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Abstract: The temperature control in electronic packaging is the key in numerous applications, to avoid overheating and hardware failure. Due to high capability of heat transfer, good temperature uniformity, and no power consumption, heat pipes can be widely used for heat dissipation of electronic components. This paper reports an experimental thermal analysis of different capillary structures for heat pipes. The wicks considered are metal screens, axial microgrooves, and sintered metal powder. The heat pipes are made of copper, a 200 mm length tube and a 9.45 mm external diameter. Working fluid used was distilled water. The devices are investigated in three positions: 0, 90, and 270° to the horizontal under powers of 5 up to 45 W. The results show that in horizontal (0°) and with the evaporator under the condenser (270°), the heat pipes showed similar results. Nevertheless, in the reverse condition (the position against the gravity with the evaporator above the condenser, 90°), the heat pipe with sintered wick presented the best thermal performance, as it has the lowest thermal resistance and supported a higher power. Besides that, the sintered powder capillary structure demonstrates the most homogeneous thermal behavior for every position, making the most suitable for applications susceptible to diverse inclinations.
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1  Introduction

The modernization of electronic technology leads to miniaturization and high power density in electronic devices [1]. Limiting the maximum operating temperature results in an increase in packaging complexity making the conventional cooling modes inadequate to guarantee the performance, price, and safety of electronic devices [2]. Thus, the temperature control in electronic packaging is the key in numerous applications, to avoid overheating and hardware failure [3].

Aiming to achieve an efficient heat dissipation of great heat fluxes, many advanced cooling technologies have been introduced in the thermal controlling, including boiling cooling, liquid cooling, functional surface, microchannels heat sink, heat pipes, microfluidic engineering, and metal foam [4]. Due to high capability of heat transfer, good temperature uniformity, and no power consumption, heat pipes are widely used for heat dissipation of microelectronic units under high power density [5].

Heat pipes are as biphasic heat exchangers that can stabilize the microelectronic device’s temperature as a good technological alternative. They are one kind of passive devices able to dissipate a substantial amount of heat by a relatively small temperature drop and a working fluid flow inside the capillary structure [6]. Their efficiency and convenience gave a prominent place to these devices in recent researches. Authors study their application in areas as telecommunications and electronics, including the aerospace applications [7]. The main benefits of this technology include low global thermal resistance, no energy consumption, fixed components, and low-pressure loss [8].

According to [9], the heat pipe operation is as follows: Heat is transported from the heat source to evaporator, which vaporizes the working fluid. The difference in pressure associated with density variation carries vapor to condenser. Thus, the transported heat is discarded to the heat sink, which condenses the vapor. The liquid returns back to evaporator by the capillary action of the wick. The adiabatic section does not exchange heat with the surroundings. Fig. 1 presents a sketch of the main regions of the heat pipe and its operation. Additional information of heat pipes, their operation and application can be obtained in [10–13].
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Figure 1: Main components and operation of heat pipes

A heat pipe is made up of a sealed container with some capillary structure placed on the inner surface of the pipe. The wick provides a capillary-driven pumping effect for returning the condensate to the hot side of the tube. Enough working fluid is placed inside the sealed pipe to saturate the wick with liquid [14]. The main capillary structures are screen meshes, sintered metal powder, and grooves [15]. Because of facility of manufacture, big capillary pumping, and convenience the screen meshes are the most common wick [16]. The principal features of micro-grooved capillary structures are elevated thermal conductivity and permeability [17]. The sintered wicks have big capillary pumping capacity, resulting of the sintering method that solidifies metal particles on the internal surface of the tube [18]. Available technologies of capillary structure for the application in the management of temperature in electronic packaging are presented in [19–36].

The literature survey shows that available information and data on the comparative thermal behavior of different wick structures for heat pipe are scarce. Considering that, in the present study, the thermal performance considering different capillary structures in three positions: 0, 90, and 270° to the horizontal is investigated. The considered structures are screen mesh, axial microgrooves, and sintered metal powder.

2  Methodology

The fabrication methodology, which includes the cleaning and assembly of the parts, the tightness test, the vacuum realization, and the charging with working fluid, experimental tests and data treatment follow the procedures described by [37].

2.1 Characteristics of the Developed Heat Pipes

Copper tubes ASTM B-75 Alloy 122 with 9.45 mm external diameter, 7.75 mm internal with 200 mm length were used to manufacture the heat pipes. All of them have 80 mm of evaporator, 20 mm of adiabatic region, and 100 mm of condenser. Distilled water was applied as working fluid, with filling ratios based in the volume of evaporator. Preliminary experimental tests were performed to find the filling ratio with the best thermal performance of each wick, since the porosity, permeability, and pore radius vary according to the capillary structure. Tab. 1 summarizes each developed heat pipe.

