat leak from both the porous wick and the evaporator wall to the reservoir. Here, a flat opposite replenishment evaporator with an inverted meniscus and a diskshaped capillary structure is selected. The integrated reservoir has a cylindrical shape and belongs to the same titanium block of the evaporator case. The reservoir is sized according to the internal volumes of the LHPs while accommodating the swing of the liquid density between the cold and hot cases [START_REF] Ku | Operating Characteristics of Loop Heat Pipes[END_REF], as shown in Eq. ( 2) and (3), respectively. In the latter, the terms Vll, Vvl, Vcond, Vw and Vw,gr represent the internal volumes of: liquid line (ll), vapor line (vl), condenser pipe (cond), empty portion of the porous wick (w) and vapor grooves (w,gr). The reservoir volume V R is sized by setting its void fractions values for the hot and cold cases (𝛼 and 𝛽, respectively) simplifying the expression of the total fluid mass M in Eq. (2-3). As shown in Fig. 5, the reservoir is closed by means of a flat disk welded at one edge, where a long bayonet is inserted to facilitate wick rewetting. The porous wick is wedged by means of a tightening part (yellow component in Fig. 5) screwed in the inner wall of the reservoir. The tightening element has an annular fin of triangular section, inserted in one circumferential groove engraved on one side of the wick. This configuration aims to provide a uniform pressure all along the outer perimeter of the wick, ensuring a good thermal contact between the wick and evaporator wall and an effective sealing between the evaporator wall and the reservoir.

The latter aspect is crucial for a correct LHP operation (vapor flows back to reservoir must be avoided).

M=𝜌 l,cold V ll +V vl +V cond +V w +V w,gr +𝜌 v,cold (1-𝛽)V R

(2)

M=𝜌 l,hot (V ll +V w +(1-𝛼)V R )+𝜌 v,hot V w,gr +V vl +V cond +𝛼V R (3) 
Finally, the evaporator wall thickness is sized on the base of a tradeoff between the minimum value of the thermal resistance associated to wall heat conduction and the minimum impact on wall deformation, estimated as in Eq. ( 4)

from static elasticity theory. At 250˚C, saturated water pressure is almost 40 bar; this can be considered as the design specification from the mechanical point of view (worst case scenario). Similar considerations can be done for the reservoir walls: the reduction of the parasitic heat leak via the evaporator wall requires a smaller cross section (thin walls) to the detriment of mechanical deformation. In Eq. ( 4) wmax is the maximum displacement at the center of the disk with an imposed pressure difference between each side, r being the disk radius and e its thickness, E at denominator is the Young's modulus and υ the Poisson's ratio.

w max = ΔP 1-υ 2 r 4 (4) 
The main geometrical parameters are resumed in Fig. 5: the evaporator and reservoir are obtained from a single CP-2 titanium block. Choosing 𝛼 = 0 and 𝛽 = 1 in Eq. (2-3), from the geometrical characteristics of the transport lines (see section F) and porous wick (see section E), the resulting height of the reservoir is 75 mm. The straight bayonet tube is screwed on the upper plug and has an outer diameter of 3 mm and an inner one of 2 mm.

As a result, the evaporator -reservoir cylindrical body has a total height of 90 mm and an outer diameter of 50 mm. The evaporator wall has a squared shape, for an easier fixation to the dissipating item. The reservoir wall thickness is 1 mm, whilst the evaporator wall one is 2 mm. 

E. Porous wick

The disk-shape porous wick is the most important component of the LHP that ensures the fluid circulation inside the loop by means of the capillary pressure. The wick, manufactured by the Atherm® company, is obtained from a standard > 98.4% CP titanium powder, pressureless sintered and without previous compacting. The pore radius is minimized, according to manufacturing capabilities, keeping a reasonable value of wick porosity and permeability.

