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	Abstract
This study numerically investigates flow and heat transfer characteristics in a straight duct containing a circular region with a pair of fins. Analyzes are carried out with ANSYS Fluent solver. The pressure-velocity connection is handled with the SIMPLE algorithm. There are adiabatic straight sections at the inlet and outlet of the duct. The duct structure contains a circular region near the inlet of the duct, and a pair of fins are installed within the circular region. The walls of the duct before and after the circular region are flat. The circular region and subsequent channel surfaces are kept at a constant temperature of Ts=350K. Nusselt number (Nu), thermal enhancement factor (TEF), pressure drop (𝛥P), friction factor (f), and performance factor (PF) are calculated for different Reynolds numbers (100 ≤ Re ≤ 800). The results of the study are given as a function of dimensionless numbers. The numerical study is compared with previous study results. To observe the effects of the circular region and the pair of fins on the flow and temperature fields, velocity and temperature contours are obtained, and the results are discussed. In addition, the study results are compared to the duct without fins and the straight duct. Numerical results show that the fins in the circular region increased the Nusselt number. However, the presence of fins causes a slight increase in pressure drop.

	
Keywords: Circular region, Fins, Straight duct, Heat transfer, Laminar flow, Thermal enhancement 


1. Introduction
[bookmark: _Hlk87562321]Passive heat transfer enhancement methods are widely used in many heat transfer devices, especially heat exchangers [1, 2]. Wavy/corrugated channels are among the most used passive methods. These channels enhance the heat transfer performance by increasing the heat transfer surface area [3, 4]. To date, flow and heat transfer performance in wavy/corrugated channels with different wave profiles have been examined through numerical and experimental studies. The results of these studies have denoted that thermal performance and pressure drop in wavy/corrugated channels are higher than in straight channels [5-7]. Choudhary et al. [8] compared the flow and heat transfer of wavy and straight channels in a heat exchanger and declared that the heat transfer and pressure drop were higher in wavy channels than in straight channels. Ahmad et al. [9] numerically studied the heat transfer in triangular, sinusoidal, and rectangular corrugated mini ducts with different wave amplitudes, and they found that the heat transfer in the rectangular duct was improved by 22.19% at an amplitude ratio of 0.12. Ajeel et al. [10] experimentally and numerically investigated the flow and heat transfer in the circular and trapezoidal corrugated ducts and stated that the heat transfer increased by 3.1 times in the trapezoidal wave profile. 
Another passive method is the addition of baffles, fins, and winglets into the duct. These modifications change the flow structure by directing the flow to certain regions. The addition of fins/winglets in different configurations into the duct enhances the flow and heat transfer [1, 7]. Akcay [5] numerically studied the nanofluid flow and heat transfer in a zigzag wavy channel with winglets and reported that the winglets added to the channel increased the heat transfer and the best thermohydraulic performance was found to be 2.12 at Re=400. Sun et al. [11] experimentally and numerically examined the heat transfer of multiple rectangular wings in a circular heat exchanger. Li and Gao [12] numerically examined the effects of delta-shaped baffles on heat transfer for different apex angles in a triangular wavy bottom wall. They showed that if the appropriate parameters are selected, the Nu can increase by 2.1 and 4.3 times. Naderifar et al. [13] numerically investigated the effects of wave number and fin height on the flow and heat transfer in a rectangular wavy duct with fins. They found that when the wave number is 2 and the fin height is 7.5, the best thermal improvement was achieved compared to the straight channel. Promvonge et al. [14] experimentally and numerically studied the flow and heat transfer of V-type wings. They reported that the wings can increase the heat transfer up to 3.8 times if appropriate parameters are used. Akcay and Akdag [15] numerically examined heat transfer in a circular channel with different baffle angles (θ=30º, 90º, 180º). They declared that the highest heat transfer and pressure drop were obtained at the 90º baffle angle. Feng et al. [16] numerically examined the flow and heat transfer in the triangular wavy duct with trapezoidal baffles declared that the heat transfer enhanced by 1.7 times compared to the straight duct, while the pressure drop increased by 3.5 times. 
In this numerical study, more than one passive method was used together to further increase heat transfer. In the study, to reduce pressure loss, a large circular region was placed near the inlet of the duct; in this way, the number of waves was minimized, and the other walls of the duct were kept straight. The purpose of using fins is to direct the fluid to circular surfaces. In the study, the flow and thermal characteristics of the laminar steady flow were examined for different Reynolds numbers (100 ≤ Re ≤ 800) in a straight channel containing a circular region with a pair of fins. The results were compared with the straight duct.

