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Abstract

:

At present, vortex generators have been extensively used in radiators to improve the overall heat transfer performance. However, there is no research on the effect of vortex generators on the ends of motor coils. Meanwhile, the current research mainly concentrates on the attack angle, shape and size, and lacks a detailed study on the transverse and longitudinal distance and arrangement of vortex generators. In this paper, the improved dimensionless number R is used as the key index to evaluate the overall performance of enhanced heat transfer. Firstly, the influence of the attack angle on heat transfer enhancement is discussed through a single pair of rectangular vortex generators, and the results demonstrate that the vortex generator with a 45° attack angle is superior. On this basis, we compare the effects of different longitudinal distances (2 h, 4 h, and 6 h, h meaning the height of vortex generator) on enhanced heat transfer under four distribution modes: Flow-Up (FU), Flow-Down (FU), Flow-Up-Down (FUD), Flow-Down-UP (FDU). Thereafter, the performances of different transverse distances (0.25 h, 0.5 h, and 0.75 h) of the vortex generators are numerically simulated. When comparing the longitudinal distances, FD with a longitudinal distance of 4 h (FD-4 h) performs well when the Reynolds number is less than 4000, and FU with a longitudinal distance of 4 h (FU-4 h) performs better when the Reynolds number is greater than 4000. Similarly, in the comparison of transverse distances, FD-4 h still performs well when the Reynolds number is less than 4000, and FU with a longitudinal distance of 4 h and transverse distance of 0.5 h (FU-4 h–0.5 h) is more prominent when the Reynolds number is greater than 4000.
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1. Introduction


The motor is widely used in ship, municipal, electric power, port handling, and other fields, with broad development prospects and considerable market capacity. In recent years, with the upgrading of power system requirements, the traditional motor with low efficiency and low power to weight ratio has been unable to meet the market demand, which has prompted the need for the research and development of new oil-cooled motors with high efficiency, high power density, low vibration and noise, and strong overload capacity [1,2]. During operation, the motor will produce immense heat, which will reduce the operating efficiency of the motor. In order to ensure the efficient operation of the motor, a heat exchanger is often used to enhance heat transfer and cool the motor. Fluid mediums in heat exchangers are diverse, and the oil phase is widely used because of its superior heat exchange effect, low cost, and long service life [3]. However, when the motor is compact, there will still be areas with a high temperature in the motor after the oil phase heat exchange [4,5]. For instance, in an oil-cooled motor, the temperature at the end of the coil outlet is higher than that of the iron core section, so further improving the heat transfer effect at the end of the coil outlet can enhance the performance of the whole motor [6,7,8]. Three ways are acknowledged to enhance heat transfer: increasing heat transfer area, increasing average temperature difference, and increasing the heat transfer coefficient [9]. According to the characteristics of coil oil cooling, the feasible heat transfer enhancement method of the coil end can be analyzed, and the vortex generator can be used to increase the heat transfer coefficient [10].



As a passive heat transfer enhancement technology, the vortex generator can produce vortexes to effectively improve the heat transfer rate of the heat transfer system. Because of its economy and convenience, it has attracted extensive attention in recent years. When it was initially proposed, it was mainly used in the field of aerodynamics [11]. Later, Johnson and Joubert [12] studied the heat transfer enhancement effect of the delta wing vortex generator on the air of the heat exchanger, which initiated the application of the vortex generator in the field of heat exchangers. Chai et al. [13] investigated the improvement of heat exchanger performance via the installation of vortex generators, based on the mechanism of the longitudinal vortex destroying the growth of the boundary layer, increasing the turbulence intensity, and producing secondary fluid flow on the heat transfer surface. There are various structures of vortex generators, such as rectangular wing, triangular wing, trapezoidal wing, cylindrical trapezoidal wing, cylindrical triangular wing, cylindrical rectangular wing, and so on [14,15,16,17]. Promvonge et al. [18] studied the influence of the vortex generator, combined with a fin and airfoil, on the heat transfer and drag characteristics of the flow passage under the condition of uniform heat flow boundary. The results showed that the heat transfer efficiency and friction loss of the fluid with the fin and airfoil vortex generator were higher than those with a smooth channel. Chen et al. [19] optimized the aspect ratio of the fluid channel and the height of the vortex generator. The results showed that, in a fluid channel with a large aspect ratio, the heat transfer performance could be enhanced while reducing the pressure loss. So far, many scholars have done a lot of research on the size and attack angle of vortex generators [20,21,22,23,24,25]. Wijayanta et al. [26] used the   k - ε   turbulence model to explore the heat transfer and pressure drop characteristics of vortex generators with various attack angles, and found that the maximum increases in Nusselt number and friction coefficient are 269% and 10.1 times higher than those of smooth tubes, respectively. Zhang et al. [27,28] explored the best combination of length, width, and longitudinal distance of the vortex generator, and its total efficiency was 7.2% higher than that without the vortex generator. Ebrahimi et al. [29,30] studied the heat transfer and fluid characteristics in the laminar flow channel installed with the vortex generator. It was noted that the channel of the vortex generator had higher efficiency, the friction coefficient increased by 2–25%, and the Nusselt number increased by 4–30%.