Hence, the average pore radius is 4.25 µm and the permeability, measured by mercurial porous meter on a wick sample, is 1.5•10 -13 m 2 . According to the Young-Laplace Equation (see Eq. ( 5): 𝜎 being the liquid surface tension, 𝜃 the working fluid wetting angle within the porous structure and 𝑟 the pore radius), the capillary pressure using water as working fluid ranges from 5 to 25 kPa between 100˚C and 200˚C, considering 𝜃 values between 0˚ and 75˚.

Based on Atherm® company experience and know-how on flat evaporator LHPs, a fishbone shape geometry for vapor grooves is considered for wick vapor grooves. These are machined on one side of the wick, collecting vapor from the smaller grooves into the thicker one in the center up to the vapor line, as shown in Fig. 5 (right hand side).

With such configuration, the vapor pressure drop in the transition from smaller grooves to central collector is reduced, with respect to a 90˚ configuration (grooves perpendicular to vapor collector). The optimum grooves size is obtained fitting data collected from other LHPs manufactured by the Atherm® company: the smaller grooves have a squared cross section of 1 mm width, whilst the central one has a conic shape with a variable width ranging from 1.5 mm up to 2.8 mm. The contact area between the wick and the evaporator wall is approximately 55% of the total evaporator's wall surface. The porous wick thickness impacts both the heat leak to the reservoir by convective-conduction heat transfers [START_REF] Launay | Analytical Model for Characterization of Loop Heat Pipes[END_REF], as shown in Eq. ( 6). In the latter, the terms ew and Aw represent the wick thickness and cross section area, respectively, whilst λ w,eff the effective wick thermal conductivity (estimated through semi-empirical correlations for sintered wicks [START_REF] Hamdan | Steady-State Model of a Loop Heat Pipe (LHP) with Coherent Porous Silicon (CPS) Wick in the Evaporator[END_REF]) and the flow pressure drop within the wick (evaluated from the Fick law, as in Eq. ( 7), where Kw is the wick permeability). From equations ( 6) and ( 7) it becomes apparent that an increase of the wick thickness ew increases exponentially the thermal resistance and linearly the pressure drop. Even in this case, the best solution is a tradeoff of these two aspects; here, a wick thickness of 10 mm and an outer diameter of 45 mm is selected. 

∆𝑃 = 𝑐𝑜𝑠𝜃 (5) 
∆P w = μ l ṁe w K w ρ l A w (6) 
As previously discussed, it is important to verify the effective wick mechanical resistance to repeated water freeze/thaw cycles. To do so, the porous wick was embedded into an open cylinder, representing the reservoir wall, and then sank into a pure distilled water bath. The temperature of the bath was changed from +10˚C to -10˚C every two hours, so that the liquid had enough time to freeze and thaw completely during each cycle. Three porous wicks were tested in parallel: after more than 1500 cycles, any sign of structural damage was detected neither residuals of the sintered powder in the water bath were found. This encouraging result may come from the relatively low porosity and the small dimensions of the pores that confer good mechanical strength (high containment). For the purposes of the present work, we consider that a proven resistance over ~1k cycles represents a satisfying result which confirms the choice of water as working fluid for our design. Nonetheless, more R&D efforts are necessary to cover real qualification tests on the entire water LHP subjected to freeze/thaw, frozen startup etc… This in order to certify this technology for aircraft engine applications.

F. Transport lines

Depending on the heat sink location with respect to the heat source, the transport lines can be up to few meters long. During normal operation, the engine vibration can lead to dangerous resonance phenomena on the transport lines that must be avoided to ensure the structural integrity of the LHP. It is important to support the pipe in a proper number of points and to use pipes with suitable characteristics. Hence, standard tubes of CP-Ti Grade 9 having external and internal diameters of 6.35 mm and 5.05 mm, respectively, are considered. These pipes are currently in use in pressurized hydraulic loops inside the core compartment: they can resist to high pressures up to 300 bar at 70˚C.

The LHP prototype designed in the present paper has vapor and liquid lines of 3.3 m and 3.6 m, respectively.

These strictly depends on the cold source and evaporator locations inside the compartment. As for the condenser, the same pipe is used to avoid compatibility issues.

