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Abstract

:

Molten salt is an excellent medium for heat transfer and storage. The unique microstructure of carbon nanomaterials leads to good mechanical stability, low density, high thermal conductivity, and high strength, etc. The addition of carbon nanomaterials to molten salt to form molten salt nanofluid can remarkably enhance the specific heat capacity and thermal conductivity of molten salt and reduce the molten salt viscosity, which is of great importance to increase the heat storage density and reduce the heat storage cost. Nevertheless, some challenges remain in the study of such nanofluids. The main challenge is the dispersion stability of carbon nanomaterials. Therefore, to improve research on carbon nanofluids, this paper summarizes the progress of carbon-based molten salt nanofluid research worldwide including the preparation methods of molten salt nanofluids, the improvement of heat transfer performance, and the improvement of heat storage performance. The effects of carbon nanoparticle concentration, size, and type on the heat transfer and storage performance of molten salt are derived, and the effects of nanoparticle shape on the heat transfer performance of molten salt are analyzed while more promising preparation methods for carbon-based molten salt nanofluids are proposed. In addition, the future problems that need to be solved for high-temperature molten salt-based carbon nanofluids are briefly discussed.






Keywords:


carbon materials; nanofluids; molten salt; solar energy; enhanced heat transfer












1. Introduction


The direct conversion of traditional fossil energy sources into electricity and heat has become a major source of energy worldwide due to its low cost and stable output. However, traditional fossil energy reserves are limited, and their application has caused serious damage to the ecological environment. Therefore, the development of clean energy research has become the focus of global energy development and trends. The main sources of clean energy are solar, wind, and tidal energy, among which solar energy is considered the most ideal alternative to fossil energy because of its excellent properties. Solar power generation has two main types: photovoltaic and solar thermal. Photovoltaic power generation is a technology that uses solar panels to convert light energy directly into electricity but is not equipped with an energy storage system, generates unstable power, and largely affects the power grid [1,2,3,4,5,6,7]. Solar thermal power generation technology [8,9,10,11,12,13,14] refers to gathering solar energy and converting it into thermal energy through a thermal storage medium, and then transmitting the thermal energy to the power generation system to generate electricity, which is a green, clean renewable energy generation technology and is one of the most ideal ways to solve the energy problem in the future [15,16].



Heat transfer and storage technology is an important part of solar thermal power generation, where the key issue to be addressed is the heat transfer and storage medium. Common heat transfer storage media include water, water vapor, thermal oil, liquid metal, etc., but these media have low upper limit temperature, high pressure, short service life, and high price, which seriously affect the efficiency and cost of solar thermal power generation systems [17,18]. By contrast, molten salts with low melting point, low cost, large heat transfer temperature difference, good thermal stability, and other advantages such as solar thermal power generation, industrial chemical processing, waste heat utilization, and other aspects of the medium and high-temperature heat transfer storage medium has been widely used in some fields, and has been highly valued by engineering fields and scientific researchers [19]. At present, the commonly used molten salts in industry are mainly nitrates [20,21,22,23,24], chloride salts [25,26], carbonates [27,28], and fluoride salts [29,30], etc. However, carbonates are prone to decomposition at high temperatures, chloride salts are very corrosive and greatly increase pipeline maintenance costs, and although nitrates have the advantages of low price, low vapor pressure, and wide temperature range, their thermal conductivity is low. These shortcomings limit the development of molten salt heat storage and need to be further improved.



Molten salt nanofluid is a heat transfer storage fluid formed by adding nanoparticles to molten salt, which can substantially enhance the specific heat capacity (SHC) and thermal conductivity of molten salt, and reduce the molten salt viscosity, for increasing the heat storage density and reducing the heat storage cost. Nanomaterials have different properties compared with macroscopic materials, such as surface effects and quantum tunneling effects [31,32]. Since these effects occur at the nano level, nanomaterials have better thermophysical properties than conventional materials. Therefore, nanomaterials have a better effect of enhancing the thermal properties of molten salts compared with conventional materials. Nanoparticles can be broadly classified into different types: metallic, metal oxide, and non-metallic. Metal nanoparticles have nano surface effects and thermal properties similar to those of other nanomaterials, providing them thermophysical properties that conventional metallic materials do not possess [33,34,35,36]. However, metal nanoparticles are mostly precious metal materials, which are more expensive and corrosive, which is not conducive to the reduction of thermal storage costs. Regarding metal oxide nanoparticles [37,38,39], although the price of metal nanoparticles is relatively lower than that of metal oxide nanoparticles, the thermal conductivity is relatively low. Non-metallic nanoparticles are mainly divided into two categories: carbon nanomaterials and inorganic non-metallic materials. Although inorganic non-metallic materials have the advantage of low cost, their specific surface area and thermal conductivity are small, which is not conducive to strengthening the thermal storage performance of molten salts.



Compared with the nanoparticles above, carbon nanomaterials have a larger surface area, minimal erosion and corrosion, and a smaller density. In addition, graphene and carbon nanotubes (CNTs) have black surfaces and the ability to absorb sunlight [40]. The unique microstructure of carbon nanomaterials results in good mechanical stability, low density, high thermal conductivity, and high strength [41]. Table 1 shows taking advantage of their excellent thermal properties and compounding them with molten salts can substantially improve the specific heat or thermal conductivity of conventional materials to obtain molten salt nanofluids with high thermal storage or thermal conductivity [42,43,44,45]. Figure 1 summarizes the progress of research on carbon-based molten salt nanofluids worldwide in recent years including the preparation methods of molten salt nanofluids, the improvement of heat transfer properties, and the enhancement of heat storage properties, and proposes future problems to be solved for high-temperature molten salt-based carbon nanofluids.




2. Preparation of Molten Salt Nanofluids


The physical properties of molten salt nanofluids differ considerably from those of suspensions composed of conventional-sized particles due to the microscale effect between the nanoparticles and the molten salt. Owing to the microscale effect, nanoparticles are poorly dispersed in molten salt and are prone to agglomeration, forming several larger agglomerates that affect the thermophysical properties of molten salt nanofluids. Therefore, how to improve the dispersion of nanoparticles in molten salts and enhance the stability of nanofluids has become the focus of research on the thermophysical properties and enhanced heat transfer of molten salt nanofluids. Currently, four main methods are used for the preparation of molten salt nanofluids: one-step method, two-step water-soluble method, high-temperature melting method, and high-energy ball milling method [57].



2.1. One-Step Method


The one-step method is a general term for a class of methods for preparing nanofluids that synchronizes nanoparticle preparation with nanoparticle dispersion in molten salts, which can mitigate the agglomeration effect of nanoparticles to some extent. Common one-step methods include dissolution, in situ synthesis, and sol–gel self-combustion [58]. Figure 2 shows the one-step preparation process.



In the dissolution method for the preparation of molten salt nanofluids, nanoparticles are dissolved or dispersed directly in a molten salt base solution by using a suitable molten salt as a solvent and adding the nanoparticles directly into the molten salt.



The dissolution method is a method in which a suitable molten salt is mixed directly with the nanoparticles so that the nanoparticles are directly dissolved and dispersed in the molten salt. The nanofluid is prepared by placing the eutectic salt at the bottom of a corundum crucible, laying the nanoparticles flat on top of the eutectic salt, and performing high-temperature melting under an argon atmosphere to avoid water absorption by the nanoparticles. Nanofluids prepared by the dissolution method have good stability [58], but this method has substantial limitations and requires attention to the matching of the melting point and decomposition temperature of the high-temperature molten salt with the nanoparticles; otherwise, it can easily cause agglomeration of nanoparticles and make the nanofluids less stable [57].



The in-situ synthesis method uses chemical reactions among different elements or compounds under certain conditions to generate nanoparticles and disperse them directly in the molten salt to prepare molten salt nanofluids [59]. The method uses nanoparticles as precursors and adjusts the temperature above the nanoparticle decomposition temperature and below the molten salt decomposition temperature so that the nanoparticles are decomposed and mixed directly in the molten salt base solution, and finally separated by centrifugation. The sample is obtained by washing. The advantages of this method are that the surface of the molten salt is free of contamination, the compatibility between nanoparticles and molten salt is good, and the pretreatment of the molten salt is eliminated, but the particle size distribution of the nanoparticles generated by this method is not uniform, which may make the specific heat distribution of the molten salt nanofluid uneven [58].



The sol–gel self-combustion method is a new preparation method that combines the traditional sol–gel method with the self-combustion method. The method starts with the selection of a suitable molten salt as the oxidant solution, the addition of a complexing agent to form a sol–gel solution, and drying to obtain a dry sol–gel, which is then mixed with the base salt and ignited. This method has high requirements for the selection of the complexing agent and oxidant [60], as the complexing agent acts as a fuel during the reaction, is the source of spontaneous combustion by the auto ignition method, and has many uncontrollable variables in the operation, which is very demanding for the operator and not conducive to industrial production.



