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Abstract

:

An anomalous increase of the specific heat was experimentally observed in molten salt nanofluids using a differential scanning calorimeter. Binary carbonate molten salt mixtures were used as a base fluid, and the base salts were doped with graphite nanoparticles. Specific heat measurements of the nanofluids were performed to examine the effects of the composition of two salts consisting of the base fluid. In addition, the effect of the nanoparticle concentration was investigated as the concentration of the graphite nanoparticles was varied from 0.025 to 1.0 wt %. Moreover, the dispersion homogeneity of the nanoparticles was explored by increasing amount of surfactant in the synthesis process of the molten salt nanofluids. The results showed that the specific heat of the nanofluid was enhanced by more than 30% in the liquid phase and by more than 36% in the solid phase at a nanoparticle concentration of 1 wt %. It was also observed that the concentration and the dispersion homogeneity of nanoparticles favorably affected the specific heat enhancement of the molten salt nanofluids. The dispersion status of graphite nanoparticles into the salt mixtures was visualized via scanning electron microscopy. The experimental results were explained according to the nanoparticle-induced compressed liquid layer structure of the molten salts.
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1. Introduction


Nanofluids have attracted considerable attention in heat-transfer fields because of their enhanced thermal properties, such as their thermal conductivity and boiling characteristics. In 1993, Masuda et al. measured the thermal conductivity of suspensions in which Al2O3, SiO2, and TiO2 were dispersed in water. Authors reported that the thermal conductivity linearly increased with the particle volume concentration [1]. In 1995, Choi and Eastman proposed nanofluids as innovative heat-transfer fluids, owing to their enhanced thermal conductivity [2]. In the early 2000s, the dramatic increase of the critical heat flux in pool boiling of nanofluids gave rise to the consideration of nanofluids as an alternative to conventional heat-transfer fluids [3,4]. After those publications, related studies into the thermal property and boiling characteristic have been actively performed under various experimental conditions. As reviewed by Wang and Mujumdar, various measurement techniques for the thermal conductivity of nanofluids, such as the hot-wire method, the steady-state parallel-plate technique, and the temperature oscillation method, have been employed [5]. Various kinds of nanoparticles have been dispersed into base fluids—generally water, oil, and ethylene glycol—to examine the enhancements in the thermal conductivity (summarized in [5,6]). The significantly enhanced critical heat flux in pool boiling of nanofluids was also evaluated to be outstanding. This has been attributed to the change of the surface wettability due to nanoparticle deposition on heater surfaces. After the observation in these pool-boiling experiments, initially modified heater surfaces were employed to confirm the critical heat flux performance [7,8]. Significant enhancements in the critical heat flux were acquired from previous studies with the heater surface modified by nanomaterials [9,10,11,12].



While numerous studies on the thermal conductivity of nanofluids have been published, few studies on the specific heat of nanofluids have been performed, and they report that the specific heat of nanofluids decreases with the addition of nanoparticles [13,14,15,16]. Since Nelson et al. reported that the specific heat of a polyalphaolefin (PAO) nanofluid was significantly increased by adding a small amount of graphite nanoparticle fibers [17], several research groups reported that the specific heat is increased by adding nanoparticles. In particular, Dr. Banerjee’s research groups reported that the specific heat of binary molten salt mixtures (or eutectic), which are considered as thermal energy storage media in concentrating solar power plants, can be enhanced via doping with nanoparticles. They used various molten salts (carbonate salts, nitrate salts, and chloride salts) as base fluids, along with both organic and inorganic nanoparticles. A wide range of parametric studies (effects of the nanoparticle concentration, particle shape, size, dispersion quality, etc.) have been performed to identify the mechanism underlying the specific heat increase in the molten salt nanofluids [18,19,20,21,22]. Chieruzzi et al. enhanced the specific heat of a binary nitrate (NaNO3–KNO3) by dispersing various nanoparticles (Al2O3, SiO2, TiO2, and SiO2–Al2O3) [23,24]. The enhanced specific heat of the molten salt nanofluids was explained in various ways, e.g., electron microscope images and molecular dynamics simulation [25,26,27,28,29,30]. Furthermore, a fundamental experimental study into thermal property variations of carbonate salt mixtures was performed using a differential scanning calorimeter (DSC) [31]. Additionally, the viscosity of the molten salt nanofluids was measured at a high temperature of 550 °C [32]. Most recently, Grosu et al. reported the effect of nanoparticles on the corrosivity of nitrate molten salt [33].