III.Experimental set up

A schematic view of the LHP is shown in Fig. 6. The device is integrated on a test rig and attached to two heat sources (primary and secondary heaters) and a heat sink. The linear distance between evaporator and condenser is 1.6 m, according to the results presented in section II.B. The bends in transport lines are consequent to the practical integration of the LHP on the test rig. Preserving the linear distance between the evaporator and condenser is useful to investigate the LHP operation at variable inclinations with respect to gravity (relative height between hot and cold source). However, these results are not presented in the paper since they go beyond the scope of the presented application.

The device is mounted on a test rig and attached to two heat sources (primary and secondary heaters) and a heat sink. The primary heater is attached to the evaporator wall; it consists of a single squared copper matrix of 50 x 50 x 15 mm 3 with two embedded cartridge heaters (2 x 300 W max, outer diameter: 8 mm, length: 50 mm). To account for the liquid line heat transfers inside the different engine's compartments (see Fig. 1), the secondary heater is fixed on the pipe, near the reservoir inlet. This consists of a 50 x 50 x 15 mm 3 copper matrix equipped with a cartridge heater (125 W max, outer diameter: 6.35 mm, length: 64 mm). A modulate heat power is delivered to both heaters by means of remote DC Power Supplies (EA Model PS-9360).

The heat sink is a 326 x 146 x 15 mm 3 304L stainless steel cold plate; the Dowtherm® A coolant (i.e. the secondary working fluid) flows at a controlled temperature by means of a remote chiller (Huber 385 Unistat). To enhance the thermal contact between the heat sources/sink and the LHP, a graphite sheet is used at the evaporator side (eGraf 1220:

e = 0.5 mm, λ ~ 10 W•m -1 •K -1
), whilst a gap filler is used at the condenser one (Laird Technologies Tflex™ 500; e = 0.5 mm, λ ~ 2.8 W•m -1 •K -1 ).

To minimize the heat leaks through the test fixture and with the external environment, the LHP rests on several thin PTFE rods (λ ~ 0.25, > 6 cm long, W•m -1 •K -1 ) and is covered with multiple layers of mineral wool (~ 0.07 W•m - 1 •K -1 ). Before the test, the LHP was vacuumed and the connection sealing verified with a Helium leak detector system (ASM Graph 142). During the filling operations, the working fluid was degassed through repetitive freezing/vaporization cycles in a dedicated tank, pumping away the excess of mass and the eventual presence of noncondensable gases (NCG). From the working fluid inventory evaluated from Eq. (1-2), the LHP is charged with a water mass of 186.7 g.

IV.Results and discussions

The test campaign has consisted in analyzing the influence of several operating parameters on the LHP operation:

variable heat power inputs supplied to the primary and secondary heaters and secondary working fluid temperatures.

However, from the early tests immediately after the first filling with pure water, a significative deviation from the saturation condition was observed via the pressure sensors, providing that a non-negligible amount of NCG was generated inside the device. The impact of NCG on LHP behavior and thermal performance represents a key factor that must be carefully analyzed for the present application. Indeed, even low gas generation rates can produce a significant amount of gas in the timespan of the engine's service life. Hence, the LHP was cycled at different heat power inputs until the pressure recorded at the beginning of each test (when the device was at a homogeneous temperature) did not change with respect to previous days (according to sensors' accuracy), providing that the NCG amount inside the LHP was stable. This coincides with the observations of Singh et al. [START_REF] Singh | Operational characteristics of the miniature loop heat pipe with non-condensable gases[END_REF] who studied the influence of NCG generated in a copper/water mini LHP during the first days of tests. Indeed, they noticed that the constant generation of NCG inside their device finally slowed down until was practically ceased. They argued that the major amount of NCG is produced during the initial test runs of the loop heat pipe. In the present study, once all the tests with a stable amount of NCG were completed, the LHP was purged, refilled and the tests repeated.

