R Giraudon 
  
S Lips 
  
D Fabrègue 
  
L Gremillard 
  
E Maire 
  
V Sartre 
  
Design, manufacturing and characterization of copper capillary structures for loop heat pipes
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Mono and bi-layer capillary structures are designed by means of a thermo-hydraulic model of a loop heat pipe in order to optimize the performance of the system. The model tends to show that bi-layer wicks with a thermally conducting bottom layer and an insulating top layer are the most efficient in loop heat pipes. An experimental study is then led to manufacture and characterize the bottom layer. Eight samples made of copper powder are manufactured following a twolevel fractional factorial design. The top layer is not manufactured in this study. The sintering parameters are adjusted to provide porous samples with sufficient mechanical resistance. The porous structure permeability and its capacity to provide a sufficient capillary pressure are evaluated using a specific test bench dedicated to this study, as well as with microstructural observations (tomography, microscopy). The experimental characterization of the samples enables to determine the influence of each sintering parameter as well as the interactions between them. The characteristics of the porous samples are found to be mainly affected by the sintering time and the pressure. High values of these parameters decrease the permeability and the porosity but increase the maximum capillary pressure due to a smaller effective pore radius. A set of optimum sintering parameters is found in order to manufacture the bottom layer. The best porous structure is supposed to enhance the latent heat transfer in a LHP.

INTRODUCTION

The increase of the heat flux densities encountered in industrial applications and the decrease of the electronic components size require efficient cooling devices to avoid failure due to thermal issues. Among them, the passive systems that use the liquid-vapour phase change have many advantages.

They don't require additional energy source and can transport high heat flux densities. Loop heat pipes (LHPs) proved their ability to cool systems in a large temperature range. [START_REF] Ku | Operating Characteristics of Loop Heat Pipes[END_REF] and [START_REF] Maydanik | Loop heat pipes[END_REF] deeply explained the LHP operating principles and the components characteristics.

Contrarily to traditional heat pipes, the capillary structure is located only in the evaporator. Confining the wick in the evaporator section enhances the capillary limit as explained by [START_REF] Singh | Capillary evaporator development and qualification for loop heat pipes[END_REF].

The wick is a key element of the LHP and many authors investigated it. [START_REF] Demidov | Investigation of heat and mass transfer in the evaporation zone of a heat pipe operating by the inverted meniscus' principle[END_REF] as well as [START_REF] Cao | Analytical solutions of flow and heat transfer in a porous structure with partial heating and evaporation on the upper surface[END_REF] studied numerically its operation whereas [START_REF] Zhao | On capillary-driven flow and phase-change heat transfer in a porous structure heated by a finned surface: measurements and modeling[END_REF] and [START_REF] Mottet | Three dimensional liquid and vapour distribution in the wick of capillary evaporators[END_REF] proposed experimental studies. According to [START_REF] Launay | State-of-the-Art Experimental Studies on Loop Heat Pipes[END_REF], the large majority of LHPs is designed with a monoporous, monolayer and metallic wick.

However, this technology has shown its limits and the challenge to increase the LHP performances is to find out well-adapted capillary structures to enhance the heat and mass transfer in the evaporator.

The collaboration between material scientists and heat transfer researchers can help to select the most appropriate fabrication method for the considered application. Some scientists started this kind of work and tried to manufacture new types of wick. [START_REF] Yeh | A study of loop heat pipe with biporous wicks[END_REF] studied a biporous wick. The biporous wick was manufactured by mixing a 3 µm nickel powder and a pore former. The biporous wick decreased the thermal resistance from 0.53 K/W to 0.31 K/W compared to a monoporous wick manufactured without pore former. They used a two-level fractional design to show that the pore former content was the most influent parameter. The particle size of pore former was influent but to a less extent and the sintering temperature was the less important parameter. [START_REF] Wu | Manufacturing and testing of the double-layer wick structure in a loop heat pipe[END_REF] studied the double layer wick. The first layer was biporous in order to increase the permeability while the second layer was monoporous in order to increase the mechanical strength of the whole wick. They sintered a nickel powder with a diameter lying between 2.2 µm and 2.8 µm and added a large pore former (particle diameter between 177 µm and 210 µm) to create the biporous wick. They exhibited a positive influence on the LHP thermal performance. Indeed, the maximum heat flux was increased by 67 % compared to mono layer and mono porous wicks (11,6 W/cm² compared to 6.96 W/cm²). [START_REF] Xu | Modulated porous wick evaporator for loop heat pipes: Experiment[END_REF] tested a multi-layer and bi-porous wick. The layer close to the evaporator had a high thermal conductivity in order to transfer the heat to the liquid and was biporous to evacuate more efficiently the vapour. The second layer had also a high thermal conductivity in order to spread the heat and was monoporous to create a better capillary force and finally the layer close to the reservoir was insulating to create a thermal barrier between the evaporator and the reservoir. Their results showed that these wicks improve the performance of their LHP. Indeed, they reported a significant decrease of the evaporator temperature and a maximum heat flux density of 40 W/cm². However, no modelling was proposed in order to find the best characteristics of each layers.