The publications of the diverse aforementioned studies led to extensive research for enhancing the specific heat of molten salts. Qiao et al. reported numerical and experimental results for enhancing the specific heat of a binary nitrate salt mixture [34]. In 2017, Luo et al. reported that the mixture of sodium nitrate and potassium nitrate was enhanced by CuO nanoparticles that are produced in situ via the high-temperature decomposition of copper oxalate with the nitrate salt mixture [35]. Most recently, in situ synthesized MgO nanoparticles enhanced the specific heat of a nitrate salt by up to 118% in the solid phase and 168% in the liquid phase [36]. Mondragon et al. explained the specific heat enhancement of molten salts according to the ionic exchange capacity of nanoparticles using Fourier-transform infrared spectroscopy tests [37].



Numerous studies have been performed to elucidate the specific heat increase of molten salt nanofluids and identify the mechanisms underlying the specific heat enhancement. However, the reason for the increase in the specific heat of molten salt nanofluids has not been clearly investigated. According to previous studies [20,28], the increase of the specific heat of nanofluids is not solely a result of the nanoparticles, but is closely associated with interactions between the nanoparticles and the base fluids. For effectively harnessing thermal energy storage media, such as molten salt mixtures, it is important to understand their specific heat-enhancing mechanism.



In this study, the specific heat of binary carbonate salt mixture-based graphite nanofluids was experimentally measured using a DSC. Several parameters—the chemical composition of the base fluid, the nanoparticle concentration, and the dispersion homogeneity of nanoparticles—were investigated, which are considered as influential parameters for the specific heat enhancement of nanofluids. Five different compositions of the base fluid (mole fraction of two salt components) were prepared, and the thermal property was measured for fixed nanoparticle concentrations. Conversely, the specific heat of the nanofluids was examined as the concentration of the nanoparticles varies for the uniform chemical composition of the base fluid. Moreover, concerning the dispersion of the nanoparticles, concentrations of a surfactant, used in order for the nanoparticles to be well dispersed, were also increased to appraise the effect of the particle dispersion. The experimental results obtained in this study helps us in understanding quantitative effects of each parameter on enhancing specific heat of the molten salt mixture by doping with the nanoparticles.




2. Nanofluid Synthesis and Specific Heat Measurements


2.1. Materials


Binary carbonate salt mixtures were employed as a base fluid of the nanofluids in this study. The base fluids were composed of lithium carbonate (Li2CO3, Sigma-Aldrich, St. Louis, MO, USA) and potassium carbonate (K2CO3, Sigma-Aldrich, St. Louis, MO, USA) in various mole fractions. According to a previous study [38], lithium carbonate and potassium carbonate have a eutectic composition (62 mol % of Li2CO3 and 38 mol % of K2CO3) in which the carbonate salt eutectic has a high melting temperature of 488 °C. Recently, Jo and Banerjee reported that the specific heat of carbonate salt mixtures in the liquid phase changes drastically with the molar fraction of the two salts [31]. As mentioned previously, the base fluid (chemical composition of two salts in a binary salt mixture) affects the enhancement of the specific heat of the salt mixtures as well [28]. For this reason, five different salt compositions were chosen for the base fluid of the nanofluid tested in this study. Graphite nanoparticles (Sigma-Aldrich, St. Louis, MO, USA) less than 50 nm in diameter were dispersed into the base carbonate salt mixtures. Figure 1 shows a transmission electron microscope (TEM, JEOL JSM-2010) image of the graphite particle. Gum arabic (GA, Sigma-Aldrich, St. Louis, MO, USA)—a dispersing agent for carbon nanoparticles, particularly carbon nanotubes in water [39,40]—was added for the homogeneous dispersion of the graphite nanoparticles. GA was observed to be appropriate for molten salt-based carbon nanoparticle nanofluids, compared with conventional surfactants such as sodium dodecyl sulfate and sodium dodecyl benzene sulfonate [21]. All the chemical agents were used as received.