These three methods are categorized as one-step preparation of nanofluids, which share the common feature of simultaneous nanoparticle preparation and dispersion, and equally have their own characteristics. In situ synthesis has the advantage that the nanoparticles are generated directly in the molten salt base solution, but the resulting nanoparticles have an uneven size distribution. The accuracy of the experimental results is not guaranteed.



In summary, nanofluid prepared by the one-step method has better dispersion and higher stability, but the one-step preparation is more complex, and the preparation involves many redox reactions, which are more demanding on the materials, and the carbon nanomaterials are prone to combustion and difficult to undergo redox reactions. Thus, preparing high-temperature molten salt-based carbon nanofluid by the one-step method is difficult.




2.2. Two-Step Aqueous Solution Method


In the two-step aqueous solution method, nanofluids are prepared by dispersing nanoparticles into deionized water by certain dispersion means (e.g., ultrasonic shock) and then evaporating the aqueous solution with an over heater. The preparation process of the two-part aqueous solution method is shown in Figure 3.



Jo et al. [61,62,63] prepared molten salt nanofluids by adding multi-walled carbon nanotube (MWCNTs) nanoparticles of 10–30 nm in diameter and gum Arabic (GA) to binary carbonates (K2CO3-Li2CO3) by a two-step water solubility method to investigate the effect of the dispersant on the SHC (specific heat) of MWCNTs-enhanced molten salts and study the thermal stability of nanofluids. The dispersant itself did not improve the specific heat of molten salt, and the molten salt with only MWCNTs underwent evident agglomeration and insignificant specific heat enhancement. By contrast, the sample with dispersant had a maximum specific heat enhancement of 22%, which was apparent, and the CNTs were well dispersed. The dispersion of nanoparticles can considerably affect the increase of SHC of molten salt nanofluid.




2.3. High-Temperature Melting Method


The high-temperature melting method [64] is divided into two types: one-step and two-step. The one-step method directly mixes nanoparticles and inorganic salts at a specific ratio, places them in a muffle furnace, heats the mixed molten salts to the molten state, keeps them at a high temperature for a period, and then cools, grinds, and crushes them to obtain the sample, finally. The two-step method is based on the one-step method. It places the samples into the muffle furnace again, heats them to the molten state, keeps them at a high temperature for a period, and then cools, grinds, and crushes them. The sample is obtained, or the inorganic salt is heated to the molten state first. Then, the nanoparticles are mixed into the molten salt by mechanical stirring, and then cooled, ground, and crushed. Finally, the sample is obtained. The particles are fully dispersed. The particles are fully dispersed. The preparation process of high temperature melting method is shown in Figure 4.



Wu et al. [49] successfully prepared molten salt nanofluids by mixing solar salt (NaNO3-KNO3) and MWCNT nanoparticles with 12–15 nm particle size using the high-temperature melting method. The composite molten salt nanomaterials were subjected to thermal stability cycling experiments at 300 °C, 400 °C, and 500 °C. After seven days of thermal stability cycling, the weight losses of the samples were 0.6%, 1%, and 2%, which were within 2%.




2.4. High-Energy Ball Milling Method


The basic principle of the mechanochemical method is to prepare new materials by using mechanical energy to induce chemical reactions or induce changes in the material organization, structure, and properties, which is an important way to prepare ultrafine materials. The high-energy ball milling method uses ball milling equipment to mix the materials, specifically, molten salt and CNT (carbon nanotubes), in several grinding jars in a turn-table, transported by grinding balls, and rotating the jars around a rotating axis to mix the raw materials thoroughly, resulting in a molten salt composite. Figure 5 shows the High-energy ball milling preparation process.



Yuan et al. [51] prepared molten salt nanocomposites with different concentrations by adding MWCNTs nanoparticles to binary carbonates (K2CO3-Li2CO3) through a high-energy ball milling method, investigated the variation of thermal conductivity of the composites at different concentrations, and introduced a new theoretical calculation method of thermal conductivity. When the mass fraction of CNT was between 0.1% and 1.75%, the effective thermal conductivity of the composite molten salts increased with the addition of CNT, and the maximum enhancement reached 50.72%. When the mass fraction of CNT exceeded 1.75%, the effective thermal conductivity seriously decreased, and a serious agglomeration occurred when it reached 2.5%.



In summary, the two-step aqueous solution method, the high-temperature melt method, and the high-energy ball milling method can all be used to prepare high-temperature molten salt-based carbon nanofluids. However, although the molten salt nanofluids prepared by the two-step water-solution method are uniformly dispersed, they are less stable and must be formed into stable suspensions with the help of corresponding dispersants. However, the dispersants are mostly organic materials, which have difficulty withstanding high temperatures above 200 °C. They can only be tried for the development of low-temperature molten salt nanofluids, and the two-step preparation requires immense amounts of deionized water and high-power consumption of ultrasonic equipment, which restricts their industrial applications. The high-energy ball milling method can obtain nano powders of pure elemental composites, but problems such as low purity of the prepared composites and uneven particle size distribution are observed. The nanofluid prepared by the high-temperature melting method has better thermal stability compared with the two-step method and better purity and particle size distribution than the high-energy ball milling method, which is currently a good method for preparing nanofluids.





3. Improvement of Thermal Storage Properties


The higher the thermal storage capacity is, the greater the amount of solar energy that can be absorbed, thus increasing the efficiency of power generation. Table 2 shows the addition of carbon nanomaterials can remarkably increase the thermal storage performance of molten salts, which plays a key role in enhancing the thermal storage capacity and heat transfer efficiency of the system, improving the stability of the heat exchange system and reducing the cost of heat transfer and storage.



3.1. Specific Heat Capacity of Molten Salt-Based Carbon Nanomaterials


The SHC enhancement of molten salt nanofluids has been an important research area of interest to scholars, but no uniform conclusion has been made on the factors affecting the SHC enhancement of molten salt nanofluids. Yan et al. [46] prepared different concentrations of molten salt nanofluids by physically blending BNNSs (hexagonal boron nitride is also known as white graphene) with different mass fractions into solar salts as the base salt, and investigated the changes of SHC and thermal stability of nanofluids at different concentrations. The introduction of BNNSs into the nitrate eutectic led to an enhanced SHC, with a maximum increase in SHC intensity of 29.8% for a white graphene nanoparticle (GNP) mass fraction of 1.5% in the nanofluid compared with pure eutectic salt but a decrease in SHC of 7.2% when the nanoparticle mass fraction was 2.0%, a phenomenon attributed to the agglomeration of the nanoparticles, after 20 cycles of hot and cold shock. The SHC of the nanofluid did not decrease considerably and showed good thermal stability. Hamdy et al. [71] synthesized molten salt nanocomposites by adding different weight fractions of MWCNTs to solar salt. The experimental results showed the addition of 0.1, 0.5, and 1.0 wt% concentrations of MWCNTs increased the SHC of molten salt by 36.11%, 33.30%, and 10.11%, respectively. Xiao et al. [47] prepared molten salt composites by dispersing expanded graphite into solar salt via the ultrasonic aqueous solution method. When the nanoparticle doping amount was 2%, the SHC of the molten salt was enhanced by 110% and the nanoparticles were well dispersed. The above experimental results show different nanoparticles have dissimilar degrees of SHC enhancement for molten salts. Different scholars added the same nanoparticles to the same base salt, but the SHC enhancement was also different. Wu et al. [67] prepared MWCNTs nanocomposites with different concentrations using chloride salt (KCl-MgCl2) as the base salt. The increase in SHC was greatest when the nanoparticle concentration was 1%, and the specific heat of the molten salt increased by nearly 100% in the high-temperature working section of 370–420 °C. Moreover, the specific heat increased with the increase in nanofluid temperature. Wang et al. [68] prepared nanocomposites by adding 1 wt% of MWCNTs to chlorinated salt (KCl-MgCl2). The enhancement of the specific heat of the chloride salt by CNT was small, with a maximum specific heat enhancement of 9.2%. This result may be due to differences in the materials and manipulation practices used in the authors’ experiments.



