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Abstract

:

The use of heat pipes (HP) for the DEMO in-vessel plasma-facing components (PFCs) has been considered because of their high capacity to transport the heat from a heat source to a heat sink by means of the vaporization and condensation of the working fluid inside and their ability to enlarge the heat transfer area of the cooling circuit substantially. Recent engineering studies conducted in the framework of the EUROfusion work package Divertor (Wen et al, 2021) indicate that it is possible to design a heat pipe with a capillary limit above 6 kW using a composite capillary structure (wherein axial grooves cover the adiabatic zone and the condenser, and sintered porous material covers the evaporator). This power level would correspond to an applied heat flux of 20 MW/m2, rendering such a design interesting with respect to a divertor target concept. To validate the results of the initial engineering analysis, several experiments have been conducted to evaluate the actual performance of the proposed heat pipe concept. The present contribution presents the experiment’s results regarding the examination of the operating limits of two different designs for an evaporator: one featuring a plain porous structure, and one featuring ribs and channels.
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1. Introduction


DEMO in-vessel plasma-facing components (PFCs) are exposed to high heat fluxes. In particular, the divertor targets will have their plasma-facing side subjected to both particle bombardment and heating via radiation. These loadings produce surface heat fluxes with peak values of 10 MW/m2 or more at the strike point. To find a solution that can withstand such loading conditions and has a suitable lifetime, the work package ‘Divertor’ from the EUROfusion was launched in 2014. The baseline solution features cooling pipes made of Cu–Cr–Zr and incorporates W-blocks as armor [1]. However, as the heat load of these components is asymmetric, with most of the heat being applied on their plasma-facing side, the heat transfer area is limited to a small portion of the pipe’s circumference. Increasing this area would benefit the cooling system by reducing some of its requirements. One way of achieving this would be to insert heat pipes between the tungsten armor and the cooling circuit. Heat pipes are a capillary-driven, two-phase system that can transport heat by vaporizing and condensing a working fluid with high effective thermal conductivity. Taking advantage of their high conductivity, the surface heat from the DEMO Divertor target’s plasma-facing side can efficiently be transported into the cooling fluid through the heat pipe condenser, which can also be designed with a large contact area. Thus, the local heat flux can be maintained well below the critical values.



The idea of using heat pipes in fusion applications and plasma-facing components is not new. In the literature, several studies have investigated various types of porous media heat exchangers, including heat pipes for applications. For instance, some studies [2,3] consider liquid metal as the working fluid, especially lithium, used to increase high-temperature heat pipes’ heat flux capacity. The solutions proposed in these studies were tested both in normal and magnetic field environments. However, the lithium-based heat pipes’ working temperature (about 1100 °C) is very close to the tungsten recrystallization temperature, thus introducing additional constraints on the armor thickness.



Water-based heat pipes have already been considered in the past for fusion high-heat flux applications [4]. Four Monel/water U-shaped thermosyphon heat pipes with a nickel-plated copper porous felt metal wick shield were designed to handle local incident heat fluxes as high as 2 MW/m2 and to operate between 373 and 573 K (100 and 300 °C).



Accordingly, a divertor target concept based on heat pipe technology was proposed in [5]. The target comprises many parallel cylindrical heat pipes with the armor attached to the evaporator end. The condenser end of the heat pipe is inserted in a cooling channel, forming a staggered rod pattern. The dimensional analysis presented in [5] indicates that a unit, as shown in Figure 1b, would have its applicable operating limits above 5.7 kW of the transported power. This value corresponds to a heat flux of 20 MW/m2 on the armor’s surface. The proposed design, called a Divertor Heat Pipe (DIV-HP), uses a combination of capillary structures with axial grooves (enclosed by a mesh screen) at the condenser and adiabatic zones and a sintered porous structure situated by the evaporator.



The studies in [5] did not discuss the boiling limit of such a pipe because the design features channels and an open porosity evaporator, and such a limit should not be critical [6]. However, given the high peak heat fluxes occurring on the evaporator side, it would be more prudent to obtain a better sense of the operational limits of the heat pipe before proceeding with the manufacturing and testing of a full-scale DIV-HP heat pipe. As such, a dedicated experiment investigating this aspect was performed. The present contribution introduces the design of the test mock-up focusing on the evaporator and discusses the experimental setup in detail. Special attention is given to the instrumentation and specific aspects of power deposition evaluation through calorimetric methods. Then, the results of the first series of experiments with surface heat fluxes up to 1.3 MW/m2 are discussed. To conclude, the progress and the plans for future studies are presented.