2.2. Synthesis of Nanofluids


Figure 2 shows the procedures for synthesizing the molten salt-based graphite nanofluids [20,28]. First, graphite nanoparticles were dispersed into distilled water with the GA (1 wt %). Then, the aqueous graphite suspension (aqueous nanofluid) was sonicated in an ultrasonic bath (Branson 2510) for 2 h. After the sonication process, the water–salt solution was added to the graphite nanofluid. The mixture (graphite suspension and water–salt solution) was subjected to the sonication process again for 3 h. Finally, the water was removed via evaporation on a hot plate at 100 °C using a large petri dish 10 cm in diameter. After the water was completely evaporated, the dry power of the molten salt nanofluids was scraped from the entire whole petri dish, and lastly, a grinding and mixing process was performed to obtain a uniform chemical composition of the base fluid. Pure salt mixtures were prepared though the same procedures but were subjected to sonication only once, for 2 h.



Two sample groups were prepared in this study: Group 1 and Group 2. With the nanofluids in Group 1, the effect of the base fluid (chemical composition of the two carbon salts) on the increase of the specific heat was investigated. That is, in the Group 1 samples, the chemical composition of the base fluid was varied, and the nanoparticle concentration was fixed. In contrast, the nanofluids of Group 2 were used to explore the effect of the nanoparticle concentration on the specific heat. Therefore, the chemical composition of the base fluid (mole fraction of the two salts) was fixed (75 mol % of Li2CO3 and 25 mol % of K2CO3), and the concentration of the graphite nanoparticles was varied from 0.025 to 1.0 wt %. As reported in a previous study [31], because the specific heat of the binary carbonate salt mixtures is strongly influenced by the chemical composition of the base salt, the mole fraction of the two salt components (lithium carbon and potassium carbonate) was experimentally measured using inductively coupled plasma-mass spectrometry (ICP-MS) for the sample after DSC tests.



The mole fractions of the base fluid for the nanofluids in Group 1, which were measured via ICP-MS, are presented in Table 1. The mole fraction of lithium carbonate varied from 40% to 90%, and the mole fraction of potassium carbonate varied from 10% to 60%. The initial concentrations of graphite nanoparticles were 0.1 and 1.0 wt %, and GA of 1 wt % was included in each nanofluid. The mole fraction of lithium carbonate and potassium carbonate for the Group 2 nanofluids was 75:25 in molar ratio, where the maximum specific heat was measured for the binary carbonate salt mixtures in a previous study [31]. The mole fractions of the base fluid obtained via ICP-MS for the Group 2 nanofluids were not exactly the same for all of the samples. However, the deviations in the mole fraction of the two salts were between 0.8 and 1.9 mol %, which is acceptable for analyzing measurements of the specific heat. Finally, the amount of GA was increased to 5 wt % to improve the dispersion homogeneity of the nanoparticles. The specific heat of the nanofluids produced with GA of 5 wt % was compared with that of other nanofluids with GA of 1 wt % for the same base fluid and nanoparticle concentration.




2.3. Specific Heat Measurements


The specific heat was measured using a DSC (TA Instruments, New Castle, DE, USA, Q20) up to 560 °C with a ramping rate of 20 °C/min. According to the measured heat-flow data, the specific heat of the nanofluids was determined via the standard test method ASTM E1269 [41]. For every measurement, DSC runs of an empty pan (denoted as “baseline run”) and sapphire (denoted as “sapphire run”) were conducted prior to DSC runs of the nanofluid (denoted as “sample run”) and were employed to calculate the specific heat of each nanofluid. The specific heat capacity in the liquid phase was averaged within the temperature range of 525 to 555 °C. Avoiding inaccurate measurements of the heat flow supplied to the aluminum pans due to the warming of the heaters in the calorimeter, we executed a heating cycle with the same ramping rate in the DSC and maintained an isothermal state of 560 °C for more than 5 min prior to recording the heat flows. Hermetically sealed aluminum pans were employed for the sample runs to prevent mass loss during the thermal cycles. The same thermal cycle from 150 to 560 °C was repeated five times for the sample runs to check for variations and deteriorations in the specific heat of the nanofluids. Finally, the enhancements were calculated as follows.