As carbon nanomaterials are poorly dispersed, improving the dispersion of nanoparticles has an important influence on the SHC of nanoparticle-enhanced molten salts. The addition of dispersants is an important method to enhance the dispersibility of nanoparticles. Kim et al. [69] prepared graphite composites using binary carbonates (Li2CO3-K2CO3) as the base salt and investigated the SHC of the nanocomposites under different concentrations of nanoparticles and different concentrations of GA (Gum Arabic). GA would decompose between 250 °C and 350 °C with minimal or no effect or even a negative effect on the specific heat of the molten salt. Figure 6 (Data from Ref. [69]) shows when the GA addition was 1wt%, the SHC of the base salt gradually increases with the increase of nanoparticle concentration, but the enhancement is limited, and the maximum enhancement does not exceed 30%; when the GA addition was 5wt%, the SHC of the base salt is almost twice that of the pure molten salt; and when the nanoparticle concentration exceeded 0.1 wt%, the SHC almost no longer changed. Thus, the dispersion uniformity of nanoparticles is beneficial to the enhancement of the SHC of the molten salt. However, with the addition of too many nanoparticles, the increase in specific heat of the molten salt is very insignificant, but it will instead cause agglomeration of nanoparticles. Shin et al. [70] used a two-step aqueous solution method to prepare high-temperature nanofluids by dispersing MWCNTs nanoparticles with mass concentrations of 0.05%, 0.1%, and 1.0% into Li2CO3 and K2CO3 (62:38 molar ratio) eutectic salts. To reduce nanoparticle agglomeration, the experiments used sodium dodecyl sulfate as surfactant and a syringe pump device to evaporate water and dispense the mixed solution dropwise into the beaker, which greatly reduced nanoparticle agglomeration and improved nanoparticle dispersion compared with boiling the nanofluid at high temperature. The specific heat of the nanofluids all increased compared with pure carbonates, with a maximum increase of 17% when the MWCNTs concentration was 1%, and no optimum concentration was found, which is expected to be more than 1%. Dispersants can improve the dispersion of carbon nanomaterials and therefore the degree to which carbon nanoparticles enhance the SHC of the molten salt. The following are methods to improve the dispersibility of nanomaterials.



In addition to adding dispersants, electrifying nanoparticles and using hybridized nanoparticles are effective methods for improving their dispersibility. Yuan et al. [72] used the double electric layer model and molecular dynamic (MD) simulations to focus on the effect of charged single-walled carbon nanotubes (SWCNTs) on the heat capacity of complex carbonate salts (Li2CO3-K2CO3). The Coulomb pairing energy was much larger than the van der Waals pairing energy in all cases where SWCNTs (single-walled carbon nanotubes) were charged, the electrostatic force was the dominant force, and an increase in SWCNTs charge hardly increased the van der Waals pairing energy, with a maximum increase in Coulomb energy of 21.28%, as a larger SWCNTs surface charge led to local enrichment of positive and negative charges. As the SWCNTs charge increased, the nanofluid Cp (specific heat capacity) increased monotonically with a maximum specific heat increase of 19.2%. This result suggests that the enrichment of positive and negative charges leads to a greater internal energy, which in turn leads to a greater SHC. Vaka et al. [55,56] prepared nanofluids by dispersing graphene–TiO2 hybrid nanoparticles into a five-membered mixed molten salt (NaNO3-KNO3-LiNO3-CaNO3-CsNO3) by ultrasonic dispersion. The maximum specific heat enhancement was 19.6% when the heterogeneous nanoparticles were added at 0.05%. After seven days of thermal cycling, the specific heat of the eutectic salt decreased by 28.94%, whereas the specific heat of the nanofluid decreased by only 2.88%. The nanofluid showed good thermal stability within the applicable temperature range, and the heterogeneous nanoparticles did not decompose. However, the authors did not explain the greater enhancement of the specific heat of the molten salt by the hybrid nanoparticles compared with that by the single nanoparticles, and the potential behavior of graphene hybridization in terms of energy storage needs to be explored further.



Derbenev et al. [73,74] used the Debye–Huckel equation to solve the electrostatic problem for two colloidal particles, providing a unified approach to understanding pairwise electrostatic interactions among spherical colloidal particles and a link to the complex arrangement of charged particles in colloidal systems and in the environment. Theory aims to solve the major problem of electrostatic interactions among spheres of charged media. The switching behavior between charge repulsion and attraction de-pends on the ratio of the long and short axes of the spheres. When the long and short axes are equal, theory yields a solution equivalent to that of a spherical particle. Nanoparticles come in many shapes other than spheres, and studying the interaction of spherical particles alone is not sufficient; studying the interaction of arbitrarily shaped particles is essential. Siryk et al. [75] considered the interaction of two arbitrarily shaped dielectric particles immersed in a solvent containing a dissociated salt and assumed the linearized Poisson–Boltzmann equation holds. This work extends the recent results for dielectric spheres to arbitrarily shaped particles and establishes for the first time a rigorous (to the Debye–Huckel level of accuracy) analytical theory of the electrostatic interaction of these particles at arbitrary distances. Numerical tests have confirmed the theory proposed by the authors has wide application prospects. Obolensky et al. [76] applied the exact Debye–Huckel level theory to quantify the errors inherent in DLVO and other errors associated with replacing multiparticle interactions with sums of pairwise interactions (even though the latter are calculated exactly). Asymmetric dielectric shielding, i.e., the enhanced repulsion among charged dielectrics immersed in a high-dielectric-constant medium, is demonstrated in the presence of free ions in the medium. This setup allows us to derive the electrostatic forces among particles more precisely and go about the equilibrium more accurately. Large-scale modeling has been a difficult task, and Denton et al. [77] presented an accurate, promising statistical mechanic theory for calculating effective electrostatic interactions in colloid–nanoparticle mixtures that is useful for large-scale modeling.



In addition to the two factors above, the difference in base salt is an important factor affecting the SHC enhancement of molten salt nanofluids. Wang [68] prepared nanocomposites by adding 1 wt% of MWCNTs to chloride salt (KCl-MgCl2) and ternary carbonate (Li2CO3-Na2CO3-K2CO3). The enhancement of specific heat for chloride salts by CNTs was small, with a maximum specific heat enhancement of 9.2%, in contrast to a larger enhancement for carbonates, with a maximum specific heat enhancement of 46.6% for the base salt in the temperature range of 520–560 °C and an average specific heat enhancement of 36.89% in the working temperature range of the nanofluid. However, this paper did not explain the principle of the different enhancement of the two salts by nanoparticles or the mechanism of the interaction between nanoparticles and molten salts. Xie et al. [65,66] prepared nanofluids by mixing GNPs and molten salt by ultrasonic dispersion using solar salt and Hitec salt as the base salt. The specific heat of the nanofluid was not directly proportional to the number of nanoparticles added to the solar salt. Figure 7 (Data from Ref. [65]) shows the specific heat enhancement rate was largest at 16.7% when the nanoparticles were doped at 1 wt%, whereas the specific heat value decreased instead at 0.1 wt% doping, and the reason for the change was not clear. The increase in specific heat was only 7.5% at 1 wt% nanoparticle doping in the Hitec molten salt, the increase in specific heat was not proportional to the amount of nanoparticle doping, and the conventional heat balance model was not applicable to explain this change in specific heat. Xiao et al. [78] prepared nanofluids by adding GNPs to mixed molten salts by a two-step aqueous solution method using solar and Hetic salts as base salts, and investigated the rheological behavior of the nanoparticles on the molten salts. The addition of graphene to Hetic and solar salts resulted in a remarkable increase in the viscosity of the nanofluids, which could be attributed to the larger size of the graphene. The increase in viscosity had a substantial effect on the enhancement of the thermal properties of the molten salt. Therefore, further systematic experiments need to be established to investigate the flow and heat transfer properties of graphene–molten salt nanofluid. Lee et al. [79] configured graphite–molten salt nanofluids with different concentrations using solar salt and binary carbonate (Li2CO3-K2CO3) as the base salt by a two-step aqueous solution method, and investigated the solvent composition and the effects of solvent composition and nanoparticle concentration on the specific heat of the molten salt. The carbonate-based graphite nanofluid, with increasing nanoparticle concentration, gradually increased the specific heat of the carbonate, with the maximum degree of increase reaching 23.5% when the graphite nanoparticle mass fraction was 1%. The specific heat of nitrate-based graphite nanofluids exhibited a behavior completely different from that of carbonate-based graphite nanofluids. The specific heat of the molten salt decreased when the graphite nanoparticle mass fraction was 0.1%, and as the graphite nanoparticle concentration increased, the decrease effect was gradually counteracted, even above the specific heat of the base salt. The authors speculated that the reduction in specific heat of nitrate-based graphite nanofluids was related to the content of NaNO3, but no relevant experiments have been set up to demonstrate it.