Table 1: Summary of the main physical characteristics of heat pipes
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One of the most important criteria for choosing each capillary structure is the heat transfer capability of them. It is noteworthy that the capillary properties and the heat transfer capabilities of heat pipes depend not only on the type of capillary structure but also on their characteristics. For a screen mesh, the number of layers and cell size must be accounted for; for microgrooves the profile, depth and pitch of grooves are essential elements; while for sintered metal powder the particle size, layer thickness, and porosity are influencing factors. In this context, for the comparison of different capillary structures in this work, previous experimental studies provided the best parameters for the better thermal performance of each wick. The researches were [38–40] for screen mesh, microgrooves, and sintered powder, respectively.

2.2 Capillary Structures

A single layer of phosphor bronze mesh #100, Fig. 2a, makes the wick of heat pipe with screen mesh. A wick micrograph, obtained by a Backscattered Electron Detector for SEM, is presented in Fig. 2b. Further aspects of the heat pipe with screen mesh can be acquired in [38].
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Figure 2: Screen mesh capillary structure. (a) general view, (b) micrograph

Wire electrical discharge machining, also known as wire-EDM, by a Fanuc™ machine tool (model Robocut α-oic) with command Fanuc™ (Series 180is-WB) fabricated 32 axial microogrooves in a copper tube, which formed the capillary structure of the grooved heat pipe [39]. A brass wire electrode (DIN 160) with a 0.2 mm diameter and 900 N/mm2 tensile was used. The parameter settings were an open circuit voltage at 41 V, a constant discharge current of 4 A, and a wire run-off speed of 0.40 mm/min, achieving accuracy of ± 6 µm. Deionized water dielectric fluid was responsible for concentrating the energy and cooling the wire and work-piece. The wick design is demonstrated in Fig. 3a. The details of microgrooves are shown in the micrograph, Fig. 3b. The mean diameter of microgrooves is 220 μm.
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Figure 3: Axial microgrooves capillary structure. (a) schematically view, (b) micrograph

A monomodal copper powder and a temporary mandrel were used in a sintering process, which produced the sintered heat pipe—Fig. 4a. The volume-based average particle diameter of the powder is 33 μm and the wick thickness is 1.5 mm. The apparatus used in the sintering process consisted of a controlled atmosphere horizontal tubular furnace (Inti™ FT-1200), a data acquisition system (Agilent™ 34970A with 20 channels), and a laptop (Dell™). The gas used in the atmosphere control was a mixture of 95% of Argon and 5% of Hydrogen. The sintering occurred at a heating rate of 20°C/min, with a 15-minute permanency at a temperature of 800°C, and subsequent cooling by air forced convection. The wick porosity was obtained by Helium Pycnometry associated with physical characterization by the Archimedes method, showing that the total porosity of the capillary structure is 54.8%. Fig. 4b presents a micrograph of the sintered powder capillary structure obtained by Backscattered Electron Detector (BSD) for SEM. Additional characteristics of sintered heat pipes are in [40].
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Figure 4: Sintered powder capillary structure. (a) general view, (b) micrograph

3  Experimental Analysis

The experimental setup and experimental methods are adopted to estimate the thermal performance, ensuring similar conditions to that of the actual operation of a thermal management system.

3.1 Experimental Apparatus

Fig. 5 presents the apparatus applied in the experimental investigations. A power supply unit (Agilent™ U8002A), a data logger (Agilent™ 34970A), a laptop (Dell™), an uninterruptible power supply (NHS™), a universal support, and a fan (Ultrar™) constituted the experimental apparatus.
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Figure 5: Experimental setup

The temperature monitoring was realized by K-type thermocouples Omega Engineering™, adhered to the external surface of devices by a thermosensitive adhesive strip Kapton™. Fig. 6 represents the thermocouple locations, being three in the evaporator (Tevap,1, Tevap,2, and Tevap,3), one in the adiabatic section (Tadiab), and four in the condenser (Tcond,1, Tcond,2, Tcond,3, and Tcond,4).
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Figure 6: Thermocouple locations (mm)

Heat is generated by the Joule effect created by power dissipation in a strip resistor (nickel-chromium alloy Omega Engineering™) with 0.1 mm of thickness and 3.5 mm of width. An aeronautical thermal insulation MTI Polyfab™ and a coating of polyethylene 3M™ protect the evaporator from losing heat to the surroundings. Tape of fiberglass Omega Engineering™ is used for the thermal insulation at the adiabatic region. The condenser uses air convection as the heat sink.