Based on these considerations, the main objective of this work is to determine, by means of a model, the most appropriate porous structure characteristics in order to provide high heat transfer performance of the LHP. Mono and bi-layer capillary structures are considered. The second objective is to manufacture capillary structures having similar characteristics using a sintering method. In this study, the performance of a bi-layer wick is investigated by means of simulations but only the layer in contact with the evaporator is manufactured. Indeed, since the heat transfer takes place inside this layer, it is of great interest to control its parameters. Finally, the hydrodynamic parameters of the manufactured samples are characterized and the influence of the parameters of the sintering process on the wick characteristics are discussed.

WICK DESIGN

The first step of this work is to develop a complete LHP model with a bi-layer wick. The goal is to determine the best wick characteristics, by means of a parametric analysis on each parameter of the wick: porosity ε, pore radius rp, permeability K, thermal conductivity λ and thickness e.

Thermal and hydrodynamic model

The modelled LHP is expected to cool an electronic component dissipating a heat flux up to 10 W/cm². [START_REF] Siedel | Complete analytical model of a loop heat pipe with a flat evaporator[END_REF] developed a model to predict the thermal and hydrodynamic behaviors of a flat-disk shaped LHP. The objective of his model is to find evaporator designs enabling to reduce the heat leaks from the heating plate to the reservoir, while shortening the thermal path between the heating plate and the evaporating interface. The model of [START_REF] Siedel | Complete analytical model of a loop heat pipe with a flat evaporator[END_REF] considers a monolayer nickel wick saturated with liquid. In the present study, it is modified to consider the influence of a double layer wick with different characteristics at the bottom part (in contact with the heated wall) and at the top part (in contact with the reservoir) (Fig. 1).

Fig. 1 : Schematic of the evaporator with double layer wick

The model of [START_REF] Siedel | Complete analytical model of a loop heat pipe with a flat evaporator[END_REF] is a nodal network based on a combination of energy balance equations for each component of the LHP. To precisely describe the heat and mass transfer inside evaporator casing / porous wick assembly, two analytical models were developed and coupled with the nodal model. In the first one, a small element located at the evaporator edge is considered. In this zone, the heat exchanged from the evaporator casing to the ambient (heat flux leaking from the wall)

T r T cont T e T v R top is influent.
In the second analytical model, a small element is considered at the evaporator center, constituted by half a groove and half a fin (Fig. 1). This zone is not affected by the boundary effects, and the model enables to determine the heat and mass transfer inside the wick (heat flux dissipated by evaporation and leaking through the wick). The equations of the nodal network of [START_REF] Siedel | Complete analytical model of a loop heat pipe with a flat evaporator[END_REF] are presented in the The simulations performed on the monolayer wick showed that the isotherms distortion only occurs in a very thin layer at the vicinity of the heated wall. Thus, when modifying the model to consider a bi-layer wick, a 1D heat transfer can be considered in the top layer, by adding a thermal resistance Rtop between the bottom wick and the liquid in the reservoir (Table 1, column 2). Rtop represents a conductive thermal resistance inside the top layer combined with the transport of the working fluid through the wick, resulting from the integration of a 1D heat and mass balance on a wick slice [START_REF] Launay | An analytical Model for Characterization of Loop Heat Pipes[END_REF]:

𝑅 𝑡𝑜𝑝 = 𝑒𝑥𝑝 ( 𝑚 𝑙 ̇𝑐𝑝,𝑙 𝜆 𝑒𝑓𝑓 𝐴 𝑤 𝑒 𝑡𝑜𝑝 ) -1 𝑚 𝑙 ̇𝑐𝑝,𝑙 (1) 
where 𝑚̇ is the working fluid mass flow rate, cp the liquid specific heat, etop the top layer thickness, λeff the top layer effective thermal conductivity and Aw the wick cross-sectional area.

The imposed boundary conditions are the temperature of the condenser, the ambient temperature and the heat flux. The model enables to determine the temperature of each node and particularly the reservoir temperature Tr, the heating plate temperature Te and the vapour temperature Tv. The temperature at the interface of the two layers Tcont is assumed to be constant along the surface. An example of the temperature field obtained with the LHP geometrical parameters and the operating conditions listed in Table 2 is presented in Fig. 2. The signification of each parameter is detailed in [START_REF] Siedel | Complete analytical model of a loop heat pipe with a flat evaporator[END_REF]. A sensitivity study is performed in the two following sections of this work. It is conducted on the parameters of each wick layer, namely the thickness, the porosity, the permeability, the pore radius and the thermal conductivity. In each simulation, only one parameter varies, the others being fixed at a reference value given in Table 2.