2. Materials and Methods
2.1. [bookmark: _Hlk151237944]Numerical model
Figure 1 shows the geometry and mesh structure of the numerical model used in this study. The duct contains adiabatic straight sections with a length of L1 = 50 mm at the inlet and outlet. The height of the duct is H1 = 10 mm. At the duct inlet after the adiabatic section, there is a circular region with a length of L2 = 20 mm. After the circular region, there is a heated straight section with a length of L3 = 80 mm, which extends to the beginning of the adiabatic section at the duct outlet. 
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Figure 1. Geometry and mesh structure of the numerical model

2.2. Governing equations
In the numerical study, the fluid is considered single-phase, incompressible and Newtonian type. The flow field is 2d. The fluid flows in laminar and steady flow conditions. Viscous terms are neglected. Fluid properties are assumed to be constant. The effect of gravity and radiation are not taken into account. According to the these assumptions, governing equations are given below:
											 (1)
										 (2)
 										 (3)
[bookmark: _Hlk150722993]
2.3. Numerical method and boundary conditions
[bookmark: _Hlk142834892][bookmark: _Hlk142834887][bookmark: _Hlk142834899][bookmark: _Hlk142853315]The numerical study was carried out using the ANSYS Fluent solver. The laminar model was used as the flow model. Governing equations were discretized with the finite volume approach and the velocity-pressure relationship was solved with the SIMPLE algorithm. A value of 10-7 was set for all equations as the convergence criterion. For the mesh independence testing, Nusselt numbers were calculated for different element numbers. As a result of this calculations, it was decided that 41560, and 42660 element numbers are sufficient for the duct without fins, and the duct with fins, respectively.
Water was used as the working fluid. The fluid enters the duct at a uniform velocity (Uin) and temperature (To=300 K). In the study, Reynolds number varied in the range of 100≤Re≤800. The heated duct surfaces (L2 and L3) were kept constant at Tw=350 K. The non-slip wall condition was defined for the all surfaces. Straight sections at the inlet and outlet of the duct are adiabatic. The fins were assumed to be adiabatic and non-slip conditions.

2.4. Data Reduction
The Reynolds number (Re) is calculated by Equation (4):
									    			 (4)
where, Dh is the hydraulic diameter, ρ is the density, μ is the dynamic viscosity, and U is the velocity.
The average Nusselt number (Nu) is obtained by Equation (5):
									     	 		(5)
where, kf and h are thermal conductivity coefficient and convective heat transfer coefficient, respectively. 
The thermal enhancement factor (TEF) is described with Equation (6).
  										 		(6)                                                                                     
where, Nuf and Nuo represent the Nusselt numbers obtained in the duct with and the without fins, respectively.
The friction factor (f) is calculated in the duct is given by Equation (7):
	   		                      			                    	   			(7)
Relative friction factor (ff/fo) is obtained by Equation (8):
                                                            			                		       		(8)
where, ff and fo are the average friction factors obtained in the channel with and without fins, respectively.
The performance factor (PF) is obtained by Equation (9):
           			   						 (9) 
 
3. Results and Discussion 
3.1. Validation of the numerical results
[bookmark: _Hlk150776736]Numerical results obtained in this study were compared with the results of previous studies. Wang et al. [17] experimentally investigated flow and heat transfer behavior for the laminar flow of water in a straight channel. Figure 2 indicated the comparison of the results of numerical study with the results of Wang et al. [17].

