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Abstract

:

Solar water heaters (SWHs) are widely used in HVAC industries as well as in households for different heating purposes. The present numerical simulation focuses on the investigation of the thermo-hydraulic performance of novel semi-arc-rib SWHs. Semi-arc-shaped ribs in the square channel of the absorber plates with different pitch and height ratios are investigated in this study. The present novel modification disturbs the boundary layers by generating vortices, and thus, enhanced fluid mixing takes place. Water with a Reynolds number (Re) ranging from 4000 to 25,000 is used as a working fluid, and a 1.0 kW/m2 heat flux is imposed on the tube wall. The results demonstrate a significant increase in the Nusselt number (Nu) as the fluid layers localize behind each rib near the absorber plates, and at the same time, the number of swirls generated inside the tube and the frictional losses both increased noticeably. To ensure the effectivity of the present novel SWH geometry, the thermo-hydraulic performance (η) for each case was calculated, and it was found that in all the cases, it was greater than unity, which signifies that the present semi-arc-rib SWH is promising and can be used in HVAC industrial and household applications.
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1. Introduction


Energy consumption has increased as a result of welfare development and ongoing population rise across the world. Energy efficiency and sustainability are becoming more significant in today’s world as a result of a supply and demand imbalance. Therefore, a significant amount of effort is being made to develop energy-efficient devices without any major financial investment.



A solar water heater is an important device that uses solar energy to heat water for domestic or commercial use. It consists of a solar collector, which absorbs the sun’s energy, and a storage tank for hot water. The solar collector can be flat plate or evacuated tube and is typically mounted on a roof or a wall facing the sun. The storage tank is typically located near the collector and is insulated to reduce heat loss. The hot water produced by the solar collector is transferred to the storage tank, where it can be used as needed. Solar water heaters are an environmentally friendly and cost-effective alternative to traditional water heating systems that rely on fossil fuels.



Heat transfer enhancement for a solar water heater refers to methods used to improve the heat transfer rate from the solar collector to the water in the storage tank. This can be achieved by increasing the heat transfer area, the heat transfer coefficient, or the temperature difference between the two fluids. The common method for heat transfer enhancement is to improve the design of the solar collector by incorporating fins or other structures to increase the heat transfer area and, at the same time, use more thermally conductive fluids, such as water, with a high thermal conductivity, which can be used to transfer heat more efficiently. Implementing these heat transfer enhancement methods can lead to an improved performance and increased efficiency of a solar water heater. Generally, the technique of heat transfer enhancement (HTE) is divided into three categories: active techniques [1]; passive techniques [2,3]; and combined or combinational techniques [4,5]. Conventional heat exchangers (HEs) are incapable of satisfying the demand of heating and cooling in modern industries with their limited capacity. Modifications are being applied to the heat exchangers to enhance their thermal and flow performance. This includes use of ribs, turbulators, ultrasound, vibrations, magnetic field, electric field, advance heat transfer fluids, etc. [6]. The objective is to increase the thermohydraulic performance of a thermal device, whether by increasing the surface area for fluid interaction, by increasing the swirling motion of the fluid, or by increasing the thermal conductivity of the fluid. The thermohydraulic performance of a heat exchanger refers to its ability to transfer heat from one fluid to another. This performance is influenced by various factors, such as the temperature difference between the two fluids, the flow rate of the fluids, the heat transfer area, and the heat transfer coefficient. The overall thermohydraulic performance can be evaluated by calculating the heat transfer rate, the thermal efficiency, and the pressure drop across the heat exchanger. Improving the thermohydraulic performance of a heat exchanger can be achieved by optimizing these factors and increasing the heat transfer area and the heat transfer coefficient.