A. LHP passivation: operation in presence of NCG Fig. 7 reports a comparison between the LHP evaporator wall (average TCs 1-3), vapor line inlet (TC 11) and reservoir temperatures (average TCs 4-7) during steady-state operations, recorded in horizontal position at different heat power steps Qin after 8, 80 and 300 hours of operation and constant secondary fluid temperature of 50°C. One can observe that LHP thermal performance has evolved considerably within this time interval. In fact, after an initial improvement between 8 and 80 hours of operations, a clear degradation has occurred between 80 and 300 hours. The latter was due to NCG generation, as suggested by the translation along the vertical axis of both temperatures and pressures curves. Differently, values recorded after 8 hours seem not correlated to those of other tests. Indeed, evaporator wall temperatures are remarkably higher and the difference between the vapor line inlet and reservoir temperatures is much lower compared to successive tests, although the NCG amount was lower. This evidence seems to contradict what is reported in the literature [START_REF] Singh | Operational characteristics of the miniature loop heat pipe with non-condensable gases[END_REF][START_REF] Prado-Montes | Effects of non condensable gas in an ammonia loop heat pipe operating up to 125°C[END_REF][START_REF] He | Effects of non-condensable gas on the operation of a loop heat pipe[END_REF][START_REF] He | Effects of non-condensable gas on the startup of a loop heat pipe[END_REF][START_REF] Wang | Effect of evaporator tilt on a loop heat pipe with non-condensable gas[END_REF]. Indeed, the presence of NCG is usually accompanied by a degradation of the overall thermal performance of loop heat pipes. This is generally characterized by an increase of the evaporator temperature [START_REF] Singh | Operational characteristics of the miniature loop heat pipe with non-condensable gases[END_REF][START_REF] He | Effects of non-condensable gas on the operation of a loop heat pipe[END_REF][START_REF] Wang | Effect of evaporator tilt on a loop heat pipe with non-condensable gas[END_REF] or a decrease of the reservoir/condenser's ones since the system is controlled to keep constant evaporator's temperature [START_REF] Prado-Montes | Effects of non condensable gas in an ammonia loop heat pipe operating up to 125°C[END_REF], particularly at low temperatures and low heat power levels. However, except the work of Singh et al. [START_REF] Singh | Operational characteristics of the miniature loop heat pipe with non-condensable gases[END_REF], all other studies [START_REF] Prado-Montes | Effects of non condensable gas in an ammonia loop heat pipe operating up to 125°C[END_REF][START_REF] He | Effects of non-condensable gas on the operation of a loop heat pipe[END_REF][START_REF] He | Effects of non-condensable gas on the startup of a loop heat pipe[END_REF][START_REF] Wang | Effect of evaporator tilt on a loop heat pipe with non-condensable gas[END_REF] concern the influence of a controlled amount of inert gas (nitrogen) injected in the loop. In the latter cases, the influence of NCG is purely thermodynamic and the NCG accumulated in the reservoir (mixture of NCG and saturated working fluid) leads to different P-T conditions for the operating points. The working fluid temperature corresponds to a pressure higher than the theoretical corresponding saturation pressure [START_REF] Prado-Montes | Effects of non condensable gas in an ammonia loop heat pipe operating up to 125°C[END_REF]. The higher temperature difference between evaporator and reservoir leads to an increase of the parasitic heat flux from evaporator to reservoir. Hence, a higher liquid subcooling becomes necessary to compensate the parasitic heat leak. However, in the present case, the situation is more complex. In view of Figure 7a, the difference between evaporator and reservoir temperatures first decreases significantly between 8h and 80h of tests, then increases again after 300h but to lower values than initially.