Figure 2. Validation of the numerical study [17]
In numerical study, velocity and temperature contours were obtained to demonstrate the effects of duct geometry, fins, and Reynolds number on flow and heat transfer. In Figure 3a, velocity contours are indicated in ducts with and without fins for Re=100 and Re=800. Re and fins appear to affect the flow structure. The fins divided the flow into three main branches. The flow passing around the fins is directed towards the circular cavities and is provides better contact with the circular walls. Increasing the flow velocity increases the mass flow rate and inertia forces. Therefore, increasing the Reynolds number ensures a significant contribution to heat transfer. In Figure 3b, the temperature contours are exhibited in ducts with and without fins for Re=100 and Re=800. Reynolds number and fins affect the temperature contours. Increasing Reynolds number reduces the wall temperature in the duct. It is observed that the wall temperatures in the duct with fins are lower than in the duct without fins at Re=800.

[image: ]
Figure 3. Velocity contours (a) and temperature contours (b) for Re=100 and Re=800 

[bookmark: _Hlk150795205][image: ]
[bookmark: _Hlk150780319]Figure 4. a-Nusselt number, b- Thermal enhancement, c- Friction factor, d- Relative friction factor, e-Pressure drop, f-Performance factor with Reynolds number

Figure 4 shows the Nusselt number (a), thermal enhancement factor (b), friction factor (c), relative friction factor (d), pressure drop (Pa) (e), and performance factor (f) with Reynold number for all duct flows. In Figure 4a, the Nusselt number increases as the Reynolds number increases. The highest Nusselt number was obtained to be 8.30 at Re=800 in the duct with fins. In Figure 4b, thermal enhancement factor in the duct with and without fins was obtained to be higher than in the straight duct. The highest TEF was found to be 1.45 at Re=500 in the duct with fins. In Figure 4c, as the Reynolds number increases, the friction factor decreases for all duct flows. Friction factors in straight duct and duct without fins were found very close to each other. The friction factor in the duct with fins was found to be higher than in other ducts. In the duct without fins, the relative friction factor increased slightly with the Reynolds number, while the highest relative friction factor was obtained to be 1.58 at Re=800 in the duct with fins (Fig. 4d). The pressure drop increased with Reynolds number in all flow cases. The highest pressure loss was found to be 2.72 Pa in the duct with fins at Re = 800 (Fig. 4e). It was observed that the performance factors of the duct without and with fins were higher than the straight duct at all Reynolds numbers (Fig. 4f). The highest performance factor was obtained in the duct without fins. Because the pressure drop obtained in the duct without fins was found to be very close to the straight duct. The highest performance factor was obtained to be 1.39 at Re=300 in the duct without fins.

4. Conclusion 

In this study were numerically analyzed flow and heat transfer in a straight duct containing a circular region with a pair of fins. Nusselt number (Nu), thermal enhancement factor (TEF), friction factor (f) and performance factor (PF) were calculated for different Reynolds numbers. To observe the effects of the circular region and fins on the flow and temperature fields, velocity and temperature contours in the duct were obtained at different Reynolds numbers. In addition, the study results were compared with the duct without fins and the straight channel. The important findings of the numerical study are given below: 
· The fins in the circular region increased the heat transfer. However, the presence of fins causes a slight increase in pressure drop. 
· The highest Nusselt number was obtained to be 8.30 at Re=800 in the duct with fins. 
· The highest TEF was obtained to be 1.45 at Re=500 in the duct with fins. 
· Friction factors in straight duct and duct without fins were obtained very close to each other. 
· The friction factor in the duct with fins was found to be higher than in other flow cases. 
· The highest relative friction factor was obtained to be 1.58 at Re=800 in the duct with fins.
· The highest pressure drop was found to be 2.72 Pa at Re=800 in the duct with fins.
· The highest PF was obtained to be 1.39 at Re=300 in the duct without fins. 
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