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The present research benefits from the finite volume method in investigating the influence of combined turbulators on the thermal and hydraulic exergy of a parabolic solar collector with two-phase hybrid MWCNT-Cu/water nanofluid. All parabolic geometries are produced using DesignModeler software. Furthermore, FLUENT software, equipped with a SIMPLER algorithm, is applied for analyzing the performance of thermal and hydraulic, and exergy efficiency. The Eulerian–Eulerian multiphase model and k-ε were opted for simulating the two-phase hybrid MWCNT-Cu/water nanofluid and turbulence model in the collector. The research was analyzed in torsion ratios from 1 to 4, Re numbers from 6,000 to 18,000 (turbulent flow), and the nanofluid volume fraction of 3%. The numerical outcomes confirm that the heat transfer and lowest pressure drop are relevant to the Re number of 18,000, nanofluid volume fraction of 3%, and torsion ratio of 4. Furthermore, in all torsion ratios, rising Re numbers and volume fraction lead to more exergy efficiency. The maximum value of 26.32% in the exergy efficiency was obtained at a volume fraction of 3% and a torsion ratio of 3, as the Re number goes from 60,000 to 18,000.
Keywords: combined turbulators, two-phase flow, parabolic solar collector (PSC), hybrid nanofluid, exergy efficiency
INTRODUCTION
Due to the improvements in industries, many researchers focused on boosting the heat transfer (Kalbasi, 2021; Giwa et al., 2020). The incorporation of nanomaterials or nanofluids is another important passive method that has attracted the attention of researchers owing to significant developments in the field of materials science in recent decades (Abedi et al., 2019; Keyvani et al., 2019; Parsa et al., 2020; Tian et al., 2020; Torosyan et al., 2020; Giwa et al., 2021; Parsa, 2021; Parsa et al., 2021). Vortex generators and nanofluids can be named as the passive methods. Leaking to the previous studies, employing vortex generators and nanofluids results in better efficiency of thermal systems (Sharifpur et al., 2018; Mansoury et al., 2020; Rostami et al., 2020; Yan et al., 2020; Zahmatkesh et al., 2021). Among all generators, combined turbulators are the newest forms of generators.
Pourmohamadian et al. (2019) considered the influence of Brownian movement models on the flow, the forced convection heat transfer, and entropy generations in a chamber numerically. Re numbers from 10 to 1,000 and the volume fraction of 0.04% were employed for the simulations. The finite volume method (FVM) with the SIMPLER algorithm was utilized as a solution to converge conservation equations. Rising the mean Nu number and entropy generations in all Re numbers was a clear outcome of rising the percentage of nanofluid volume fraction.
Nguyen et al. (2020) used triangular ribs as vortex generators and hybrid nanofluids to increase the heat transfer. The outcomes of simulation claimed that the heat transfer can be achieved at higher nanofluids in the presence of triangular ribs.
Aghaei et al. (2018) employed the numerical methods to see the effect of elliptical vertical and horizontal walls on entropy generation, heat transfer, and MWCNT/water nanofluid in a square chamber equipped with baffles. The finite volume method (FVM) with the SIMPLER algorithm with a Fortran code was utilized as a solution to converge conservation equations. The research was done on Re number from 0.01 to 100, the volume fraction of 0.08%, and at the constant Gr number of 104. The outputs showed that baffles result in more heat transfer and entropy generations in a horizontal position. Also, the maximum heat transfer was depicted in volume fraction of 1% and Ri = 0.01. Karimipour et al. (2020) employed hybrid nanofluids as an effective solution to enhance heat convection transfer in the presence of vortexes. They reported that there is a 79% rise in heat transfer in the maximum volume fraction of hybrid nanofluids. Fattahi et al. (2020) utilized numerical methods to investigate the various efficient types of materials to have more heat transfer in the design of heat exchangers. AlN, as a member of advanced ceramic, has a significant conductive heat transfer in the construction of heat exchanger. Small heat exchangers made by AlN were the main goals of their study. Based on the numerical outputs, AlN heat exchangers were 59% practical compared with their peers Al2O3.
Vajdi et al. (2020) benefited from BeO as an advanced ceramic that has a significant role in microthermal systems such as micro heat exchangers (MHE) by exerting numerical methods. These exchangers are a member of micro electrothermal systems that absorb a considerable amount of heat flux in a small volume. Owing to the high level of the MHEs, it has been proved that such applications are useful in supercomputers, optical systems, and other tools of high flux devices.
Dinesh Kumar et al. (2020) studied the thermal and hydraulic properties of a plate heat exchanger to increase heat transfer. They used a multi-objective whale optimization (MOWO) to optimize the plate heat exchanger’s parameter.