2. Mock-Up Design and Layout of the Experimental Setup


The heat pipe design proposed in [5] uses a sintered porous structure in the evaporator zone, thus ensuring a high capillary operating limit. This structure covers the heat pipe’s complete (hot) end attached to the tungsten armor. The evaporator has a hemispherical part with a mean radius of 15 mm and extends 3 mm in the cylindrical part of the pipe. The thickness of the porous layer at the evaporator end is 1 mm with a porosity of around 50%. For the boiling limit, simple engineering formulas, as proposed in [6] for an HP with a cylindrical geometry, rely on several parameters that must be estimated for the porous structure. However, the results vary significantly depending on the assumptions used to calculate those parameters.



For this reason, it was decided to investigate the operating limits of the evaporator experimentally. The objective was to obtain a mock-up that retains most of the selected heat pipe’s design characteristics while relaxing certain features to simplify manufacturing and keep the costs for the experimental setup within reasonable margins. Given that the new test mock-up is only designed for investigating the evaporator to distinguish between the DIV-HP and the present one, the current experimental design will hereafter be referred to as Heat Pipe for Evaluating an Evaporator (HPEE).



Thus, the mock-up will have an evaporator similar to the original heat pipe, and it should be capable of transferring at least 5.7 kW between the evaporator and the condenser. A porous structure was chosen to obtain a similar porosity and particle size as the one presented in [5] in the sense that the capillary driving force of the heat pipe should not be affected. In addition, the capillary grooves designed for water to reach the evaporator have the same shape as the DIV-HP with only a tiny difference. The channel depth is smaller for the HPEE (0.5 mm plus a rounded end with a radius of 0.15 mm as compared to 1 mm for the original design) to compensate for the fact that, for the HPEE, the number of channels is greater due to the larger circumference of the body. The material used for the heat pipe wall is CuCrZr, which is the same material selected for the DIV-HP in [5].



The design intended to have a mock-up unit whose performance is solely driven by the boiling limit/evaporator performance. As such, a vertical arrangement of the heat pipe was selected to increase the HPEE’s capillary limit above that of the DIV-HP. The condenser is positioned above the evaporator, so gravity will act positively on the water from the condenser to the evaporator, thus adding to the capillary driving force.



2.1. Evaporator


Considering the high-pressure operating conditions inside the HPEE at high power loads as well as the wall thickness limitation with respect to heat conductivity, the heat load area should be reduced as close as possible to the size of the DIV-HP evaporator. This size corresponds to the sum of the hemispherical and cylindrical parts of the pipe (400 mm2). Hence, for the HPEE, the evaporator is essentially a flat disk with a diameter of 25 mm. The heated surface (490 mm2) is slightly larger than the wick structure surface of the DIV-HP due to the coolant flow’s path length. Hence, this design decision is conservative. In addition, when the design was concluded, it was planned to use a laser machine to apply the surface load. The optics selected for the experiment can generate a 19 mm by 19 mm beam spot, while the 50% peak power concentrates on a 15 mm by 15 mm surface.



According to the stress calculations, the minimum thickness of the CuCrZr plate is 1.5 mm. Finally, the wall thickness is 2 mm with a safety margin, and a 2 mm tungsten plate was added, which covered the CuCrZr plate, as in shown Figure 2. The primary purpose of the tungsten armor is to protect the temperature sensors installed on the CuCrZr wall’s surface. In addition, since it was decided that the heat load should be applied using a power laser machine, a tungsten cover would have better absorption properties with respect to the laser beam than a copper-based material.




2.2. Wick Structure


The initial intention was to have an HPEE wick structure identical to that of the DIV-HP, featuring the same grooves in the adiabatic zone and a copper-sintered porous plate at the evaporator side. However, all the evaporator samples manufactured using copper powder for the sintered structure suffered from adhesion problems and failed to be appropriately integrated into the final mock-up. As a consequence, bronze was selected as the porous material, specifically, type B200, which has high porosity of 0.47, a grain radius of 400 µm, and permeability of 1.54 × 10−10 m2. This sintered structure showed excellent stability and had an apparent open porosity. However, by selecting this option, two main aspects impacted the experimental design:




	
The thickness of the wick porous B200 on the CuCrZr plate was increased from 1 mm to 2 mm due to the larger grain size of the sintered material (B200);



	
The maximum heat flux that the B200-mockup could receive was only 4 MW/m2, which was mainly due to the sintered material’s low heat conductivity (40 W/m/K), thus resulting in an increased wall temperature. The heat flux of 4 MW/m2 corresponds to the loading at which the CuCrZr wall approaches its operational limits.








One possible reason that drying occurs in a porous structure is that the accumulation of bubbles blocks the liquid flow entering a particular evaporator area. Hence, high-performance evaporators with channels or rib structures are used in heat pipe applications to mitigate this issue [7]. Therefore, to investigate the impact of such features on the heat pipe’s performance, it was decided to investigate two types of sintered structures in two mock-ups: mock-up-1, with one plain evaporator (see Figure 3a, and mock-up-2, with a porous structure featuring a pattern of channels on its surface Figure 3b.



