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Abstract

:

The paper presents the experimental measurements of thermal efficiency of a tubular direct absorption solar collector (DASC) with a hybrid nanofluid based on magnetite (Fe   3  O   4  ) and multi-walled carbon nanotubes (MWCNT). The volumetric concentration of Fe   3  O   4   and MWCNT was 0.0053% and 0.0045%, respectively. The experiments were carried out for the flow rates of 2–10 L/min and a temperature difference up to 20    ∘  C between the environment and the DASC. The performance of the DASC with a hybrid nanofluid was in the range of 52.3–69.4%, which was just beyond the performance of the collector with surface absorption. It was also found that using a MWCNT-based nanofluid with an equivalent total volumetric concentration of particles (0.0091%), the efficiency was 8.3–31.5% higher than for the cases with the hybrid nanofluid.
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1. Introduction


Nanofluids (NFs) are stable solutions of nanosized particles dispersed in a carrier fluid [1]. With different and often superior thermal properties compared to a single-phase liquid [2,3,4], nanofluids improve the performance of thermal equipment [5], including solar collectors, both with surface absorption of solar radiation [6] and direct absorption solar collectors [7].



The direct absorption solar collector (DASC) with nanofluid is a perspective type of solar collector. An important feature of DASC is the volumetric absorption of solar radiation. It may result in a relatively cold outer surface and reduce thermal leaks.



Thermal efficiency is an important parameter of DASC. The parameter depends on the optical properties of the entire collector`s absorber and used nanofluid. It is reported in the literature that nanofluids consisting of two or more types of particles (hybrid NF) absorb solar radiation in a wider spectral range than a single-particle-type nanofluid of the same particle concentration [8,9]. Therefore, the hybrid NFs are expected to influence the thermal efficiency of DASC. In addition, the use of hybrid NF with metal/metal oxide particles allows for applying magnetic fields in flow management [10].



Hybrid nanofluids have been sufficiently covered in the literature [11]. Many researchers claim the superiority of the hybrid nanofluid in the photothermal conversion process and potentially higher thermal performance in DASCs compared to the single-component nanofluid. However, there are a few systematic studies of hybrid NFs in a field-scale prototype DASC.



Mashhadian et al. [12] reported that Al   2  O   3  /MWCNT nanofluid increases the thermal efficiency of the direct absorption parabolic through collector (DAPTC) by 198%, 70%, and 6.1% compared to water, alumina nanofluids, and MWCNTs nanofluids of the same particle concentration. This result was not compared with the efficiency of a surface absorber of the same geometry. Menbary et al. [13] showed that thermal efficiency of DAPTC can achieve up to 48.03% when Al   2  O   3  /CuO NF is used. However, an evaluation of these results is challenging due to the lack of cases with single-component nanofluids and surface absorption of solar energy. Karami [14] reported that a flat-plate type direct absorption solar collector with single-component SiO   2   nanofluid had 28% lower thermal efficiency than with Fe   3  O   4  /SiO   2   hybrid nanofluid. Nevertheless, as in the studies above, the results were not compared with the efficiency of the surface energy absorption. Moreover, the experiments were done only at zero temperature drop between the liquid at the collector inlet and the environment.



In this work, we report the performance of a tubular DASC with Fe   3  O   4  /MWCNT nanofluid in different thermal regimes. We compare this data with cases of using MWCNT NF in DASC and surface absorption of solar energy.




2. Experiments


2.1. Nanofluid


The hybrid nanofluid was produced in several stages. Initially, two monocomponent nanofluids based on Fe   3  O   4   and MWCNT were produced separately, sonicating commercial nanoparticles in a base fluid (water—10% wt. ethanol) for an hour. The ethanol was added to mimic field conditions where the heat transfer fluids are protected from a mild frost. Iron oxide particles (LLC “RSS Saransk”, Saransk, Russia) had a maximum particle size of 110 nm in dry nanopowder (Figure 1). MWCNT (Nanotechnology Center, Saransk, Russia) had an inner diameter of 13.3 ± 0.45 nm and an external diameter of 49.3 ± 0.45 nm or 72.0 ± 0.45 nm (Figure 2). A rough estimate of maximum length is 5  μ m. To stabilize the MWCNT nanofluid and to avoid foaming, we added 0.1% wt. sodium dodecyl sulfate (SDS) before and 0.4% wt. of defoamer “FoamStop” Kärcher after the sonication. Then, the monocomponent NFs were left for 24 h for gravitational separation. After that, the sedimented particles’ agglomerates were removed and weighed, and the final concentration of particles in the nanofluid was calculated. Finally, the monocomponent NFs were mixed, and the concentrations of SDS and defoamer were restored to 0.1% wt. and 0.4% wt. The final volume fraction of the particles in hybrid NF was 0.0098%: it consisted of 0.0053% of Fe   3  O   4   and 0.0045% of MWCNT.