Concerning the generated NCG studied by Singh et al. [START_REF] Singh | Operational characteristics of the miniature loop heat pipe with non-condensable gases[END_REF], they observed an accumulation of oxidized regions on the inner wall of the reservoir as well as on the liquid absorbing face of the wick due to the gas absorption at these The heat transfer on the transport lines deserves careful attention for this specific application. Indeed, the heat radiation from the engine's carter and the natural/forced convection within the compartment could play a remarkable role on LHP operation. As the most critical conditions occur when the subcooled liquid is heated up in the liquid line, the goal of this analysis is to investigate the LHP behavior under different secondary controlled heat loads delivered to the liquid line. Results are presented in Fig. 10, for the following operating conditions: horizontal orientation, TII = 130˚C and Qin = 200 W (grey dashed line, "Primary heater"). Six steps are delivered to the liquid line (red dashed line, "Secondary heater") between 20 W and 58 W. One can observe that, without secondary heating, the liquid line temperatures (TC 10, 12 and 13, see Fig. 6 as reference) are well below the condenser's outlet one (TC 17). Increasing the heat load on the secondary heater, the liquid flow in TC 10 is progressively heated up but always in single phase, as it does not reach the saturation conditions (TCs 4-7, reservoir). Increasing the power on the liquid line leads to a decrease of subcooling rate and an increase of the resulting temperature in the reservoir, together with the evaporator wall and the vapor temperatures. The thermodynamic cycle is thus shifted upwards along the saturation curve.

However, when the secondary heat power supplied exceeds 49 W, the liquid line temperature increases sharply (red dotted areas), exceeding the reservoir's one (TC 12), followed by a slight increase of temperature oscillation amplitudes. Even in this case, the LHP operation remains robust and the situation quickly stabilizes, with a smooth increase of the reservoir (TCs 4-7), vapor line inlet (TC 11) and evaporator wall (TCs 1-3) temperatures. A similar behavior is observed for the highest heat power step of 58 W. At this point the heat flux is sufficient to create some nucleation spots, vapor bubbles are generated together with some instability phenomenon like the slight condenser's outlet temperature drop (TC 17), due to a quick back flow in the liquid line. However, flow entering the reservoir is fully re-condensed, providing that TC 10 is well below TCs 4-7. It is interesting to observe an abrupt temperature drop of ~20˚C recorded from TC 13 at 49 W. It is difficult to explain this behavior from the available data. However, this looks like a local effect, with no remarkable impact on other parts of the LHP, thus not relevant from the LHP operational perspective. As a conclusion, despite a smooth increase of temperatures any remarkable consequence on the LHP operation is observed by delivering a heat power to the liquid line up to 30% of the heat power supplied to the evaporator. This result is important for the LHP pre-design in severe thermal environments like the engine's nacelle. those of the reservoir. Hence, excluding a Cold Shock, the cause of this observed behavior remains unclear and deserves further investigations, although it seems clear that this transient instability is localized in the porous wick. Another instability occurred in this test at low heat power (110 W); the flow reversal (Fig. 11). The available documentation on this phenomenon is really limited and usually attributed to the vapor bubble formation within the capillary structure [START_REF] Fleming | Titanium-Water Loop Heat Pipe Operating Characteristics Under Standard and Elevated Acceleration Fields[END_REF]. However, in the present case, the appearance of flow reversal seems to be related to the reservoir's inlet flow conditions, in particular, on the role of the heat losses in the liquid line at low heat power inputs. Before the flow reversal, the LHP operation is unusual: two-phase condensing flow is present in a significant portion of the liquid line, as suggested by temperature TC 14 The latter is indeed close to vapor line temperatures (TCs 11, 16 and 18), as shown in left-hand zoomed view of Fig. 11. Hence, we can conclude that condensation ends in the second half of the liquid line, where the flow is also subcooled (TCs 10, 12 and 13); this behavior occurs also with the first heat power step of 30 W. In this situation, the LHP behavior is driven by the heat losses between the transport lines and the external environment (at ~ 20˚C), regardless the heat sink conditions. Meantime, the reservoir slowly heats up (TCs 4-9). Once it get close enough to vapor temperatures (TCs 11, 16 and 18), the flow reversal appears: a quick ejection of fluid from the reservoir into the liquid line causes a sharp increase of TC 10, followed by TCs 12 and 13. The long liquid plug flows backwards in the liquid line, entering the condenser. Then, flow circulation restarts normally, condensation front moves inside the condenser and spreader plate temperatures increase slightly (TCs 25-30). TC 17 now decreases below the saturation point, providing that flow at condenser's exit is now subcooled. Finally, vapor, reservoir and evaporator temperatures increase smoothly and asymptotically. From now on, the LHP shows a normal steady operation and the heat sink drives the operating temperature. The role of the heat losses in the liquid line becomes less important. The situation does not change at higher heat power steps. It becomes apparent that, in absence of NCG, the LHP operation was affected by instability phenomena occurring mostly during the transient phase and that deserve further investigation. Comparing equivalent tests with and without NCG, it was observed that the LHP with NCG has a larger operation spectrum over a wider range of heat powers. However, looking at Fig. 12, the steady thermal performance is remarkably degraded compared to the case without NCG, especially at lower heat powers. One can observe that also the shape of the operating curve is different. The presence of NCG extends the heat load range in the variable conduction mode [START_REF] He | Effects of non-condensable gas on the operation of a loop heat pipe[END_REF]. NGC has also a remarkable impact on the condenser. In fact, since in this case the vapor temperature is higher at the condenser inlet, for the same TII, the condensation length can be remarkably lower. 

