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Abstract

:

An experimental study was undertaken to assess the heat-transfer coefficient (HTC) of graphene nanoplatelets-pentane nanofluid inside a gravity-assisted heat pipe (HP). Influence of various parameters comprising heat flux, mass fraction of the nanoparticles, installation angle and filling ratio (FR) of the working fluid on the HTC of the HP was investigated. Results showed that the HTC of the HP was strongly improved due to the presence of the graphene nanoplatelets. Also, by enhancing the heat flux, the HTC of the HP was improved. Two trade-off behaviors were identified. The first trade-off belonged to the available space in the evaporator and the heat-transfer coefficient of the system. Another trade-off was identified between the installation angle and the residence time of the working fluid inside the condenser unit. The installation angle and the FR of the HP were identified in which the HTC of the HP was the highest. The value of installation angle and filling ratio were 65° and 0.55, respectively. Likewise, the highest HTC was obtained at the largest mass fraction of the graphene nanoplatelets which was at wt. % = 0.3. The improvement in the HTC of the HP was ascribed to the Brownian motion and thermophoresis effects of the graphene nanoplatelets.
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1. Introduction


With the continuous advancement and development in the structure of the cities, demand for new technologies and, as a result, energy has increased [1]. With limitation in fossil fuel and environmental pollution due to the combustion of carbonaceous fuels, special attention has been paid to renewable energies as a reliable source of energy [2,3]. Solar energy is one of the potential renewable energy resources, which is available to a vast region of the world. However, the intermittent behavior of solar energy during the on-sun and off-sun periods dictates that the solar receivers and collectors must have plausible thermal efficiency to maximize the energy absorption from the sun [4,5,6]. A solar thermal collector is a two-phase apparatus embedded with heat pipes (HPs) to absorb the solar thermal energy and transport it to the top header using the HPs [7]. A HP is a heat-exchanging medium, which employs a working fluid with plausible thermal properties with low boiling point which can easily be evaporated inside the HP [8,9,10,11]. A HP composed of an “evaporator section”, in which the working fluid is evaporated using boiling mechanism and flows through an “adiabatic section” to reach a “condenser section”. In the condenser section, the vapor phase loses its thermal energy and is condensed to the liquid phase. The formed liquid returns to the evaporator using a gravity-assisted falling film. The heat transfer in HPs does not need any external energy, thereby nominating HPs as one of the efficient technologies for heat transfer within a confined space. The current HPs employ alcohols and acetone as the working fluid; however, these working fluids have poor thermal conductivity, which strongly affects the thermal performance of the HPs. Since Aragon National Laboratory introduced the “nanofluids”, a new direction of research was developed in thermal engineering science and in different research areas including single and two-phase heat transfer [8,12,13,14,15,16,17,18,19]. A nanofluid is a suspension of some conductive powders such as metal oxides uniformly dispersed within a common cooling fluid such as water or oil [20,21,22]. Hence, dispersion of nanoparticles requires specific techniques such as using ultrasonic waves and controlling the pH value of the nanofluid [21].



So far, many endeavors have been made to understand the effect of nanofluids on the thermo-physical properties of nanofluids. Thermal conductivity is one of the key physical properties of the nanofluids, which strongly influences the HTC of the system. Together with thermal conductivity, the heat capacity of the working fluid is another important parameter, which can improve the thermal characteristics of a system. Studies have also shown that the presence of the nanoparticles in the liquid adds some nano-scale phenomena into the heat-transfer mechanism. The first important contributor is the Brownian motion of the nanoparticles that enhances the heat transfer by random walk and random motion of the particles within the system [23,24]. In a random movement, particles collide with the hot walls and absorb the thermal energy by conduction mechanism and carry the thermal energy to the cold region and release the thermal energy with the convection heat transfer. The thermophoresis phenomenon is another participant to the heat-transfer increment, in which the nanoparticles move from the hot wall to the cold wall due to the temperature gradient between the cold and hot wall [25].