Among the various techniques of HTE in SWHs, ribs are the simplest, and the enhancement is appreciable when compared with other methods [7,8,9,10]. Deo et al. [8] experimentally investigated the influence of staggered inclined ribs on the thermal and flow performance of solar air heaters and reported significant enhancements in the performance and efficiency of solar air heaters (SAHs) when compared with a plane channel. Zhang et al. [9] studied the effect of longitudinal intersecting ribs on the thermohydraulic performance of gas turbine blades and reported an increase in the overall efficiency. Singh and Ekkad [11] reported on the implementation of ribs, along with dimples, for improving the cooling performance of gas turbine blades. It has been noted that the presence of both ribs and dimples enhanced the heat transfer (HT) and improved thermal hydraulic performance. Yang et al. [12] carried out a simulation study to study the impacts of high-blockage ribs on the HT and pressure drop (PD) characteristics of gas turbine blades. It was reported that the HT coefficient increases with an increase in the Re, the rib space to height ratio, and area of the ribbed portion covered in the channel. Alfarawi et al. [13] experimentally evaluated the thermal and hydrodynamic characteristics of air inside a rectangular ribbed channel. Tanda [14] presented performance results of SAHs fitted with four sets of ribs and found significant enhancements in the HT as well as the PD. Kumar et al. [15] reported on multiple arc-shaped ribs for SAHs, and although changing the roughness parameters resulted in an increase in the solar air heater’s pumping power, there was a notable improvement in the thermal performance of the device. Hans et al. [16] examined single discrete arc ribs and how they affected SAH performance with constant parameter values. In single arc (discrete) ribs, the Nu was improved by 2.63 times more than the smooth SAH. Promvonge [17] experimentally reported on the influences of quadruple-twisted tapes arranged in four different combinations and V-fins on the HT and PD performance of square HE ducts. The V-finned counter-twisted tape had a much better thermal performance than the quadruple-twisted tapes. Mokkapati and Lin [18] reported on the thermohydraulic performance of corrugated tube HE tubes fitted with twisted tapes. The findings indicate that, as compared to plain tubes and corrugated tube HEs without twisted tapes, annularly corrugated tube heat exchangers with twisted tape boost the rate of HT by about 235.3% and 67.26%, respectively. Abraham and Vedula [19] investigated straight, V-shaped, and W-shaped ribs with apex angles of 45°. The ribs’ height was kept as constant, and the pitch was varied. It was reported that the variation in the Nu ratios for the V and W configurations was negligible for the same pumping capacity. Chung et al. [20] reported on simple square ribs placed at a 60o angle in line with the direction of flow. They compared the performance of inclined ribs with that of intersecting ribs. The aspect ratio of the channel was varied between 1 and 4. It was found that the presence of intersecting ribs aided in the generation of more vortices, which resulted in a higher heat transfer enhancement for all the aspect ratios. Gawande et al. [7] employed L-shaped ribs for HTE in SAHs. The dimensions of the ribs remained constant, and the pitch or gap between the ribs varied from 10 to 25 mm. Configuration with a higher pitch ratio resulted in higher augmentation. Liu et al. [21] numerically investigated perforated square ribs for cooling channel application. The ribs under investigation were perforated with square and circular holes. It was reported that the perforated ribs showed an enhanced thermal performance when compared with non-perforated ribs and were suitable for cooling application. Bhattacharyya et al. [22] investigated alternating inclined ribs for their thermohydraulic performance in a circular channel. Four angles of attack were investigated for a wide range of Re values, covering laminar, transition, and turbulent flow regimes.




2. Objective


The use of novel arc-shaped ribs as a means of enhancing heat transfer is a new technique in the field of HTE. Arc-shaped ribs are small devices that are attached to the surface of a heat exchanger wall and cause the fluid flow to become turbulent, which can enhance the convective heat transfer and improve the overall heat transfer coefficient. From the literature, it was found that many researchers are working on circular tubes to enhance heat transfer by inserting only unidirectional ribs, and it was also noticed that in many cases, the thermo-hydraulic performance of the system falls below unity. As per the authors’ knowledge, thus far, no research has been conducted on square channels with semi-arc-shaped ribs on four sides of the channel to enhance HT. Overall, the use of ribs for heat transfer enhancement remains an active area of research and development, with a significant degree of novelty and potential for continued innovation. In this study, a turbulent HTE in the square channel with the augmentation of the flow pattern using novel arc-shaped ribs in SWHs is presented.