In another study, Acır et al. (2016) numerically calculated the effect of circular turbulators with different angles on the energy and exergy efficiency of a solar collector. According to the obtained results, the highest energy efficiency and exergy have been increased by 1.06 and 5.4%, respectively, when using circular turbulators.
Olfian et al. (2021) numerically considered the influence of phase change materials in a solar collector equipped with a corrugated U-shaped tube by the finite volume method. Their results show that the corrugated tube enhances the heat transfer by 21.55% compared to the smooth tube.
In addition, Hashemi Karouei et al., (2021) numerically examined the effect of a curved turbulator on the thermal performance of hybrid nanofluids in a heat exchanger. For this purpose, they used water-hybrid nanofluid (MWCNT-Fe3O4/water). Their results show that the thermal performance is directly proportional to the Reynolds number and nanoparticle concentration; in other words, it grows as they increase.
Panahi and Zamzamian (2017) experimentally explored the effect of a helical turbulator on the flow field and heat transfer in a heat exchanger. The results indicate that when a helical turbulator was used, the heat transfer increases significantly compared to the simple heat exchanger.
Numerically, Zhou et al. (2018) surveyed the heat transfer properties of oscillating heat pipes with graphene nanofluids by computational fluid dynamics. They found that in the presence of 2% nanofluid, the thermal resistance decreases by 83.6% compared to distilled water.
By using the finite volume method, Wongcharee and Eiamsa-ard (2011) evaluated the influence of twisted tapes with alternate axes on flow friction, heat transfer, and thermal performance in a round tube. In their study, they used Fluent to numerically simulate. Their results revealed that the heat transfer rate and friction coefficient of all twisted tapes are significantly higher than that of the channel without the twisted tape. Moreover, heat transfer increments with increasing Reynolds number and wing-chord ratios. Nguyen et al. (2020) and Yan et al. (2020) employed a wavy wall to make vortexes to improve heat transfer in a heat exchanger by hybrid nanofluids. According to their outputs, as the amplitude of wave rises, the strength of vortexes turns higher and results in more heat transfer. Júnior et al. (2019) numerically considered the performance of thermal parameters on exhaust gases of the cyclone preheater. They claim that, with the aid of heat recovery, the energy and exergy efficiency can be increased by 0.22 and 0.48, respectively. Geometric parameters also have a significant effect on the thermal performance.
Pal Singh Bhinder et al. (2012) simulated the effect of a semicircular cylinder on forced heat transfer within the channel. They found that the heat transfer grows with increasing Reynolds number and angle of incidences. In addition, the streamline curvature increases with a higher angle of incidence.
In an experimental study, Zarringhalam et al. (2016) tested the effect of nanoparticle volume fraction and Reynolds number on the heat transfer coefficient and pressure drop of nanofluid of a two-pipe reverse flow heat exchanger in a turbulent regime at Reynolds numbers 2,900–18,500. They used water–copper oxide nanofluids as the working fluid. They observed a higher heat transfer coefficient, average Nusselt number, and increase in the pressure drop in nanofluids compared with base fluids, and these increases were intensified by higher nanoparticle volume fraction. They also reported that the optimal conditions for the thermal performance factor are for 2% nanoparticle volume fraction at Reynolds number 3677. Srikanth et al. (2010) investigated the effect of triangular obstacles in a horizontal channel by applying the numerical software (Fluent). The K-epsilon turbulent model was employed for the turbulence model. The outputs reveal that the height of the obstacle results in more heat transfer.
Based on the aforementioned literature, the impact of combined turbulators has not been investigated on the hydraulic and thermal performance and exergy efficiency of two-phase hybrid MWCNT-Cu/water nanofluid of the parabolic solar collector. Consequently, in this research, a combined turbulator is checked on torsion ratios from 1 to 4, Re numbers from 6,000 to 18,000 (turbulent flow), and the nanofluid volume fraction of 1–3%.
MODEL DESCRIPTION
The geometry of solar collectors with combined turbulators is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | The geometries of various solar collector combined turbulators.
L and D are the length and diameter of the tube used in the collector, respectively. Moreover, n indicates the number of times the turbulator is twisted inside the tube.
The specification of solar collectors equipped with combined turbulators is listed in Table 1.
TABLE 1 | The specification of solar collector.
[image: Table 1]The Specification of Hybrid Nanofluid
The specification of the two-phase hybrid MWCNT-Cu/water nanofluid, which is passed in a solar collector, is also listed in Table 2.
