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Abstract

:

In this study, thermal performance and flow characteristics of a shell and tube heat exchanger equipped with various baffle angles were studied. The heat exchanger was operated with distilled water, and a hybrid nanofluid at three concentrations of 0.04% and 0.10% of GNP-Ag/water within Reynolds numbers ranged between 10,000 and 20,000. The thermophysical properties of nanofluid varied with temperature and nanoparticles’ concentration. The baffle angles were set at 45°, 90°, 135°, and 180°. Results showed that the calculated Nusselt number (Nu) could be improved by adding nanoparticles to the distilled water or increasing the fluid’s Reynolds number. At a low Re number, the Nu corresponding to baffle angle of 135° was very close to that recorded for the angle of 180°. At Re = 20,000, the Nu number was the highest (by 35% compared to the reference case), belonging to a baffle angle of 135°. Additionally, results related to friction factor and pressure drop showed that more locations with fluid blocking were observed by increasing the baffle angle, resulting in increased pressure drop value and friction. Finally, the temperature streamlines counter showed that the best baffle angle could be 135° in which maximum heat removal and the best thermal performance can be observed.
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1. Introduction


With significant progress in thermal engineering systems and modernization and empowerment of chemical and thermal processes, there is an ongoing effort to develop new technologies and techniques to improve heat transfer. Since large heat flux applications need special solutions/arrangements, extensive studies have been performed to improve the systems’ thermal performance by new heat removal methods [1]. It has been demonstrated that nano-suspensions can promote the systems’ performance by increasing the working fluid’s thermal conductivity and enhancing flow characteristics. Hence, systems become more resilient against high heat flux conditions [2,3]. Formerly, studies were primarily focused on suspensions containing microparticles with a mean size of millimeters or micrometer. Despite successful demonstration and case studies, one major problem of using microparticles was the formation of particle sedimentation in liquid, which decreased the system’s performance by inducing thermal resistance in the system [4,5]. Since the introduction of nano-suspensions and nanofluids by Choi, in 1995 [6], much effort has been made to commercialize and industrialize the nanofluids without stability problems and sedimentation formation. It has been found that the physics of the heat exchanger and also the pressure drop associated with the flow channels can be critical parameters in such systems [7,8].



As mentioned, higher thermal conductivity, compared to the common working fluids like water, oil, etc., due to nanoparticles’ use is the foremost essential characteristic of nanofluids [9]. Accordingly, nanofluids become an attractive heat transfer fluid for some practical applications. For example, recently, nanofluid’s heat transfer study through a heat tube system i.e., microchannel, heat exchanger, and PVT panel, has attracted significant attention by researchers attention [10,11]. In a series of tests conducted by various researchers, different nanofluids were tested, and it was demonstrated that the heat transfer of the system could be improved once nanoparticles are in the system, which was due to the Brownian motion, thermophoresis effect and also the local agitation to due to the movement of particles [12]. For example, Ambreen and Kim [13] modeled a microchannel operating with two different nanofluids containing Al2O3 and TiO2 nanoparticles. The models include steady-state flow conditions, assuming that nanofluids are incompressible and have a Newtonian behavior. They found that thermal resistance and temperature gradient reduces by utilizing nanofluids, as the higher the concentration, the lower the thermal resistance. Additionally, those nanofluids containing smaller diameter nanoparticles showed lower thermal resistance. In another study, the CuO/nanofluid effects on the heated tube’s thermal performance was experimented with by Abdollahi-Moghaddam et al. [14]. They prepared nanofluids with concentrations up to 0.7 vol.% and tested the nanofluids at Reynolds numbers of 6200 to 14,200. The observations showed that the heat transfer coefficient increased by 280%. They showed that using 0.7 vol.% nanofluids can reduce fluid consumption by 37%, which reduced the heat exchanger’s size by 55%.



In a numerical study, FMWCNT/H2O nanofluid in a backward-facing contracting channel was investigated by Alrashed et al. [15]. The results showed that by adding nanomaterials to the working fluid, the average friction coefficient did not change much. It was a ~3% increment in average friction coefficient for each Reynolds number case. Togun et al. [16] studied ducts with double forward-facing steps by taking into account two nanofluids as working fluids containing CuO and Al2O3 nanoparticles. They found that Nusselt number is affected by nanoparticle volume fraction and nanofluid velocity. The highest heat transfer was belonging to nanofluid prepared by 4 vol.% concentration of Al2O3 nanoparticles. Since there are extensive works conducted on the nanofluids’ thermal performance, some of the other studies are summarized in Table 1.