3. Computational Domain, Boundary Conditions and Meshing


The dimensions of the 3D square channel are 20 mm × 20 mm, and a length of 2500 mm is taken for the present computational investigation; these dimensions are constant throughout the study. To enhance the convective HT rate, semi-arc ribs are attached to the SWH walls. The computational domain is shown in Figure 1. The current study concerns the region of the turbulent flow regime with a high Re ranging from 4000 to 25,000. A fully developed velocity profile is incorporated at the SWH inlet for different Re values. All side walls are assumed to have iso-heat flux boundary conditions with 1.0 kW/m2 throughout the test section. Table 1 presents the tested parameters. To make efficient use of the computer resources, simulations were conducted based on the assumptions below:




	
The flow is incompressible, and steady-state equations are solved to predict the results.



	
The air travels easily over the solid surface with a no-slip boundary condition.



	
In ambient circumstances, water as the working fluid, enters in the computational domain.








The steady incompressible viscous flow is computationally simulated using a modified SWH with semi-arc cross-sectional roughness elements. The roughness elements are positioned on each corner of the square channel. The flow field and HT through the SWH are governed by the Navier–Stokes equation and the energy equation, which are written as follows [22]:


    ∂   ∂   x   i       ρ     u  ‾    i     = 0  



(1)
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(3)







The variables P, u, and T in the equation above represent pressure, velocity, and temperature, respectively.



The important RANS turbulent model, using the k-ω RNG model, is implemented because this model includes an additional ω-equation that improves the accuracy of the projected results. This model includes the following equation:


    ∂   ρ k   u   i       ∂   x   i     -   ∂   ∂   x   j         α   k     μ   e f f     ∂ k   ∂   x   j       -   G   k   + ρ ε = 0  



(4)
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    μ   e f f   =   μ   f   +   μ   t   =   μ   f   + ρ   C   μ       k   2     ε    



(6)







The simulation software ANSYS Fluent 18.1 is used to simulate the HT and PD characteristics in the modified SWH with semi arc-shaped ribs. To discretize, the governing equations, second-order numeric techniques are used to improve the accuracy and reduce literation errors. In addition, the convergence threshold for the continuity and momentum components is established as 10−6, and for the energy equation, it is 10−8 [22]. Steady-state calculations are performed on the quantities required to estimate the thermal–hydraulic performance.



In the test section, all the properties such as the velocity, pressure, temperature, etc., are measured under steady-state conditions. The tetrahedral element is formed in the semi-arc-shape-ribbed SWH. The Y+ value is kept as smaller than one for the rib roughness and the heated wall. ANSYS ICEM is used to construct the meshing, and the values of all the meshed elements are guaranteed to be more than 0.75. The procedure of constructing the mesh begins with 10 mm-sized coarse components, and the process is continued until the results have no or minimal influence on the mesh refinement (or element size). The meshing is shown in Figure 2, and Table 2 presents the specifics of the grid refinement along with the appropriate solution for the average Nu and friction factor (f). As a result, the grid of 2,987,675 nodes, which is grid 1 in Table 1, is used for all the simulations in order to save computational time and resources.



Heat transport to the working fluid is quantified using the first law written below. It is known from the first law of thermodynamics that the rate of net HT to the working fluid is proportional to the temperature difference between the inlet and outlet fluids, as well as the mass flow rate and specific heat of the induced fluid [3,23].


  Q = m  c p   (   T o  −  T i   )   



(7)







The heat transfer coefficient is calculated using the following equation, as stated by Bhattacharyya et al. [3]:


  h =    q w     T w  −  T b     



(8)







The Nusselt number measures the extent to which convection contributes to the total heat transfer relative to conduction. A comparison of the superiority of convective heat transfer vs. conductive heat transfer may be conducted using this dimensionless metric. In other words, a rising Nu value suggests that convection is a more important heat transfer mechanism than conduction. One possible expression of this is [23]:


  N  u  a v g   =   h D  k   



(9)




where k is the thermal conductivity of the material.