Both choices of sintered porous structures mounted on the CuCrZr plate are shown in Figure 3. The various evaporator parameters are listed in Table 1, including the adiabatic zone’s channel number and dimensions.




2.3. Reservoir for Volume Change


When the heat flux changes from 1 MW/m2 to 20 MW/m2, the liquid volume required for the heat pipe’s operation will change [8]. If the filling procedure is executed for the maximum loading, the excess liquid will gather on top of the evaporator, creating a pool of water for testing at a low power range. This would result in a pool-boiling-dominated process over the evaporator, which is characteristic of a thermosyphon, instead of our intended goal, i.e., boiling inside a porous structure. To avoid this, we created a small reservoir with a width of 3 mm at the top of the capillary channels. At low-power operation, the excess liquid will gather inside this reservoir, while a continuous liquid flow is ensured at maximum power. The grooves also help to guide the liquid flow smoothly from the reservoir to the evaporator on the straight section. To reduce the entrainment limit, the groove was covered with a mesh layer to reduce the sheer stress and stop the flow in the reservoir, as shown in Figure 4.



Besides the reservoir developed as a precautionary measure against flooding, the liquid inventory inside was separated into three steps corresponding to three heat load ranges. The first-round test was conducted with a water volume suitable for a heat load reaching a maximum of 1 MW/m2, the second round was designed for a heat load ranging from 1 to 5 MW/m2, and the last round was designed for a 5–20 MW/m2 heat load. The heat load ranges and their liquid inventories are listed in Table 2.




2.4. Condenser


The design of the condenser was mainly governed by considerations related to the calorimetric evaluation of the power transferred by the HPEE. It was performed by measuring the external coolant flow rate, pressure, and temperatures before and after coming into contact with the HPEE condenser’s surface, which is discussed in detail in Section 2.6.3. Increasing the temperature difference between the two measurements will reduce the power evaluation uncertainty. As such, a high heat transfer coefficient would allow us to maintain the temperature of the condenser wall at the desired level while using low coolant flow rates, resulting in more considerable temperature differences between the two measurements.



Another critical constraint of the condenser design stems from the vacuum chamber’s geometry in which the mock-up is installed. The size of the coolant tube is limited to tube DN65, which has an external diameter of 76.1 mm. Considering the required pipe wall thickness and other mechanical constraints, the condenser’s size is limited to a circular area with a diameter of 60 mm.



The condenser’s thickness was set to 10 mm according to an examination of the temperature chain along the heat pipe and accounting for the effective heat resistance of various parts [6]. This value was obtained by considering the maximum loading case, i.e., a transferred power of 5.7 kW, and imposing an operating vapor temperature of 200 °C, i.e., the same level as that set for DIV-HP operation.



Since liquid droplets accumulate inside the condenser’s surface, a slight slope was added, thereby rendering the condenser wall 2 mm thicker at the margin. With this shape, the calculations show that for the HPEE under maximum loading conditions, the vapor temperature is Tvapor = 196.6 °C.



The mock-up has a conical section ranging from 60 mm in diameter at the condenser to 25 mm at the evaporator, as shown in Figure 5. The condenser and the conical part have no grooves so that the manufacturing process was simple and cost-effective. The parameters of the HPEE mock-up are summarized in Table 3.




2.5. Instrumentation of the HPEE Mock-Up


The mock-up’s size and, in particular, the reduced vapor volume dimensions allow for only a limited number of measurements to monitor the heat pipe’s operation. Thus, three thermocouples (T-HP05, -HP06, and -HP07) were inserted at different positions in the condenser wall, as seen in Figure 6a. All these sensors were placed at a depth of 5 mm from the condenser’s surface. Two thermocouples (T-HP03 and -HP04) monitored the axial change in vapor temperature at two locations: one just above the grooved area and one close to the condenser, as shown in Figure 6b. Four additional thermocouples (T-HP08, -HP09, -HP10, and -HP11) measured the wall temperature near the evaporator: one at the center of the evaporator, the other three being distributed 5.7 and 10 mm away from the center, as indicated in Figure 6c. These sensors were brazed on the surface of the CuCrZr wall directly under the tungsten armor. All thermocouples are K-type with a nominal uncertainty of ±1.5 °C or ±0.4%.




2.6. Experimental Setup


The experiment was performed under vacuum conditions to limit the thermal losses due to heat convection (in the air) and protect the heated surface from unwanted oxidation. The mock-up was installed in an existing vacuum tank with a diameter of 50 cm and a height of 100 cm, as shown in Figure 7. This tank was evacuated by a vacuum pump PFEIFFER DUO 35 M, for which the minimum vacuum level that was obtained was 1.6 × 10−2 mBar.