Thermal behaviour considerations

The LHP thermal behaviour is studied by observing the influence of various parameters on the reservoir temperature and the boiling limit. A low reservoir temperature indicates a good thermal performance of the loop. Indeed, it means that the condenser thermal resistance is low and that the heat leaking to the reservoir is limited. The effect of the top layer thickness and of its material are studied by means of the model, in order to understand the influence of these parameters. The material is characterized by its bulk thermal conductivity which is linked to the effective thermal conductivity of the porous medium thanks to the Alexander's correlation [START_REF] Alexander | Structure-property relationships in heat pipe wicking materials[END_REF]:

λ 𝑒𝑓𝑓 = λ 𝑙 ( λ 𝑏 λ 𝑙 ) (1-𝜀) 0,59 (2) 
where λl and λb are the thermal conductivities of the liquid and the wick bulk material, respectively.

Fig. 3 shows that, for a constant bottom layer thickness, increasing the thickness of the top layer decreases the reservoir temperature. However, this decrease is not significant beyond 10 mm. Fig. 3 also shows that the top layer material is influent. An increasing thermal conductivity increases the reservoir temperature. This phenomenon is particularly true if the thermal conductivity is higher than 0.1 W/m.K. It means that the thermal conductivity has to be kept below this value if possible. Plastics, polymers and ceramics can be used to manufacture the top layer since their thermal conductivity is low. This conclusion is consistent with the experimental works of [START_REF] Boo | Experimental Study on the Thermal Performance of a Small-scale Loop Heat Pipe with Polypropylene Wick[END_REF], who showed that it was possible to use polypropylene in LHPs, and [START_REF] Santos | Development of LHPs with ceramic wick[END_REF] who used ceramics for the same purpose. The same study is realized concerning the bottom layer. Fig. 4 shows that, for a fixed top layer thickness, the bottom layer thickness has almost no influence on the reservoir temperature. Thus, the thickness must be reduce as much as possible in order to decrease the pressure losses through the porous wick while keeping a sufficient mechanical strength. The thermal conductivity of the bottom layer material has a small influence, especially when it is higher than 10 W/m.K. As a consequence, the bottom layer thermal conductivity must be higher than this value in order to enhance the heat transfer between the evaporator wall and the menisci where the evaporation takes place. Metals can be used to manufacture the bottom layer since their thermal conductivity is high. For instance, [START_REF] Launay | State-of-the-Art Experimental Studies on Loop Heat Pipes[END_REF] have shown that copper and nickel are good candidates. It is interesting to note that, even if increasing the porosity decreases the effective thermal conductivity according to Eq. ( 2) (which must be avoided in the case of the bottom layer), it increases the permeability K, according to the Blake-Kozeny equation [START_REF] Carman | Flow of gases through porous media[END_REF]:

𝐾 = 𝑟 𝑝 2 ԑ 3 30,5(1 -ԑ) 2
(3) and thus, it decreases the pressure losses as well. Yet, the model results show that the top and bottom layer porosities have a very little influence on the reservoir temperature when ranging between 20 and 70 % (Fig. 5). That is why it is interesting to keep the porosities at a high level since it reduces the pressure losses.

Fig. 5: Effect of the bottom and top layer porosities on the reservoir temperature Finally, the influence of the top layer pore radius is studied. This pore radius must remain under a certain value to avoid the formation of vapour bubble at the interface between the two layers which can lead to the wick depriming. If this phenomenon occurs, the boiling limit is reached. This risk can be avoided if the following condition is satisfied:

𝑃 𝑙,𝑐𝑜𝑛𝑡 > 𝑃 𝑠𝑎𝑡,𝑣 (𝑇 𝑐𝑜𝑛𝑡 ) - 2𝜎 𝑟 𝑝,𝑡𝑜𝑝 (4) 
where Pl,cont is the liquid pressure and Psat,v is the vapour saturation pressure, at the contact between the bottom and the top layers. This condition ensures that the liquid is always in a subcooled state considering a curved interface equals to rp,top. It underestimates the real value of the boiling limit but ensures a good operation of the LHP. In order to determine the boiling limit, the input heat load is increased in the model until the condition expressed by Eq. ( 4) is not satisfied anymore. In Fig. 6, the boiling limit is plotted as a function of the top layer pore radius for three different top layer thicknesses. It is clear that the larger the pore radius, the lower the boiling limit. This was expected according to the previous equation. Indeed, a larger top pore radius leads to a smaller difference between the saturation pressures of the liquid and the vapour. This difference is easily overcome by the pressure losses inside the wick. For the same reason, a thicker wick decreases the boiling limit as it increases the pressure losses through the top layer and thus, it decreases the liquid pressure at the contact between the two layers. But, as it can be observed in Fig. 6, the effect of the wick thickness is small. In conclusion, a top layer pore radius of 15 µm seems to be a good trade-off to ensure a sufficiently high boiling limit of 125 W, corresponding to a heat flux density of about 10 W/cm² for a flat disk-shaped evaporator having a diameter of 40 mm.