Regardless of their type and size, heat exchangers play a vital role in an industrial plant. Thereby optimizing their size and efficiency can significantly affect the total power consumption and production improvement. Shell and tube heat exchangers have broad applications in low and high temperatures; thus, they are a point of attraction for further study and development. Heat transfer efficiency, geometry miniaturization, optimization, and hydraulic improvement are some of the hot-debated topics considered by researchers aiming at improving the overall performance of the heat exchanger units, mainly when nanofluids are utilized as the working fluid [25]. For example, Rahimi et al. [26] numerically examined Al2O3/water-EG nanofluid turbulent flow within a D-shaped heat exchanger. Nanofluid with 1 vol.% concentration showed the highest performance and the most significant heat transfer coefficient and friction factor. They used thermal conductivity and viscosity correlations in modeling that derived from their experimental data. Sahu and Dewangan [27] modeled a shell and tube heat exchanger in which TiO2/water was used as working fluid. They found that the highest nanoparticle volume fraction (2%) represented the best thermal performance.



Baffle optimization is a plausible technique and a cost-effective way to alter heat transfer and hydrodynamic in heat exchangers. Gay et al. [28] analyzed the influence of placing a plane in the same direction with baffle cut for better fluid flow distribution. A helical baffle is an example of a transfigured baffle for heat transfer enhancement. Some researchers claim that baffles have the ability to reduce pressure drop through the shell side [29,30]. Petinrin and Dare [31] experimentally examined the effect of convex cut of baffles on hydrodynamic performance of heat exchanger operating with water. They studied the heat exchanger while engine oil and air were also considered as the working fluid. It was observed that heat transfer coefficients and pressure drop value of the heat exchanger with segmental baffles are higher than that of convex-cut baffles. The results also indicated that the convex cut of 45% had lower thermal performance compared to 30%. Cucumo et al. [32] studied the hydrodynamic characteristics of two heat exchangers with helical baffles. They found that a helical tilt angle of 40° causes 9% thermal performance enhancement. Accordingly, higher angles were not recommended. Additionally, the calculated pressure drop was significantly lower than that of calculated for traditional baffles.



In light of the above literature, investigating the baffles in heat exchangers can help obtain better thermal unit performance. However, to the best of the authors’ knowledge, changing the baffle angle of heat exchangers needs further investigation, and hence, there is room for further studies in this area. Thus, in this study, heat transfer and fluid specifications of hybrid nanofluid flow through a shell and tube heat exchanger were numerically studied by focusing on the baffle arrangement. Four types of baffle arrangements were considered with changing in baffle angles, including 45°, 90°, 135°, and 180°. The modeling was validated against the data published in the literature. The model provides Nusselt number, friction factor, and pressure drop characteristics for distilled water and hybrid nanofluid prepared at concentrations of 0.04 and 0.10 vol.%, flowing through the heat exchanger at three Reynolds numbers of 10,000, 15,000, and 20,000. The heat exchanger unit was modeled using ANSYS FLUENT software package in 3-D mode. The achievements of this study can lead to an efficient design of the heat exchangers.




2. Numerical Model


2.1. Physical Model


Figure 1 shows a schematic illustration of the studied shell and tube heat exchanger in the present work. The length Lt and diameter Ds of the heat exchanger were 450 mm and 70 mm, respectively. The hybrid nanofluid flows through the tube side, and the flow direction was counter current. It meant water flowed through the shell. The geometrical configuration and detailed specifications of the heat exchanger are given in Table 2.



As represented in Figure 2, baffle rotation with angles of 45°, 90°, 135°, and 180° was investigated in this study. The heat exchanger contained eight baffles separated by 50 mm distance from each other, as shown in the computational domain illustration (see Figure 2) and including 50% cut. The tube bundle contained nine tubes with 10 mm outer diameter and 15 mm square pitch.



To simplify the investigation, the following boundary conditions were considered:




	
The shell walls were insulated and assumed to be adiabatic.



	
The gravity force was negligible.



	
Nanofluid characteristics changes by temperature and the concentrations varied from 0 to 0.1%.



	
Nanofluids represent Newtonian behavior.



	
The nanomaterials were completely dispersed in base fluid and move with the same velocity as the fluid.



	
The fluid flows in shell and tube sides were incompressible and fully developed. The modelings were done in the time-dependant (unsteady) conditions, but the results were reported a long time after the initial process when the results were steady (time-independent).



	
Inlet temperature of water and Reynolds numbers were set at Tw,in = 293 K and Re = 10,000, 15,000, and 20,000.



	
A pressure outlet was chosen for the water outlet.