2.2. Experimental Set-Up


The nanofluid was tested in a lab-scale DASC (Figure 3) consisting of eight 1.5 m glass tubes (borosilicate glass 3.3 “SIMAX”, ⌀22 × 1.8 mm) connected in series. The tubes were irradiated by three halogen lamps (Osram Haloline Pro R7S, 400 W), which generated an average heat flux of I = 915 W/m   2  ± 10%. This value corresponds to a maximum solar heat flux available without concentration in Northern and Eastern Europe in summer [15]. The liquid was pumped by a centrifugal pump (Multi 14000E, Sicce) with a flow rate in a range of 2–10 L/min, which is typical for domestic solar heating systems [16]. The absorbed heat was removed from the liquid in the air heat exchanger coupled with a fan. The flow rate of nanofluid Q and its heating   Δ T   was measured by YF-S201 flowmeter from Foshan Shunde Zhongjiang Energy Saving Electronics Co., Ltd. (Foshan, China) (±10%) and T-type thermocouples (±0.08    ∘  C). The temperatures of the ambient air and liquid in the expansion tank were measured by K-type thermocouples (±1    ∘  C). The measurements were done in a steady thermal state at a constant flow rate. The liquid temperature was stabilized by changing the speed of the fan on the air heat exchanger and the flow rate through its bypass line. The air in the laboratory remained thermally stable during the entire process of the collector’s stabilization and measurement. We started the measurements after about an hour from the moment of thermal stabilization of fluid in the tank. Further, all the temperatures and flow rates continued to be monitored and recorded for 15 min. Then, a new value of the flow rate in the collector was set, and another procedure of thermal stabilization was repeated. The measurements were done with the temperatures in the tank up to 20    ∘  C higher than the environment temperature, which is consistent with the operating conditions of low-temperature solar collectors of domestic water heating systems [16].



The thermal efficiency of the collector  η  was given as (1) [17]:


     η =    ρ l  · Q ·  c p  · Δ T   A · I   ,     



(1)




where   ρ l  ,   c p   are the density and specific heat of the liquid, respectively, and A is the irradiated area of the collector. Due to the low number of particles, the equivalent thermal properties of nanofluid were taken as for the base fluid [18,19,20]. It is consistent, for example, with the studies of Marcos et al. [21] and Wan et al. [22] of thermal properties of the dilute MWCNT-nanofluids. In the case of surface absorption of light, the glass tubes were covered by a black metal foil (reflection of 10%), and distilled water was pumped through the collector.





3. Results and Discussion


Figure 4 integrates the results of the experiments in terms of the thermal efficiency of the DASC. In this figure, we present the combined uncertainties computed using a standard procedure available elsewhere (e.g., [17], Supplementary Materials). The uncertainties of the reference-based thermal properties of the liquid were not taken into account in this calculation. The primary source of the uncertainty of the thermal efficiency is the instrumental errors of the used measuring devices.



The efficiency of the collector is presented for four cases. The first basic case relates to the surface absorption of light. In the second case, water is pumped through the transparent tubes. The next cases relate to DASC with pumped hybrid and MWCNT nanofluids. The concentration of the MWCNT was 0.0091% vol., which was comparable to that of the hybrid nanofluid. From Figure 4, the collector efficiency with the hybrid nanofluid at    T l  −  T a  = 10   ∘   C is lower by 6.7∼28.6% compared to the collector with surface absorption. The situation becomes slightly better at    T l  −  T a    = 20    ∘  C, where the hybrid nanofluid alters the collector’s efficiency by −1.6∼+6.8% relative to the case with the opaque tubes. At the same time, when using MWCNT nanofluid, the collector efficiency increases by 2.7∼20.7% compared with the case of surface energy absorption. Thus, we conclude that using the Fe   3  O   4  /MWCNT hybrid nanofluid at a given concentration and ratio of particles is less effective than nanofluid with MWCNT particles.



The obtained results can be explained by analyzing the optical properties of the nanofluids. Carbon nanotubes reduce the light radiation better than iron oxide nanoparticles ,resulting in a higher spectrum-averaged extinction coefficient for MWCNT nanofluid against Fe   3  O   4  /MWCNT hybrid nanofluid at a constant volumetric particle fraction. Furthermore, the shielding effect cannot be excluded when the carbon tube is partially or entirely “in the shadow” of iron oxide agglomerates. It further reduces light absorption in the nanofluid.