Fig. 6: Influence of the top layer thickness and pore radius on the boiling limit

Hydrodynamic behaviour considerations

In a LHP placed at horizontal position, a fluid set in motion by the capillary pumping pressure is submitted to pressure losses as it circulates around the loop. At each time, the pressure losses must be overcame by the maximum capillary pumping pressure ∆Pcap,max, respecting the following condition:

Δ𝑃 𝑐𝑎𝑝,𝑚𝑎𝑥 > Δ𝑃 𝑔𝑟 + Δ𝑃 𝑉 + Δ𝑃 𝑐 + Δ𝑃 𝐿 + Δ𝑃 𝑤 ( 5 
)
where ∆Pgr is the pressure losses in the vapour grooves, ∆PV in the vapour line, ∆Pc in the condenser, ∆PL in the liquid line and ∆Pw in the wick. ∆Pw is expressed as follows according to Darcy's law (1856):

Δ𝑃 𝑤 = 𝑢 𝑙 𝑒 𝑤 𝜇 𝑙 𝐾 ( 6 
)
where ul is the liquid velocity through the wick, ew is the wick thickness, and μl is the fluid viscosity.

The bottom layer radius has a strong influence on the capillary limit. Indeed, a small pore radius increases the maximum capillary pumping pressure according to the following relationship:

Δ𝑃 𝑐𝑎𝑝,𝑚𝑎𝑥 = 2𝜎𝑐𝑜𝑠𝜃 𝑟 𝑝,𝑏𝑜𝑡 (7) 
where  is the working fluid surface tension, 𝜃 the contact angle between the fluid and the pore wall and rp,bot the bottom layer pore radius. However, a small pore radius decreases the permeability according to Eq. (3) and thus the capillary limit. That explains why a trade-off exists in the selection of a pore radius value. The capillary limit is determined with the same method as the boiling limit.

The heat load is increased step by step in the model while the condition expressed by Eq. ( 5) is satisfied. Fig. 7 shows that the optimum pore radius is located between 0.5 and 0.8 µm. However, it seems reasonable to target a larger pore radius for two reasons. The first one is that this capillary limit is determined in the case of a perfectly pure fluid. However, if some impurities are present in the fluid, the small pores could be blocked. The second reason is that the capillary limit is determined in the case of an isotropic porous medium. However, the real porous media have a pore radius distribution which depends on the quality of the metallic powder and on the sintering process. The influence of a variation of the pore size, even a small one, could dramatically decrease the capillary limit under the optimum value. At the contrary, a variation of several microns of the pore size has a small influence when the pore size is beyond the optimum. That is why, a target value of 10 µm is chosen in the present study. Indeed, it enables to evacuate more than 10 W/cm² (125 W for an evaporator having a diameter of 40 mm) without risks. Fig. 7: Capillary limit as a function of the bottom layer pore radius

The influence of the permeability is also studied. Increasing the wick permeability decreases the pressure losses and increases the capillary limit (Eq. ( 5) and Eq. ( 6)). However, Fig. 8 shows that beyond a threshold (around 2.10 -14 m² for the bottom layer and 3.10 -14 m² for the top layer), increasing the permeability is no longer efficient. This highlights the fact that the pressure losses through the wick are dominant if the permeability is low but become negligible compared to the other pressure losses around the loop beyond the threshold. It means that if the permeability of the layers is high enough, it is not necessary to increase it. Fig. 8: Capillary limit as a function of the top and bottom layer permeabilities

Sizing summary

Table 3 sums up all the results obtained during the sizing procedure and details the targets in terms of bi-layer wick characteristics. The results of the parametric analysis shows that there is no strict optimum for the different parameters, but rather a trade-off between different considerations (thermal and hydrodynamic performance, mechanical strength, dimensions, etc). It is important to note that these results are only valid in the case of a specific LHP operating with water and having the characteristics described in Table 2. The main result is that there is no optimum set of parameters when modelling a bi-layer wick. Contrarily to a monolayer wick, with a bi-layer one, it is possible to simultaneously strongly decrease the heat leaks and increase the latent heat transfer. No influence in the ranging 0.2 -0.7 > 2.10 -14 m² 10 µm > 10 W/m.K

WICK MANUFACTURING

In the present work, the objective is to obtain a sample having characteristics similar to the optimum ones determined in the previous section. This section presents the manufacturing procedure of the bottom layer only. Indeed, the most important characteristics to determine are the bottom layer ones, since it is the layer where the latent heat transfer takes place. Several porous structures are manufactured in order to understand the effect of the manufacturing process parameters on the wick characteristics.

A classical method to obtain a porous medium is the partial sintering of powders. It consists in heating a powder packing below its melting temperature in order to create bridges between the particles without filling the pores between them. The bridges are created by the diffusion of the atoms from one particle to another. Copper is chosen in order to manufacture the bottom layer, in order to have a high thermal conductivity. According to [START_REF] Chi | Heat pipe theory and practice: a sourcebook[END_REF], the pore radius depends on the powder diameter and can be estimated as follows:

𝑟 𝑝 = 0.41𝑟 𝑠 (8) 
Where rs is the powder radius. The copper particles used in the present study have a dendritic structure and the following size:

 1 st decile: 9.1 µm  Median diameter: 28.2 µm  9 th decile: 59.7 µm It corresponds to an expected pore radius of about 6 µm. It is important to note that this estimation cannot be considered as accurate since the Chi equation ( 8) is derived for a powder of spheres and not a powder of dendritic particles. However, it is a good indicator to choose the appropriate powder for a specific application.