So far, the application of the vortex generator to enhance heat transfer has mainly been used in the heat exchanger, and air is primarily used as the fluid medium. In addition, the current research on the heat transfer of the vortex generator mainly focuses on the attack angle, size, and shape. However, only a few studies roughly explore the influence of the longitudinal distribution mode of the vortex generator on heat transfer, while there is a lack of detailed and orderly analysis and research on the specific longitudinal and transverse distribution mode of the vortex generator. Therefore, it is of great significance to study the arrangement of the vortex generator on the coil in the motor with oil as the fluid medium. With the help of computational fluid dynamics (CFD) software, the effect of different distribution types of the vortex generator on the heat transfer effect can be simulated, and the temperature change at the end of the coil and the pressure loss before and after the installation of the vortex generator can be analyzed. At the same time, the best distribution type can be obtained, and the mechanism of heat transfer enhancement by turbulence at the end of the coil can be revealed. Thus, through these explorations, this paper can provide a feasible idea for the design and application of the motor in industrial manufacturing.




2. Materials and Methods


2.1. Physical Model


As shown in Figure 1a, a three-dimensional rectangular fluid channel is built on the basis of the rectangular coil. The length of the fluid channel is 888   mm  , while the height and width of the inlet and outlet are 245   mm  . Besides, the length, width, and height of the rectangular coil are 365   mm  , 85   mm  , and 20   mm   respectively, and the distance from the rectangular coil to the inlet and outlet is 261.5   mm  , and the distance to the upper and lower boundaries is 112.5   mm  . Moreover, as illustrated in Figure 1b, the rectangular coil is composed of copper wire surrounded by a 0.5   mm   thick insulating layer.



Figure 1c shows the detailed data of the vortex generator. The length and width of vortex generators are 30   mm  , 1   mm   respectively, while the height, which is defined as  h , of the vortex generator, is 7.5   mm  . Furthermore, the attack angle of the vortex generator is defined as  α , and the distance between each pair of wings is 15   mm  . As presented in Figure 1d, when investigating the best arrangement of the vortex generator, the longitudinal distance between two adjacent vortex generators is  x , while the transverse distance is defined as  y . Additionally, besides the variety of the longitudinal and transverse distance, four different vortex generator distribution modes are shown in Figure 1e, which are specified as Flow-Up (FU), Flow-Down (FD), Flow-Up-Down (FUD), Flow-Down-UP (FDU). It is worth noting that when investigating the influence of vortex generator arrangement on heat transfer performance, this paper first explores   x = 2 h , 4 h , 6 h   and four different distribution modes to obtain a better longitudinal distance and distribution mode. On this basis,   y = 0.25 h , 0.5 h , 0.75 h   are discussed to explore the influence of the transverse distance of vortex generator on heat transfer. Based on the above results, a relatively better heat transfer arrangement can be obtained.