2.6.1. Heat Source Systems


In order to apply the load on the surface of the mock-up, the initial plan considered a Diode laser machine, namely, LDF-20000-200 from Laserline. This device can provide power from 0.3 up to 20 kW. However, the zoom laser optic selected for this experiment, OTZ-2, limits the input power to 10 kW. This optic was selected since it can adjust the beam spot from 19 × 19 mm2 up to 82 × 82 mm2, thus making it suitable for our experimental purposes. As can be seen in Figure 8c, the beam spot has a rectangular shape with a relatively uniform density in the center.



For the purposes of the present experiment, the beam spot was set to its lowest value, 19 × 19 mm2. With this spot size, assuming a uniform heat deposition, the power of the laser must be incremented from 289 W (1 MW/m2 averaged surface heat flux) up to 5780 W (20 MW/m2). As the laser optic cannot be used in the vacuum system, the optics are installed outside the vacuum chamber, with the laser beam passing through a unique vacuum window with a transport efficiency of around 80%.



An electric heater was developed as an alternative or backup solution to the laser machine, which uses a shaped copper block with six heaters and is intended to cover the testing matrix’s low power range. Its power is provided by three power supplies via DELTA ELEKTRONIKA SM300-10D.



The block has a diameter of 80 mm and a height of 100 mm on the larger side (where the heaters are inserted), and it reduces its size to only 25 mm towards the heater end that comes into contact with the mock-up. Each heater has a diameter of 12.5 mm, is 80 mm in length, and can provide a maximum power of 800 W (4800 W in total) and operate up to 750 °C.



The copper heater was installed directly under the heat pipe and was placed in direct contact with the evaporator’s surface, as in Figure 9. The support structure was isolated with ceramic parts from the electrical heaters and the copper body to reduce heat loss and avoid current leaks, as in Figure 9b. Four thermocouples monitored the temperature along the copper block axis.




2.6.2. External Cooling System/Heat Sink System for HPEE


We used an external water-cooling circuit to transport the power applied to the HPEE mock-up. As mentioned earlier, the objective is to attain a high heat transfer coefficient outside the condenser region to reduce the uncertainty in the calorimetric evaluation of the transported power. This was achieved by implementing a jet impingement cooling system featuring seven nozzles [9], as shown in Figure 10. An extensive list of the cooling system’s parameters is listed in Table 4.




2.6.3. Calorimetric Evaluation of the Power Applied to the Mock-Up


With the existing experimental setup, estimating transported power by accounting for all heat losses and the surface heat load from the input power readings, either from the laser machine or the electrical heater, is challenging. As an alternative, we used the calorimetric method to evaluate the power transferred into the coolant system, which is the power transferred by the mock-up. Thus, the calorimetric power is estimated as follows:


   Q ˙  =   h    T  o u t l e t   ,  p  o u t l e t     − h    T  i n l e t   ,  p  i n l e t       ∗ ρ    T  o u t l e t   ,  p  o u t l e t     ∗   V ˙   o u t l e t    



(1)




where h is the specific enthalpy (J/kg), and  ρ  is the density (kg/m3). Both quantities are calculated based on the provisions of the IAPWS Industrial Formulation 1997 for region 2 [10] using the measured water temperature and pressure. The measurements were made in the vicinity of the inlet/outlet nozzles of the cooling assembly shown in Figure 10 using pressure sensors (OPTIBAR-PM-5060-C, with a measuring range from 0–25 bar, from KROHNE Messtechnik GmbH (Duisburg, Germany)) and resistance thermometers (RTD). To estimate the mass flow, the volumetric flow rate   V ˙   was measured by the water flow meter (HP-F-01 KRONE 250 M40) installed at the heat sink outlet. A complete list of the sensors, their types, and their accuracies are given in Table 5.






3. Results


3.1. Consideration of the Evaluation of the Transported Power via the Calorimetric Method


Figure 11a illustrates the evolution of the temperatures recorded at the inlet and outlet of the cooling assembly for a typical loading, which influences the enthalpy estimation, as shown in Figure 11b. In this figure, the loading on the test object is zero until 120 min; then, it is turned on with 300 W, and the outlet temperature increases as expected. It is interesting to remark that even when no net power is applied to the mock-up, the outlet temperature is slightly higher than the inlet value. This behavior is mainly due to the frictional losses of the jet cooling and will need to be accounted for when evaluating the transported power. A bias sensor setup was excluded because the sensors deliver practically the same values without flow.



Another notable finding is the fact that there is a time lag between the two signals. This can be combined with the fact that there is an over-imposed oscillation of the temperature signals coming from the experimental hall cooling circuit. Therefore, this can lead to an erroneous evaluation of the power if not adequately addressed.