The sintering process is divided in several steps. Firstly, the powder is mixed with a binder made of polyvinyl alcohol (PVA). The PVA helps the wick to keep its shape before the sintering. The proportion of PVA in the mixture is kept constant. Indeed, a lower ratio would prevent the PVA to keep its binding role and a higher ratio would induce a too long debinding stage. Then, the mixture is pressed in a matrix in order to obtain its shape. The matrix gives a flat-disk shape to the wick with a diameter of 40 mm. The wick is then sintered in an oven at atmospheric pressure. The temperature increases at 1 K/min up to 600 °C (Fig. 9). The dwell time lies between 5 h and 10 h long in order to remove all the PVA required to obtain a sufficient mechanical strength before the sintering. Then, the temperature increases at 5 K/min up to the desired sintering temperature which is one of the parameters. The other parameters of the sintering process are the pressure applied on the sample before the sintering, the copper mass, and the sintering time. 

WICK CHARACTERIZATION

Various methods can be used in order to determine the characteristics of a sample, and particularly its permeability, its porosity and its pore size. These methods are shortly described in the following sections and the results are then detailed and discussed.

Characterization by optic microscopy and by tomography

The pore radius can be determined by X-ray computed tomography (XRCT). The XRCT is a qualitative method that uses X-rays to scan the porous structure in its core and enables reconstituting a 3D image of the sample. Thereby, it is possible to see if the pores are interconnected or not. An example of a picture obtained by tomography is presented in Fig. 11 (left). It can be noted that the minimum resolution of such a device (0.7 µm per pixel) is not high enough to detect the small pores in the manufactured samples. However, it is an interesting method to detect large defaults inside the porous wick. Indeed, these defaults cannot be observed with another method as it is the only one that is able to give a view of the inner structure of the porous wick. The pore radius can also be determined by optical microscopy. It gives a large view of the porous sample surface (Fig. 11 right). It is possible to see several small pores as well as some large pores. With both methods, many pore radii are directly measured on the picture obtained and the average pore radius is calculated and called rp,mic. Note that the accuracy of this estimation method depends on the picture definition, the position of the picture on the wick area and the number of pores taken into account. Moreover, the pore are not exactly circular what creates an additional uncertainty.

Thus, the uncertainty of these methods is large, but it gives a good order of magnitude of the apparent pore radius. 

Capillary pressure test

An experimental test bench is designed in order to determine the effective pore radius rp,eff. The set-up is composed of a main tube located inside a test tube (Fig. 12 left) and linked to a support in order to let both extremities free. It uses a method similar to the rate-of-rise test proposed by [START_REF] Holley | Permeability and effective pore radius measurements for heat pipe and fuel cell applications[END_REF]. The porous medium is put at the top of the test tube and both tubes are filled with

water. The water level in the main tube is then decreased step by step, each step corresponding to 10 cm. The water remains inside the porous medium by capillarity and a hydrostatic pressure is generated between the test tube and the main tube. The hydrostatic pressure is determined by measuring the height of water in the main tube. When the liquid column falls, the maximum capillary pressure that the wick can sustain is reached and rp,eff is deduced from Eq.( 9):

𝑟 𝑝,𝑒𝑓𝑓 = 2𝜎 Δ𝑃 𝑐𝑎𝑝,𝑚𝑎𝑥 (9) 
With:

Δ𝑃 𝑐𝑎𝑝,𝑚𝑎𝑥 = 𝜌 𝑙 𝑔ℎ 𝑐𝑎𝑝 ( 10 
)
where ρl is the liquid density and hcap the maximum height of the water before the depriming of the wick. As the test tube height is 1.8 m, it is not possible to determine effective pore radius smaller than 8 µm with pure water (σ = 72.10 -3 N/m). The effective pore radius is determined with an uncertainty ranging from 0.5 µm to 3 µm depending on the maximum height of the water before the depriming of the wick. The permeability can be directly measured with the same test bench following the method described by [START_REF] Deng | Evaluation of capillary performance of sintered porous wicks for loop heat pipe[END_REF]. The sample is set at the bottom of the test tube which is filled of liquid (Fig. 12 right). The liquid goes through the porous medium. The determination of the permeability is based on the following expression derived from the Darcy's law (Eq. ( 6)):

𝑢(𝑡) = 𝐾Δ𝑃 𝑤 (𝑡) 𝜇 𝑙 𝑒 𝑤 ( 11 
)
Where u is the Darcy's fluid velocity through the wick, ew the wick thickness, μl the dynamic viscosity of the liquid and ΔPw the pressure difference between the top and the bottom of the wick. The singular pressure losses at the entrance and exit of the wick are neglected as well as the regular pressure losses along the test tube. ΔPw is also equal to the hydrostatic pressure of the liquid column:

Δ𝑃 𝑤 (𝑡) = 𝜌 𝑙 𝑔ℎ 𝑙 (𝑡) (12) 
where hl is the difference between hpool, the height of the water free level in the pool and htube, the height of the water free level in the test tube. During the experiments, the water free levels are recorded as a function of the time. It enables to determine the Darcy's liquid velocity through the wick by mean of a mass balance:

𝑢 𝑙 (𝑡) = 𝐴 𝑡𝑢𝑏𝑒 𝐴 𝑤 𝑑ℎ 𝑙 (𝑡) 𝑑𝑡 ( 13 
)
where Atube is the tube cross sectional area and Aw is the wick cross sectional area. The evolution of the Darcy's velocity as a function of ΔPw is plotted in Fig. 13. A linear regression can be found between the two parameters. It means that the term K/(ew.μl) is a constant and that the Darcy's law is verified. Since the thickness and the fluid viscosity are constant, it is possible to determine the permeability which is equal to 1.77 10 -13 m² in the present case. This phenomenon being slow, the measure of the water free levels is rather accurate. The main uncertainty corresponds to the variation of the water viscosity due to the ambient temperature fluctuation. As a consequence, the uncertainty of the permeability is lower than 2 %. 

Porosity measurement by direct method

The porosity can be experimentally determined by means of a weighing scale. If the wick mass mw, the wick volume Vw and the bulk material density ρb are known, the porosity ԑ can be determined using Eq. ( 14):

ԑ = 1 - 𝑚 𝑤 𝜌 𝑏 𝑉 𝑤 (14) 
It represents the mass of the pores if they were filled with material, divided by the theoretical mass of a sample having the same volume and made of the same material but without any pores. The mass is known with a large accuracy (0.01 g) whereas the measurement of the volume is less accurate.

Indeed, after the sintering, the porous wick is not perfectly disk-shaped. The uncertainty of the wick diameter and thickness is estimated to about 200 µm. It leads to an uncertainty of the porosity of about 4 %.

Effect of the sintering parameters on the characteristics

The main sintering parameters are the pressure applied on the sample, the mass of sintered powder, the sintering temperature and the sintering time. In order to observe the influence of each of these parameters, as well as the possible interactions between them, the two-level fractional factorial design described by [START_REF] Montgomery | Design and analysis of experiments[END_REF] is used. This method limits the number of sample to manufacture by avoiding trying all possible combinations of the sintering parameters. The maximum and minimum values of each of them are detailed in Table 4. Table 5 provides the eight sets of parameters tested in the present study as well as the characteristics determined by means of the different methods for the eight manufactured samples. Firstly, it is possible to observe that samples 1, 3, 5 and 7 corresponds very well to the target characteristics detailed in the section 2 of this paper. Indeed, their permeability is higher than the bottom layer threshold (2.10 -14 m²) and their pore radius corresponds to a capillary limit lying between 150 and 250 W (Fig. 6) i.e. to heat flux densities ranging between 12 and 20 W/cm²). Finally, since they are made of copper, their thermal conductivity is far above 10 W/m.K (See Table 3: targets for the wick characteristics).

Secondly, it is possible to see that, for a same sample, the pore radius obtained by microscopy and the effective pore radius can be different. When the medium pore radius observed by optic microscopy is smaller than the effective pore radius, it means that there is a large interconnection pore which goes entirely through the wick and prevents a high capillary force. In the opposite case, it means that the porosity is more isotropic. Moreover, the contact angle has an influence when measuring the effective pore radius while it has no influence when observing the sample surface by microscopy. The pore radii observed by microscopy lie between 6.6 µm and 12 µm. These values are slightly above the pore radius predicted by the Chi correlation which is 6 µm (Eq. ( 8)). The observed difference is satisfying since this correlation was developed for spherical powder particles, while the powder used in the present study is dendritic.

Finally, these results enables to know the influent sintering parameters. Table 6 shows the influence of each parameter on the porosity, on the permeability and on the two pore radii obtained. [START_REF] Montgomery | Design and analysis of experiments[END_REF] described the method to determine the influence of each parameter: each number of this table represents the mean difference of a given characteristic for a given parameter at its high and low levels, respectively. For example, the four samples obtained with the high sintering pressure have a permeability which is lower by 12×10 -14 m² compared to the four samples obtained with a low pressure.

