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	Abstract
The present study numerically investigates the flow and thermal enhancement in a circular wavy channel with different positions of circular cylinders. Solutions are conducted using ANSYS Fluent program with standard k-ε turbulence model. The pressure-velocity relation is handled with the SIMPLE algorithm. In the study, three different channel flows are examined: Channel 0 (without cylinder), Channel 1 (with one circular cylinder), and Channel 2 (with two circular cylinder). There are adiabatic flat parts at the inlet and outlet of the channel. The circular wavy surfaces of the channel are kept at a constant temperature of Ts=340K. The working fluid is air. Nusselt number (Nu), pressure drop (𝛥P), friction factor (f), and thermal enhancement factor (TEF) are found for different Reynolds numbers (2000 ≤ Re ≤ 8000). The numerical work is compared with previous study results. To observe the effects of the circular wavy channel and the circular cylinders on the flow and temperature fields, the velocity and temperature contours are obtained, and the results are discussed. In addition, the study results are compared to the flat channel. Numerical results show that the circular wavy channel increased the Nusselt number. However, the presence of circular cylinders causes a slight increase in friction factor. The highest heat transfer is found as Nu = 11.62 in Channel 1 at Re = 8000. The highest-pressure drop is obtained to be ΔP= 20.05 Pa in Channel 1 at Re=8000.
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1. Introduction
[bookmark: _Hlk87562321]Wavy channels have been commonly used in many thermal systems for a long time. These channels have more heat transfer area than flat channels. Therefore, higher thermal enhancement is achieved by increasing the heat transfer surface area. These channels are used in many engineering fields such as heating and cooling applications [1, 2]. Many researchers experimentally and numerically investigated the flow and heat transfer behavior of wavy channels with different wave geometries. The results of these studies demonstrated that wavy channels provide higher thermal enhancement than flat channels. However, it was declared an increase in pumping power in these channels [2-4].
Choudhary et al. [5] investigated the flow and heat transfer of wavy and flat channels in a heat exchanger and reported that the heat transfer and pressure drop were higher in wavy channels than in flat channels. Ajeel et al. [6] conducted an experimental and numerical study to investigate the heat transfer in the circular and trapezoidal corrugated ducts and declared that the heat transfer enhanced by 3.1 times in the trapezoidal channel. In their numerical study, Akdag et al. [7] investigated the heat transfer under pulsating flow in sinusoidal wavy and reported that heat transfer enhanced in wavy ducts with increasing friction factor. The results of Salami et al. [8] indicated that the maximum heat transfer was obtained in the trapezoidal wavy duct, while the highest performance factor was found in the sinusoidal wavy duct. Shahsavar et al. [9] examined the flow and thermal characteristics of nanofluid flow in different waveforms (triangular, sinusoidal, and trapezoidal), and declared that heat transfer in the sinusoidal profile was improved more than other ducts. 
The addition of baffles, winglets, or cylinders in different modifications into the channel increases the heat transfer [10, 11]. Promvonge et al. [12] 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 [13] numerically studied the flow and heat transfer in a zigzag wavy channel with winglets and found that the winglets added to the channel increased the heat transfer. Naderifar et al. [14] numerically investigated the effects of wave number and fin height on the flow and heat transfer in a rectangular wavy duct with fins. They indicated that when the wave number was 2 and the fin height was 7.5, the best heat transfer was achieved compared to the flat duct. Feng et al. [15] numerically investigated the flow and thermal performance in the triangular wavy duct with trapezoidal baffles declared that the heat transfer increased by 1.7 times compared to the flat duct, while the pressure drop increased by 3.5 times. Akcay and Akdag [16] numerically examined heat transfer in a circular channel with different baffle angles (θ=30º, 90º, 180º). They found that the highest thermal enhancement and friction factor were obtained at the 90º baffle angle. Akcay [17] numerically investigated the heat transfer at different Re in a semicircular wavy duct with vertical baffles. It was reported that flow and heat transfer were highly influenced by duct geometry and baffles. Togun et al. [18] conducted a numerical work investigating heat transfer in a circular wavy duct for varying modifications of ribs at 10000 ≤ Re ≤ 25000. They indicated that Nusselt number increased with Reynolds number in the wavy duct.  
As can be seen from the above works, the wavy channels greatly enhance thermal performance with an increase in pumping power. The fact that there are too many parameters to be examined such as geometries of wavy channels and vortex generators, modifications of vortex generators in channel and fluid properties have led to an increase in studies. The main purpose of these studies is to enhance heat transfer without an important increase in pumping power. Therefore, this study investigates the flow and thermal enhancement in a circular wavy channel with different positions of circular cylinders. The results were compared with the flat channel.