The way to address the latter problem is to first evaluate the time lag   d t   between the outlet temperature measurement and the inlet temperature signal. This dt is calculated for each flow rate setting, and the calculation is repeated at least once a day for a fixed set of parameters by applying the ‘finddelay’ function in MATLAB. For instance, for a flow rate of 100 L/h, the lag dt is around 1.6 min. Then, a calorimetric power evaluation is carried out using the following formula:


   Q ˙  =   h    T  o u t l e t    t  ,  p  o u t l e t )    t    − h    T  i n l e t     t − d t   ,  p  i n l e t     t − d t       ∗ ρ    T  o u t l e t    t  ,  p  o u t l e t    t    ∗  V ˙   t   



(2)







An example of the data processed in this way is presented in Figure 12 and the original data. By subtracting the time shift, the peak of the inlet enthalpy moved to the same time point as the outlet, and the calorimetric power fluctuation was obviously reduced.



The average power with and without applying the time shift correction in Figure 12 was compared in a steady state. From this picture, both average powers calculated over each interval when the load was applied or during the dwell time are the same independently of whether we apply the time shift. The only difference is the associated standard deviation, which is significantly higher when we use the raw data. Another finding that can be seen from this figure is that there is always a net power rise of around 10.5 (3.8 W), even when no heat load is applied to the mock-up. As mentioned earlier, this net power is associated with frictional losses due to jet impingement cooling. Thus, when estimating the power applied to the mock-up and, implicitly, the wall heat flux, this power must be subtracted from the power evaluated when the load is applied.


   P  a p p l i e d   =  P  e v a l u a t e d   −  P  f r i c t i o n    



(3)








3.2. Temperature Measurements of Mock-Up-1 through the Laser Machine Test


The mock-up was heated with the laser as the heat source in the first series of tests. The amount of water inside the mock-up was 1.5 mL for a maximum of 1 MW/m2. The evaluated power level started from a low 20 W, at which point the heat flux is around 0.4 MW/m2 (for safety reasons), and then it was increased stepwise by 0.05 MW/m2 after each 30 min to obtain a stable value.



The transport power efficiency corresponds to   e =  P  a p p l i e d   /  P  i n p u t    . The efficiency of laser power below 150 W is between 13% and 47%. Above this level, it stabilizes at around 50%. The reason for this low efficiency became clear at the end of the testing campaign by examining the mock-up surface and the shielding plate placed in front of the mock-up to protect the thermocouple wires from the laser beam. Despite the checks performed during the assembly, the shield plate changed its position and covered almost half of the target, as seen in Figure 13. This led to the improper loading of the mock-up, as the beam hit the steel ring placed around the tungsten armor instead of heating the central part.



Meanwhile, the low efficiency meant that the beam power had to be ramped up relatively quickly with modest gains in terms of the transported power. At power levels around 1 kW, the window for allowing the laser to pass through had already reached temperatures so high that the gaskets were damaged. This affected the vacuum in the test chamber. Once this occurred, the testing campaign was interrupted, and the vacuum chamber windows were changed.



Despite the improper loading conditions of the mock-up, the results still provide some helpful information. Figure 14 shows the evolution of the temperatures measured by the thermocouples installed on the mock-up during the three loading cases. In these pictures, one can see that the evaporator temperatures tend to change their values significantly during a (long) testing session. Generally, for a low calorimetric power level of 150 W, the evaporator temperatures stabilize at an initial level, but these temperatures drop to a lower level after a while. For powers of 400 W and 500 W, such a behavior is detected as well, but in a shorter amount of time. This behavior could be related to the vaporization characteristics of the liquid inside.



Liquid vaporization may occur at the liquid–gas interface in cavities containing entrapped vapor. Once nucleation is initiated, the superheat required to sustain bubble formation typically drops to a much lower value. This drop apparently occurs because cavities in the surface are refilled with vapor when nucleation commences. Bubble formation can then be sustained at low superheat levels because vaporization can occur at the liquid–vapor interface within these reactivated cavities [11]. The long duration for the drop of 150 W could indicate that the vapor temperature is not high enough to activate nucleation. Nevertheless, Figure 14b,c clearly show that the evaporator temperature drops simultaneously when the vapor temperature increases. With a higher input power of 500 W, the time required to initiate nucleation is shorter. However, the fact that the heat load was primarily applied on the stainless-steel ring and not on the tungsten armor might also explain the evaporator’s erratic behavior.



When plotting the vapor temperature versus the estimated heat flux, Figure 15 shows that the dependence is almost linear. Here, the heat flux was estimated using the calorimetrically estimated power, which is assumed to be applied to the darkened area seen in Figure 13a. This area is estimated to be around 500 mm2, almost as large as the exposed tungsten surface in front of the evaporator. The vapor temperature at the different positions, HP03 and HP04, shows almost the same value, which means the liquid inside is in a saturated state.



