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Abstract

:

Passive heat dissipation cooling technologies based on natural convection in open channels can effectively control the maximum temperature and improve the temperature homogeneity of 5G base stations, data centers and other equipment. In this paper, the flow and heat transfer of natural convection in an open-ended square channel with two suspending heat sources are studied through numerical simulation. The distributions of the temperature field and flow field in the channel with different horizontal distances and vertical altitude differenced of the heat sources are acquired via the finite element method (FEM)-based COMSOL Multiphysics. The changes in local temperature and the local Nusselt number are obtained. The relationships between the temperature field, flow field, and Nusselt number with respect to the geometric parameters of the heat sources are discussed. With different geometric parameters of the two suspending heat sources, the average surface temperature at the bottom is always lower than the top, while the average Nusselt number reaches maximum and minimum values at the bottom and top surfaces, respectively. As the horizontal distance increases, the maximum vertical airflow velocity decreases. The average surface temperature and local Nusselt number go through a V-shape and reverse V-shape tendency, respectively. The maximum temperature at the surface of the heat source is 397 K at a horizontal distance of 0.36 m. The local Nusselt number on the side of the heat source reaches its maximum at a horizontal distance of 0.28 m with an average value of 33.5. As the vertical altitude difference increases, the temperature difference between the heat sources increases from 0 K to 54 K, and the maximum vertical airflow velocity goes through a reverse V-shape tendency. The Nusselt number of the right heat source decreases to a certain value of about 20, while that of the left heat source goes through a fluctuating tendency. The results show that the best arrangement of the heat sources is a vertical altitude difference of 0 m and a horizontal distance of 0.28 m.
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1. Introduction


Passive heat dissipation cooling technologies based on natural convection in an open-ended channel are very commonly encountered in engineering applications for the 5G base station, data center, solar chimneys and nuclear reactors, etc. [1,2,3,4,5]. The important challenges for the effective utilization of passive heat dissipation cooling technologies based on natural convection are controlling the maximum temperature and improving the temperature homogeneity of these facilities.



Many previous investigations into the natural convection have been conducted within the enclosure and open-ended channel etc. [6,7,8,9]. Senthil Nayaki et al. [10], A. Spizzichino et al. [11], D. Lee et al. [12] and A. Horimek et al. [13] studied the natural convection in the square, rectangular and cylinder enclosures by simulations and experiments. They found that the geometry and size of enclosures, the arrangement, size and number of discrete heat sources, and Prandtl number of working fluids have great impacts on the flow and heat transfer characteristics of natural convection in enclosures. Based on pioneering works, a complete understanding of the flow and heat transfer of natural convection in an enclosure with discrete heat sources has been established.



A.K. da Silva et al. [14] and Cheng et al. [15] respectively used the contractual method and the bionic method to optimize the distractions and sizes of discrete heat sources in vertical and horizontal open-ended channels cooled by natural convection. Talukdar et al. [16] presented a numerical study on the heat transfer behavior between the staggered and symmetric arrangement of discrete heat sources in a vertical open-ended channel under a modified Rayleigh number. The staggered arrangement of discrete heat sources shows the overall cooling enhancement over the symmetric one. Moreover, they paid attention to the compressible natural convection induced by high temperature difference in an inclined open-ended channel [17]. The heat transfer behavior is enhanced with the increase of the Rayleigh number and inclination angle. The composite correlations of the average Nusselt number and mass flow rate with the Rayleigh number, distraction of discrete heat sources and inclination angle of channels are presented [16,17]. Chae et al. [18] experimentally and numerically investigated the natural convection heat transfer in a vertical open-ended channel. They observed that the heat transfer rates are enhanced with the chimney effect becoming more pronounced due to the decrease in the Prandtl number and the increase in the height. It should be pointed out that researchers mainly focused on the flow and heat transfer of the natural convection in an open-ended channel induced by heat sources fixed on the channel walls.



There are relatively few investigations on the natural convection generated by suspending heat sources in an open-ended channel. Acharya et al. [19], Chandrakar et al. [20], Dash et al. [21] and Day et al. [22] paid attention to the flow field, temperature distribution and heat transfer coefficients of natural convection in an open-ended cylinder channel with the symmetric arrangement of suspending heat sources at various aspect ratios of open-ended channels, Rayleigh numbers, surface emissivity coefficients and so on. They found that the mass-flow rate due to the buoyancy-driven flow inside the open-ended cylinder channel decreases with the Rayleigh number, increases with the aspect ratio and then attains a peak. In addition, the cooling curve and correlation of the Nusselt number with the aspect ratios, Rayleigh number and surface emissivity coefficients were presented, which are helpful for the 5G base station, data center, solar chimneys and so on. Dash et al. [21] also reported that the Nusselt number of the inner surface of the suspending heat sources is always lower than that of the outer surface. Moreover, as the aspect ratio increases, the Nusselt number of the inner surface decreases, whereas that of the outer surface increases. This results in the deterioration in heat transfer being aggravated. The heat transfer performance difference between the inner and outer surfaces of heat sources has not been observed in natural convection in the open-ended cylinder channel that the heat sources are fixed on the channel walls.