In summary, the type of nanoparticle, the means of nanoparticle dispersion, and the type of base salt are all important factors in the enhancement of the SHC of nanofluids. However, these three factors are not the only ones that affect the SHC of nanofluids, as the experimental techniques and the environment of the test bench may lead to changes in the SHC of molten salt nanofluids.




3.2. Mechanism of Molten Salt Nanostructured Specific Heat Capacity Enhancement


Several scholars have proposed different explanations for the study of the mechanism of enhanced specific heat capacity of nanofluids.



There are possibilities for the development of nanodendritic structures as a mechanism for heat capacity enhancement. These nanostructures have enhanced heat capacity due to their increased surface area, but no definitive explanation has been given for the formation of such structures. These structures may be caused by microscopic segregation in the eutectic salt due to the varied levels of attraction among the different types of salt and nanoparticles, but this does not explain how these segregated salts develop into dendritic structures. Rizvi et al. [80] used binary mixed molten salts as a study object and proposed forming deviated nuclei on the surface of nanoparticles through heterogeneous nucleation and forming dendritic crystals through 1D grain growth. Nanoparticles generally have impurity groups carrying negative charges, whereas in binary mixed molten salts, each component is attracted to nanoparticles to different degrees. One salt is attracted and grows on the surface of nanoparticles, and then the salt forms a local separation and starts to repel other salts, lines into bias-shaped nuclei, and grows to form dendritic crystals. The dendritic crystals can be dissolved in water, proving that they are molten salts and not nanoparticles.



The semi-solid layer also becomes the compression layer. Semi-solid layer theory is one of the main mechanisms for the enhancement of the SHC of nanofluids. Tao et al. [81] prepared nanofluids by adding SWCNTs, MWCNTs, graphene, and fullerene to binary carbonates. For composites with the addition of SWCNTs and MWCNTs nanoparticles, the molten salt would form a crystalline layer on the surface of MWCNTs, which is known as a semi-solid layer, and it is the main reason for the enhancement of Cp. The formation of a mesh structure facilitated the formation of thermally conductive connections, thus substantially increasing the thermal conductivity. For graphene nanocomposites, it formed a thickness of 100–500 nm reticular structure, which had a large specific surface area, but did not contribute much to the effective thermal conductivity connection in its thickness direction. For fullerene nanocomposites, because of the spherical structure of its particles, which formed thicker nanolayers and larger particles on its surface, the reinforcing effect on the SHC was almost negligible.



Yuan et al. [82] investigated the thermal effects of charged SWCNTs with molten carbonates through MD simulations. The surface charge of SWCNTs affected the compressed ion layer around the SWCNTs, which in turn influenced the specific heat (Cp) enhancement of the nanofluid. Ions within the compressed ion layer were redistributed. In addition, changing the negative surface charge substantially affected the uptake of ions within the compressed ion layer. The surface charge of SWCNTs stimulated the enrichment of positive and negative charges, which in turn generated greater pairwise energy. Thus, enrichment of positive and negative charges should be the main cause of Cp enhancement. The results show that negatively charged SWCNTs have the best enhancement of Cp for carbonate salts, with an enhancement rate of up to 19.16%.



Jo et al. [83] investigated the mechanism of SHC enhancement by MD (molecular dynamics) simulations. The thickness and specific surface area of the compressed liquid layer on the nanoparticle surface had a considerable effect on the enhancement of SHC of molten salts, the compressed liquid layer changed the solvent distribution, and graphite nanoparticles were more attractive to K+, which also contributed to the increase in specific heat of molten salts. However, the authors have not explored which mechanisms lead to the enhancement of the solid phase SHC of nanomaterials, and further studies are needed.



The mechanisms proposed for the increase in SHC of molten salt nanofluids include the nanosize effect, semi-solid layer, and interfacial thermal resistance, but no consistent conclusion has been reached. Therefore, further in-depth studies are needed to reveal the influencing factors and mechanisms for the increase of SHC of molten salt nanofluids.




3.3. Microstructure of Nanofluids


The microstructure of nanofluids is a hot topic worldwide. By looking at the microstructure of nanofluids, the mechanisms by which nanoparticles enhance the properties of the base fluid can be investigated, whether specific nanostructures are generated around nanoparticles can be observed, the size of individual nanoparticles and clusters entering the molten salt can be measured and observed, and the dispersion of nanoparticles in the molten salt regime can be assessed.



In the academic world, many scholars believe the anomalous enhancement of the thermophysical properties of nanofluids is due to the creation of special nanostructures around nanoparticles. Therefore, scholars have observed the microstructure of nanofluids by scanning electron microscope (SEM). Tariq et al. [84] prepared nanofluids by dispersing CNTs in ternary eutectic salts (LiNO3-KNO3-NaNO3) by a two-step aqueous solution method. The SEM image shows the CNTs formed a mesh structure in the eutectic salt, this mesh structure became more compact as the concentration of CNTs increased, and the SHC of the nanofluid gradually decreased, so this mesh nanostructure was an important factor in the anomalous change in the SHC of the nanofluid. Liu et al. [85] prepared molten salt nanofluids by dispersing MWCNTs in solar salts using a two-step aqueous solution method. The SHC of the molten salt increased abnormally with increasing concentration of MWCNTs. The SEM images show many stacked structures were formed on the surface of the nanoparticles, and the presence of these structures led to enhanced thermal resistance at the molten salt interface, resulting in enhanced SHC of the molten salt. Hu et al. [86] investigated the addition of Al2O3 nanoparticles to binary carbonates (Li2CO3-K2CO3) to obtain high-temperature nanofluids. The SEM images show that at different concentrations of nano salts, the surface of the base salt was smooth with no special structures, the surface of the nanoparticle-doped composite had some dotted special structures, and as the concentration of nanoparticles increased, these special structures also increased. These special structures greatly increased the surface area of the molten salt, thus improving its thermophysical properties.



In summary, the presence of nanostructures in molten salts increases the surface area and interfacial thermal resistance of molten salts, allowing them to absorb and store more heat, which is of great importance for reducing the cost of molten salt heat storage.





4. Improvement of Heat Transfer Performance


Thermal conductivity is the main parameter reflecting the ability of a medium to transfer heat, and the measurement of thermal conductivity is a major part of the study of the heat transfer properties of molten salt nanofluids. Methods to improve the effective thermal conductivity of nanofluids include Brownian motion, aggregation of nanoparticles, size effects, and fluid delamination at the solid–liquid interface. The improvement of thermal conductivity depends mainly on the size, shape, concentration, fluid temperature, dispersion, and surface area of the solid–liquid interface of the nanoparticles [87,88,89].



Carbon materials have good thermal conductivity; with the development of nanotechnology, the preparation cost of carbon nanomaterials has gradually decreased, and many researchers have used carbon nanomaterials as nanoparticles for nanofluids; numerous experimental studies found carbon nanoparticles have high enhancement to nanofluidic base fluids [90,91,92,93,94,95]. Molten salts are an excellent medium for heat transfer and storage because of their low melting point, low cost, large heat transfer temperature difference, and good thermal stability, but the thermal conductivity of molten salts is generally low and does not meet industrial needs well. In recent years, some scholars have started to focus on adding carbon material nanoparticles to molten salts to improve their thermal conductivity, as shown in Table 3.



4.1. Thermal Conductivity of Molten Salt-Based Carbon Nanotube Nanofluids


CNTs are one-dimensional nanomaterials with excellent thermal properties, and recent experimental studies have shown that CNTs can improve the thermal conductivity of molten salts. Zhang [96] preferably selected GA as a dispersant and prepared nanofluids containing different mass fractions of MWCNTs using a two-step aqueous solution method. The average thermal conductivity of the molten salts increased the most when the addition of nanoparticles was at 0.5%, reaching 49.1%, whereas the addition of 1% resulted in no change in thermal conductivity, and the optimum addition of nanoparticles should be below 1%. In this paper, although the authors propose a model of nanoparticle-enhanced thermal conductivity of molten salts and four factors influencing the thermal conductivity of nanofluids, micro convection due to Brownian motion, and the effect of the liquid film layer between the nanoparticles and the base fluid, the small size effect, and the agglomeration effect, they do not investigate the mechanism of thermal conductivity enhancement, and the GA dispersant chosen by the authors decomposes at high temperatures, which adversely affects the stability of molten salt nanofluids.