By examining the dependency between the applied heat flux and the superheat ΔT, which is calculated by determining the difference between the average value of the four temperatures near the evaporator and the vapor temperature of the sensor T-HP04 close to the evaporator’s surface in Figure 16, we can see that the curve varies linearly up to 200 kW/m2 but with high uncertainty. The curve shifts towards the left for a higher heat load, and the measurement points seem to spread wider after several repeat tests. This is probably due to the erratic behavior of the heat pipe caused by the abnormal loading conditions. Even so, at up to 1.1 MW/m2, the curve shows no indication of drying out or partial film boiling on the evaporator’s surface. The uncertainty of the applied heat flux is around 23% for a coolant temperature difference of 3.5 °C, whereas it is 87% for 1.0 °C.



These results indicate that the poor loading conditions of the first experimental setup hamper the interpretation of the results. Consequently, to better understand the heat pipe behavior at the lower range of loading conditions, it was decided to switch from laser heating to a more conventional form, namely, the use of a shaped electric copper heating element.




3.3. Temperature Measurements of Mock-Up-1 via the Electric Copper Heater Test


To more effectively control the applied power, it was decided to temporarily use a different heating method, namely, an electrical heater, until the issues encountered during laser heating were solved. The power was increased in the same manner as with the laser. Compared with the rapid heat loading of the laser applied to the evaporator, the ramp-up is slower in the case of the electrical heater. It takes about two hours for a particular power setting to achieve a stable temperature trend both on the mock-up and the copper block. Since we intended to compare the results of the two distinct heating methods, the filling and the cooling conditions were maintained as before.



From the data recorded, one can see in Figure 17 that the present setup offers better heating conditions than before. The ratio between the electric input power and the one estimated calorimetrically is around 85%.



Comparing the temperatures at the three positions (those of the evaporator, vapor, and condenser) of the mock-up, the evaporator temperatures have a much smoother evolution than the ones obtained with the laser. During the testing with electric power, it was observed that the two vapor temperatures started to separate at high heat loads of around 0.9 MW/m2. When comparing the vapor temperature plots from Figure 17a,b, the two temperatures are practically identical for low powers (Figure 17a). However, for the high loadings (Figure 17b), the measurement of T-HP04 close to the evaporator increases by 40 °C while the one of T-HP03 close to the condenser stays around 100 °C even when the loading is increased.



For the laser test, despite the erratic behavior and faulty loading, a heat pipe effect could be observed, as the evaporator temperatures dropped sharply after an initial rise, and the vapor temperature at the two positions remained the same as those in Figure 14. By examining the electric copper heater temperature trends, it can be observed that there is little evidence of mock-up-1 acting as a heat pipe after the two vapor temperatures separate.



When plotting the temperature difference between the evaporator and condenser as a function of the transferred power, the results of mock-up-1 with an electric copper heater follow the same trend as for the case when there is no liquid evaporation inside the heat pipe. It means that the heat transfer occurs only through conduction (solid line in Figure 18). For the tests performed with the laser, this parameter follows the heat conduction trend up to around 200 W, and then diverges from it and shows a tendency of saturation at lower values as would be expected from a heat pipe. This observation led us to conclude that mock-up-1 might not have been tight and might have been losing water so that it no longer operated as a heat pipe. Then, a leakage at the connection between the water feed pipe and the valve was found after removing the mock-up from the test rig. The mock-up itself showed no signs of damage despite the early eccentric loading of the heat pipe head.




3.4. Temperature Measurements of Mock-Up-2 via the Electric Copper Heater Test


As the first mock-up needed to be repaired, mock-up-2, featuring an improved evaporator, was installed and tested. Figure 19 shows the temperature evolution for this new mock-up. In comparison, the sharp drop in the temperature due to the onset of boiling is not easily detectable as in the laser test because of the slower ramp up. Comparing these curves with those in Figure 17 shows that mock-up-2 stays much colder than the previous case. The evaporator and vapor temperature remain relatively constant in the axial direction after heat flux reaches 0.6 MW/m2. At low heat fluxes, the evaporator temperatures stabilize rather quickly, and the four temperatures have similar values. Starting from 0.6 MW/m2, after an initial evolution similar to the lower loadings, the evaporator temperatures suddenly jump to 100 °C, and the recoded values show significant spreading. This behavior indicates a change in the operating regime of the heat pipe that resulted in an increase in the wall temperature.



In Figure 18, it can be gleaned that the mock-up more clearly operates as a heat pipe, and the variation in the temperature difference between the evaporator and condenser versus power is plotted. In the case of mock-up-2, the measured values quickly diverge from the heat conduction trend and saturate at around 100 °C for power levels above 400 W.



A saturation trend similar to that shown for mock-up-1 with laser heating can be observed by analyzing the vapor temperature dependence on the applied heat flux, as shown in Figure 20, where T_HP03 and T_HP04 remain almost the same and increase linearly with heat flux.