Considering the above advantages of the nanofluids, many endeavors have been undertaken to use the nanofluids in thermal systems. The usage of the nanofluids in HPs has substantially been reviewed in the literature. For instance, Shafahi et al. [26] numerically studied the HTC of three different nanofluids including Al2O3, TiO2, and CuO nanoparticles flowing through a cylindrical pipe. They modeled the system using a 2D model by assuming a steady state condition as well as incompressible and Newtonian nanofluids. Their outcomes illustrated that by using the nanofluids, thermal resistance of the system is suppressed, and the temperature gradient is reduced due to the promotion of the heat transfer. Also, using nanoparticle with smaller diameter or at higher concentration can potentially reduce the thermal resistance of the system. Naphon et al. [27] perused the influence of TiO2 nanoparticle with average size of 21 nm on the heat-transfer mechanisms of alcohols in the HPs. They observed that by adding particles at 0.1% of volume fraction to the alcohol, the heat-transfer coefficient (HTC) can be enhanced by 10.6%. Azari and Derakhshandeh [28] performed some experiments to study the efficacy of aluminum oxide/ H2O nanofluid on the HTC of a HP heat exchanger in the presence of butterfly tube inserts when the HP is at constant heat flux. The results illustrated that by adding nanoparticle to the system, a significant enhancement for Nusselt number was gained (~345%). Abdollahi-Moghaddam et al. [29] carried out an experiment on CuO/ H2O nanofluid flowing through a tube to investigate the energy efficiency of a system working with HP. Also, an ANN model was expanded to investigate the thermal efficiency of the HP. It was identified the efficiency of the system can be improved with nanofluids. It was also understood that the heat transfer can be promoted up to 2.8 times, compared to the base fluid. They demonstrated that using a nanofluid can suppress the consumption of working fluid by 37% and can diminish the size of the system by 55%. Sarafraz et al. [11] carried a set of experiments out, to peruse a HP working with ZrO2/acetone nanofluid. The setup was fabricated to simulate a solar collector. As expected, nanofluid diminishes the thermal resistance and gained HTC by 36.3%. Abdul Hamid et al. [6] experimentally analyzed the efficacy of TiO2-SiO2/water-EG nanofluid on the HTC of a HP. They found the heat-transfer efficiency can be improved by 254.4%, whereas the friction factor was also augmented by 76%, compared to the base fluid. Sarafraz et al. [11] fulfilled several experiments to study the efficacy of CNT/water nanofluid on HTC of a flat HP. They proved that the HTC of the system was improved by 40%, compared to water. HTC of pulsating HP (PHP) using 0.25–1.5 g/lit of GO/H2O nanofluids was experimentally studied by Nazari et al. [30]. Their results demonstrated that the thermal resistance of a HP can be diminished by 42%, while thermal conductivity and viscosity both increased when nanofluid was employed in the HP. Togun et al. [31] modeled a HP including a double forward-facing steps where CuO/water and Al2O3/water were employed inside the HP. The results showed that Nusselt number can be augmented by raising the nanofluid’s concentration, height of the step, and the fluid velocity. Also, they found that alumina/water nanofluid at vol.% = 4 has the highest HTC.



Facing with the above literature, it can be stated that despite immense accomplished studies on the potential usage of the nanofluids in various thermal systems, less studies have been devoted to the solar thermal energy with the focus on the application of the nanofluids in smart cities, in which energy plays a key role in the municipal development. Renewable energy can open a new door towards the sustainability of the smart cities and nanofluid can contribute to this. Hence, in this study, a fundamental research is fulfilled to assess the feasible application of graphene nanoplatelets-n-pentane as the working fluid inside the HPs. N-pentane with the very high vapor pressure can be a fast-responding working fluid in the HP. Also, the presence of the graphene can improve the thermal characteristics of n-pentane. Accordingly, a thermosyphon HP is employed and effect of several operating parameters such as the applied thermal energy to the evaporator, the installation tilt angle, the filling ratio (FR) of the working fluid and the mass fraction of the nanofluid on the HTC of the evaporator and the efficiency of the HP is experimentally studied. The developed nanofluid can take advantage of good thermal properties of n-pentane while also improving the efficiency of the system due to the presence of the graphene nanoplatelets. N-pentane has reasonably good thermal features and has higher vapor pressure than alcohols and acetone. Therefore, it can easily evaporate and absorb large amount of heat due to the latent heat. However, the thermal conductivity of n-pentane is weak; thereby adding graphene can plausibly increase the thermal conductivity of the working fluid. For solar applications, high heat removal capability is a key characteristic which needs a working fluid with quick response. Due to the large vapor pressure and plausible thermal performance, n-pentane/graphene was selected for the present study.