V.Conclusions

In this study, a Loop Heat Pipe was conceived, manufactured and tested for the thermal management of the aircraft nacelle equipment. The minimization of the condenser size was actually a multi-objective problem that concerned the evaluation of suitable thermal environment, the minimization of the transport lines length and the integration constraints. Water was selected as working fluid, CP titanium and Grade 9 titanium alloys were selected as materials for their relatively low density, chemical compatibility with water and proven feasibility for both aeronautical and heat pipes applications. A flat evaporator and a disk-shaped capillary structure were chosen, with vapor grooves machined on one side of the porous wick and arranged in a fishbone shape. The sintered porous wick has shown a satisfying mechanical stiffness that allowed to resist to more than 1500 cycles of water freezing/thaw within the porous structure itself. During the first tests, an important amount of non-condensable gases was generated. The LHP was cycled and the NGC amount became stable; this required approximately 300 hours of tests and the major contribution to this generation came from the porous structure. The passivation had also significantly increased the wettability of the porous media, providing that LHP performances improved despite the initial gas generation. This has also outlined the importance of fluid/solid wettability of the porous wick. A decrease of the secondary working fluid temperature increased the transition heat power thresholds between the variable and fixed conductance modes, changing the concavity of the operating curves. A secondary heater attached to the liquid line have allowed to investigate the effects of a heat gain on the liquid line, to simulate the heat transfer within the engine nacelle. The tests were successful and the LHP has shown a robust operation and self-adaptability when the returning subcooled liquid was heated up. The maximum heat power supplied to the secondary heater was up to 30 % of the evaporator one. Finally, the LHP was vacuumed, re-filled with the same amount of water and tests were repeated. This time, the steady state thermal performances improved considerably, but instability phenomena occurred. At low secondary fluid temperature, the transient phases were characterized by large and long temperature overshoots. Their origin remains unclear. Moreover, local episodes of flow reversal were also observed. When comparing the LHP performances with and without NCG, important differences were found, especially at lower heat power levels. As a conclusion, results show that titaniumwater LHPs are promising and efficient solutions for the thermal control of engine integrated equipment. Although more efforts are needed for the characterization of these devices in the nacelle environment, this study has outlined some important clues that encourage further investigations in the field.
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 1 Fig. 1 Schematic view of the engine's compartments (left) and illustration of the heat transfer on a single integrated item (right).

Fig. 2

 2 Fig. 2 Schematic of a conventional loop heat pipe with flat evaporator: typical liquid vapor distribution during normal operation.

Fig. 3

 3 Fig. 3 Condenser design steps: a) 1D spreader approximation (Q = 200 W), b) spreader plate surfaces for different core compartment regions and c) optimized geometry (all lengths are in mm).
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 4 Fig. 4 Common, organic, synthetic and silicon-based fluids utilized in heat pipe technology and heat transfer applications: useful temperature range, freezing, boiling -flash points and limitations.