2.2. Governing Equations


The conservation equations for the 3-D homogeneous mixture model were as follows [33]:



Continuity Equation:


  ∇ .  (   ρ m   V m   )  = 0  



(1)







Momentum Equation:


   ∂  ∂ t    (   V m   )  + ∇ .  (   V m   V m   )  = − ∇  P m  + ∇ .  [   μ m   (  ∇  V m  + ∇  V m    T   )   ]   



(2)




where


   μ m  =   ∑   Z = 1  n   φ Z   μ Z   



(3)







Energy Equation:


   ∂  ∂ t    h m  + ∇ ⋅  (   h m   V m   )  + ∇ ⋅  (  P  V m   )  = ∇ .  (   k  e f f   ∇ T  )   



(4)




where


   h m  =   ∑   Z = 1  n   (   φ Z   h Z   )   



(5)




and


   k  e f f   =   ∑   Z = 1  n   φ Z   (   k Z  +  k t   )   



(6)







Re-Normalisation Group (RNG) k-ε turbulence model:



Turbulent kinetic energy transport equation:


    ∂ K   ∂ t   +  u m    ∂ K   ∂ x   +  v m    ∂ K   ∂ y   =  ∂  ∂ x    (   υ m  +    υ  t , m      σ k     )    ∂ K   ∂ x   +  ∂  ∂ y    (   υ m  +    υ  t , m      σ k     )    ∂ K   ∂ y   +  P  k , m   − ε  



(7)







Dissipation of turbulent kinetic energy transport equation:


     ∂ ε   ∂ t   +  u m    ∂ ε   ∂ x   +  v m    ∂ ε   ∂ y   =  ∂  ∂ x    (   υ m  +    υ  t , m      σ ε     )    ∂ ε   ∂ x   +  ∂  ∂ y    (   υ m  +    υ  t , m      σ ε     )    ∂ ε   ∂ y   +  C 1   ε K   P  k , m      +  C 2     ε 2   K  +  C 3   ε K   G  k , m   −  R  ε , m     



(8)







The eddy viscosity derived from Prandtl–Kolomogorov relationship:


   υ  t , m   =  C μ   f μ     K 2   ε   



(9)







The turbulence kinetic energy production term, Pk, can be expressed as:


   P  k , m   =  υ  t , m    [  2    (    ∂  u m    ∂ x    )   2  + 2    (    ∂  v m    ∂ x    )   2  +    (    ∂  u m    ∂ y   +   ∂  v m    ∂ y    )   2   ]   



(10)







The    R  ε , m     term in RNG k-ε model is defined by:


   R  ε , m   =    C  μ , m    η 3   (  1 −  η   η 0     )    1 + β  η 3       ε 2   K   



(11)




where:


  η =   S K  ε   



(12)







The constant C3, is given as:


   C 3  = tanh  |   v u   |   



(13)







Table 3 shows the constants for the Re-Normalisation Group (RNG) k-ε turbulence model [33].




2.3. Thermophysical Characteristics of Hybrid Nanofluid


Hybrid nanofluids were prepared using graphene nanoplatelets and silver nanoparticles. The modeling outputs were carried out for distilled water as well as hybrid nanofluid’s flow with volumetric concentrations of 0.04% and 0.1%. Thermophysical properties of distilled water and hybrid nanofluids such as density, dynamic viscosity, and thermal conductivity are calculated via information given in the literature [34] and enlisted in Table 4. The heat capacity of the fluid was considered constant and equal to 4182 J/kg K.




2.4. Numerical Procedure


To develop the computational fluid dynamic models, the simulation was performed using the finite volume method (FVM) [35] via ANSYS FLUENT 2020 software. The pressure–velocity equations were coupled together by implementing the SIMPLE (Semi Implicit Method for Pressure Linked Equations) algorithm [35,36], while the discretization of equations was defined by implementing the second-order upwind [37,38]. The residual criteria were set equal to 10−7 for all equations to ensure the calculations’ accuracy [33,39]. The turbulence was modeled using RNG k-ε. This model has a preference to similar models like Standard k-ε, as it produces more precise results, specifically in the flow around a curvature [40] and swirl flows [41].