One of the most critical parameters for assessment is known as Darcy’s Friction Factor. This parameter is indicated by f and may be determined using the formula listed below [22]:


  f =    Δ P     L D   1 2  ρ  V 2     



(10)







Here,  ρ , D, and L signify the density of the fluid, hydraulic diameter, and length of the SAH, respectively. Based on the free cross-section of an insert, the bulk fluid velocity and the static pressure drop are both designated by the ΔP. Reynolds number is used to compute the velocity of the working fluid (Re). The formula is as follows [3]:


  R e =   ρ V D  μ   



(11)







The increment in Nuavg and f due to the semi-arc-shaped ribs’ imposition on the SAHs, with respect to smooth SAHs, is determined by Nuc and fc, where Nuc and fc can be determined as [22]:


  N   u    c      =       N   u    avg           with   rib            N   u    avg           smooth         



(12)






    f   c   =       f      with   rib            f      smooth         



(13)







From Equations (12) and (13), the thermo-hydraulic performance (THP) can be determined as [22]:


  T H P = N   u    c      ×   f   c   -   1   3      



(14)








4. Validation


It is essential to validate the present simulations with the literature. The Nusselt numbers for plain channels obtained by simulation are compared in Figure 3a with those from Dittus–Boelter [23]. Figure 3b contrasts the friction factor with the historically reliable Blasius correlation [24]. The average absolute variance for the Nusselt number was found to be 4.0% and the average deviation for the friction factor was found to be 2.0% when comparing the simulated findings with the projected data. The current computational model can be used to calculate the flow and HT in a square channel with semi-arc-shaped ribs if the simulation accuracy is accepted.


  N u = 0.0023   R e   0.8     P r   0.4    



(15)






  f =   0.316     R e     1   4        



(16)








5. Results and Discussion


This important discussion section provides a detailed summary of the present computation investigation on the novel semi-arc-shaped ribs. Semi arc-shaped ribs are mainly responsible for disturbing the hydrodynamic and thermal boundary layers of the water flow, which leads to the formation of vortices near the heated walls and better mixing of the fluid layers. Due to the above-mentioned phenomenon, convective heat transfer is superior to conductive heat transfer. The current study concerns turbulent flow with Re ranging from 4000 to 25,000. Heat transfer, pressure drop, the j-factor, Bejan number, and thermo-hydraulic performance, as a function of the Re results, are discussed in this section.



Heat transfer in SWH was enhanced significantly by the incorporation of semi-arc-shaped ribs inside the square tube, as shown in Figure 4a. A decrease in the conduction HT and an increase in the convection HT occur when ribs are added to the SWH walls, and this is because the ribs increase the convective surface area. In addition, the development of the boundary layer acts as a fence for the HT, as this is a forced convection heat transfer scenario, and, as a result, the ribs installed in the flow field aid in the disruption of the boundary layer and boost the rate of HT.



Considering three different pitch ratios (P) of the semi-arc-shaped ribs, Figure 4a shows a plot of the average Nu as a function of Re for different height and pitch ratios. Convective heat transfer coefficients increase with increasing Re or flow velocities because this type of heat transfer is driven by forced convection. Increases in flow velocity raise the Re, which causes the flow to become more turbulent. This means that the fluid layers may be travelling over many other fluid layers, leading to greater mixing in the flow and a consequently greater heat transfer from the channel wall. The insertion of the novel-shaped ribs will increase the Nusselt number in heat transfer situations by creating turbulence in the fluid flow and enhancing the convective heat transfer. This will lead to an increase in the overall heat transfer coefficient and result in an increased Nusselt number. One can see from Figure 4a that the Nu increases uniformly with the Re for all the tested cases. In addition, when the roughness pitch ratio increases, the Nu drops for a certain Re. The ratio of the rib pitch to the rib height is the relative roughness pitch.



The Colburn j-factor is a dimensionless number used in the field of HT to predict the convective HT coefficient in forced convection. It is defined as the ratio of the convective HT coefficient to the product of the fluid’s dynamic viscosity, the density of the fluid, and the square of the characteristic length (L) over which the HT occurs. It is important to note that the Colburn j-factor is an empirical coefficient, meaning that it is determined experimentally and may vary depending on the specific conditions of the HT process. In Figure 4b, it is apparent that the Colburn j-factor decreases with a rise in Re. This may be due to the novel rib creating turbulence in the fluid flow, which enhances the convective heat transfer and increases the overall heat transfer coefficient. Moreover, placing rib inserts in SWHs enhances the j-factor, meaning that higher heat transfer occurs due to the better mixing of the fluid. A higher j-factor can be observed when a small pitch ratio and high height ratio of the ribs are present. However, the effect of rib insertion on the Colburn j-factor will depend on the specific configuration and the thermal–fluid properties involved.