When discussing and analyzing the effect of vortex generator arrangement on heat transfer, there are six different slices in  X  and  Z  directions, specified as Slice    X 1   , Slice    X 2   , Slice    X 3   , Slice    Z 1   , Slice    Z 2   , Slice    Z 3   . The  X  coordinates of Slice    X 1   ,    X 2   , and    X 3    were −40   mm  , −10   mm  , and 20   mm   separately, while the  Z  coordinates of Slice    Z 1   ,    Z 2   , and    Z 3    were 10   mm  , 25   mm  , and 42.5   mm   respectively. On this foundation, the straight line 3.75   mm   above the coil is selected on the slice to obtain the temperature data to explore the uniformity of temperature distribution. Since only one pair of vortex generators are used to discover the change of attack angle, while two pairs of vortex generators are used to explore the distance and arrangement, the position of the slice relative to the vortex generator changes slightly, which can be observed in Figure 1f,g.




2.2. Materials


Table 1 illustrates the materials and properties of all parts of the physical models [31,32].




2.3. Governing Equations


No. 25# transformer oil is used as the working fluid, due to its good viscosity temperature property. Considering that the temperature change in the whole fluid domain is very small, the viscosity of oil is assumed to be constant. As pointed out by Chai et al. [13], the standard   k - ε   turbulence model is the most widely used and validated model, so the standard   k - ε   turbulence model is used as the mathematical model for numerical simulation, the near-wall treatment is enhanced wall treatment, and the governing equations include continuity equation, momentum equation, and energy equation, which are expressed as follows:



Continuity equation:


     ∂  ∂ x    i  (  ρ o   u i  ) = 0  



(1)







Momentum equation:


   ∂  ∂ t   (  ρ o   u i  ) +  ∂  ∂  x w    (  ρ o   u i   u w  ) =  ∂  ∂  x w    ( μ    λ o  ∂  u i    ∂  x w    −  ρ o     u i ′   u w ′   ¯  ) −   ∂ p   ∂  x i     



(2)







Energy equation:


    ∂ x   ∂ t   (  ρ o  T ) +  ∂  ∂  x i    (  ρ o   u i  T ) =  ∂  ∂  x i    (    λ o     C p      ∂ T   ∂  x i    −  ρ o     u i ′   T ′   ¯  )  



(3)







 k  equation:


   ∂  ∂ t   (  ρ o  k ) +  ∂  ∂  x i    (  ρ o  k  u i  ) =  ∂  ∂  x w        μ +    μ t     σ k        ∂ k   ∂  x w      + G −  ρ o  ε  



(4)







 ε  equation:


   ∂  ∂ t   (  ρ o  ε ) +  ∂  ∂  x i    (  ρ o  ε  u i  ) =  ∂  ∂  x w        μ +    μ t     σ ε        ∂ ε   ∂  x w      +    C 1  ε  k  G −  C 2   ρ o     ε 2   k   



(5)








2.4. Boundary Conditions


As shown in Table 2, the inlet boundary is the velocity inlet with a speed range of 0.04 to 0.2    m / s   , the outlet is the pressure outlet, and the relative pressure is 0. For the no-slip wall conditions used for the wall, the specific material properties can be referred to in Table 1.




2.5. Simulation Method and Initial Conditions


The commercial software FLUENT 17.1 is used to simulate the heat transfer process, and the finite volume method is used as the governing equation. The simple algorithm is used to realize the coupling between pressure and velocity. The second order upwind scheme is used for the momentum and energy equations. The convergence residuals of the velocity dependent equation and the energy dependent equation are less than     10   − 6    . The initial conditions are heating capacity of 392,857      w / m   3   , the initial temperature of 303  K .





3. Grid Independence Test


As illustrated in Figure 2a, all models calculated in this paper use hexahedral mesh. When figuring out the grid near the wall, it is necessary to take the thickness of the boundary layer into account, thus the use of the dimensionless number Y plus is required for characterization [33]. When calculating the grid spacing of the first layer, Y plus = 1 is taken to obtain the grid spacing of the first layer. After the grid spacing of the first layer is determined as 0.02 mm, it is extended outward in the proportion of 1.1 ratio. Before the numerical simulation, the grid independence is analyzed with five grid numbers, i.e.,   262 ×   10  4   ,   421 ×   10  4   ,   596 ×   10  4   ,   685 ×   10  4   , and   799 ×   10  4   . From Figure 2b, it can be observed that with the increase of the number of grids, the growth of   N u   and  f  gradually decreases. Besides, it can be seen from Figure 2c that the maximum temperature of copper wire decreases and the   Δ P   increases with the increase in grid number. When the number of grids is greater than   685 ×   10  4   , the   N u  ,  f , maximum temperature,   Δ P   change little, and when the number of grids changes from   685 ×   10  4    to   799 ×   10  4   , the relative change rates are less than 0.3%. Therefore, considering the accuracy and calculation time, a grid number of   685 ×   10  4    is adopted in the present study.