To calculate the hydraulic diameter, the following equation was used:


   D e  =   4  (   P t    2  − 0.25 × π  d 0 2   )    π  d 0     



(14)







Reynolds number was also calculated based on the following equation:


  Re =   ρ . V .  D e   μ   



(15)







Heat transfer coefficient (h) was obtained employing logarithmic mean temperature difference (LMTD) method, which is described by temperature distance between outlet and inlet of water and wall as:


  Δ  T  L M T D   =   ( Δ  T  max   − Δ  T  min   )   ln (    Δ  T  max     Δ  T  min      )    



(16)






  h =  Q   A 0  Δ  T  L M T D      



(17)






  Q =  m ˙   C P   (   T  w , o u t   −  T  w , i n    )   



(18)







Moreover, two essential variables were introduced as follows:



Nusselt number:


  N u =   h .  D e   k   



(19)







Notably, thermal conductivity, k, is constant and is equal to its value for distilled water at inlet temperature.



Friction factor:


  f =   2 Δ P   ρ  V 2   L   D e       



(20)




where ∆P is defined as the value of the pressure drop obtained via CFD model.




2.5. Model Validation


Model validation was performed by comparing some of the present study outputs with the results already reported in the literature in two prior studies. In Figure 3, the Nusselt number of the present model at different Reynolds numbers is compared with the results reported by Mellal et al. [42]. The comparison was made on water flowing through a shell and tube heat exchanger with shell diameter, tube diameter, length, and the number of baffles of 135 mm, 20 mm, 640 mm, and 6, respectively. As shown in the comparing plot, the modeling outputs were in the best agreement with Mellal et al. [42] data.



Further model validation was carried out on the study of Sundar et al. [43], in which the Nusselt numbers were obtained for hybrid nanofluid-based water containing MWCNT-Fe3O4 nanoparticles. Sundar et al. [43] studied a horizontal copper tube with a length of 1.75 m and an outer diameter of 0.016 m, where constant heat flux was applied on the outer side of the tube. The data used for the comparison are 0.1 vol.% nanofluids at various Re. As shown in Figure 4, a reasonable accommodation of Nusselt numbers between current calculated data and Sundar et al. [43] was apparent.



To validate the hybrid nanofluid modeling through the heat exchanger, the friction factor data from the experimental work of Yarmand et al. [34] were used, and the rough comparison was made between the results of our study and those reported by Yarmand et al. [34] as plotted in Figure 5 at heat flux equal to 600 W/m2, L = 1.4 m, D = 0.01 m and 0.1% solid volume fraction. The present study modeling has shown good agreement against the experimental data. The difference between the results could be due to the possible uncertainties of Yarmand et al. [34] study, which did not report on that paper.



The above comparisons indicated that the present modeling had enough reliability, and data were reliable for further analysis.




2.6. Grid Independence Study


The grid independence test was utilized to ensure the model’s outcome is independent of the number of the mesh, mesh structure and size. As shown in Figure 6, the computational domain was meshed by taking accounting unstructured tetrahedral elements. Table 5 shows the grid independence study for Re = 10,000 and no baffle case. It was identified that the optimum number of cells was 1,442,955 to achieve the best results and sufficient accuracy and optimum use of computational resources.





3. Result and Discussion


In this section, the results of Nusselt number, friction factor, and pressure drop through shell and tube heat exchanger are presented at hybrid nanofluid concentrations of 0% to 0.1%, Reynolds numbers of 10,000 to 20,000, and baffle angles of 45° to 180°.



3.1. Heat Transfer Performance


The heat transfer coefficients of nanofluids and water are displayed in Figure 7 as a function of Re for all baffle arrangements. As was expected, increasing Re or nanoparticle volume fraction augmented the heat transfer coefficient. Additionally, rising the baffle angles from 45° to 180° caused an enhancement in the heat transfer coefficient. Nevertheless, for baffle angles of 45°, 90°, 135°, and 180° heat transfer enhancements 99.05%, 109.75%, 111.03%, and 107.16% were obtained when Re increased from 10,000 to 20,000 and at the same time nanofluid concentration boosted from 0 to 0.1 vol.%. It is clear that more rotation in baffle angles led to a heat transfer enhancement which could have a maximum at 135°. At a specific Re, heat transfer coefficient enhancement had an ever-increasing trend by increasing nanofluid concentration for baffle angles of 45° to 180°; however, the heat transfer enhancements for baffle arrangement with 135° and 180° were very close to each other.



In Figure 8, the heat transfer coefficients of both nanofluids and distilled water are compared at different Reynold numbers and baffle angles. The increasing trend of heat transfer is obvious from the figures, which augments with Re and baffle angle increment at each nanoparticle volume fraction. The enhancing trend was repeated for all concentrations. However, the values of heat transfer coefficients of two prior baffle angles were obtained with a big difference; they were similar for the two last angles. Regarding the performance of transferring heat through the heat exchanger, the baffle arrangement with 135° acted like the 180° arrangement. Nonetheless, the difference between the heat transfer coefficients corresponding to baffle angles 135° and 180° became more, by increasing Re. Of course, this observation was expected because, at high Re, the role of baffle angles in fluctuating the fluid flow became more significant. Thus, the higher the flow rate, the higher the fluid flow mixing, and subsequently, the higher the heat transfer coefficient.