Fig. 5

 5 Fig. 5 Half-sectional view of the evaporator -reservoir (left) and a detailed view of both upper and bottom surfaces of the porous wick (right).

Fig. 6

 6 Fig. 6 Schematic view of the LHP prototype equipped with the heating blocks and the cold plate with an illustration of temperature and pressure sensors arrangement.

Fig. 7 a

 7 Fig. 7 a) Evaporator wall, vapor line and reservoir temperatures, and b) vapor pressure as functions of Qin for several operating hours (horizontal, TII = 50˚C).

Fig. 8 Fig. 8 Fig. 9

 889 Fig.8reports the temperatures and pressure signals recorded during a test in horizontal orientation with increasing and decreasing heat power inputs and a constant secondary fluid temperature of 110˚C. Once the first 40 W heat power step is supplied, the evaporator and reservoir temperatures increased sharply and almost simultaneously. This may be due to the presence of liquid in the vapor grooves and vapor in the evaporator core, respectively[START_REF] Ku | Loop Heat Pipe Startup Behaviors[END_REF][START_REF] He | Effects of non-condensable gas on the startup of a loop heat pipe[END_REF]. In this situation (one of the most critical according to He et al.[START_REF] He | Effects of non-condensable gas on the startup of a loop heat pipe[END_REF]), the loop startup requires evaporator superheating. Once nucleation started, vapor begins to flow and, like a piston, pushes the long liquid plug away from the vapor line, bringing the excess of liquid into the reservoir. During this transient phase of approximately 1100 seconds, high amplitude temperature oscillations occur, in particular in the vapor line at condenser inlet (TC 18, yellow curve) as well as in the liquid line at the reservoir inlet (TC 10, green curve), at 100 W. This was also one of the additional effects related to the presence of NCG in loop heat pipes already observed by Prado-Montes et al.[START_REF] Prado-Montes | Effects of non condensable gas in an ammonia loop heat pipe operating up to 125°C[END_REF], with the largest amounts of NCG and lowest heat power levels. Oscillations in LHP temperatures are linked to unstable operation, probably due to a significant degradation of the LHP overall conductance.

Fig. 10

 10 Fig. 10 Transient response of the LHP with increasing liquid line secondary heater power (horizontal, TII = 130˚C, Qin = 200 W).

Fig. 11

 11 Fig. 11 Transient response of the LHP without NCGs (horizontal, TII = 50˚C).

Fig. 12

 12 Fig. 12 Effects of NCGs on evaporator and reservoir steady-state temperatures (horizontal, TII = 50˚C).

  

  

  

Beyond 200 W, the LHP provides a smooth and robust operation. The values measured by the vapor line thermocouples (TCs 11,[START_REF] Fleming | Titanium-Water Loop Heat Pipe Operating Characteristics Under Standard and Elevated Acceleration Fields[END_REF] are well close to each other (average difference less than 2˚C over 1.6 m); this suggests that vapor superheating is negligible at the evaporator's outlet. The apparent temperature drop measured by TC 18 below saturation point is due to a thermal interaction between the pipe wall and the condenser. The reservoir temperatures measured in the middle of the cylindrical wall (TCs 4-7) are substantially higher than those placed on the disk above (TCs 8, 9). Here, the temperature difference is caused by the presence of NCG accumulated in the upper part of the reservoir, where they are normally trapped during LHP operation in horizontal position. Indeed, Fig. 8b shows that pressures values recorded during the test at the reservoir inlet far exceed the saturation level corresponding to the measured temperatures (𝑃 , = 𝑃 (𝑇𝐶𝑠 (4 -7)), computed via the Clausius-Clapeyron equation).