By observing the superheat dependence on the applied heat flux, as shown in Figure 21, the degree of saturation starts to become more noticeable when the heat fluxes are above 1 MW/m2, corresponding to a transferred power of about 500 W. The results indicate that this transition is associated with the onset of nucleate boiling. When the heat flux increases, the system state jumps horizontally to the nucleate boiling curve [11].





4. Conclusions


The experimental investigation of a heat pipe evaporator’s operating limits with a liquid inventory of 1.5 mL, a heat flux until 1 MW/m2, and with a laser and an electric copper heater applied as heat sources has produced an initial series of results. These results indicate that both the developed mock-ups can operate well until 1.3 MW/m2, which means that the HPEE can superiorly function as a heat pipe in the designed heat flux range of 1 MW/m2. Unfortunately, the loss of tightness of mock-up-1 did not allow for a proper comparative evaluation of the performances of mock-up-2 with an enhanced evaporator. Nevertheless, the performance of the enhanced evaporator seemed very promising.



The experimental setup was extended during the tests by switching the heating method from a laser beam to an electrical heater for the low range of applied loads. The experiment has shown that both heat sources have some advantages and disadvantages:




	
The laser heat source can heat the evaporator immediately without requiring other heat transport material and can operate at a high heat flux level. However, the problem of alignment renders the heated surface difficult to control; further, this method is limited by the maximum laser window working temperature of 150 °C at 1 kW laser power. Above this temperature, the vacuum tightness is compromised due to the loss of the gasket’s elasticity and the signs of the deterioration of the window material, for which the latter had to be replaced.



	
The electric copper heater can effectively heat the evaporator at the correct position. However, a very long time is required to reach a steady state for full power, and a stepwise application of the heating power to the mock-up is impossible. An electric copper heater’s maximum heat flux is around 2 MW/m2 due to its working temperature of 750 °C.








The results so far indicate the potential of using the enhanced evaporator to handle high heat fluxes in a heat pipe, and the plain evaporator seems to show good performance, at least up to 1 MW/m2. However, due to various technical issues, the loadings are still only at a low range of interest. Electric heating can continue to cover the lower experimental range (200 kW/m2 up to 1.5 MW/m2). Furthermore, the alignment of the laser optic with the evaporator solutions must be monitored so that the mock-up can be tested with a higher heat flux level.



The plan for future research is to focus on completing the testing program for the two mock-ups. Later experiments will continue with mock-up-2, which was already installed on the test rig in the first phase, using an increased water quantity inside the heat pipe for higher heat fluxes during the test. Once mock-up-1 is repaired, it will be tested following the same program as that involving the enhanced evaporator.
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Figure 1. EU-DEMO divertor concept featuring a heat-pipe-based target from [1]: (a) target concept and its integration with the divertor cassette; (b) DIV-HP heat pipe unit dimensioned with proposed tungsten armor. 
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Figure 2. Depiction of HPEE. (a) Depiction with dimensions of HPEE evaporator-end with W-plate; (b) top view of the evaporator surface with W-plate and protective cover. 
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Figure 3. Porous structure on CuCrZr plate: (a) original shape; (b) version with channels. 
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Figure 4. Inner view of HPEE mock-up: (a) illustration of the reservoir; (b) manufactured grooves and sintered porous evaporator. 
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Figure 5. HPEE mock-up: (a) cross-section through the mock-up with dimensions; (b) photograph of the HPEE mock-up. 
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Figure 6. Temperature measurement arrangement of the FHP mock-up: (a) condenser wall temperature measurements (T-HP05:HP07); (b) vapor temperature measurements (T-HP03:HP04); (c) loaded surface temperature measurements (T-HP08:HP11). 
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Figure 7. Experimental setup in the laboratory. 
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Figure 8. Laserline LDF 20000-200: (a) laser machine; (b) Zoom laser optic below the vacuum vessel; (c) laser spot size 19 × 19 mm2. 
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Figure 9. Structure of electric copper heater: (a) assembly illustration; (b) installation with ceramic isolation. 
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Figure 10. Coolant system used for mock-up: (a) illustration; (b) finalized nozzle heads. 
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Figure 11. Transient measurement at the coolant inlet and outlet with laser power of 300 W: (a) temperature; (b) enthalpy. 
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Figure 12. Comparison of the enthalpy and calorimetric evaluation of the power with 300 and 325 W: enthalpy-the red curves indicate the enthalpy calculated at the time earlier than time t with time lag dt; power-the orange curves indicate the power calculated with Equation (2); for comparison, the blue curves show the power calculated without accounting for the time delay. 
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Figure 13. Status of the laser-heated surface after the first series of tests: (a) mock-up surface—the dark-gray area indicates that the load was applied eccentrically, only partially heating the tungsten armor as intended, wherein a significant part of the load is applied to the steel ring holding the armor; (b) shielding plate’s surface is heated on the other part. 
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Figure 14. Mock-up-1 temperature evolution with liquid inventory for 1 MW/m2 and laser calorimetric power: (a) 150 W (heat flux: 0.3 MW/m2); (b) 400 W (heat flux: 0.82 MW/m2); (c) 500 W (heat flux: 1.0 MW/m2). 
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Figure 15. Vapor temperature of mock-up-1(heated by laser power) as a function of the heat flux. 
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Figure 16. Heat flux versus average wall superheated ΔT of mock-up 1 with laser. 
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Figure 17. Mock-up-1 temperature evolution with liquid inventory for 1 MW/m2 and electric copper heater calorimetric power: (a) 300, 320, and 360 W (heat flux: 0.61, 0.65, and 0.73 MW/m2); (b) 400, 440, and 470 W (heat flux: 0.82, 0.9, and 0.9 MW/m2). 
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Figure 18. Variation in the temperature drop between the evaporator and condenser with the transferred power for all testing campaigns. 
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Figure 19. Mock-up-2’s temperature evolution with liquid inventory for 1 MW/m2 and electric copper heater calorimetric power: (a) 100, 200, and 300 W (heat flux: 0.2, 0.4, and 0.6 MW/m2); (b) 320, 400, 500, and 600 W (heat flux: 0.65, 0.8, 1.0, and 1.2 MW/m2. 
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Figure 20. Vapor temperature of mock-up-2 with electric heater as a function of the heat flux. 
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Figure 21. Heat flux versus average wall superheated ΔT of mock-up 1 heated via electric heater. 
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Table 1. Parameters of wick structures: grooves at adiabatic zone and sintered porous evaporators.
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	Parameters
	Symbol
	Value