4. Results and Discussions


4.1. Parameter Definition


The Nusselt number (  N u  ), Reynolds number (  Re  ), Prandtl number (  Pr  ), Colburn factor ( j ), and friction factor ( f ) are employed to describe the thermal and flow characteristics of the oil channel and are defined as


  N u =    h c  D    λ o     



(6)






  Re =    ρ o  u D  μ   



(7)






  Pr =    C p  μ    λ o     



(8)






  j =   N u   Re   Pr    1 3       



(9)






  f =   2 Δ P D    ρ o   u 2  L    



(10)




where   Δ P   is the pressure drop between the inlet and outlet of the test model.



In order to evaluate the overall performance considering both maximum temperature and fluid characteristics, the dimensionless number  R , is improved in the study based on Zhou’s [14] research. The  R  is defined as


  R =    T 0     T 1    ×    j   j 0       f   f 0       



(11)




where    T 0    represents the maximum temperature of the coil without vortex generators, while    T 1    represents the maximum temperature of the coil with different dislocations of vortex generators. Based on the dimensionless number  R , the larger  R  is, the better the comprehensive performance will be.




4.2. Verification of Numerical Results


Since the numerical model of the smooth channel proposed in this paper is similar to the physical models presented by Ma et al. [34] and Zhou et al. [14], the   N u  ,  f  of the numerical model and the experimental model are compared to verify the reliability of the numerical model. As is found in Figure 3a, the Nusselt numbers are in reasonable conformity with two correlations from Ma et al. and Zhou et al., with average deviations of 9.5% and 10.8%, respectively. Similarly, according to Figure 3b, the friction factors of the simulation results are in reasonable agreement with Ma and Zhou’s results, with average differences of 26.9% and 16.9%, separately. Therefore, it is credible that the numerical model and solution method in this study are reliable.




4.3. Effect of Attack Angle of the Vortex Generator


Four different attack angles of vortex generators are used to explore the best choice, the four models differ only in the attack angle, and the other control conditions are consistent. By comparing the performance of the  R  of vortex generator under four different attack angles of   15 °  ,   30 °  ,   45 °  , and   60 °  , a better attack angle can be obtained. Figure 4a shows the change of the  R  of vortex generators with different attack angles in the process of   Re   increasing. It can be seen that the  R  is very close when the attack angles are   30 °   and   45 °  , and both of them are better than   15 °   and   60 °   attack angles, which is similar to the law obtained by Lotfi et al. [35] and Gholami et al. [36] when studying the attack angles of vortex generators in the past. Considering that the maximum temperature has a greater impact on oil-cooled motors, when the  R  of different types have the same performance, the vortex generator with a lower maximum temperature is used for calculation and discussion. In order to more widely explore the effect of the vortex generator on the coil end heat transfer, we introduce the thermal enhancement factor     Δ T    T 0     , where   Δ T   represents the difference between the maximum temperature of the channel with vortex generator and the maximum temperature of the channel without vortex generator, and    T 0    represents the maximum temperature of the channel without vortex generator. As presented in Figure 4b, the thermal enhancement factor     Δ T    T 0      of the   45 °   attack angle is higher than that of the   30 °   attack angle. Therefore, the   45 °   attack angle vortex generator is selected as the basis for subsequent exploration.