   E n h a n c e m e n t  [ % ]  =    c  p , N a n o f l u i d   −  c  p , p u r e      c  p , p u r e     × 100   



(1)







The specific heat of pure carbonate salt eutectic was measured in this study to check the sample preparation and measurement protocol by comparing the measurement to a reference value. On the other hand, the specific heat values of the pure salt mixtures were obtained from a previous study [31] in which the specific heat was measured via the same protocol employed in this study. Using the specific heat values of the pure salt mixtures, the specific heat enhancement was determined for each nanofluid. According to our experimental measurements, it was observed in this study that the GA cannot increase the specific heat of the carbonate salt mixtures. Moreover, it is well known that the GA is thermally decomposed between 250 and 350 °C [42]. Therefore, the GA is decomposed during the first DSC ramping process. For these reasons, the effect of the GA on the specific heat increase of the molten salt nanofluids is negligible or even unfavorable. Hence, the increase of the specific heat is solely attributed to the nanoparticles dispersed into the salt mixture. Scanning electron microscopy (SEM, JSM-7500F, JEOL, Japan) was used to capture images of the nanoparticles in the salt mixtures and examine the dispersion homogeneity of the nanoparticles.




2.4. Uncertainty Analysis


As mentioned previously, the specific heat capacity was determined via the ASTM method, as follows.


    c s  =  c  s t     Δ  q s  ⋅  m  s t     Δ  q  s t   ⋅  m s      



(2)







Here,  c  is the specific heat,   Δ q   is the heat-flow difference between the specimen and the pan,  m  is the mass, the subscript  s  indicates the specimen, and the subscript   s t   indicates the standard materials (sapphire in this study). The experimental uncertainty is represented as follows [43].
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The uncertainty resulted from the curve-fitting specific heat of sapphire, the heat flow of the specimen and the sapphire, and the mass of the specimen and the sapphire. The uncertainties of the curve-fitted specific heat of the sapphire and heat flow are ±0.3% and ±2%, respectively. The maximum uncertainty in the determination of the specific heat capacity is estimated as ±2.8%.





3. Results and Discussion


The specific heat of the pure carbonate salt eutectic (62 mol % of Li2CO3 and 38 mol % of K2CO3) was measured prior to the specific heat measurements of the nanofluids. The specific heat of the pure eutectic was 1.646 [J/g·K], which exhibits good accordance with the value of 1.6 [J/g·K] reported by Araki et al. [44]. As shown in Figure 3, the heat-flow curve of the pure eutectic exhibits typical features, such as a linearly increasing specific heat in the solid phase and an almost uniform specific heat in the liquid phase. The specific heat values of the pure salt eutectic measured in this study and the pure salt mixtures obtained from the previous study are presented in Table 1. Additionally, the specific heat of the carbonate salt eutectic–1 wt % GA mixture was measured to examine whether the GA increased the specific heat of the molten salt mixtures. The specific heat of the eutectic–GA mixture was measured to be 1.592 [J/g·K], which is approximately 3.3% lower than that of the pure eutectic. Thus, the GA is not attributed to the specific heat increase of the molten salt nanofluids. For the nanofluids, the enhancement of the specific heat was calculated using the specific heat values of the pure salt mixtures shown in Table 1.