As depicted in Figure 9, the influence of the concentration of hybrid nanofluid on Nu was demonstrated at various Reynolds numbers for each baffle angle. As seen, increasing Re and nanofluid concentration for all baffle angles resulted in enhancing the Nusselt number. This is because nanofluid’s thermal conductivity was enhanced due to nanoparticles’ presence compared to the water. This is primarily due to the presence of micro-scale phenomena such as Brownian motion, which resulted in enhancement of thermal conductivity such as 13.81%, 14.31%, 13.81%, and 13.93% enhancement in Nusselt number for baffle angles of 45°, 90°, 135°, and 180° by adding only 0.1% solid volume fraction in Re = 20,000.



Utilizing baffle in the shell side of heat exchangers had some advantages, such as tube bending, preventing the tubes from moving by applying for a supporting role through the shell side. However, the key feature of using baffles was to guide the fluid flow within the tube bundle, which augmented the thermal efficiency and heat transfer coefficient. Baffles led to more local agitation and turbulence and reaching fresh fluid to any hot surfaces of the tube bundle. Meanwhile, adding nanoparticles to the fluid flow caused a further increase in the Nusselt number than distilled water. This can be seen in the results represented in Figure 10. The Nusselt number’s variation with Reynolds number at various baffle angles is shown in this figure. The effect of baffle angle on the water flow characteristics that of observed for hybrid nanofluid. It meant that the Nu was increased by increasing the angle from 45° to 180°, and for water, the increment of the Nusselt number almost equaled the one calculated for hybrid nanofluid.



Notably, arranging baffles with 45° did not have adequate performance compared to other angles. Additionally, Nu numbers for heat exchanger with baffle angles of 135° and 180° had no significant difference. While, by increasing Re, the small gap between Nu of the heat exchanger with those angles smoothly increases. Generally, changing angles by 135° and 180° indicated better thermal performance through the heat exchanger; baffles rotating with 135° has 27.24% and 34.96% higher Nu compared to rotating with 45° at Re = 10,000 and 20,000, respectively. The interesting point was the Nu increment for baffle angles of 135° was higher than that of 180°; using baffle arrangement with 180° at Re = 20,000 made Nu 32.9% more than using 45°. This referred to the better velocity distribution, which we will discuss later.




3.2. Friction Factor


Figure 11 shows the calculated friction factor of hybrid nanofluid through the heat exchanger for different solid volume fractions for each baffle angle. As shown, each baffle angle applied a unique trend to the friction factor. In general, the friction factor trends of all baffle angles were the same, and with increasing the Reynolds number, a higher friction factor was registered. However, the friction factor of hybrid nanofluid was more significant than distilled water. This is because of the nanoparticles’ presence, which created larger friction forces due to the interaction between nanoparticles and water layers around the nanoparticles. In heat exchangers with 45° and 135° baffle angles, increasing Re from 15,000 to 20,000, the friction factor’s value was reduced. As perceived from Equation (20), the friction factor was affected by length, hydraulic diameter, pressure drop, and velocity. In the present work, the first two parameters were constant. According to Figure 13, the value of the pressure drop was relatively constant for all cases. Therefore, velocity was the critical parameter affecting the friction factor. At high Re, baffle rotation with the angle of 45° and 135° led the fluid flow to a spiral trajectory line (i.e., meat grinder), which lowered the flow blocking. As a result, it helped to increase the velocity. Consequently, the friction factor reduced. This argument was not valid for two other angles because the spiral route did not form during the shell side path. However, the friction factor changed in baffle angles of 90° and 180° were not considerable, while friction factor values were almost identical.



The variation of friction factor with baffle angle is plotted in Figure 12 at various Reynolds numbers for 0.1% solid volume fraction. As can be seen, increasing Re had no significant effect on friction factor, especially at higher Re. However, increasing the baffle angles from 45° to 180° incorporated remarkable augmentation in friction factor that causes 55.27% higher friction factor. However, each 45° increase in baffle angle enhanced 24.1%, 14.19%, and 11.96% for Re = 10,000. The same percentages were obtained at other Reynolds numbers as well. Baffles with 180° rotation have the highest flow blocking due to zigzag flow direction, which increased the friction factor. Arranging baffles with an angle of 45° created more space inside the shell side and had lower flow blocking than other angles.