2. Experimental


2.1. Test Rig


Figure 1 displays a schematic of the used apparatus for assessing the HTC of the HP. The test rig comprised of a charging loop, which was used to charge the working fluid into the HP. The charging loop included a vacuum pump, a syringe pump, and the circulation pipes. The volume of the working fluid charged into the system was accurately measured with the syringe pump. Using the charging loop, the value of the HTC was determined. Notably, during the charging process, the HP was de-aerated with the vacuum pump at 10 kPa. The heart of the system was a gravity-assisted thermosyphon with an evaporator with rough walls, adiabatic section in the middle and a condenser part connected to a refrigerant cooling system. The evaporator part was heated up with an flexi cartridge with power throughput of 1400 Watt. Three thermocouples were installed on the evaporator section, two on the adiabatic, and three on the condenser to record the temperature change along with the length of the HP. Also, the HP was heavily insulated to minimize the heat loss to the environment. Notably, the HP was purchased from RS-components Company and the working fluid was only replaced with the nanofluids. All the thermocouples were connected to a data logger with frequency of 1 kHz connected to a PC. The installation angle (referred to as tilt angle) of the HP was changed with a base equipped with an inclinator to accurately measure the angle of the HP with the horizon line. The experiments were conducted for various installation angles, HTCs, heat fluxes and mass fraction of the nanoparticles and the temperature distribution profile and HTC of the evaporator were measured. The internal pressure of the HP was constantly monitored to ensure that it was not pressured during the charging process.




2.2. Preparation of the Working Fluid


To prepare the nanofluids, graphene nanoplatelets were purchased from USNANO Company and were dispersed in n-pentane purchased from Sigma. Following method was followed to obtain the nano-suspension of graphene-n-pentane nanofluid (GNP-pentane):




	(1)

	
Initially, the graphene nanoplatelets were weighted with a balancer. For 1 kg of n-pentane, the desired mass of graphene platelets was dispersed in n-pentane such that the nanofluids were prepared at weight percentages of 0.1, 0.2 and 0.3.




	(2)

	
A magnetic stirrer was used to uniformly disperse the GNPs into n-pentane at stirring speed of 300 rpm for 10 minutes. However, due to the potential agglomeration of the nanoparticles, an ultrasonic homogenizer was employed at 350 Watt and frequency of 40 kHz for almost 10 minutes to crack the clusters and agglomerated particles.




	(3)

	
To increase the stability of the nanoparticles, an anionic surfactant of nonyl phenol ethoxylate was added to the nano-suspensions and the nano-suspensions were stirred for 5 more minutes to uniformly disperse the surfactant inside the nano-suspension.




	(4)

	
pH of the nano-suspensions was also regulated with a buffer solution to minimize the fouling formation within the system. A mixture of HCl and NaOH at 0.1 mM was employed.




	(5)

	
Time-settlement experiments were employed to ensure about the stability of the nanofluids. To perform, nanofluids were placed inside the containers at various pH values and the sedimentation of the nanoparticles was constantly monitored to identify the best conditions in which the thickness of the sedimentation layer is minimized. Stability tests results illustrated that nanofluid could be stable for three weeks, which was sufficient for conducting the experiments.










2.3. Data Reduction


To measure the thermal resistance of the evaporator part, can be represented by:


R=Te−TaQ



(1)







Here, Q is the applied heat to the evaporator section, Te and Ta are the evaporator’s and adiabatic temperatures. Also, the HTC of the evaporator section was calculated with the following equation:


h=q″Te−Ta=V×ITe−Ta



(2)







Here, V and I are the voltage and current applied to the AC flexi cartridge, which according to Joule’s effect can control the applied heat to the evaporator section.



The FR of the HP is defined as follows:


FR=vnfvevap.



(3)







Here, vnf is the volume of the working fluid in the evaporator (cm3) and vevap. is the total volume of the evaporator (cm3). The amount of FR was controlled with the syringe pump flow meter. Tilt angle is also defined as the angle between the body of the hat pipe and the horizon line and it was measured using inclinometer. To assess the uncertainty of the tests, the equation presented by Kline-McClintock [32] was used and the uncertainty of 4.5% and 5.1% were obtained for the heat-transfer coefficient and thermal resistance, respectively considering the accuracy of 1% for thermocouples, 1% for voltage and current.



To evaluate the uncertainty analysis, Kline-McClintock technique was employed [33]. Considering the accuracy of the instruments (1% of reading value for thermocouple, 0.1% for voltage and current, 1% for inclination meter and 0.1% for the syringe pump), the uncertainty value for the heat-transfer coefficient of the evaporator was ±6.9%.