2. Materials and Methods
2.1. [bookmark: _Hlk151237944]Numerical model
[bookmark: _Hlk153649333]Figure 1 indicates the geometries of the wavy channel used in this work. There are adiabatic straight parts with a length of L1 = 200 mm at the inlet and outlet of the channel. The heights of the channel are H = 40 mm. There is a circular wavy channel part with a length of L2 = 400 mm.  The circular wavy channel section (L2) is heated. Circular cylinders are placed inside the wavy channel. The circular wavy channel without cylinders is called Channel 0. In the case of Channel 1, there is one circular cylinder in the channel center inside each wavy section. In the case of Channel 2, there are two circular cylinders inside each circular section. The diameter of the cylinders is 6 mm. Geometric dimensions of the wavy channels and circular cylinders are given in Figure 1.
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Figure 1. Geometries of the numerical model (with details)

2.2. Governing equations
In the numerical study, the flow field is 2d. The fluid is considered single-phase, incompressible and Newtonian type. The fluid flows in turbulent regime and steady case. Viscous terms are ignored. Fluid properties are constant. The effect of gravity and radiation are neglected. The governing equations are given below:
												(1)
					(2)
								(3)
										(4)
							(5)
						(6)
[bookmark: _Hlk153660339]In this study, the flow and heat transfer in a circular wavy channel with different positions of the circular  cylinders were studied at different Reynolds numbers (2000 ≤ Re ≤ 8000). 

2.3. Numerical method and boundary conditions
[bookmark: _Hlk142834892][bookmark: _Hlk142834887][bookmark: _Hlk142834899]The numerical study was conducted by the ANSYS Fluent solver. The standard k- ε turbulence 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, the Nusselt numbers were calculated for different element numbers. As a result of this calculations, it was decided that 64344, 64508 and 64106 element numbers are sufficient for the Channel 0, Channel 1 and Channel 2, respectively.
The working fluid is air. The air enters the channel at a constant velocity (U) and temperature (To=300 K). In the study, Reynolds number varied in the range of 2000≤Re≤8000. The heated circular wavy surfaces (L2) were kept constant at Ts=340 K. The non-slip wall condition was defined for the all surfaces. Straight parts at the inlet and outlet of the channel are adiabatic. The circular cylinders were assumed to be adiabatic and non-slip conditions.

2.4. Mathematical Model
The Reynolds number (Re) is calculated by Equation (7):
									    			 (7)
where, Dh is the hydraulic diameter, ρ is the density, μ is the dynamic viscosity, and U is the mean velocity.
The average Nusselt number (Nu) is obtained by Equation (8):
									     	 		(8)
where, kf and h are thermal conductivity and convective heat transfer coefficient, respectively. 
The relative Nusselt number (Nurel) is described with Equation (9).
  										 		(9)                                                                                     
where, Nuw shows the Nusselt number obtained in the circular wavy channel with/without circular cylinders, and Nuo shows the Nusselt number obtained in the flat channel flow. 
The friction factor (f) is found in the channel is given by Equation (10):
	   		                      			                    	   			(10)
Relative friction factor (fw/fo) is calculated by Equation (11):
                                                            			                		       		(11)
where, fw is the friction factor obtained in the circular wavy channel with/without circular cylinders, and fo shows the friction factor obtained in the flat channel flow.
The thermal enhancement factor (TEF) is given by Equation (12):
           			   						 (12) 