To improve the stability of nanofluid and the dispersion of nanoparticles and avoid the adverse effects of dispersant decomposition on molten salt nanofluid, Wu et al. [49] prepared molten salt–MWCNT composites using the high-temperature melting method. The molten salt thermal conductivity was greatly improved, with a maximum thermal conductivity of 293% when MWCNTs were added at 0.3wt%; the thermal conductivity of the molten salt showed a decrease when the addition of MWCNTs was 0.1 wt%, but the authors did not explain the reasons for the increase and decrease of the thermal conductivity of the molten salt. The extremely agglomerative nature of CNTs makes the dispersion of CNTs by high-temperature melting methods more limited, and the nanoparticle dispersion is small, which is detrimental to the thermal conductivity of the nanofluid. Surface modification of nanoparticles is a very promising method to improve their dispersibility. Gorji et al. [97] conducted stability and thermal conductivity tests on doped functionalized SWCNTs and plain SWCNTs nanofluids. The nanofluids doped with functionalized nanoparticles exhibited better thermal conductivity and thermal storage capacity and improved thermal stability after three months of thermal stability tests. Omrani et al. [98] dispersed six different length-to-diameter ratios of MWCNTs-COOH in 0.05 vol% deionized water, adjusted the nanofluid pH value to neutral, and investigated the effect of MWCNT aspect ratio on the dispersion energy, thermal conductivity, and rheological properties of the nanofluids. The neutral pH value and the addition of functional groups to the surface of CNTs could effectively improve the dispersion of CNTs and reduce the agglomeration of nanoparticles. The thermal conductivity of the samples increased linearly with increasing nanofluid temperature and CNT length-to-diameter ratio, with a maximum thermal conductivity improvement reaching 36% and a decrease in fluid viscosity. CNTs are tubular nanoparticles, and their curl and length-to-diameter ratio, among others, have an important effect on their thermal conductivity. In this paper, the authors only study the enhancement of the thermal conductivity of molten salts made by CNTs and not the enhancement of the thermal conductivity of nanofluids by the change of curl of CNTs. Moreover, some scholars have objected to the linear increase of the thermal conductivity of nanofluids with the length-to-diameter ratio of CNTs proposed by the authors.



To calculate the effective thermal conductivity of carbonate doped CNTs, Yuan et al. [51] proposed a theoretical calculation method based on a 3D random curl structure model. To validate the method, CNT composite molten salts were prepared using a high-energy ball milling method. The curl degree of the CNTs was determined using an image recognition technique. The effective thermal conductivity of the composite molten salt was measured to validate the calculated model. The error of the theoretical calculation model was less than 8.5% for the well-mixed CNT composite molten salt, indicating that the calculation model can be used to determine the effective thermal conductivity of the CNT composite molten salt. In addition, the influence of key factors such as the curl degree and length-to-diameter ratio of CNTs on the effective thermal conductivity of the composite molten salt was revealed. First, the effective thermal conductivity λeff of the composite molten salt decreased with the increase of the curl degree of the CNTs. Second, increasing the CNT L/D ratio to 175 can increase the λeff of the composite molten salt, and the thermal conductivity almost ceased to increase when the CNT L/D ratio exceeded 175. Third, the increase in thermal conductivity of CNTs was a key factor in the increase in λeff of the composite molten salt. Therefore, CNTs with a length-to-diameter ratio of 175 and a small curl have the greatest improvement in the thermal conductivity of molten salt nanofluids.




4.2. Thermal Conductivity of Molten Salt-Based Graphene and Other Carbon Nanofluids


Graphene has a thermal conductivity range of approximately 4000–6600   W ·  m  − 1   ·  K  − 1     at room temperature [99] and is considered a very promising material for enhancing the thermal conductivity of molten salts.



Saranprabhu et al. [48]. prepared graphene molten salt composites by mixing solar salt with experimentally produced graphene oxide by using the ball milling method. The thermal conductivity of the composites was enhanced during the concentration of graphene oxide from 0.125% to 0.5%, with a maximum thermal conductivity enhancement of 17%. However, the authors neither explained the mechanism of the thermal conductivity enhancement nor further increased the nanoparticle concentration to investigate its effect on the thermal conductivity. To investigate the enhancement of thermal conductivity of molten salt by graphene further, Hamdy et al. [50] prepared molten salt nanocomposites with different concentrations by adding reduced graphene oxide (RGO) to solar salt. RGO had a good effect on the enhanced thermal conductivity of the molten salt, and the maximum strength of the thermal conductivity was enhanced by 52.1% at an RGO mass fraction of 1.5%. The authors speculated two main reasons for the enhanced thermal conductivity of the composites: (i) RGO was well dispersed and formed a special layered structure in the molten salt, which acted as a thermal conductivity network, thus enhancing the heat flow. (ii) Graphene had a special sheet-like structure, and this structure provided a higher heat flow to the composite, which led to an increased thermal conductivity. However, the authors have not tested either of these hypotheses through experiments or simulations and are only at the stage of theoretical reasoning. For a further understanding of the mechanism of thermal conductivity enhancement of GNPs on molten salts, Lyu et al. [54] prepared graphene nanosheet (GNS)–molten salt composites doped with different concentrations of GNS by a two-step aqueous solution method into NaNO3 and explored the mechanism of thermal conductivity enhancement by MD simulations. The thermal conductivity of the material gradually increased with the increase of GNS doping, and the maximum increase of thermal conductivity reached 245% when the GNS doping amount was 3%. Simulations showed the phonon band involved in energy transfer at low and medium frequencies was substantially wider for NaNO3 than for pure NaNO3. In addition, the phonon vibrations of GNS and NaNO3 were more harmonious in the low- and medium-frequency bands. The result was an improved thermal conductivity, so the authors speculate that phonon vibration matching is responsible for the enhanced thermal conductivity of the molten salt, which provides a new idea for the choice of nanoparticle doping amount. However, this is only a reasonable speculation based on simulations and does not prove that phonon energy transfer is the cause of the increased thermal conductivity of molten salt nanofluids, which needs to be verified by more rigorous experiments and simulations in the future.



In summary, CNTs and graphene have a positive effect on the improvement of the thermal conductivity of molten salts and are ideal materials for enhancing the thermal conductivity of molten salts. However, more types of carbon nanomaterials are available, other carbon nanomaterials also have very excellent thermal properties, and their enhancement of the thermal conductivity of molten salt nanofluids as nanoparticles is worthy of further exploration and exploration by scholars.



Xiao et al. [78] prepared molten salt composites by dispersing expanded graphite into solar salt via the ultrasonic aqueous solution method. When the nanoparticle doping amount was 2%, the thermal conductivity of the molten salt was greatly enhanced to 215%, and the expanded graphite was well dispersed in the molten salt as observed by SEM (scanning electron microscope) images, and the structure of the mixed molten salt itself was not changed. Ueki et al. [52] used a modified two-step aqueous solution method to disperse two different concentrations of silicon carbide (SiC) nanoparticles into Hitec salt to prepare molten salt nanofluids. The thermal conductivity of the nanofluids was higher than that of the base fluid, with an increase of about 1.46 times at 200 °C for a set of SiC additions of 0.6 wt%. At 250 °C, the thermal conductivity increased by a factor of approximately 1.50. However, the group with an addition of 1.2 wt% showed almost no increase in thermal conductivity, and substantial agglomeration of nanoparticles was observed. El-Sayed et al. [53] used ultrasonic dispersion and solid-state method of dispersion to disperse homogeneously cost-effective blast nanodiamond (ND) with an average particle size of 10 nm in binary nitrate molten salt (KNO3-NaNO3) to achieve good dispersion of ND. The mass loading of ND was varied and optimized, with a remarkable increase in thermal conductivity compared with the base binary molten salt and a maximum improvement in thermal conductivity of 93% at 3% nanoparticle addition. In addition, the thermal diffusivity of the developed ND-based molten salt was in-creased by 43% compared with the blank molten salt. The study speculated that the reason for the improved thermal conductivity of the composite was the excellent heat transfer effect of the ND particles [100,101,102], but no strengthening mechanism according to the body was provided.



In summary, the thermal conductivity of molten salt increases more than its SHC because carbon nanomaterials have a relatively high thermal conductivity and can form good heat transfer channels with the molten salt in molten salt nanofluid. Thus, heat can be transferred and transported well, and cannot be stored in large quantities within the nanofluid, but this is only a speculation at present, and more rigorous experimental verification is still required.




4.3. Effect of Nanoparticle Shape on the Thermal Conductivity of Nanofluids


Nanoparticles have many different shapes, typically spherical, cylindrical, and flaky. Owing to the different shapes of nanoparticles, many differences are noted in their heat transfer laws, which have attracted the attention of many researchers, and much theoretical research has been carried out. In this paper, two types of nanoparticles, spherical and cylindrical, are reviewed and summarized.