3.2 Experimental Procedure

An air-conditioning system Carrier™ maintains the room temperature at 19°C ± 1°C and, in this way, guaranteeing the experimental repeatability. The tests were done in three different operation positions: 0°, 90° (evaporator above condenser), and 270° (evaporator under condenser) referred to the horizontal. They were carefully fixed at the test positions by the adiabatic section with universal support in Fig. 7. Every test has a checklist to be done, which guarantees that the thermocouples, insulation, and resistor connection are rightly installed. The fan at 5.0 m/s is positioned on the cold side and the combined error is ± 0.2 m/s. Mean air velocity was calculated in accordance with the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Handbook [41]. The system that acquired data is switched on and verified if all the temperatures are almost the same as the room temperature. If yes, the desired power is dissipated to the resistor.
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Figure 7: Inclinations of tests. (a) horizontal, (b) 90° to the horizontal (evaporator above condenser), (c) 270° to the horizontal (evaporator under condenser)

The thermal load starts with 5 W, which stays approximately 15 minutes when the thermocouples present stationary values. So, the power receives an increment of 5 W. Critical temperature determines the maximum power that can be dissipated through heat pipe. For this study, the highest temperature is 150°C, which can promote the materials melting. The thermocouple data is obtained every five seconds and recorded by software Agilent™ Benchlink Data Logger 3.

The uncertainties are related to thermocouples, data logger, and heat load supply unit. An error propagation model described by [42] was adopted to determine the electrical power uncertainty, obtained from the electrical resistors, and to determine uncertainties of thermal resistance. The thermocouple uncertainties were estimated in the accuracy of ± 2.2°C, and the voltage and current were 0.35% + 20 mV and 0.35% + 20 mA, respectively. The uncertainties are rectangle type for all measures because the maximum and minimum values of variation of each equipment used are known. The determination of the combined uncertainty was described as the correlated type, owing to the nature of the data acquired through the experiment. It is estimated that temperature and thermal load uncertainties can be about ±1.27°C and ±1%, respectively.

3.3 Data Reduction

Fluid dynamics laws for heat pipes manage the influences of gravity, as also the fluid flow in capillary structures. The heat transfer governs the boiling of working fluid that is facilitated by additional nucleation sites, usual in wicks. Therefore, the total thermal resistance represents the interaction of theses two areas inside heat pipes.

The total thermal resistance, Rth, of a heat pipe can be defined as the ratio of the total temperature drop across the device by the rate of total heat transfer [43]. The higher the thermal resistance, the greater the difficulty in transporting heat from the system [44]. The total thermal resistance can be calculated by
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where, Tevap is the average wall temperature in evaporator, Tcond is the average wall temperature in condenser, and qin is the input heat on the evaporator.

4  Results and Discussion

The results of the thermal behavior of tested heat pipes are presented and discussed. The tests were of three different capillary structures (screen mesh, axial microgrooves, and sintered powder), operating in three positions (0, 90, and 270°). The thermal efficiency values are guaranteed by the repetition three times for each case, with the variance between the average temperatures of each region lower than 0.5°C. The dissipated thermal loads were from 5 up to 45 W.

4.1 Horizontal

The temperature distributions in horizontal contemplating the heat pipes: (a) with screen mesh, (b) grooved, and (c) sintered, are shown in Fig. 8. In this position, axial microgrooves and sintered powder wicks dissipated the maximum power of 40 W while the mesh heat pipe dissipated a maximum 45 W. The evaporator drying in grooved heat pipe initiates at 15 W, distancing the temperatures of the regions. So, at 40 W, there is a lack of working fluid, reaching the established critical temperature. The sintered wick has a late startup compared to the other two devices, 10 W, when the adiabatic and condenser temperatures increase rapidly. The vapor front moves towards the condenser as the power dissipation is increased. It begins to dry out at 25 W, when the evaporator temperatures start to hold off from the adiabatic section temperatures. Still, the sintered heat pipe works in safety until 40 W with condenser temperatures close to each other. However, the mesh heat pipe presented the most isothermal condenser and even if the evaporator initiates to dry out from 15 W, it can operate satisfactorily until 45 W.
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Figure 8: Temperature distributions vs time at horizontal. (a) mesh #100, (b) grooved, (c) sintered powder