In the presence of semi-arc-shaped ribs, there is a flow separation that can be appreciated by examining Figure 5a,b and this can lead to a breakdown of the boundary layer, as well as the reattachment of the separated boundary layer, eddy generation at the rib tips and in the inter-rib regions, and enhanced mixing owing to the development of localized turbulence. The flow is obstructed (as one can see from Figure 5a,b), the boundary layer is stunted, and the local turbulence is increased as the number of ribs is increased. This leads to a greater rate of HT.



In HT and fluid flow problems, the PD, in terms of f, is very important in order to calculate and, accordingly, understand the performance of the system. The f is a measure of the resistance to flow in a channel. It is an important factor for determining the pressure drop and flow rate in a system. In an SWH, the insertion of rib inserts can increase the friction factor by creating a more turbulent flow of water through the pipe. In the present study, it was observed that placing ribs inside the SWH increases the HT rate significantly. On the other hand, an increase in frictional loss is also observed after imposing the ribs inside the channel. Figure 6 shows that f decreases with a rise in Re. While modified SWHs are analyzed here, a noticeable increase in f is observed in comparison with smooth channel SWHs. The friction factor increases with a decrease in the pitch ratio and increase in the height ratio. A small pitch ratio signifies smaller gaps between two consecutive ribs, and the height ratio signifies the height of the ribs. From Figure 6, it is clearly apparent that when the gaps between the ribs decrease, the friction factor increases, because in this scenario, the number of vortices is high, and due to the localization of the fluid, the friction factor increases significantly. The height of the ribs plays a significant role in creating vortices. Increases in height mainly create larger vortices, and thus, f increases with an increase in the height of the ribs.



Entropy analysis is an important aspect to study in thermal systems. The Bejan number is defined as the ratio of the system irreversibility to the total system irreversibility due to flow dynamics. It is often used to predict the flow patterns and HT characteristics of fluids in channels. The Bejan number can be used to design heat exchangers and predict the performance of heat transfer equipment. In general, a high Bejan number indicates that convective heat transfer is more important than conductive HT, while a low Bejan number indicates the opposite. The Bejan number is often used in conjunction with other dimensionless numbers, such as the Re and the Prandtl number, to predict the behavior of fluids in different flow regimes.



Generally, thermal entropy generation can be defined as [25,26]:


      S  ˙    g , t h   =     Q   a v g   2     N u π k   T   i     T   0   L    



(17)







Similarly, frictional entropy generation can be defined as [25,26]:


      S  ˙    g . f   =   8 f     m  ˙    3   L     ρ   2     π   2     D   i   5       T   0   -   T   i       ln ⁡       T   o       T   i        



(18)







Finally, the Bejan number is defined as [26]:


  B e =       S  ˙    g , t h         S  ˙    g , t h   +     S  ˙    g , f      



(19)







In Figure 7, one can see that the Bejan number decreases with an increase in Re. An enhancement of the Bejan number due to the placement of the ribs was clearly observed in the present study. This signifies that the HTE is due to the placement of ribs in SWHs.



Thermo-hydraulic performance (THP) is a parameter used to predict efficient modification in heat exchangers. THP is the ratio of Nu and f (Equation (11)). In the present study, thermo-hydraulic performance mainly signifies the effectivity of the rib inserts in SWHs. Figure 8 shows a decrease in THP with increasing Re. The placement of ribs improves the THP, which means that Nu increases higher than the increase in frictional loss. This signifies that ribs are an effective way to enhance the efficiency of SWHs. A lower pitch ratio and higher height ratio (P = 1.0, H = 0.5) perform better, as per Figure 8a. Keeping pitch ratio constant (P = 1.0), it is apparent that a higher height ratio (H = 0.5) results in higher performance increments. Similarly, when H = 0.5 is kept as constant, a lower pitch ratio (P = 1.0) results in high performance enhancement for each given height ratio. Moreover, it is important to note that for all the tested cases, the THP is greater than unity, which means that the present SWH system is promising and can be implemented.