	Width of groove
	w
	0.3 mm



	Depth of groove in the evaporator
	h
	0.65 mm



	Number of grooves
	Ng
	125



	Sintered porous configuration for mock-up-1
	
	



	Height of porous evaporator (Bronze)
	he
	2 mm



	The grain size of the sinter’s
	rp
	~400 um



	porosity
	ε
	0.47



	Sintered porous configuration for mock-up-2
	
	



	Height of porous evaporator (Bronze)
	he
	2 mm



	The grain size of the sinter’s
	rp
	~400 um



	porosity
	ε
	0.47



	Width of porous channels
	wpc
	1 mm



	Depth of porous channels
	hpc
	1 mm



	Number of porous channels and their length
	Npc
	4 × 10 mm + 4 × 6 mm
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Table 2. The heat load ranges with their corresponding liquid inventories.
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	Heat Load Range
	Liquid Inventory





	0–1 MW/m2
	1.5 mL



	1–5 MW/m2
	2 mL



	5–20 MW/m2
	2.5 mL
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Table 3. Parameters of HPEE body.
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	Parameters
	Symbol
	Value





	The outer diameter of the evaporator
	de,o
	33.4 mm



	The inner diameter of the evaporator
	de,i
	25 mm



	The thickness of the evaporator wall (CuCrZr)
	tt
	2 mm



	Outer diameter of condenser
	dcond
	60.3 mm



	Inner diameter of condenser
	db
	52 mm



	The thickness of the condenser wall (CuCrZr)
	tc
	10 mm



	The inner height of the adiabatic zone
	had
	75 mm



	Incision angle
	β
	19.5°



	Evaporator protect plate (W)
	tw
	2 mm
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Table 4. Parameters of heat sink system with impinging jet.
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	Parameters
	Symbol
	Value





	The inlet temperature of the coolant
	θin
	20 °C



	Pressure
	p
	4 Bar



	The inner diameter of the coolant pipe
	dcoolant
	60.3 mm



	The thickness of the coolant box wall (steel)
	tcool
	4 mm



	Number of jets
	Nn
	7



	The inner diameter of the jet
	D
	3 mm



	Distance between jet and bottom of FHP
	H
	15 mm
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Table 5. Parameters of HPEE experiment’s measuring instruments applied to heat sink.
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Component

	
Location

	
Model

	
Accuracy






	
Temperature T-01

	
Coolant inlet

	
RTD

	
±(0.15 + 0.002 ×|T|) (Class A) [DIN43760]




	
Temperature T-02

	
Coolant outlet

	
RTD




	
Pressure P-01

	
Coolant inlet

	
PM-5060-C

	
≤±0.5% of span [IEC 61298-2]




	
Pressure P-02

	
Coolant outlet

	
PM-5060-C




	
The volume flow rate sensor F-01

	
Coolant outlet

	
H250 M40

	
1.6% of measured value VDI/VDE 3513-2
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