Figure 4 shows the variation of the specific heat of the nanofluids with GA of 1 wt % (Group 1) with the changing mole fraction of the two carbonate salts in the base fluid. As observed in Figure 4, the specific heat of the pure salt mixture in the liquid phase drastically increases with the increase of the lithium carbonate around the eutectic composition with the increase of lithium carbonate salt. Regarding the specific heat of the molten salt nanofluids, the increment in the specific heat was measured to be higher in the nanofluids whose composition was far from the eutectic point (62 mol % of Li2CO3). For instance, the increment of the specific heat for sample 5 (90 mol % of Li2CO3) was higher than that for sample 4 (80 mol % of Li2CO3) in both the 0.1 and 1.0 wt % conditions. The enhancement of the specific heat exhibited a similar increment. This feature is clearly indicated by the enhancement graph of Figure 5. The enhancements of the specific heat for the nanofluids with the chemical composition of sample 1 (90:10) were 20.0% and 25.4% for the nanoparticle concentrations of 0.1 and 1.0 wt %, respectively. For the nanofluids with the chemical composition of sample 5 (40:60), the specific heat enhancements were 21.6% and 30.1% for nanoparticle concentrations of 0.1 and 1.0 wt %, respectively. However, the specific heat enhancements for the nanofluids with the chemical compositions of samples 2 and 4 were between 12.2% and 24.8%. The enhancements for salt mixtures 2 and 4 were smaller than those for samples 1 and 5. This distinctive feature is indicated by a V-shaped bar graph with the eutectic composition as the center in Figure 5. According to these results for the specific heat of the molten salt nanofluids, two possible issues are important for understanding the increase of the specific heat of the binary carbonate salt mixtures: the concentration of nanoparticles and the dispersion homogeneity of nanoparticles.



Moreover, stability of the enhanced thermal characteristics of the nanofluids has been considered to be a significant issue. For engineering applications, the stability should be examined. In this study, the DSC thermal cycles (specific heat measurements) were repeated 5 times for the same samples to check whether or not the degradation of the specific heat enhanced was arisen. Figure 6 shows the specific heat ratio to the first cycle measurement. In other words, Figure 6 represents the relative change of the specific heat of the molten salt nanofluids to the specific heat measured at the first thermal cycle in DSC. As shown in Figure 6, no remarkable decrease was not found except one case (nanoparticle concentration of 0.1 wt % for the base fluid containing 62 mol % Li2CO3). Although a little decrease was observed as repeating thermal cycles (liquefaction and solidification), the degradations for most nanofluids were less than 10%. Thus, the nanofluid synthesis protocol employed in this study is appropriate for molten salt-based nanofluids. However, relatively large decreases were also observed in a case. Hence, the stability of the nanofluids is a significant issue for engineering applications like thermal energy storage.



To examine the effects of the nanoparticle concentration and the dispersion, additional nanofluid samples were prepared as Group 2, and the specific heat was measured using the DSC. As mentioned in the previous section, the chemical compositions of the base fluid were identical for all of the samples in Group 2, and the concentrations of the nanoparticles were 0.025, 0.05, 0.1, and 1.0 wt %. Figure 7 shows the specific heat of the nanofluids in both the solid phase (averaged between 390 and 410 °C) and the liquid phase. The results for the solid phase are not readily convincing, because of the large increase even in the case of doping the salt mixture with small amounts of nanoparticles. However, in a previous study, a similar result was reported for carbonate salt mixture–graphite nanofluids [28]. A nanoparticle concentration of only 0.1 wt % led to a specific heat enhancement of more than 30% for a carbonate salt mixture with almost the same chemical composition of the two salts [20]. In addition, it appeared that the increase of the specific heat was limited even though the nanoparticle concentration increased. The specific heat increase was not significant for either the solid or liquid phases. Therefore, dispersing an abundant amount of the nanoparticles is meaningless, because surplus nanoparticles result in the agglomeration of the nanoparticles; thus, the addition of nanosized-particles is no longer effective. In the liquid phase, the effect of the nanoparticle concentration on the increase of the specific heat was observed, as shown in Figure 7. The specific heat of the nanofluids was measured to exceed 3.1 [J/g·K] at a nanoparticle concentration of 1.0 wt %, which is almost double that of the pure carbonate eutectic.