TABLE 2 | The specification of water and nanoparticles (Abdollahzadeh et al., 2018; Nguyen et al., 2020).
[image: Table 2]Implication of Numerical Method
Applying numerical methods was always an affordable solution to analyze the behavior of the flow field and heat trasnfer (Razavi et al., 2019; Shiriny et al., 2019; Bahrami et al., 2020; Dinarvand et al., 2021). In the current research, FVM with the SIMPLER algorithm that couple pressure and velocity were employed to simulate. A two-phase Eulerian–Eulerian model was opted for simulating the hybrid MWCNT-Cu/water nanofluid in the collector (Behzadmehr et al., 2007; Hejazian et al., 2014). The advantage of this model is that each phase has a specific velocity field; further every volume fraction is benefited from different velocities (Sheikholeslami et al., 2016). Owing to turbulence flow, k-ε was applied for the turbulence model for the simulations. This is an appropriate model for solving the temperature and flow field of combined turbulators.
The equations that should be applied in the numerical methods are presented in Table 3 (Sheikholeslami et al., 2016):
TABLE 3 | Governing equations (Sheikholeslami et al., 2016).
[image: Table 3]The standard constants in the k-ε model are employed, [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image].
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The pressure drop through inlet to outlet of test section is defined as follows:
[image: image]
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GRID INDEPENDENCY
The temperature of hybrid nanofluid was calculated at the outlet of the solar collector so as to reach a suitable meshing network. The outcomes of various element numbers are exhibited in Figure 2. Based on the given outputs, the network with 1,926,154 was sufficient, since rising more elements results in a negligible change in the value of temperature.
[image: Figure 2]FIGURE 2 | The outcomes of various node numbers.
VERIFICATION
The geometry of Sheikholeslami et al. (2016) and their boundary conditions were utilized to validate. The consequence of their research is compared with the result of the present study in the mean Nu form in Figure 3. There is a slight 3.27% discrepancy in the outputs of the present study compared with Sheikholeslami et al. (2016), which claims that the current numerical methods can be reliable.
[image: Figure 3]FIGURE 3 | The outcomes of the present study compared with Sheikholeslami et al. (2016).
RESULTS AND DISCUSSION
The outputs of numerical results are offered in this section. First, the contours of pressure, velocity, and temperatures are presented for various torsion ratios of combined turbulators. Then, the contours of streamlines and vectors of flow are examined. Eventually, the results of mean Nu number, pressure drop, and the variations of performance exergy are discussed in different Re numbers, volume fractions, and torsion ratios of combined turbulators in the parabolic solar collector.
The contours of pressure for Re = 18,000, φ = 3%, and torsion ratios of a) n = 1, b) n = 2, c) n = 3, and d) n = 4 are depicted in Figure 4. The density of streamlines rises with the increase of the torsion ratio of the combined turbulator in the solar collector; so this leads to a high value of pressure in the parabolic solar collector. The two-phase hybrid nanofluid rotates between the blades of the turbulator, which leads to more density of streamlines and heat transfer. There is a stagnation point in the hitting of the fluid at the combined turbulator which leads to the whole velocity transfer to the pressure. As the flow passes through the turbulators, there is a gradual decrease in the figure for the pressure.
[image: Figure 4]FIGURE 4 | The distribution of pressure field at torsion ratios of (A)n = 1, (B)n = 2, (C)n = 3, and (D)n = 4.
The distribution of velocity for Re = 18,000, φ = 3%, and torsion ratios of a) n = 1, b) n = 2, c) n = 3 and d) n = 4 is exhibited in Figure 5. As it is obvious from the velocity field, more compression of streamlines can be achieved with the increase in the torsion ratio of the combined turbulator in the solar collector. So this leads to a considerable velocity. The separation flow occurs, as the flow impacts the combined turbulators, which leads to the formation of vortices, and these vortexes start to rotate. Consequently, heat transfer sees a considerable improvement, as the no-slip condition is considered for the whole inner wall, the fluid attached to the wall, therefore, the velocity is minimum in the vicinity of the wall of the collector and reached its maximum value at the central.
[image: Figure 5]FIGURE 5 | The distribution of velocity at torsion ratios of (A)n = 1, (B)n = 2, (C)n = 3, and (D)n = 4.