On the other hand, the role of vortex formation was more pronounced. The friction factor increased due to the increase in vortex formation probability by increasing the baffles’ angle. This could change the fluid flow path, and then, by increasing the friction factor, the pressure drop was augmented.




3.3. Pressure Drop


The pressure drop value was a key parameter affecting the pumping cost that one had to “pay” for the higher heat transfer. The baffles arrangements considerably affected the induced pressure drop into the shell side. As represented in Figure 13, the pressure drop variation with Re is depicted for all ranges of baffle angle and solid volume fraction. The increasing trends of pressure drop value with Re are seen from the figures. For example, in Figure 13a–d, the most significant pressure drop was achieved for hybrid nanofluid. The higher nanofluid concentration caused a more considerable pressure drop. Notably, by adding nanoparticles to the distilled water, more shear stress was applied to the base fluid, which augmented the dynamic viscosity and consequently, the pressure drop increased. Therefore, it can be stated that the highest pressure drop was obtained for a heat exchanger with baffle angles of 180° at Re = 20,000 for nanofluid with 0.1% solid volume fraction. Such pressure drop was almost 107.5% higher than heat exchanger with baffle angle of 45° at Re = 10,000 when distilled water was the working fluid. Additionally, increasing the angle of baffles led to pressure drop augmentation. For example, at Re = 20,000, the flowing of hybrid nanofluid with 0.1 vol.% through the heat exchanger with baffle angle of 180° led to the more considerable pressure drop, 55.3% larger in comparison with that of calculated for baffle angle of 45°. This was associated with the flow path through the shell side. For baffles with 45°, the fluid could flow more uniformly with lower blocking. However, by increasing the baffle angle, the fluid flow path became similar to a zigzag path, making more obstacles on the fluid flow, thereby increasing the pressure drop. Overall, utilizing baffles with higher angles augmented the pressure drop. However, it provided better fluid recirculation and better heat transfer within the heat exchanger unit.




3.4. Temperature Streamline Contours


The streamline contour of the fluid inside the heat exchanger is depicted in Figure 14 for various baffle angles to investigate further the spatial temperature profile and temperature gradient across the heat exchanger. As shown, near of shell walls of the heat exchangers with baffle angles of 45°, 90°, 135°, and 180°, fresh working fluid (blue lines) were respectively distributed up to sixth, fourth and third baffles. However, at the middle of heat exchangers with baffle angles of 45° and 90°, penetration of hot fluid towards the center of the heat exchanger was observed. These interpretations show that fluid flow through the shell side of heat exchangers with baffle angles of 45° and 90° were not appropriately distributed. Using such a baffle arrangement, the fluid could potentially leave the heat exchanger with a temperature below the target temperature. Therefore, as previously reported in Section 3.1, the Nu for baffle angle of 45° was the lowest, meaning that baffle arrangement did not guide the flow plausibly. The relatively prominent space with a baffles angle of 45° allowed the fluid to leave the heat exchanger without any local agitation or turbulence.



On the other hand, in the region close to the shell side’s centerline, for baffle arrangement at 135° and 180°, no hot fluid (red lines) was seen. However, the warm (not hot) fluid (orange lines) was dominant. Especially for the baffle angle of 135°, the best temperature distribution was recorded visually. The four baffle angles shown in Figure 14 showed the lowest fresh fluid at the shell sidewall and hot fluid at the center region of the shell corresponding to the baffle arrangements with an angle of 135°. Moreover, baffle arrangement with 135° was the best configuration for extracting the highest enthalpy and producing the highest outlet temperature. It was witnessed from the contours that there was no trace of fresh fluid, and the outlet included streamlines of the warm and hot fluids.





4. Conclusions


Hydraulic and thermal properties of a three-dimensional shell and tube heat exchanger were numerically modeled using ANSYS FLUENT software. The effect of baffle arrangement was investigated by changing the baffle angles from 45° to 180°. Distilled water and hybrid nanofluid with concentrations of 0.04% and 0.1% were considered the working fluids. Following conclusions were also drawn:




	(1)

	
Having a higher viscosity than the base fluid, nanofluid could enhance the Nusselt number of the heat exchanger. Additionally, by increasing the baffle angle from 45° to 180°, the Nusselt number was enhanced. However, the Nu values of 135° and 180° were relatively the same at low Re numbers. At high Re numbers, the calculated Nu corresponding to baffles angle of 135° were higher.