The dispersion of nanoparticles has been a fundamental issue since the early stages of nanofluid research. The two-step synthesis method for the molten salt nanofluids employed in this study utilizes the high water solubility of the salt components, but the evaporation process may cause unfavorable agglomeration of nanoparticles. In particular, this is a critical problem for carbon nanoparticles such as graphite and carbon nanotubes, which need a surfactant to be dispersed into water. To determine the effect of the nanoparticle dispersion on the specific heat enhancement of the carbonate salt mixture, the amount of the surfactant—GA—was increased from 1 to 5 wt %, and the specific heat was compared with that of the nanofluid at the same nanoparticle concentration with 1 wt % GA. As shown in Figure 7, the specific heat values of the nanofluids with 5 wt % GA were 1.91 [J/g·K] in the solid phase and 3.36 [J/g·K] in the liquid phase. Figure 8 shows SEM images for nanofluids produced with 5 wt % GA: secondary electron images and backscatter images. These SEM images differ significantly from those in other studies. Small particles exhibiting a spherical shape in the secondary electron images (Figures 8-A and 8-B) were homogeneously dispersed into the salt mixture (base fluid) without any agglomeration. The backscatter images (Figures 8-C and 8-D) show the dispersion homogeneity of the nanoparticles, which were black-colored. The diameters of the particles in Figure 8 appear larger than those of the graphite nanoparticles shown in Figure 1. It is thus hypothesized that the particles in Figure 8 are single structures of the nanoparticle-induced compressed liquid layer. Unfortunately, because energy-dispersive X-ray spectroscopy analysis was not performed for the images in Figure 8, our hypothesis is not verified. However, it was visually conformed that the homogeneously dispersed particles existed in the nanofluids. Even though the images in Figure 8 were obtained in solid phase, the dispersion homogeneity of the graphite nanoparticles in liquid phase was well maintained under repeating thermal cycles in DSC. According to the DSC measurements and the SEM images, it may be concluded that the homogeneous dispersion of the nanoparticles favorably influences the specific heat enhancement of the nanofluids.



Regarding the enhanced specific heat of molten salt nanofluids, the higher heat capacity of the nanoparticles, the interfacial thermal resistance at the solid–liquid interface, and the formation of the compressed liquid layer near the nanoparticles were proposed as mechanisms contributing to the increase of the specific heat [19,23,45].



Many researchers have presented SEM images of unique structures in nanofluids. Needle-shaped structures and network-like structures are often shown in research papers concerning the specific heat of molten salt nanofluids [23,45]. It is reasonable to consider that the special structures are relevant to the specific heat increase. Oh et al. experimentally observed ordered liquid aluminum atoms adjacent to the crystalline interface with sapphire [46]. Additionally, molecular dynamics simulations showed the formation of a dense (compressed) layer with a certain thickness at the interface between a solid nanoparticle and liquid molecules [30]. This compressed liquid layer in which the solvent molecules (molten salt molecules) acquire an ordered structure can be regarded as a quasi-crystalline structure. The compressed liquid layer of binary carbonate salt mixtures has different chemical compositions of the two salts from the overall (bulk) compositions of the base fluid [20,28]. The compressed liquid layer has a higher concentration of potassium carbonate than the bulk salt mixture (base fluid). Because of the different chemical composition of the compressed liquid layer, this region has significantly different thermophysical properties than the bulk salt mixture (base fluid) [31]. Thus, the compressed liquid layers adjacent to the nanoparticles create special structures by joining each layer, and these structures enhance the specific heat of the nanofluids. Ultimately, the compressed liquid layers amplify the capacity of the nanofluids for thermal energy storage.



Figure 9 shows the nanoparticle-induced compressed liquid layer structures of the molten salt mixtures in solid phase. The network like structures in Figure 9 are presumed as the compressed liquid layer structures in solid phase. The dispersion effect can be explained by these special structures of the solvent material. If the nanoparticles are homogeneously dispersed in the base fluid, a significantly larger volume of the compressed liquid layers can be formed, and the compressed liquid layer structures should be increased. Thus, the individually dispersed nanoparticles shown in Figure 8 allow a large volume of the compressed liquid layer structures to be created in the nanofluids. Regarding the concentration effect of the nanoparticles, the specific heat of the nanofluids can be modified significantly via doping with a minute concentration of the nanoparticles in the salt mixtures, and the enhancement increases with the nanoparticle concentration. However, experimental analysis, such as energy dispersive spectroscopy, is necessary to reveal the identity of the structures in Figure 9.