The contours of streamlines for Re = 18,000, φ = 3%, and torsion ratios of a) n = 1, b) n = 2, c) n = 3 and d) n = 4 are exhibited in Figure 6. As it is vividly shown, rising the torsion ratio of the combined turbulator brings about the lower streamlines’ density in the first time of the impact. As it was mentioned, rising the torsion ratio results in more velocity at the initial moment which hits the curved turbulator that leads to compression of more streamlines. The distribution of temperature and three-dimensional vectors that show the direction of the flow for the same conditions of the Re number, φ, and torsion ratios are illustrated in Figures 7, 8, respectively. The vectors of streamlines experience a substantial rise as a result of more torsion ratio.
[image: Figure 6]FIGURE 6 | The streamlines at torsion ratios of (A)n = 1, (B)n = 2, (C)n = 3, and (D)n = 4.
[image: Figure 7]FIGURE 7 | The distribution of temperature at torsion ratios of (A)n = 1, (B)n = 2, (C)n = 3, and (D)n = 4.
[image: Figure 8]FIGURE 8 | The vectors of flow at Re = 18,000, φ = 3%, and torsion ratios of (A)n = 1, (B)n = 2, (C)n = 3, and (D)n = 4.
The variation of mean Nu number for different Re numbers and volume fractions is exhibited in Figure 9. The heat transfer sees a substantial improvement as a result of rising the values of Re numbers, torsion ratios, and volume fraction of hybrid nanofluids in all cases. This figure confirms that at Re = 18,000 and φ = 1%, rising the torsion ratio to 4 brings about 13.17% enhancement in heat transfer. The figure for φ = 3% at the same condition is 15.29%. For mean Nu number, rising Re numbers from 6,000 to 18,000 has a considerable growth of 269.25% at φ = 3% and a torsion ratio of 1. This growth is 244.18, 226.05, and 204.09% for torsion ratios of 2, 3, and 4, respectively.
[image: Figure 9]FIGURE 9 | The variations of mean Nu number at (A)φ = 1%, (B)φ = 2%, (C)φ = 3%.
Figure 10 exhibits the variation of pressure drop for different Re numbers and volume fractions. A significant pressure drop can be seen owing to increasing the figures for the Re number, torsion ratio, and volume fraction of hybrid nanofluid in all cases of combined turbulators as a result of higher flow stagnation of two-phase hybrid nanofluid, which impacts the blades at the initial time. Besides, rising the percentage of volume fraction of hybrid nanofluid causes more pressure loss in the parabolic solar collector. The highest amount of pressure loss is related to Re = 1800, φ = 3%, and a torsion ratio of 4, and the lowest extent of pressure loss is related to Re = 6,000, φ = 1%, and a torsion ratio of 1. At φ = 3%, rising Re numbers from 6,000 to 18,000 brings about 543.51, 497.79, 401.65, and 289.86% increase in pressure drop at torsion ratios of 1, 2, 3, and 4, respectively.
[image: Figure 10]FIGURE 10 | The variations of pressure drop at (A)φ = 1%, (B)φ = 2%, and (C)φ = 3%.
The exergy efficiency of the collector is displayed in Figure 11 at all Re numbers, volume fractions, and torsion ratios. In all torsion ratios, adding nanofluid volume fraction and rising Re numbers bring about higher exergy performance. At φ = 3%, as the Re number goes from 6,000 to 18,000, there is a 23.26, 24.4, 26.32, and 24.33% enhancement in the exergy efficiency at n = 1,2,3, and 4, respectively.
[image: Figure 11]FIGURE 11 | The variations of exergy efficiency (A)n = 1, (B)n = 2, (C)n = 3, and (D)n = 4.
CONCLUSION
The present study benefits from the finite volume method in investigating the influence of combined turbulators on the thermal and hydraulic exergy of a parabolic solar collector with two-phase hybrid MWCNT-Cu/water nanofluid. The Eulerian–Eulerian multiphase model and k-ε were opted for simulating the two-phase hybrid MWCNT-Cu/water nanofluid and turbulence model in the collector. The study was analyzed in torsion ratios from 1 to 4, Re numbers from 6,000 to 18,000 (turbulent flow), and the nanofluid volume fraction of 3%.
The highlighted outcomes from this study are as follows:
• In all torsion ratios, adding nanofluid volume fraction and rising Re numbers bring about higher exergy performance.
• The maximum value of heat transfer is related to higher Re number, torsion ratio, and volume fraction.
• The minimum value of heat transfer is related to the least Re number, torsion ratio, and volume fraction.
• Rising Re numbers from 6,000 to 18,000 has a considerable growth of 269.25% at φ = 3% and torsion ratio of 1.
• At φ = 3%, as the Re number goes from 6,000 to 18,000, there is a 23.26, 24.4, 26.32, and 24.33% enhancement in the exergy efficiency at n = 1,2,3, and 4, respectively.
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