3. Results and Discussion


3.1. Temperature Profile


Figure 2 displays the temperature distribution along the length of the HP for pure pentane and GNP-n-pentane nanofluid at q″ = 5 kW/m2. As shown, the temperature in the evaporator is high, while gradually reduces in the adiabatic and reaches the lowest at the condenser. For pentane, the temperature of the evaporator is relatively close to the boiling temperature of pentane, hence, there is a potential for incipience of the boiling heat transfer in the evaporator section. If boiling hat transfer occurs in the evaporator, due to the formation of the bubbles, the HTC considerably increases, which can be attributed to the bubble interactions and the local agitation due to the bubble movements close to the walls of the evaporator. Interestingly, for GNP-pentane nanofluid, it can be seen that along the length of the HP, temperature decreases compared to pure n-pentane. This is because; more heat is absorbed by the working fluid due to the increase in the conduction heat transfer and thermal conductivity of the working fluid. For example, in the evaporator region, the average temperature of HP for pentane was 78 °C, while for nanofluids at wt.% = 0.1, 0.2 and 0.3, it was 75 °C, 72 °C and 69.5 °C, respectively. This is because; the GNPs absorb the thermal energy using conduction mechanism and transfer it to the cold region of the working fluid using conduction-conduction and conduction-convection mechanisms. Hence, the heat-transfer mechanism is improved in the evaporator, which in turn improves the total HTC of the HP.



As can also be seen in Figure 3, the thermal resistance of the HP decreases by increasing the applied heat flux to the evaporator section. This can be ascribed to the increment in the HTC of the HP, which is an intensified at large heat flux value. Also, the thermal resistance showed an asymptotic behavior meaning that at high heat flux conditions, the thermal resistance of the HP is minimized. With adding more nanomaterials to the working fluids, the thermal resistance of the HP is more suppressed. Furthermore, the thermal resistance of the HP at heat fluxes >25 kW/m2 is almost constant showing the stability of the working fluid inside the studied system.



The thermal resistance strongly depends on the temperature difference between the adiabatic and the evaporator section. Initially, for small applied heat, the convective heat transfer is the dominant mechanism of heat transfer, hence, with an increase in the applied heat, the temperature of the working fluid increases reaching the boiling point of the working fluid. Then, with an increase in the applied, only the bubble formation can potentially increase, and temperature of the working fluid remains constant. Hence, for high applied heat to the evaporator, the thermal resistance or thermal performance off the HP remains unchanged.




3.2. Effect of Heat Flux


Figure 4 presents the alteration of the HTC of the evaporator with the applied heat flux to the evaporator. As can be seen, with increasing the applied heat flux to the evaporator region, the HTC of the heat pipe increases, which can be attributed to the intensification of the heat-transfer mechanism from convective heat transfer towards the nucleate boiling. Also, at higher heat fluxes, the rate of the evaporation increases as well. Notably, the slope of increase from a specific heat flux changes and is promoted. For example, for heat fluxes <25 kW/m2, the HTC increases slightly with heat flux; however, for heat fluxes >25 kW/m2 the HTC increases significantly, which can be attributed to the incipience of the nucleate boiling in the evaporator, which promotes the HTC of the system. As an example, at heat flux (HF) of 20 kW/m2, the HTC for pentane was 1755 W/(m2K), though, at HF = 45 kW/m2, the HTC was 2900 W/(m2K). Also, for the nanofluids, the HTC was larger than those of measured for pentane. For instance, for wt. % = 0.1, at HF = 90 kW/m2, the HTC was 7900 W/m2. K, whereas it was 8210 W/m2. K and 9820 W/m2. K for wt. % = 0.2 and 0.3, respectively.



Figure 5 also shows the enhancement in the HTC of the evaporator. As can be seen, the enhancement in the HTC for region in which HF is <25 kW/m2 is relatively small in comparison with those of recorded for the HF >25 kW/m2. For example, for wt.% = 0.1, the HTC enhancement at HF of 15 kW/m2, and 25 kW/m2 was 1.08 and 1.12, respectively. However, at HF of 35 kW/m2 and 80 kW/m2, it was 1.24 and 1.13. As discussed, this can be attributed to the incipience of the nucleate boiling heat transfer, which further promotes the HTC of the system. Also, owing to the presence of the GNPs, the Brownian motion and the thermophoresis effect of the GNPs, improves the HTC of the system. Hence, nanofluid showed better HTC in comparison with pure pentane.