Conventional theoretical models are unable to explain and predict the specific heat enhancements achieved in this study. While the thermal equilibrium model suggested by Buongiorno [47] is known to predict well the specific heat of aqueous nanofluids, it is only applicable for conventional nanofluids—not molten salt nanofluids—because it fails to predict the increase of the specific heat. Thus, in addition to experimental works, intensive theoretical studies on the specific heat of nanofluids—particularly high-temperature nanofluids—are needed to determine the parameters and elucidate the physics resulting in the enhanced specific heat.




4. Conclusions


The specific heat of the carbonate salt mixture-based graphite nanofluids was measured within a wide temperature range of 150–560 °C. The effects of the chemical compositions of the base fluid, the nanoparticle concentration, and the dispersion homogeneity on the specific heat were investigated. The knowledge gained in this study is summarized as follows.




	(a)

	
The specific heat was anomalously enhanced by up to >30% in the liquid phase and 36% in the solid phase via the dispersion of graphite nanoparticles. The enhancements were strongly dependent on the chemical composition of the base fluid: the increments, as well as the enhancements in the specific heat, increased when the chemical composition of the base fluid was far from the eutectic composition.




	(b)

	
The specific heat increased with the concentration of the nanoparticles. A noticeable increase was observed at the nanoparticle concentration of 0.025 wt % for the base fluid including 75 mol % lithium carbonate and 25 mol % potassium carbonate. A critical concentration of nanoparticles was observed. For nanoparticle concentrations exceeding 0.1 wt %, the increment was negligible.




	(c)

	
The specific heat enhancements increased as the amount of the surfactant (GA) increased from 1 to 5 wt %. Larger enhancements were measured for the nanofluids with 5 wt % GA, and the actual specific heat value was almost double that of the eutectic.




	(d)

	
The homogeneous dispersion of the graphite nanoparticles was visually confirmed via SEM (secondary electron images and backscatter images) for the nanofluid after a DSC test. In the SEM images, the graphite nanoparticles were spherical, having smooth curvature (not disks), so it was presumed that special structures, nanoparticle-induced compressed liquid layer, were formed in the nanofluids. The SEM images conclusively proved that the dispersion homogeneity (quality) of the nanoparticles is due to the specific heat enhancements of the nanofluids.
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Figure 1. TEM image of a graphite nanoparticle. 






Figure 1. TEM image of a graphite nanoparticle.



[image: Applsci 08 01305 g001]







[image: Applsci 08 01305 g002 550] 





Figure 2. Synthesis procedures for molten salt nanofluids. 
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Figure 3. Heat-flow curves of the pure salt eutectic and the nanofluids, obtained via DSC measurements. 
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Figure 4. Specific heat of pure carbonate salt mixtures and nanofluids in the liquid phase. 
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Figure 5. Enhancements of the specific heat for five different chemical compositions of base fluid. 
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Figure 6. Change of specific heat ratio comparing to the first cycle measurement: (A) 0.1 wt % nanoparticle concentration; (B) 1.0 wt % nanoparticle concentration. 
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Figure 7. Specific heat of nanofluids in the solid and liquid phases with respect to the nanoparticle concentration. 
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Figure 8. SEM images of the nanofluid (1 wt % nanoparticles and 5 wt % GA): secondary electron images (A,B) and backscatter images (C,D). The red circles indicate the single compressed liquid layer. 
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Figure 9. SEM images of the nanofluid (1 wt % nanoparticle and 5 wt % GA): nanoparticle-induced compressed liquid layer structures in solid phase. 
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Table 1. Chemical compositions and specific heat of carbonate salt mixtures for Group 1 samples.
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Mole Fraction of Each Salt

	
Specific Heat in Liquid Phase [J/g·K]




	
Sample Name

	
Li2CO3 [mol %]

	
K2CO3 [mol %]






	
Sample 1

	
90

	
10

	
2.582




	
Sample 2

	
80

	
20

	
2.503




	
Sample 3

	
62

	
38

	
1.646




	
Sample 4

	
50

	
50

	
1.543




	
Sample 5

	
40

	
60

	
1.325
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