The pressure has a great influence on the porosity. A possible reason is the large range of pressure investigated, which varies by a factor five. Moreover, under a high pressure, the copper particles which have a dendritic structure can be interleaved or even broken. The pressure should not be so influent if the particles are spherical. The sintering time is also influent but to a less extent. The temperature has a small influence but it is important to keep in mind that the investigated temperature range was narrow (800 to 900 °C). The results would probably be different with a larger range. The sample mass and so the thickness have very few influence on the wick characteristics as well as the sintering temperature. Finally, even if its influence is low, an increasing sintering time decreases the porosity and rp, mic, which is in good accordance with previous studies [START_REF] Albertin | Industrial manufacturing of loop heat pipe porous media[END_REF][START_REF] Samanta | A novel approach of manufacturing Nickel Wicks for loop heat pipes using Metal Injection Moulding (MIM)[END_REF].

Table 6 also shows the influence of the interactions between the sintering parameters on the wick characteristics. A strong interaction between two parameters means that one of the parameter is very influent if the other parameter has a small value but not influent is the other parameter has a high value, or the contrary. In this study, no strong interaction is found. Indeed, since there is mainly one influent parameter, it is not possible to have strong interactions between the parameters. If a strong value were found in this table it would have meant that a parameter has a lot of influence especially for a certain value of the second parameter of the given couple. This doesn't seem to be the case for the sintering process used in the present study. 

CONCLUSIONS

In the present work, a numerical tool was developed in order to size a bi-layer wick for LHP. By means of this model, the optimum wick properties can thus be determined for a specific LHP geometry in given operating conditions. Some porous structures were manufactured with the aim to get close to the targeted geometrical characteristics of the layer in contact with the heated wall.

Indeed, this layer has a large influence on the latent heat transfer while the other has just a role of thermal barrier. A characterization of the hydrodynamic behaviour of the sample was done using various methods in order to determine the porous structure characteristics. Satisfying characteristics and mainly pore radius, thermal conductivity and permeability were obtained. Moreover, a two-level partial fractional design were used in order to understand the sintering process thanks to the characterization. The strong influence of the pressure applied on the porous structure was highlighted compared to the other sintering parameters. Thereby, the method to manufacture the bottom layer were optimized.

They are many perspectives of this work. New types of wick can manufactured with other materials.

The objective is to manage a process enabling to manufacture the top layer. Then, a double-layer wick has still to be manufactured. The objective is to avoid a discontinuity at the contact between the two layers and thus, to limit the boiling risk at this interface. The thermal behaviour of a wick is really important to be characterized and a dedicated experimental set up should be created and dedicated to this task. Then, a model should be developed in order to predict the final wick characteristics as a function of the manufacturing parameters. The objective is to develop a tool enabling to manage perfectly the manufacturing process depending on the targeted wick. Finally, the optimized wick should be tested in a real LHP in order to see if the thermal performance are improved as much as predicted by the model.
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 2 Fig. 2: Detail of the 2D modelled domain with the temperature field for the conditions listed in
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 3 Fig. 3: Effect of the top layer properties on the temperature reservoir
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 4 Fig. 4: Effect of the bottom layer properties on the temperature reservoir

Fig. 9 :

 9 Fig. 9: Temperature profile of the oven during the sintering Fig. 10 shows a picture of the final product. This wick can directly be used as a bottom layer.
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 11 Fig. 11 : Tomography (left) and view by microscopy (right) of a porous sample
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 12 Fig. 12: Schematic of the experimental bench in the two different configurations: pore radius measurement (left) and permeability measurement (right)
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 13 Fig. 13: Darcy's velocity as a function of the pressure difference across the wick

  Table 1, column 1. The kn coefficients are determined are calculated by solving the analytical models. The equations of the model are solved by means of a MATLAB code.