3.3. Filling Ratio


Figure 6 shows the variation of the HTC of the system with the HTC for heat flux of 65 kW/m2 for pure pentane and nanofluids. In this heat flux, nucleate boiling occurs as temperature of the evaporator was above 100 °C. As is clear, initially, with increasing the HTC of the HP, the HTC of the system increases reaching to a point that a trade-off occurs between the space available in the evaporator for the migration of vapor to the condenser and the amount of the liquid available in the evaporator. On the other hand, with a raise in the amount of the working fluid, the thermal capacity of the fluid augments. It should be noted that the space available in the HP becomes a limiting factor. Therefore, there is an optimum for the HTC, which is 0.55 for the present work. For example, at FR = 0.55 the HTC for water and nanofluids at 0.1%, 0.2% and 0.3% are maximized which are 5200 W/(m2K), 5450 W/(m2K), 5510 W/(m2K) and 5700 W/(m2K), respectively.




3.4. Installation Angle


Figure 7 demonstrates the dependence of the HTC of the system on the installation angle (IA) of the HP for pure n-pentane and nanofluids. As can be seen, there is another trade-off identified for the HP such that with increasing the installation angle, the HTC of the system initially intensifies reaching to a point in which the HTC starts to diminish with increasing the installation angle. For example, at IA = 5, the HTC for n-pentane and nanofluid at wt.% = 0.3 was 4500 W/(m2K) and 4900 W/(m2K), respectively. However, by increasing the IA to 65°, the HTC of the system improved to 4800 and 5300 W/(m2K), respectively and decreased to 4600 W/(m2K) and 5085 W/(m2K) for IA = 75°. This can be attributed to the effect of gravity forces on the liquid working fluid. For small angles, the effect of gravity is insignificant; hence return of the working fluid to the evaporator is not strongly affected by the gravity. However, for larger angles, such return is facilitated due to the gravity. However, this adds another trade-off to the system. By facilitating the return of the working fluid to the evaporator, the residence time inside the condenser considerably decreases and working fluid does not have sufficient time to transfer the heat to the surrounding. Hence, at installation angle of 65°, the largest HTC was recorded for the system. This angle was the same for nanofluids and for the n-pentane as well.



It is worth saying that there are several operating parameters which can potentially limit the heat-transfer rate and operation of the HP. These parameters include rate of the boiling heat transfer, the capillary effect, vapor velocity (sonic limitation) and entrainment of the liquid and vapor phases. Depending on the structure of the thermosyphon and heat pipe, any of above parameters can affect the thermal performance of the system. If the rate of the boiling heat transfer is relatively large, the dry-out phenomenon and critical heat flux occur, which can damage the evaporator section of the heat pipe. Also, if the rate of the evaporation is large, the gas velocity can reach to the sonic level (if diameter is very small, which causes a limitation in the heat transfer. Also, if the amount of vapor is high, it can causes a choked flow or even entrainment in the adiabatic or evaporator sections [34,35].





4. Conclusions


In this investigation, results of an experimental investigation on the HTC of a HP working with graphene nanoplatelets-n-pentane nanofluid were reported. It was identified that the presence of graphene nanoplatelets promoted the HTC of the HP. It was also found that by boosting the applied heat flux to the evaporator, the HTC of the system augmented. This was ascribed to the incipience of the nucleate boiling heat transfer of the evaporator. However, HTC and installation angle represented trade-off behavior in the system. The former showed trade-off behavior between the space available in the evaporator and the amount of the liquid working fluid; however, the latter revealed a trade-off between the effect of the gravity force on the liquid working fluid and the residence time of the working fluid inside the condenser. Overall, the presence of the graphene nanoplatelets promoted the Brownian motion and thermophoresis effect, which in turn improved the HTC of the system.
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Figure 1. A schematic illustration of the studied apparatus. 
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Figure 2. The temperature distribution of the HP for pentane and GNP-pentane nanofluids. 
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Figure 3. Variation of the thermal resistance with the applied heat flux for n-pentane and nanofluids. 
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Figure 4. Alteration of the HTC with heat flux for n-pentane and nanofluids. 
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Figure 5. Variation of hnanofluid/hn-pentane with the applied heat flux for various mass fractions of graphene nanoplatelets in n-pentane. 
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Figure 6. Variation of the HTC of the system with the HTC value for pure n-pentane and nanofluids. 
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Figure 7. Variation of the HTC with the installation angle of the HP for pure n-pentane and nanofluids. 
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