When the iterative error is less than     10    - 5      and the maximum temperature does not change, the calculation is considered to be completed, and the data required for temperatures, velocities, and slices are extracted and analyzed. Under steady state conditions, Figure 5 shows pictures of a smooth channel without vortex generator at   Re   = 3993, Figure 5a shows the streamline diagram at 3.75   mm   above the coil. Corresponding to this is the temperature contour diagram shown in Figure 5b. Moreover, Figure 5c,d shows the point line diagrams of the temperatures of different points extracted from the slices in the  X  and  Z  directions, respectively. Figure 6 shows pictures of the channel after installing a pair of vortex generators with an attack angle of 45 degrees. In Figure 6a,b, it can be seen that the region with low velocity in the streamline diagram shows higher temperature in the temperature contour diagram. Comparing with Figure 5a,b, due to the addition of vortex generator, two vortexes are formed behind the vortex generator, and the velocity at the two vortexes is higher than that in the adjacent region to a certain extent; therefore, this area shows lower temperature in the temperature contour diagram. However, by observing Figure 6c,d, since the thermal conductivity of the solid is significantly higher than that of the oil phase, the temperature of the vortex generator is higher than that of the oil phase on the same section, so the temperature of the vortex generator increases obviously at the place where the vortex generator is placed. In the middle of the two wings of the vortex generator and the area where the fluid flows through the vortex generator, the heat dissipation is accelerated due to the generation of the vortex, and the temperature is significantly lower than that in Figure 5c,d.




4.4. Effect of Longitudinal Distance of the Vortex Generator


After selecting   45 °   as the better attack angle of the vortex generator, the best longitudinal distance and distribution mode are explored. In this part, two winglets of the vortex generator are symmetrically distributed, with a total of 12 different cases. Figure 7a–d shows the variation of the  R  of vortex generators with FU, FD, FUD, and FDU distribution modes at different longitudinal distances at different   Re  . Through comparing the performance of the  R , it can be concluded that in the three distributions of FU, FD, and FUD, the performance of longitudinal distance of   4 h   is better than that of   2 h   and   6 h  . Especially in the two cases of FU and FD, the performance of the longitudinal distance of   4 h   is significantly better than that of   2 h   and   6 h   at small   Re  . However, in the case of FDU distribution, the performance of longitudinal distance of   4 h   is similar to that of   6 h  . Therefore, as shown in Figure 7e, comparing the five cases of FU-  4 h  , FD-  4 h  , FUD-  4 h  , FDU-  4 h  , and FDU-  6 h  , the conclusion that when the   Re   is less than 4000, the comprehensive performance of FD-  4 h   is the best, while when the   Re   is greater than 4000, FU-  4 h   has a slight advantage over other cases can be summarized. Besides, according to Figure 8, it can be concluded that the thermal enhancement factor     Δ T    T 0      of FD-  4 h   performs more prominent when the   Re   < 4000, while the FU-  4 h   tends to be better when the   Re   > 4000, and the overall thermal performance can be improved by up to 10.2%.



Figure 9 and Figure 10 show pictures of FD-  4 h   and FU-  4 h  . By observing Figure 9a and Figure 10a, four vortexes are formed behind the vortex generator due to the installation of two pairs of vortex generators at this time. In FD-  4 h  , the vortexes are created at the contracted two wings of the vortex generator and develop towards the center of the vortex generator, while in FU-  4 h  , the vortexes are formed at the expanded two wings of the vortex generator and develop towards both sides of the vortex generator. Through analyzing Figure 9c,d and Figure 10c,d, it can be found that, in FD-  4 h  , the flow velocity at the center of the vortex generator is relatively slow and the temperature is high, while in the vicinity of the center, due to the formation of the vortex, more energy loss and temperature drop are generated, whereas in FU-  4 h  , the flow velocity at both sides of the vortex generator is relatively slow and the temperature is high, and the vortexes generated near both sides speeds up the heat dissipation and reduces the temperature. Moreover, due to the change of flow mode, the position of the highest temperature point on the section also changes. There are two symmetrical peaks in Slice    Z 1    in Figure 10d, while the two peaks in Figure 9d are asymmetrical.