	Table 1 : Equations of the Siedel et al. (2015) model and modifications
	Siedel et al. (2015)					Modified model
		𝑄 𝑏𝑜𝑑𝑦 + 𝑄 𝑤 = 𝑄 𝑖𝑛	
		𝑄 𝑤 =	𝐴 𝑤 𝑅 𝑐𝑜𝑛𝑡,𝑒	(𝑇 𝑒 -𝑇 𝑤𝑒 )	
	𝑄 𝑠𝑢𝑏 + 𝑄 𝑒𝑥𝑡,𝑒 +𝑄 𝑒𝑥𝑡,𝑟 +𝑄 𝑠𝑒𝑛 + 𝑄 𝑒𝑣 = 𝑄 𝑖𝑛	
		𝑄 𝑠𝑒𝑛 = 𝑚 𝑙 ̇𝑐𝑝𝑙 (𝑇 𝑣 -𝑇 𝑟 )	
		𝑄 𝑠𝑢𝑏 = 𝑚 𝑙 ̇𝑐𝑝𝑙 (𝑇 𝑟 -𝑇 𝑟,𝑖𝑛 )	
		𝑄 𝑒𝑥𝑡,𝑟 = 𝐻 𝑒𝑥𝑡 𝐴 𝑟 (𝑇 𝑟 -𝑇 𝑒𝑥𝑡 )	
	𝑇 𝑣 -𝑇 𝑟 =	𝑇 𝑣 (1/𝜌 𝑣 -1/𝜌 𝑙 ) ℎ 𝑙𝑣	(𝛥𝑃 𝑉 + 𝛥𝑃 𝐿 -𝜌 𝑙 𝑔𝛥ℎ 𝑐-𝑒 + 𝑃 𝑁𝐶𝐺 )
	𝑇 𝑐,𝑜𝑢𝑡 = 𝑇 𝑠𝑖𝑛𝑘 + (𝑇 𝑣 -𝑇 𝑠𝑖𝑛𝑘 ) 𝑒𝑥𝑝	(	𝑚 𝑙 ̇𝑐𝑝,𝑙 (	-𝜋(𝐿 𝐶 -𝐿 2𝜑 ) (𝐷 𝑐,𝑖 𝐻 𝑙 ) 1 + 1 (𝐻 𝑠𝑖𝑛𝑘 𝐷 𝑐,𝑜 )	+	ln ( 2𝜆 𝑤𝑎𝑙𝑙 𝐷 𝑐,𝑜 𝐷 𝑐,𝑖	) )	)
	𝑇 𝑟,𝑖𝑛 = 𝑇 𝑒𝑥𝑡 + (𝑇 𝑐,𝑜𝑢𝑡 -𝑇 𝑒𝑥𝑡 ) 𝑒𝑥𝑝		-𝜋𝐷 𝐿,𝑖 𝐿 𝐿 ̇𝑐𝑝,𝑙 (1/𝐻 𝑙 + 𝐷 𝐿,𝑖 /(𝐻 𝑒𝑥𝑡 𝐷 𝐿,𝑜 ) + 𝑚 𝑙	ln ( 𝐷 𝑐,𝑜 𝐷 𝑐,𝑖 2𝜆 𝑤𝑎𝑙𝑙	) )
		(					)
	𝑄 𝑤 = 𝑘 1 𝑇 𝑟 + 𝑘 2 𝑇 𝑣 + 𝑘 3 𝑇 𝑤𝑒					𝑄 𝑤 = 𝑘 1 𝑇 𝑐𝑜𝑛𝑡 + 𝑘 2 𝑇 𝑣 + 𝑘 3 𝑇 𝑤𝑒
	𝑄 𝑒𝑣 = 𝑘 4 𝑇 𝑟 + 𝑘 5 𝑇 𝑣 + 𝑘𝑇 𝑤𝑒					𝑄 𝑒𝑣 = 𝑘 4 𝑇 𝑐𝑜𝑛𝑡 + 𝑘 5 𝑇 𝑣 + 𝑘 6 𝑇 𝑤𝑒
		𝑄 𝑏𝑜𝑑𝑦 = 𝑘 7 𝑇 𝑟 + 𝑘 8 𝑇 𝑒 + 𝑘 9	
		𝑄 𝑒𝑥𝑡,𝑒 = 𝑘 10 𝑇 𝑟 + 𝑘 11 𝑇 𝑒 + 𝑘 12	
	No top layer					𝑄 𝑒𝑣 -𝑄 𝑤 =	𝑇 𝑐𝑜𝑛𝑡 -𝑇 𝑟 𝑅 𝑡𝑜𝑝

Table 2 Table 2 : LHP geometrics parameters Operating conditions Wick parameters (top layer) Other parameters
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	Qin	30 W	rp, top	15 µm	Hsink	600 W/m².K
	Tsink	15°C	ԑtop	0.45	aev	0.6
	Tamb	25°C	etop	10 mm	PNCG	0 Pa

Table 3 :

 3 targets for the wick characteristics

	Layer	e	ε	K	rp	λ
	Top	10 mm	No influence in the	> 3.10 -14 m² 15 µm < 0.1 W/m.K
			ranging 0.2 -0.7			
	Bottom As low as possible while				
		ensuring a sufficient				
		mechanical strength				

Table 4 :

 4 Sintering parameters

Table 5 :

 5 Experiment design and characterization results

	Parameter		Press.	Mass Temp. Time			
	Max (+)	34.5 MPa 25 g	900 °C	2 h			
	Min (-)		7 Mpa	10 g	800 °C 0.5 h			
			Sintering parameters		Experimental characteristics	
	Sample Press Mass Temp. Time	ԑ (%)	K (10 -14 m²)	rp, eff (µm)	rp, mic (µm)
	1	-	-	-	-	44	12	16.5	12
	2	+	-	-	+	23	0.18	< 8	7.0

Table 6 :

 6 Influence of the sintering parameters on the wick characteristics

	Parameter ԑ (%

) K (10 -14 m²) rp, eff (µm) rp, mic (µm) Individual influence

  

	Pressure	-16	-12	-7.9	-0.9
	Mass	-1.0	1.5	4.5	1.3
	Temperature 0.2	1.7	1.5	-0.7
	Time	-2.6	-2.4	3.5	-0.4
			Interactions	
	Press./Mass Temp./Time	-2.2	-1.3	-2.8	-0.3
	Press./Temp. Mass/Time	2.6	-1.5	6.9	1.6
	Press./Time Mass/Temp.	-0.4	2.2	-1.8	0.4