Surprisingly, condenser's outlet temperature TC 17 is below the heat sink one of 110˚C; this may be due to a thermal interaction with the filling branch pipe (Fig. 6), not insulated. Although the LHP was thermally insulated, heat losses occur in the transport lines, as suggested by the temperature drop in the liquid line (TC 17-14-13-12-10), caused by a sensible heat leak ranging between 5% and 13% of Qin. A little temperature hysteresis is observed between the increasing and decreasing heat power routines.

Finally, a temperature gradient is observed at the interface between the heating matrix and the LHP evaporator wall (TC1-3, red in Fig. 8a): their relative differences at a fixed heat power input of 400 W dropped of 12˚C between 8 and 300 hours of operation. This may be due to a change in the porous wick characteristics during its passivation process, as previously discussed.

B. Influence of the secondary fluid temperature

As shown in Fig. 9, the secondary fluid temperature has a remarkable impact on the LHP operation. Indeed, a change of the secondary working fluid temperature modifies both the concavity and the relative minimum of the LHP operating curves (Fig. 9a). A high secondary working fluid temperature (150°C) provides higher liquid temperatures at condenser outlet (TC 17), as shown in Fig. 9b. At low heat powers, the mass flow rate is rather small and the liquid within the liquid line approaches the ambient temperature, due to the heat losses in the transport line (even with the thermal insulation), regardless the heat sink conditions, which is typical of U-shape operating curves of LHPs. Hence, the operating temperatures curves are closer to each other in the range between 100 W and 150 W, providing that the

D. LHP operation without NCG

Once the NCG generation rate inside the LHP became negligible, the device was vacuumed and refilled with pure water. Then, tests were repeated, carefully checking the reservoir temperatures and pressures. Fig. 11 shows the temperatures recorded during a horizontal test, at TII = 50˚C. One can observe that reservoir temperatures (TCs 4-7 and 8-9) are now well superimposed, whatever the heat power applied, proving the absence of NGC (also confirmed by the pressure curves, not presented here). In this case, the LHP steady-state temperatures are significantly lower compared to the equivalent tests with NCG, as shown in Fig. 12. However, the LHP operation present large temperature overshoots during the transient phase at high heat power steps. These appeared only with a lower secondary working fluid temperature (in the test of Fig. 11, TII = 50˚C) and for high heat powers supplied at the evaporator. As shown in Fig. 11, when the heat power increases above 200 W, the evaporator wall temperatures in particular are interested by high peaks and longer transient periods. This evidence suggests that three-phase contact line recedes within the porous wick, vapor penetrates in the empty spaces of the wick providing an effective insulation between the evaporator wall and the saturating flow. As a result, the evaporator wall temperatures are increased until the liquid-vapor front advances again retaking its original configuration. It is difficult to clearly understand the origin of this transient behavior from the available data. The slight undershoot of reservoir temperatures immediately after the heat power increase (see the right-hand zoomed view of Fig. 11) reminds the "Cold Shock"; a phenomenon observed in large LHPs undergoing high heat power transitions and documented by Nikitkin et al. [START_REF] Nikitkin | High Power Cold Shock Phenomena in Loop Heat Pipes[END_REF]. During a Cold Shock, as the mass flow rate increases with the input heat power, at high heat power steps there is a rapid injection of cold liquid into the reservoir. This could slow down the temperature growth rate of the reservoir with respect to the evaporator one. A pressure difference is generated across the wick. This additional pressure difference, together with the hydraulic losses through the LHP may exceed the wick pumping capability, causing a temporary evaporator dry out, terminating the flow circulation with a sharp temperature rise in evaporator and reservoir [START_REF] Prado-Montes | Effects of non condensable gas in an ammonia loop heat pipe operating up to 125°C[END_REF]. In the tests performed in the present work, any sign of flow circulation shut-off was detected. Moreover, up to 330 W, the vapor and the reservoir temperatures are well superimposed, excluding the possibility of an additional pressure difference across the wick to be counterbalanced by the porous media. The same considerations can be extended to the case of 398 W, where the vapor is clearly superheated (TC 11) but the saturation conditions of the vapor are really close to
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