Results and Discussion 
2.5. Validation of the numerical results
[bookmark: _Hlk150776736]The numerical results obtained in this work were validated with the results of previous studies. Brodniansk’a and Kot’smid [19] experimentally and numerically investigated flow and heat transfer for the turbulent flow of air in a flat channel. Fig. 2 indicates the comparison of the results of this study with Brodniansk’a and Kot’smid [19].
[image: ]
Figure 2. Validation of the numerical study [19]
[bookmark: _Hlk153713864]In this study, the velocity and temperature fields were presented to indicate the effects of wavy channel geometry, circular cylinders, and Reynolds number on flow and heat transfer. In Figure 3, the velocity contours (a) and temperature fields (b) are indicated in wavy channels with/without circular cylinders for Re=2000. The positions of the circular cylinders in the wavy channel were considerably changed the flow and thermal fields. In the case of Channel 1, the cylinders appeared to direct the fluid into circular cavities. In the case of Channel 2, while the main flow passes between both cylinders, a very small part of it flows over the cylinders (Fig 3a). Therefore, in the case of Channel 2, the temperature of the circular wavy surfaces is higher than the other channels (Fig 3b).
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	(a) Velocity contours
	(b) Temperature contours


Figure 3. Velocity contours (a) and temperature contours (b) at Re=2000 for all channel flows

In Fig. 4, velocity contours (a) and temperature fields (b) are showed in wavy channels with/without circular cylinders for Re=8000. The Reynolds number significantly affected the flow and temperature fields. Increasing the Re increased the flow velocity in the channel, which caused an increase in inertial forces and turbulence effects in the channel. Therefore, in Fig. 4b, the temperature gradient in the channel is seen to be lower than in Fig. 3b. As the Reynolds number increased, the temperature of the wavy surfaces decreased considerably.
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	(a) Velocity contours
	(b) Temperature contours


Figure 4. Velocity contours (a) and temperature contours (b) at Re=8000 for all channel flows

Figure 5 shows the Nusselt number (a), pressure drop (Pa) (b), friction factor (c), and thermal enhancement factor (d) with Reynold number for all channel flows. In Fig. 5a, the Nusselt number increases as the Reynolds number increases. The highest heat transfer was found to be Nu=11.62 at Re=8000 in the Channel 1. In Fig. 5b, the pressure drop increased with Reynolds number in all flow cases. The pressure drop in the wavy channel without cylinders was found to be close to the flat channel. The highest pressure drop was obtained to be ΔP = 20.05 Pa in the Channel 1 at Re = 8000.  In Fig. 5c, as the Reynolds number increases, the friction factor decreases for all channel cases. Friction factors in the flat channel and the wavy channel without cylinders were obtained very close to each other. The highest friction factor was obtained in Channel 1. In Fig. 5d, the flat channel is considered as reference for thermal enhancement factor. In the Channel 0, TEF was found above the reference value for all Reynolds numbers. In the Channel 1, TEF was found to be above the reference value at low Re values. As Re increases, the TEF value falls below the reference value. Because the pressure drop increases with increasing Re. In the Channel 2, TEF values for all Re were found below the reference value. Because the heat transfer achieved in Channel 2 is much lower than the other channels. The highest TEF was obtained to be 1.16 at Re=6000 in the Channel 0.
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[bookmark: _Hlk150780319]Figure 5. a-Nusselt number, b- Pressure drop, c- Friction factor, d-Thermal enhancement factor with Reynolds number

3. Conclusion 

In present work were numerically investigated the flow and thermal enhancement factor in a circular wavy channel with different positions of circular cylinders. Nusselt number (Nu), pressure drop (Pa), friction factor (f) and thermal enhancement factor (TEF) were obtained in three different channel for turbulent flow. Images of the velocity and temperature contours in the channels were obtained at different Reynolds numbers. In addition, the numerical results were compared with the flat channel. The circular wavy channel increased the heat transfer relative to flat channel. However, wavy channel causes a slight increase in pressure drop. The highest Nusselt number was found to be 11.62 at Re=8000 in the Channel 1 case. The highest pressure drop was obtained to be 20.05 Pa at Re=8000 in the Channel 1. Friction factors in flat channel and circular wavy channel without cylinder were found very close to each other. The highest TEF was found to be 1.16 at Re=6000 in the Channel 0. 
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