Figure 8b presents a comparison plot of the present study (best case: y = 0.5, h = 0.2, θ = 60o) with the literature (research in similar areas). It is clearly illustrated in Figure 8b that the outcomes of the present study are superior when compared with the literature on similar domains, such as that of Wang et al. [27], Tang [28], Mohammed et al. [29], Eiamsa-ard et al. [30], Promvonge [31], and Chang et al. [32].




6. Conclusions


A computational study on HT and PD in a square-channel SWH with the insertion of semi-arc-shaped ribs was presented. As the working fluid, water was utilized, and the Re ranged from 4000 to 25,000. The present geometry encompassed semi-arc-shaped ribs with pitch ratios of 1.0, 1.5, and 2.0 and rib height ratios of 0.5, 0.4, and 0.25.



From the above computational study, the following conclusions may be drawn:




	
The insertion of novel-shaped ribs increases the Nusselt number by creating swirl flow in the flow field and enhancing the convective HT, and eventually, this leads to an augmentation of the overall heat transfer coefficient and results in an increased Nusselt number.



	
With an increase in the semi-arc-shaped rib height, the heat transfer rate increases, and at the same time, the friction factor is also increased significantly.



	
A decrease in the semi-arc-shaped rib pitch leads to enhancements in the heat transfer. However, more enhancement is noted when the rib height ratio is highest and the pitch ratio is lowest.



	
The Colburn j-factor and Bejan number were also presented, and the outcome is promising.



	
The thermal performance factor remains higher than unity for all the configurations investigated in the present numerical investigation. A pitch ratio of 1.0 and height ratio of 0.5 show the highest performance. The enhanced geometry is promising and may be implemented in the HVAC sector.








Some practical guidelines for optimizing the performance of novel arc-shaped rib inserts in a solar water heater are as follows:




	
Arc-shaped rib pitch ratio: Choose a pitch ratio that is optimal for the specific flow conditions. A higher pitch ratio can increase turbulence, but a pitch ratio that is too high can also cause excessive pressure drop.



	
Arc-shaped rib height ratio: The height of the rib can affect the amount of turbulence generated, with large rib heights generally causing more turbulence. One should choose a rib height that balances the desired level of turbulence with the pressure drop acceptable for the given system.



	
Rib material: The material of the rib can affect the heat transfer and corrosion resistance of the system. One should consider using a material with good thermal conductivity and resistance to corrosion for a specific application.



	
Flow rate: The flow rate through the system can affect the heat transfer and turbulence generated by the novel arc-shaped rib insert. One should choose a flow rate that balances the desired level of heat transfer with the pressure drop acceptable for the given system.
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Figure 1. Computational domain. 
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Figure 2. Meshing of the computational domain. 
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Figure 3. Validation of the computation study: (a) Nu and (b) f. 
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Figure 4. (a) Nu as a function of Re at different pitch and height ratios, and (b) Colburn j-factor as a function of Re at different pitch and height ratios. 
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Figure 5. (a) Flow pattern around semi-arc-shaped ribs at Re 10,000, (b) flow pattern around semi-arc-shaped ribs at Re 25,000, (c) temperature contour around semi-arc-shaped ribs at Re 10,000, and (d) temperature contour around semi-arc-shaped ribs at Re 25,000. 
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Figure 6. Friction factor as a function of Re at different pitch and height ratios. 
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Figure 7. Bejan number (Be) as a function of Re at different pitch and height ratios. 
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Figure 8. (a) Thermo-hydraulic performance varies with Re at different pitch and height ratios. (b) Comparison of the present study with the literature [27,28,29,30,31,32]. 
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Table 1. Computational Parameters.
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	Parameter
	Range





	Inner diameter of the tube, D
	20 mm



	Height ratio, d/D = H
	0.5, 0.4, 0.25



	Pitch ratio, p/D = s
	1, 1.5, 2.0



	Reynolds number (Re)
	4000–25,000










[image: Table] 





Table 2. Grid independence test.






Table 2. Grid independence test.





	

	
Nodes

	
Nu

	
f

	
η




	
Re = 10,000, Semi-Arc-Shaped Rib, P = 1.0, H = 0.5






	
Grid 1

	
2,987,675

	
132.370

	
0.037

	
1.455




	
Grid 2

	
3,345,789

	
132.373

	
0.037

	
1.455




	
Grid 3

	
3,876,444

	
132.391

	
0.038

	
1.456
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