4.5. Effect of Transverse Distance of the Vortex Generator


Through the above research results, eight transverse distributions are explored based on FD-  4 h   and FU-  4 h  . Figure 11a,b illustrates the change of the  R  of FD-  4 h   and FU-  4 h   with different transverse distances under different   Re  . According to Figure 11a, compared with other transverse distances, FD-  4 h   without transverse distance still performs best, while in Figure 11b, FU-  4 h  -  0.5 h   has slight advantages. Therefore, as shown in Figure 11c, by comparing FD-  4 h   and FU-  4 h  -  0.5 h  , the results can be conducted that when the   Re   is less than 4000, the comprehensive performance of FD-  4 h   is better, while when the   Re   is greater than 4000, the effect of FU-  4 h  -  0.5 h   is better than other situations. Furthermore, from Figure 12, the conclusion that when the   Re   < 4000, the thermal enhancement factor     Δ T    T 0      of FD-  4 h   still performs better, while when the   Re   > 4000, the FU-  4 h  -  0.5 h   tends to have some gradual preponderance.



Since the FD-  4 h   situation has been analyzed above, there will be no more details here, and only the FU-  4 h  -  0.5 h   situation will be discussed. Figure 13a shows the flow line diagram of FU-  4 h  -  0.5 h  , from which it can be found that the flow line in the center of the vortex generator is no longer a straight line, but a curve with secondary disturbance on the left side of the second pair of vortex generators. In addition, the vortexes generated on the right side of the two pairs of vortex generators have a superposition effect, which impacts the heat transfer effect. The temperature contour diagram of Figure 13b and the slice diagrams of Figure 13c,d verify the analysis of the streamline in Figure 13a, the lower temperatures at the left wing of the second pair of vortex generators and the rear area of the second pair of vortex generators can be obtained. In addition, compared with Figure 10, due to the influence of transverse distance, the maximum temperature in Slice    X 2    in Figure 13c is no longer symmetrically distributed, but the temperature is higher on one side and lower on the other.





5. Conclusions


Equipped with vortex generators, the coil end aims to solve the local overheating of the oil-cooled motor, so as to increase the efficiency of the oil-cooled motor. The oil phase is used as the coolant in the fluid domain. Firstly, the numerical model is verified and compared with the experimental data in the references. On this basis, the improved dimensionless number  R  is used to optimize the attack angle, longitudinal distance, and transverse distance of the vortex generator. The main conclusions are shown below:




	
Compared with the vortex generators with attack angles of   15 °   and   60 °  , the vortex generators with attack angles of   30 °   and   45 °   have better enhanced heat transfer effect. The performances of   30 °   and   45 °   attack angles are almost the same. Nevertheless, from the point of view of the maximum temperature, the effect of the   45 °   vortex generator is better than that of the   30 °   vortex generator.



	
The effect of vortex generator with the longitudinal distance of   4 h   is better than that of   2 h   and   6 h  . When the Reynolds number is less than 4000, the enhanced heat transfer performance of FD with a longitudinal distance of 4 h (FD-  4 h  ) is more prominent, and when the Reynolds number is greater than 4000, the performance of FU with a longitudinal distance of 4 h (FU-  4 h  ) is superior.



	
Through the numerical simulation of the transverse distance of FU-  4 h   and FD-  4 h  , it can be concluded that, when the Reynolds number is less than 4000, the enhanced heat transfer performance of FD-  4 h   is extraordinary, and when the Reynolds number is greater than 4000, the improved heat transfer performance of FU with a longitudinal distance of 4 h and transverse distance of 0.5 h (FU-  4 h - 0.5 h  ) is better.
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Nomenclature




	
   N u   

	
Nusselt number




	
   Re   

	
Reynolds number




	
   Pr   

	
Prandtl number




	
  j  

	
Colburn factor




	
    j 0    

	
Colburn factor of smooth channel




	
  f  

	
Darcy friction factor




	
    f 0    

	
Darcy friction factor of smooth channel




	
    h c    

	
Convective heat transfer coefficient (    Wm   − 2    K  − 1    )




	
  D  

	
Hydraulic diameter (  mm  )




	
  u  

	
Fluid velocity (   m / s   )




	
    C p    

	
Specific heat capacity (    Jkg   − 1    K  − 1    )




	
  P  

	
Pressure (  Pa  )




	
  t  

	
Time ( s )




	
  T  

	
Temperature ( K )