To evaluate the light-absorbing properties of hybrid Fe   3  O   4  /MWCNT nanofluid and single-particle MWCNT nanofluid, we measured the spectrum-averaged extinction coefficients of the considered nanofluids for two wavelength ranges: (R1) 400–1100 nm and (R2) 1000–1700 nm. As in our previous study [17], the extinction coefficients were determined by measuring the intensity reduction of a collimated light beam passing through the nanofluid. The extinction coefficients for the hybrid nanofluid were 199 m    − 1    for wavelength range (R1) and 380 m    − 1    (R2); and for the MWCNT nanofluid, the coefficients were 474 m    − 1   (R1) and 609 m    − 1   (R2). Thus, hybrid nanofluid has a lower extinction coefficient at an equivalent particle concentration and absorbs less thermal radiation than MWCNT nanofluid. This is consistent with the results reported by Tong et al. [23].



Figure 4 shows that the efficiency of the surface-absorbing collector decreases faster than that of the DASC when we increase the temperature difference with the environment. In this case, the volumetric absorption of solar energy by particles in the nanofluid reduces the temperature of the receiver, compared to the case with surface energy absorption. This limits the thermal leak to the environment for the nanofluid-based DASC.



From Figure 4, we further note the existence of an optimum flow rate at which the thermal efficiency is maximal. In our experiments, the optimum was about 6 L/min. The nanofluid becomes overheated at flow rates under the optimum due to longer exposure of nanoparticles. In this condition, the natural convection of air at the DASC surfaces intensifies and increases the thermal loss. Conversely, a higher flow rate intensifies forced convection from the nanofluid towards the DASC surface and increases the thermal leaks again [17]. However, the turbulent mixing of the nanofluid reduces the surface temperature at high flow rates and so levels up the negative influence of forced convection.



To provide estimates of convective heat transfer in the DASC, we calculated Nusselt numbers using Churchill’s expression for heat transfer in forced convection [24]. The results are presented in Table 1. They are supplemented with the calculations of the frictional pressure drop in the rig that are extracted from the recently-documented CFD model of our DASC [17].



As follows from the table, the DASC operates in a variety of flow regimes at Nu always greater than 4.3. Due to a number of bends, the pressure drop is about 1.7 kPa at the best-efficiency point and goes up to 4.0 kPa at the maximum flow rate.



Figure 5 compares the thermal efficiency of our DASC with the efficiency of the commercial solar collectors with surface energy absorption: flat-plate [25] and evacuated tubes types [26]. The nanofluid-based DASC demonstrates comparable efficiency with commercial models at low surface thermal resistances   (  T l  −  T a  ) / I  . With increases in the temperature of the fluid, this advantage disappears. We explain it by a less than optimum thermal insulation of the top surface in the DASC and the lack of an anti-reflective coating.



The particle deposition is a crucial point for the operation of the DASC. It can reduce the receiver transparency and, consequently, the volumetric absorption of light radiation in the fluid [27]. After the experiments, we visually inspected the inner surfaces of the DASC but did not detect the deposition of the particles. It is consistent with our previous study of MWCNT NF, where the local contamination of the loop began visibly at particle volume fractions above 0.0044% [17].




4. Conclusions


The present study revealed that the thermal efficiency of the tubular direct absorption collector with Fe   3  O   4  /MWCNT nanofluid was in the range of 52.3–69.4%. These values were just above the efficiency of the equally sized solar collector with surface absorption. At the same time, the DASC based on MWCNT nanofluid demonstrated higher thermal efficiency (62.3–86.4%) than the DASC with a hybrid nanofluid. This result is explained by the lower spectrum-averaged extinction coefficient of the hybrid nanofluid than the MWCNT nanofluid. However, we note that another composition of a hybrid nanofluid might result in a better optical performance. This is a subject of future research.
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Figure 1. Microscopic images of iron oxide particles. 
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Figure 2. Microscopic images of multi-walled carbon nanotubes. 
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Figure 3. The experimental scheme. 
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Figure 4. Efficiency of the tubular DASC for different flow rates, heat transfer fluids, and optical boundaries. The experiments are presented for Re = 2100∼11,000. 
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Figure 5. Thermal efficiency of a DASC with nanofluid and commercial collectors. 
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Table 1. Nusselt numbers and pressure drops in the DASC.






Table 1. Nusselt numbers and pressure drops in the DASC.





	Parameter
	Range of the Values





	Flow rate [L/min]
	2 …4 …6 …8 … 10



	Re
	2166 …4333 …6500 …8667 … 10,834



	Nu
	4.5 …31.7 …61.8 …78.1 … 93.9



	Pressure drop [kPa]
	0.4 …0.9 …1.7 …2.6 … 4.0
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