Murshed et al. [103] performed mathematical modeling to investigate the effect of the different shapes of nanoparticles on the effective thermal conductivity of nanofluids. In the modeling, the authors assumed that the nanofluids consisted of three components, particles, interfacial layers, and liquids; the nanoparticles were separated from one another; and the temperature field was continuous in each component. Using the above boundary conditions, the authors derived a model for calculating the different effective thermal conductivities of spherical and circular nanoparticles, and demonstrated the difference between spherical and cylindrical nanoparticles in enhancing the thermal conductivity of molten salts. Ghosh et al. [104,105] developed a multiscale heat transfer model using MD simulations to investigate the heat transfer properties of nanoparticles better. The heat transfer from nanoparticles colliding with a heat source is an important cause of heat transfer enhancement in nanofluids, and the authors compared the temperature change between spherical nanoparticles and cylindrical nanoparticles when colliding with a heat source. The results showed cylindrical nanoparticles can absorb heat more effectively, which indicates that cylindrical nanoparticles have better thermal conductivity enhancement for fluids.



The above simulation results show that cylindrical nanoparticles have better heat transfer enhancement compared with spherical nanoparticles, but the researchers speculate this phenomenon may be due to the cylindrical nanoparticles having a larger surface area [106]. To test these speculations, the researchers conducted an experimental study. Maheshwary et al. [107] configured TiO2-water nanofluids using nanoparticles with different shapes but otherwise consistent parameters and showed the nanofluids containing cylindrical nanoparticles were more thermally conductive than spherical nanoparticles, suggesting that the difference in nanoparticle shape led to a variance in the specific surface area of the nanoparticles, which led to their dissimilar thermal conductivities. Similarly, Murshedet et al. [108] configured TiO2-water nanofluids also containing cylindrical and spherical nanoparticles, using CTAB (ammonium bromide) as a surfactant to allow better dispersion of the nanoparticles and to reduce the interference caused by nanoparticle agglomeration. For a given particle concentration, higher thermal conductivity was observed for nanofluids containing cylindrical nanoparticles. Timofeeva et al. [106] measured the thermal conductivity of nanofluids using a transient hot wire method. The results showed that nanofluids containing cylindrical nanoparticles had the highest thermal conductivity. However, a different view has been proposed by others, who suggest that the greater thermal conductivity of cylindrical nanoparticles is related to their having a larger size than spherical nanoparticles. Kim et al. [109] configured nanofluids for nanoparticles by adding different shapes of Al2O3 to water. Thermal conductivity was related to suspension stability, which was influenced by the shape of the nanoparticles, whereas nanoparticle size had less influence on the stability of the suspension. Nanofluids containing brick-like nanoparticles had the highest stability, whereas nanofluids containing blade-like nanoparticles had the lowest stability.



In summary, the thermal conductivity of nanofluids is related to the variation in nanoparticle shape, and studies have shown that nanoparticle particle shape has a greater effect on thermal conductivity than particle size [110]. The above literature also shows particles with a larger specific surface area have higher thermal conductivity. Among carbon nanomaterials, graphite nanoparticles are spherical nanoparticles, and CNTs are cylindrical nanoparticles. Hence, CNTs have a greater advantage for the enhancement of thermal conductivity of heat transfer fluids. Research on the effect of carbon nanoparticle shape on the thermal conductivity of nanofluids in molten salt nanofluids is rare, and the effect of different shapes of carbon nanoparticles on the thermal conductivity of molten salts needs further experimental proof in the future.




4.4. Mechanism of Thermal Conductivity Enhancement of Molten Salts by Nanoparticles


Several scholars have proposed different explanations for the study of the thermal conductivity mechanism of nanofluids. In the current state of research, three inferences are considered possible reasons for the nanoparticles to enhance the thermal conductivity of base salt [57].



4.4.1. Brownian Motion Theory


Brownian motion is the never-ending irregular motion of particles suspended in a liquid or gas, and its effect on the thermal conductivity of nanofluids is mainly reflected in three aspects [111]: Collisions occur among nanoparticles due to Brownian motion, which completes the solid–solid heat exchange among nanoparticles, thus increasing the thermal conductivity of nanofluids. Owing to the extremely small size of nanoparticles, Brownian motion in the base fluid is very intense, thus causing the micro convection effect of the base fluid and increasing the thermal conductivity of the nanofluids. Collisions occur among molecules of the base fluid and nanoparticles, thus intensifying the heat exchange and increasing the thermal conductivity of the base fluid.



Many scholars have questioned this theory. William Evans et al. [112] used MD simulations to demonstrate that heat transport through a conduction mechanism quantified by thermal diffusivity is much faster than that quantified by particle diffusivity for nanoparticle motion, illustrating the negligible effect of micro convection caused by Brownian motion. By comparing the rate of thermal diffusion of the base fluid with the rate of energy transport due to Brownian motion, Keblinski et al. [102] concluded the Brownian diffusion rate is much smaller than the diffusion rate of hot carriers. Based on these calculations, the authors concluded the effect of Brownian motion on thermal conductivity is negligible. Cui et al. [113] carried out MD simulations based on the two said authors and optimized the model, again concluding the effect of micro convection caused by Brownian motion on the thermal conductivity of the nanofluid can be neglected.




4.4.2. Semi-Solid Layer Theory


Researchers have experimentally observed that a crystalline layer forms on the surface of nanoparticles, which is known as a nanolayer or semi-solid layer. The thermal properties of the semi-solid layer are speculated to be similar to those of molten salts near the melting point, and scholars have thought the nanolayer is one of the important mechanisms for the thermal conductivity enhancement of molten salt nanofluids [114,115,116]. Tao et al. [81] observed the nanolayer around nanoparticles through SEM images, and the thickness of the nanolayer around different nanoparticles varied: The nanolayer formed around SWCNTs and MWCNTs were relatively thin and could form effective thermal conductivity connections, so the thermal conductivity enhancement was greater. However, for graphene and fullerene, a thicker nanolayer appeared on their surfaces, which made forming effective thermal conductivity connections difficult, and the nanofluid thermal conductivity hardly increased or even decreased. The authors speculate that the nanosphere can only be enhanced by the presence of a nanosphere layer below 100 nm, which enhanced the effective thermal conductivity of the nanofluid. Teng et al. [117] investigated semi-solid layers. The results showed that from a microscopic point of view, the semi-solid layer possessed a stronger thermal conductivity than the base fluid, thus supporting the theory that the presence of a semi-solid layer strengthens the macroscopic thermal conductivity of nanofluids. However, no relevant literature proves whether the thermal conductivity within the semi-solid layer is dominated by solid or liquid thermal conductivity.




4.4.3. Nanoparticle Agglomeration Effect


Nanoparticles are generally small in diameter, have a large specific surface area, and have a large surface energy, which can easily attract anions and cations in molten salts and thus cause agglomeration. The effect of agglomeration on thermal conductivity has been studied extensively by many scholars. Combing the results of nanofluid research, the nanoparticle agglomeration effect reduces the improvement of thermal properties of molten salt nanofluids, and many scholars have used the addition of dispersants to molten salt nanofluids to weaken the agglomeration effect of nanoparticles to enhance the improvement of nanoparticle thermal conductivity of molten salts. Prasher et al. [118] argued agglomerated structures can enhance the thermal conductivity of molten salts; the agglomerates formed by nanoparticles, which provide a low-thermal-resistance thermal conductivity channel to the base fluid, can enhance the heat transfer. Zhang [96] suggested nanoparticle agglomeration and settling would reduce the thermal conductivity of the base fluid, but if the nanoparticles only agglomerated in small areas without settling, it would help improve the thermal conductivity. Therefore, the fact that the nanoparticle agglomeration effect on the enhancement of the thermal conductivity of the base fluid must be negative cannot be simply concluded, and whether a combination of other mechanisms exists should be investigated.






5. Existing Problems and Future Directions


5.1. Nanofluid Stability Issues and Future Directions for Enhancement


Although molten salt has been widely used in solar thermal power generation, its heat transfer and storage performance are poor. Using the high thermal conductivity of nanomaterials, introducing them into molten salt as additives to form a stable nanofluid suspension can substantially improve the heat transfer and storage performance of molten salt. Carbon nanomaterials have ultra-high thermal conductivity and are ideal materials for improving the heat transfer storage performance of molten salts, but carbon nanomaterials are highly prone to agglomeration due to their inherent properties, making forming stable suspensions difficult, which greatly limits the development and application of carbon-based nanofluids. Therefore, exploring an effective method for the dispersion of carbon materials is a problem that does not urgently need to be solved to study the SHC of carbon-based nanofluids. At present, the main methods to improve the dispersion of carbon nanoparticles are surface modification of nanoparticles, addition of surfactants, mixing nanoparticles, and pH control. [119]



5.1.1. Nanoparticle Surface Modification


The addition of functional groups to the nanoparticle surface and the charging of the nanoparticle surface can reduce the polarity of the carbon material and improve its dispersibility. Carbon nanomaterials are so prone to agglomeration mainly because they have a high polarity and react with the ions in the molten salt in a mutually exclusive manner, which makes dispersing carbon materials uniformly in the molten salt difficult. The existing surface modification methods for nanoparticles mainly include adding functional groups to the nanoparticle surface and making the nanoparticle surface electrically charged. Studies have shown that the addition of carboxylated functional groups to the surface of carbon nanomaterials can effectively improve the dispersion of nanoparticles. However, no corresponding study in the literature examines the mechanism of carboxylated functional groups to improve the dispersion of carbon nanomaterials, which can be explored in the future. According to Yuan Fan et al.’s simulations, the addition of appropriate surface charge can improve the attraction of carbon materials to the metal cations in the molten salt, enabling better binding of carbon nanoparticles to the molten salt. However, excessive surface charge will increase the repulsive force among nanoparticles, making them more prone to agglomeration.