	
   X , Y , Z   

	
Cartesian coordinates




	
  G  

	
Turbulence generation term




	
    C 1  ,  C 2    

	
Constant number




	
  k  

	
Turbulent kinetic energy




	
Greek letters




	
  λ  

	
Thermal conductivity (    Wm   − 1    K  − 1    )




	
    λ o    

	
Oil Thermal conductivity (    Wm   − 1    K  − 1    )




	
  ρ  

	
Density (     kg / m   3   )




	
    ρ o    

	
Oil density (     kg / m   3   )




	
  μ  

	
Dynamic viscosity




	
  ε  

	
Turbulent Dissipation Rate




	
    μ t    

	
Turbulent viscosity coefficient




	
    σ k  ,  σ ε    

	
Constant number




	
Subscripts




	
 i ,  w 

	
 i ,  w  = 1, 2, and 3, respectively, represent the components along the  X ,  Y  and  Z  axes
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Figure 1. (a) Diagrams of a channel with coil and vortex generators, (b) specific graph of the coil, (c,d) specific graphs of vortex generator, (e) four different distribution types, (f,g) slice diagrams in  X  and  Z  directions. 
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Figure 2. (a) Representative grids in numerical simulation, (b,c) grid independence test results. 
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Figure 3. Validation of numerical results (a)   N u  , (b)  f . 
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Figure 4. Performance of (a)  R  and (b) thermal enhancement factor     Δ T    T 0      at different   Re  . 
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Figure 5. Diagrams of smooth channel under steady state conditions: (a) streamline diagram, (b) contour diagram of temperature, (c) slice temperature diagram in  X  direction, (d) slice temperature diagram in  Z  direction. 
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Figure 6. Diagrams of channel with   45 °   attack angle vortex generator under steady state conditions: (a) streamline diagram, (b) temperature contour diagram, (c) slice temperature diagram in  X  direction, (d) slice temperature diagram in  Z  direction. 
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Figure 7. Performance of  R  at different longitudinal distances (2 h, 4 h, and 6 h) and distribution modes, (a) FU; (b)FD; (c) FUD; (d) FDU and (e) relatively better distribution mode. 
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Figure 8. Performance of thermal enhancement factor     Δ T    T 0      at different   Re  . 
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Figure 9. Diagrams of FD-  4 h   under steady state conditions: (a) streamline diagram, (b) temperature contour diagram, (c) slice temperature diagram in  X  direction, (d) slice temperature diagram in  Z  direction. 
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Figure 10. Diagrams of FU-  4 h   under steady state conditions: (a) streamline diagram, (b) temperature contour diagram, (c) slice temperature diagram in  X  direction, (d) slice temperature diagram in  Z  direction. 
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Figure 11. Performance of  R  at different transverse distances (0.25 h, 0.5 h, and 0.75 h) and distribution modes, (a) FD-4h; (b) FU-4h; (c) relatively better distribution mode. 
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Figure 12. Performance of thermal enhancement factor     Δ T    T 0      at different   Re  . 
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Figure 13. Diagrams of FU-  4 h - 0.5 h   under steady state conditions, (a) streamline diagram, (b) temperature contour diagram, (c) slice temperature diagram in  X  direction, (d) slice temperature diagram in  Z  direction. 
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Table 1. Materials and properties.
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	Models
	Materials
	   ρ         (   kgm   − 3   )    
	     C p           (   Jkg   − 1    k  − 1   )    
	   λ         (   wm   − 1    k  − 1   )    
	   μ         (   kgm   − 1    s  − 1   )    





	Copper wire
	Copper
	8978
	381
	387.6
	-



	Insulating layer
	Polymer
	1190
	1.05
	0.2
	-



	Vortex generator
	Epoxy
	1200
	550
	2
	-



	Fluid
	Oil
	875
	2093
	0.135
	0.008
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Table 2. Boundary conditions.






Table 2. Boundary conditions.





	Boundary Conditions
	Methods
	Values





	Inlet
	Velocity inlet
	0.04–0.2    m / s   



	Outlet
	Pressure outlet
	0 Pa



	Wall
	No slip
	-
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