4.2 Evaporator above Condenser

The temperature transition on time with the evaporator above the condenser (90° related to the horizontal) for devices with different capillary structures are presented in Fig. 9. For capillary structures of screen and microgrooves, the highest dissipated power was 15 W, while the sintered heat pipe dissipated a maximum of 35 W. The three wicks are known by their high capillarity, the screen mesh and the microgrooves cannot maintain wet the evaporator in conditions against gravity. This results in a sharply rise of evaporator temperature with heat load increment, showing that capillary force was not enough to overcome the gravity and allow the liquid to return efficiently to the hot side. Differently, the sintered heat pipe showed a similar performance of horizontal, working successfully until 35 W. The reducing from 40 to 35 W, when compared to horizontal, is due to the addition of the gravity force.
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Figure 9: Temperature distributions vs time, 90° related to the horizontal. (a) mesh #100, (b) grooved, (c) sintered powder

4.3 Evaporator under Condenser

Fig. 10 demonstrates the temperature variation with time for the evaporator under the condenser for three types of capillary structures. In heat pipes with screen mesh #100 and with grooves, the maximum dissipated power was 45 W. The sintered heat pipe dissipated a maximum 35 W. In this position, all the devices operated aided with gravity, so similar performance is expected. With water inside the sintered powder this wick creates mini channels for the liquid movement, creating higher surface tension which restricts the fluid movement and reduces 5 W in maximum heat load.
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Figure 10: Temperature distributions vs time, 270° related to the horizontal. (a) mesh #100, (b) grooved, (c) sintered powder

4.4 Comparison

Fig. 11 illustrates the comportment of the total thermal resistance for each dissipated power for the three capillary structures in different inclinations. The heat pipes’ thermal resistance decrease as thermal load is increased in the horizontal and evaporator under the condenser positions. This behavior is noticed since the application of the second heat load, when the vapor starts to move in addition to the conduction heat transfer mechanism. The wicks promote nucleation sites that boil the liquid early, starting the operation in lower heat loads. So, all the heat pipes work satisfactorily with a low thermal resistance and, as expected, in a similar way. The microgrooves showed the best thermal performance considering these two positions, which means providing the lowest thermal resistance. However, in adverse conditions, that is, in the position with the evaporator above the condenser, just the sintered heat pipe presented an adequate thermal performance, similar to the other positions. In this position, the grooved heat pipe works only with heat conduction, as the heat transfer mechanism, for all heat loads. The gravity force is too high for the capillary of the wick structure to heat, inhibiting the completion of the thermodynamic cycle inside the tube. The meshed heat pipe presents a little drop of thermal resistance in the beginning, but the low supply of working fluid in the evaporator makes the heat pipe support a low maximum heat load. In 90° to the horizontal, the sintered heat pipe presented the best thermal performance, since it has the lowest thermal resistance associated to a higher power.
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Figure 11: Total thermal resistance vs heat load. (a) horizontal, (b) 90° to the horizontal (evaporator above condenser), (c) 270° to the horizontal (evaporator under condenser)

Overall, evaluated heat pipes presented successful thermal behaviors, especially for the horizontal position and in a position where the evaporator is under the condenser, especially when there is some inclination with a slight gravity effect. The manufacturing methods of the wicks were appropriate. Therefore, the studied capillary structures are suitable for the application in temperature controlling of electronic components and devices. Nevertheless, the sintered powder heat pipe presented the most homogeneous thermal performance for every position, which makes it the most suitable candidate for applications susceptible to diverse inclinations.

5  Conclusions

This paper reported the results of an experimental thermal study of three capillary structures (a metal screen, axial microgrooves, and sintered copper powder) for heat pipes. Due to their geometry, they can be applied in the thermal controlling of electronic components and devices. The analyzed heat pipes showed that all capillary structures worked satisfactorily and with similar behaviors, especially for horizontal and with the evaporator under the condenser positions. The current manufacturing methods are adequate for this use. However, in an adverse position, against gravity, the sintered heat pipe showed the best performance. Besides that, the sintered powder capillary structure demonstrates the most homogeneous thermal performance for every position, making the most suitable for applications susceptible to diverse inclinations.
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Characteristics Heat pipe
Screen Mesh Grooved Sintered Powder
Inner diameter (mm) 7.75 6.20 7.75
Outer diameter (mm) 9.45 9.45 9.45
Evaporator length (mm) 80 80 80
Adiabatic section length (mm) 20 20 20
Condenser length (mm) 100 100 100
Working fluid Distilled water Distilled water Distilled water
Volume of working fluid (mL) 2.19 1.73 2.42
Filling ratio (%) 60 60 100
Capillary structure Phosphor bronze Microgrooves by Sintered copper
mesh screen #100 wire-EDM powder