5.1.2. Addition of Surfactants


The addition of surfactants increases the degree of dispersion of nanoparticles [120,121,122]. The active agent wets the nanoparticle surface, reduces the nanoparticle surface free energy, optimizes the spatial site resistance, increases the repulsive force among nanoparticles, inhibits particle agglomeration, and ensures the stability of the nanofluid [123]. The stability of nanofluid is not positively correlated with the amount of surfactant added, and adding too much surfactant makes the nanofluid less stable, so the optimal amount of addition should be determined [124,125]. Studies have shown the same surfactant has different effects on enhancing the stability of molten salt nanofluids with dissimilar carbon nanoparticles added, and the same molten salt-based carbon nanofluid has different effects on enhancing stability with dissimilar surfactant additions. A large body of literature shows for CNT–molten salt nanofluids, using GA as surfactant has the best improvement in nanofluid stability, and for graphene–molten salt nanofluids, sodium dodecyl benzoate sulfonate (SDBS) is the best surfactant, whereas the addition of surfactant alone does not increase the thermal physical properties of the eutectic salt.



Although surfactants can enhance the stability of nanofluids, surfactants decompose under high-temperature conditions and methods to improve the stability of nanofluids with surfactants lose their effectiveness. Therefore, the literature rarely discusses surfactants to improve the stability of high-temperature nanofluids, which could be explored in the future with focus. Therefore, surfactants to improve nanofluid stability are generally applied in the field of low-temperature nanofluids, and future research to improve the stability of high-temperature nanofluids needs to be explored further.




5.1.3. Hybrid Nanoparticles


In recent years, researchers have begun to focus on improving the thermal properties of molten salts by mixing nanoparticles, and this has also drawn attention to the effect of mixed nanoparticles on the stability of nanofluids [126]. Many methods are used for the preparation of hybrid nanoparticles, and different nanoparticles need to be mixed by different preparation methods. The main hybrid nanoparticle preparation methods are thermochemical synthesis technique [127], ball milling method [128], and in situ method [129]. By mixing nanoparticles, the thermal properties of different nanoparticles can be combined to provide a better reinforcement of the thermal properties of molten salts. According to the molecular forces among nanoparticles, mixing nanoparticles of different sizes and shapes can effectively reduce the forces among nanoparticles and molten salts, thus improving the stability of nanofluids. Vaka et al. [55,56] dispersed graphene–TiO2 hybrid nanoparticles by ultrasonic dispersion into five-membered mixed molten salts (NaNO3-KNO3-LiNO3-CaNO3-CsNO3) in nanofluid. The study showed the SHC of the mixed molten salts with the addition of heterogeneous nanoparticles was greatly enhanced, and the nanofluids showed good thermal stability after thermal stability tests.



In summary, surface modification of nanoparticles, addition of surfactants, and addition of hybrid nanoparticles can improve the stability of nanofluids, but surface modification will destroy the mechanical structure of nanoparticles and reduce the mechanical strength of nanoparticles, which is not conducive to the improvement of molten salt properties.




5.1.4. PH Control


The high surface activity of carbon nanomaterials can cause attraction and repulsion reactions with the anions and cations in the base fluid, which leads to agglomeration of nanoparticles and sedimentation, affecting the stability of the nanofluid. Adjusting the pH value of the base fluid can influence the concentration of free anions and cations in the medium and form a double electric layer around the nanoparticles, thus inhibiting the agglomeration of nanoparticles. The basic method of adjusting the pH of the molten salt is to add an acid-based solution to the base fluid to control the base fluid pH. The nanofluid pH is also influenced by the temperature and the different solution media, and the pH of the nanofluid decreases as the temperature increases. Placing the same nanoparticles into water and alkaline solutions reveals the nanoparticles have a better dispersion in water [119].



In summary, although PH control can improve the dispersion of nanoparticles and the stability of the colloidal system, the use of acid and alkaline solutions to adjust the PH value easily causes pollution to the base fluid and reduces the purity of the prepared composite. Moreover, the use of high-temperature molten salt nanofluid is higher, which makes the molten salt base fluid pH of strong acid environment of nanofluid PH value lower on the pipeline more corrosive [130], bringing additional economic loss. Therefore, the use of PH-controlled methods to improve the stability of molten salt nanofluids is less feasible.





5.2. Mechanisms and Future Directions for Improving the Heat Transfer and Storage Performance of Molten Salts


The addition of nanoparticles to molten salts to form stable nanofluids can substantially enhance the heat transfer and storage properties of molten salts. Therefore, the study of the mechanism of nanoparticles enhancing the heat transfer and storage performance of molten salts has attracted the attention of researchers. In a review of the current status of research on nanoparticle-enhanced heat transfer performance of molten salts, three inferences have been suggested as the reasons for nanoparticle-enhanced heat transfer performance of base fluids [57]: Brownian motion theory, semi-solid layer theory, and nanoparticle agglomeration effect. However, all three inferences are at the stage of theoretical derivation and have not been demonstrated by relevant experiments. The thermal storage performance of molten salts mainly depends on the SHC of molten salts. The proposed mechanisms for increasing the SHC of molten salt nanofluids include the nanosize effect, the semi-solid layer, and the interfacial thermal resistance, but these mechanisms are only at the stage of theoretical extrapolation, and no scholars have conducted rigorous experimental verification of them, and no unified conclusion has been formed.



The study of nanoparticles on the enhanced mechanism of heat transfer and storage in molten salts helps enhance the thermal conductivity of molten salts, reduce the cost of heat storage, improve the efficiency of heat transfer from molten salts, and lower the cost of solar thermal power generation. MD simulation is a method to simulate the physical trajectories and states of atoms and molecules based on the principles of Newtonian mechanics. For more complex molecular systems, the trajectories of the particles within the system are usually determined by numerically resolving the Newtonian equations of motion for the interacting particles, whereas the interparticle forces and potentials are determined using interparticle forces and potentials using molecularly based force fields. The molecular system of molten salt nanofluids is extremely complex and difficult to study experimentally at the molecular level. Microscopic models can be established by means of MD simulations to study the mechanism of intermolecular action of nanofluids, combined with the relevant phenomena observed experimentally, to explain the mechanism of nanoparticle enhancement of heat transfer in molten salts better. Computational fluid dynamics (CFD) is the science of approximating the integral and differential terms in the governing equations of fluid dynamics into discrete algebraic forms to obtain a system of algebraic equations, which can be solved to obtain numerical solutions at discrete time/space points. CFD can be used to establish the relevant algebraic equations to study the heat transfer laws and thermal energy storage mechanisms during the flow of nanofluids.



In summary, studying the strengthening mechanism of nanoparticles on the heat transfer and storage properties of molten salts is of great importance. MD simulations and CFD are very important aids to study the enhancement mechanism of nanoparticles on the heat transfer and storage performance of molten salts. In the future, the microscopic models of solid and liquid phases can be established with the help of these two methods, focusing on the mechanism of interaction between molten salts and nanoparticles and explaining the key factors of heat transfer and storage.




5.3. Viscosity and Corrosion


Viscosity is one of the very important thermophysical properties of molten salt nanofluids and has a major effect on the safety and economy of the system. Therefore, the study of nanofluid viscosity is of increasing interest to scientists. The concentration, shape, type, and size of the nanoparticles in molten salt nanofluids all have a considerable influence on the viscosity of the fluid.



Jo et al. [62] prepared nanofluids by adding different concentrations of CNTs to binary carbonates using a two-step aqueous solution method. The increases in nanofluid viscosity values were 1%, 93%, and 1130% at 550 °C for 1%, 2%, and 5% MWCNTs mass concentrations, respectively. Vaka et al. [56] prepared nanofluids by dispersing graphene–titanium dioxide hybrid nanoparticles into a five-membered mixed molten salt (NaNO3-KNO3-LiNO3-CaNO3). The effect of mixed nanoparticles on the viscosity of the molten salt was minimal, with viscosity changes of approximately −0.51% to 11.05% over the temperature range of 250–400 °C.