	(2)

	
At Re = 20,000, it was identified that heat exchangers with larger baffle angles could have higher resistance against fluid flow. Thus, the friction factor and, as a result, the value of the pressure drop was augmented.




	(3)

	
It was identified that using nanofluid could create more pressure drop in comparison with the distilled water. However, this augmentation was compensated by improving the Nusselt number and the system’s heat transfer coefficient. However, a techno-economic analysis will identify the economic viability of using nanofluids in the heat exchanger.




	(4)

	
By investigating the spatial temperature distribution along the shell side, it was identified that the optimum baffle angle of 135° could provide the highest thermal performance, uniform temperature outlet and the highest Nusselt number.









Overall, hybrid nanofluid showed a potential to be utilized in a shell and tube heat exchanger. However, pumping power was augmented, which can be optimized by rearranging the configuration of the heat exchanger, size of the nanoparticles and type of the base fluid, which are recommended to be studied in the future.
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Nomenclature




	x, y, z
	Cartesian coordinates (m)



	   g →   
	Gravitational acceleration (m s−2)



	    u ¯    
	Mean velocity (m s−1)



	n
	Number of phases



	Nu
	Nusselt number



	Pr
	Prandtl number



	P
	Pressure (N m−2)



	u, v
	Velocity components (m s−1)



	Re
	Reynolds number



	hk
	Sensible enthalpy for phase k (J Kg−1)



	Cp
	Specific heat capacity (J kg−1 K−1)



	T
	Temperature (K)



	t
	Time (s)



	k
	Thermal conductivity (W m−1 K−1)



	K
	Turbulent kinetic energy (m2 s−1)



	Kt
	Turbulent thermal conductivity (W m−1 K−1)



	  V  
	Velocity (m s−1)



	A0
	Shell wall area (m2)



	m
	Mass flow rate (kg s−1)



	LMTD
	The logarithmic mean temperature difference



	h
	Heat transfer coefficient (W m−2 K−1)



	De
	Hydraulic diameter (m)



	Pt
	Tube pitch (m)



	D
	Diameter (m)



	L
	Length (m)







Greek Symbols




	  ρ  
	Density (kg m−3)



	ε
	Dissipation rate of Turbulent Kinetic Energy (m2 s−3)



	  μ  
	Dynamic Viscosity (Pa s)



	  υ  
	Kinematic Viscosity (m2 s−1)



	    υ  t , m     
	Turbulent Eddy Viscosity (m2 s−1)



	  ϕ  
	Volume Fraction of Nanoparticles







Subscripts




	eff
	Effective



	Z
	Indices



	m
	Mixture



	t
	Turbulent



	w
	Wall



	in
	Inlet



	out
	Outlet



	s
	Shell



	min
	Minimum



	max
	Maximum
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Figure 1. Schematic diagram of shell and tube heat exchanger. 
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Figure 2. Schematic of the computational domain of shell and tube heat exchanger with baffle rotation angles of (a) 45°, (b) 90°, (c) 135°, and (d) 180°. 
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Figure 3. Comparison of Nusselt number of the present study and Mellal et al. [42]. 
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Figure 4. Comparison of calculated Nusselt numbers and those of Sundar et al. [43] study. 
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Figure 5. Comparison of friction factor of the current study and Yarmand et al. [34] investigation. 
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Figure 6. Created meshes for the computational domain of shell and tube heat exchanger. 
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Figure 7. Heat transfer coefficient against Reynolds number at various solid volume fractions with baffle angles of (a) 45°, (b) 90°, (c) 135°, and (d) 180°. 
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Figure 8. Heat transfer coefficient against solid volume fraction at various baffle angles with Reynolds numbers of (a) 10,000, (b) 15,000, and (c) 20,000. 
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Figure 9. Nusselt number against Reynolds number at various solid volume fractions with baffle angles of (a) 45°, (b) 90°, (c) 135°, and (d) 180°. 
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Figure 10. Nusselt number against solid volume fraction at various baffle angles with Reynolds numbers of (a) 10,000, (b) 15,000, and (c) 20,000. 
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Figure 11. Friction factor against Reynolds number at various solid volume fractions through shell and tube heat exchanger with baffle angle of (a) 45°, (b) 90°, (c) 135°, and (d) 180°. 
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Figure 12. Variation of friction factor against baffle angle for 0.1% solid volume fraction at different Reynolds numbers. 
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Figure 13. Pressure drop against Reynolds number at various solid volume fractions through the shell and tube heat exchanger with baffle angle of (a) 45°, (b) 90°, (c) 135°, and (d) 180°. 
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Figure 14. The streamline contour within the heat exchanger with baffle angles of (a) 45°, (b) 90°, (c) 135°, and (d) 180°. 
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Table 1. Nanofluid heat transfer performance in heat pipe systems.
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	Authors’ Names
	Type of Study
	Type of Studied System
	Type of Nanofluid
	The Concentration of Nanofluid (%)
	Achievements