At present, the study of nanofluid viscosity is mostly limited to the field of low-temperature nanofluids, and high-temperature nanofluid viscosity is less studied because the measurement instruments are more expensive. Thus, further research and exploration are needed in the future.



Corrosion is a characteristic of all nanofluids, and the degree of corrosion is related to the maintenance costs of the equipment piping, which is of great importance in reducing the cost of power generation. Wang et al. [68] selected 304, 316L, 321, and 310S stainless steels for experimental studies on the corrosion characteristics of mixed molten salts. The results show the mixed molten salts mainly undergo intergranular corrosion on 316L and 304, and small pore corrosion on 321 and 310S, with 316L showing the best corrosion resistance characteristics. Vaka et al. [56] immersed SS316 in mixed molten salts and mixed nanofluids for costume comparison. The results indicated the surface of the sample immersed in the eutectic salt showed many pits, but the surface of the sample in the mixed nanofluid remained smooth. Hence, the addition of the mixed nanoparticles inhibited the corrosion of the sample by the molten salt.



In summary, the pipe material and the addition of nanoparticles have a substantial effect on the corrosion of molten salts. Therefore, selecting the right pipe material and adding the right nanoparticles are essential to reduce the maintenance costs of the pipes.




5.4. Costs


Although carbon nanomaterials have high thermal properties, they are relatively difficult to prepare and disperse, which contributes to the high cost of nanofluids. Further technical means are needed to improve and reduce costs in the future.





6. Conclusions


Carbon nanomaterials have excellent thermodynamic properties. Therefore, compounding carbon nanomaterials with traditional materials to obtain composite materials with high energy storage and high thermal conductivity has been a hot research topic worldwide in recent years. In this paper, the preparation methods, improvement of heat transfer properties, and improvement of thermal storage properties of carbon-based molten salt nanofluids by domestic and foreign scholars are summarized, and the following conclusions are drawn.



	
Many methods are used for the preparation of molten salt nanofluids. The two-step aqueous solution method prepares nanofluids with poor thermal stability, and the high-energy ball milling method prepares composites with low purity and non-uniform particle size distribution. The one-step method involving redox should not be suitable for the preparation of carbon-based molten salt nanomaterials. Nanofluids prepared by the high-temperature melting method are thermally stable and can be used steadily at high temperatures for a long time with minimal change in SHC and mass. Therefore, nanofluids prepared by the high-temperature melting method are suitable for promotion as industrial production and can be focused on in the future.



	
Composites prepared by adding carbon nanoparticles to high-temperature molten salt have greatly enhanced specific heat and thermal conductivity. They broaden the temperature applicability range of the base fluid, although the melting point and decomposition temperature do not change much. They are beneficial to increasing the energy storage density of the molten salt and reducing the cost of heat storage.



	
The mechanism of specific heat and thermal conductivity of molten salts enhanced by nanomaterials is not yet unified and is still at the speculative stage. The heat transfer mechanism of carbon nanomaterials remains unclear, and the future research should focus on the heat transfer mechanism of carbon nanomaterials and the mechanism of interaction between nanomaterials and molten salts by means of MD simulation and CFD.



	
Nanoparticle shape affects the thermal conductivity and stability of nanofluids. The thermal conductivity of nanofluids increases as the specific surface area of nanoparticles increases. Cylindrical nanoparticles have a larger specific surface area than other nanoparticles, such as spherical particles, and are therefore more conducive to the enhancement of fluid heat transfer properties.



	
This paper summarizes a variety of methods to improve the dispersibility of carbon nanomaterials, among which adjusting the pH of the base fluid contaminates the nanofluid, the dispersant decomposes at high temperatures, and the cost of surface modification is high. Hybrid nanoparticles can combine the thermal properties of multiple nanoparticles while reducing the dispersion of nanoparticles. However, the preparation technology of hybrid nanoparticles is still immature, the complexity of selecting matching nanoparticles is much higher than that of ordinary nanoparticles, and further research on simpler preparation methods is needed in the future to reduce the cost of hybrid nanoparticles.



	
Carbon nanomaterials have excellent thermodynamic properties, but only carbon materials such as CNTs and graphite are being studied. Research rarely examines the preparation of nanofluids by adding carbon nanofibers and ND to molten salts, which can be explored in the future.
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Figure 1. Schematic of research progress in high temperature molten salt-based carbon nanofluids. 
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Figure 2. One-step preparation of molten salt nanofluidic flow. (a) Dissolution method; (b) In situ synthesized; (c) Sol–gel self-combustion method. 
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Figure 3. Two-step preparation of molten salt nanofluidic flow [57]. 
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Figure 4. High-temperature melting preparation of molten salt nanofluidic flow [57]. 
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Figure 5. High-energy ball milling method preparation of molten salt nanofluidic flow. 
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Figure 6. Specific heat of nanofluids in liquid phases with respect nanoparticle concentration [69]. 
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Figure 7. SHC (Specific heat capacity) for molten salt and nanofluids with different GNP concentrations. [65]. 
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Table 1. Improvement of heat storage and heat transfer properties of nano carbon materials.
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Sample

	
Specific Heat/ (J/(g·K))

	
Thermal Conductivity/ (W/(m·K))

	
Carbon Nanomaterial

	
Doping Amount/%

	
Specific Heat/%

	
Thermal Conductivity/%

	
Reference






	
Solar salt

	
1.495

	
0.52

	
BNNSs

	
1.5

	
29.8

	
148%

	
[46]




	
Graphite foam

	
2

	
110

	
94.97%

	
[47]




	
Graphene oxide

	
0.5

	
6

	
17

	
[48]




	
MWCNTs

	
0.3

	
16.6

	
293

	
[49]




	
Graphene oxide

	
1.5

	
7.5

	
52.1

	
[50]




	
Li2CO3 + K2CO3

	
1.469

	
0.69

	
MWCNTs

	
1.75

	
23.5

	
50.72

	
[51]




	
Hitec

	
1.56

	
0.57

	
SiC

	
0.6

	

	
146

	
[52]




	
NaNO3 + KNO3

	
1.50

	
0.53

	
ND

	
3

	
23

	
93

	
[53]




	
NaNO3

	
1.82

	
0.6

	
GNS

	
3

	

	
245

	
[54]




	
NaNO3-KNO3-LiNO3-CaNO3-CsNO3

	
1.342

	

	
Graphene-TiO2

	
0.05

	
19.6

	

	
[55,56]
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Table 2. Improvement of heat storage performance of carbon nanomaterials.
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Sample

	
Carbon Nanomaterial

	
Doping Amount/%

	
Specific Heat/%

	
Reference






	
Solar salt

	
Graphene

	
1

	
16.7

	
[65,66]




	
Hitec

	
Graphene

	
1

	
7.5




	
Solar salt

	
BNNSs

	
1.5

	
29.8

	
[46]




	
Solar salt

	
Graphite foam

	
2

	
110




	
KCL + MgCl2

	
MWCNTs

	
1

	
≈100

	
[67]




	
KCL + MgCl2

	
MWCNTs

	
1

	
9.2

	
[68]




	
Li2CO3 + K2CO3

	
Graphite

	
1

	
≈200

	
[69]




	
Li2CO3 + K2CO3

	
MWCNTs

	
1

	
17

	
[70]




	
Li2CO3 + K2CO3

	
Graphite

	
1

	
23.5

	
[51]




	
NaNO3-KNO3-LiNO3-CaNO3-CsNO3

	
Graphene-TiO2

	
0.05

	
19.6

	
[55,56]
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Table 3. Improvement of heat transfer performance of nano carbon materials.
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	Sample
	Carbon Nanomaterial
	Doping Amount/%
	Thermal Conductivity/%
	Reference





	Solar salt
	MWCNTs
	0.5
	49.1
	[96]



	Solar salt
	Graphite foam
	2
	215
	[78]



	Solar salt
	Graphene oxide
	0.5
	17
	[48]



	Solar salt
	MWCNTs
	0.3
	293
	[49]



	Solar salt
	Graphene oxide
	1.5
	52.1
	[50]



	Li2CO3 + K2CO3
	MWCNTs
	1.75
	50.72
	[51]



	Hitec
	SiC
	0.6
	146
	[52]



	NaNO3 + KNO3
	ND
	3
	93
	[53]



	NaNO3
	GNS
	3
	245
	[54]
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