	Ho et al. [17]
	Experimental and Numerical
	Circular pipe
	Al2O3/water
	0–10 vol.%
	Maximum heat transfer effectiveness ratio: 1.105

Maximum profit index: 1.065



	Akbarzadeh Hamedani et al. [18]
	Numerical
	Convergent-divergent tube
	CuO/water

Al2O3/water
	0–5 vol.%
	Highest

thermal performance: 9.29% improvement for Al2O3/H2O, compared to pure water



	Chaurasia, and Sarviya [19]
	Numerical and Experimental
	Pipe with helical screw tape insert
	CuO/water

Paraffin wax
	0.5 vol%
	Improvement of Nusselt number: 170% and 182% for

single and double strip helical screw tape



	Togun et al. [20]
	Experimental and Numerical
	Annular pipe
	Water-based Al2O3, TiO2, CuO
	0–2 vol.%
	Highest heat transfer augmentation: 45.2% (TiO2), 47.3% (CuO), and 49% (Al2O3).



	Bahiraei et al. [21]
	Numerical
	Rectangular microchannel
	Graphene nanoplatelets–silver/water
	0–0.1 vol.%
	Maximum 17% enhancement of convective heat transfer coefficient



	Bagherzadeh et al. [22]
	Numerical
	Rectangular microchannel
	Al2O3/water
	0–6 vol.%
	Less than 2% axial dimensionless velocity difference, for various Hartmann numbers, but the same φ and Re.



	Ting et al. [23]
	Analytical
	Parallel Plates microchannel
	Al2O3/water
	0–4 vol.%
	47% maximum heat transfer enhancement



	Goodarzi et al. [24]
	Numerical
	Microtube
	CuO/CMC
	0–1.5 vol.%
	~51% maximum increment in Nusselt number
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Table 2. Geometrical parameters of shell and tube heat exchanger studied in this work.
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Geometry

	

	
Dimension






	
Shell side

	
Inner dimeter (Ds)

	
70 mm




	
Length (Lt)

	
450 mm




	
Tube side

	
Inner diameter (do)

	
10 mm




	
Pitch from the center (Pt)

	
15 mm




	
Number

	
3 × 3




	
Baffle

	
Rotations degree

	
45°-90°-135°-180°




	
Number (n)

	
8




	
Cut (%)

	
50




	
Spacing

	
50 mm
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Table 3. Coefficients for RNG k-ε turbulent model [33].
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	K
	   β   
	     η 0     
	C2
	C1
	     σ ε     
	     σ k     
	     C μ     





	0.41
	0.012
	4.38
	1.68
	1.42
	1.3
	1
	0.0845
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Table 4. Thermophysical characteristics of water and hybrid nanofluid at various temperatures [34].
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   Nanofluid   Concentration   ( φ )   

	
Temperature (K)

	
   ρ    (kg/m3)

	
    k        (  W  /  m  .  K  )    

	
    μ        (  k g  /  m  .  s  )    






	
0.1%

	
293.27

	
998.942

	
0.67

	
0.00127




	
298.28

	
997.808

	
0.68

	
0.00113




	
303.24

	
996.288

	
0.7

	
0.00103




	
308.25

	
994.712

	
0.73

	
0.00097




	
313.25

	
992.923

	
0.769

	
0.00092




	
0.04%

	
293.15

	
998.12

	
0.617

	
0.00118




	
298.15

	
996.93

	
0.623

	
0.00106




	
303.2

	
995.433

	
0.628

	
0.00095




	
308.2

	
993.974

	
0.648

	
0.00088




	
313.2

	
992.229

	
0.688

	
0.00083




	
Distilled water

	
293.19

	
997.898

	
0.591

	
0.0011




	
298.17

	
996.675

	
0.601

	
0.00097




	
303.15

	
995.299

	
0.611

	
0.00086




	
308.19

	
993.694

	
0.620

	
0.00079




	
313.17

	
991.955

	
0.631

	
0.00071
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Table 5. Mesh independence study.






Table 5. Mesh independence study.





	Number of Grids
	536,713
	961,192
	1,086,057
	1,151,115
	1,375,608
	1,442,955
	1,830,855
	2,218,755





	Nu
	24.947
	25.902
	25.937
	26.078
	26.115
	26.699
	26.836
	26.974
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