It should be mentioned that the previous investigations only focused on the natural convection in the open-ended cylinder channel with the symmetric arrangement of suspending heat sources. However, the effects of the square channel, suspending and symmetric arrangements of heat sources on the flow and heat transfer of the natural convection in a vertical open-ended channel have not been revealed. Therefore, by using the commercial software, COMSOL Multiphysics, a three-dimensional numerical simulation of natural convection in a vertical open-ended square channel with two suspending heat sources is carried out in this paper. The flow and heat transfer characteristics of natural convection in a vertical open-ended square channel are obtained and analyzed at different arrangements of the suspending heat sources.




2. Model Formulation


2.1. Governing Equations and Boundary Conditions


The physical model in this study is shown in Figure 1. Two suspending heat sources with the size of WH × DH × HH = 0.5 m × 0.2 m × 0.8 m are asymmetrically arranged in a vertical open-ended square channel with the size of W × D × H = 0.8 m × 0.8 m × 2.8 m. The thermal power of each suspended heat source is set to P0 = 1000 W. The material of the suspended heat sources is aluminum, whose physical property parameters are shown in Table 1. It should be pointed out that the thermal power, material, size of heat sources and open-ended square channel correspond to the 5G base station [1]. The horizontal distance between the two heat sources is X and the vertical altitude difference between them is L, as shown in Figure 1. The walls of the open-ended square channel are rigid solid walls and considered to be slip-free and adiabatic [2]. Gravity is along the negative direction of the z-axis. The air flows from the inlet to the outlet of the vertical open-ended channel due to the buoyancy effect generated by the two suspending heat sources. The pressure at the inlet is set to atmospheric pressure patm and the temperature is set to ambient temperature T∞. The outlet is set as a pressure outlet at atmospheric pressure [2]. The initial air temperature is the environmental temperature, T∞ = 293 K. The air physical property parameters are referenced in from Ref. [12], as shown in Table 1. In order to simplify the following discussion, the twelve surfaces of two discrete heat sources are marked and shown in Table 2.



The following assumptions are introduced in the present model: (1) The air is an incompressible Newtonian fluid [16,23]. The physical properties of air are taken as constant except for the density in the buoyancy term of the momentum equation [16,23]. (2) The velocity is small and the flow is laminar [16]. (3) The open-ended square channel walls are adiabatic and impermeable. (4) The radiative heat transfer is ignored due to the relatively low temperature [24]. With these assumptions above, the governing equations, including the continuity equation, momentum equation and energy equation of air, are shown in Equations (1)–(5) [25].


    ∂ u   ∂ x   +   ∂ v   ∂ y   +   ∂ w   ∂ z   = 0  



(1)






  u   ∂ u   ∂ x   + v   ∂ u   ∂ y   + w   ∂ u   ∂ z   = −  1 ρ    ∂ p   ∂ x   +  μ ρ   [     ∂ 2  u   ∂  x 2    +    ∂ 2  u   ∂  y 2    +    ∂ 2  u   ∂  z 2     ]   



(2)






  u   ∂ v   ∂ x   + v   ∂ v   ∂ y   + w   ∂ v   ∂ z   = −  1 ρ    ∂ p   ∂ y   +  μ ρ   [     ∂ 2  v   ∂  x 2    +    ∂ 2  v   ∂  y 2    +    ∂ 2  v   ∂  z 2     ]   



(3)






  u   ∂ w   ∂ x   + v   ∂ w   ∂ y   + w   ∂ w   ∂ z   = −  1 ρ    ∂ p   ∂ z   +  μ ρ   [     ∂ 2  w   ∂  x 2    +    ∂ 2  w   ∂  y 2    +    ∂ 2  w   ∂  z 2     ]  +  F z   



(4)






  u   ∂ T   ∂ x   + v   ∂ T   ∂ y   + w   ∂ T   ∂ z   = α  [     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2    +    ∂ 2  T   ∂  z 2     ]   



(5)







The last term in the momentum equation of Equation (4) is the buoyancy force, which is considered under the Boussinesq approximation and is valid for incompressible flow [26]. αl and αs are the thermal diffusion coefficients of liquid and solid, respectively. Equation (6) gives the control equation for incompressible flow. Here, β is the thermal expansion coefficient of air.


   F z  = g β  (  T −  T ∞   )   



(6)







The energy equation of heat sources is presented as Equation (7). The heat source heating power density is Φ, expressed as Equation (8) [27].


   α s   [     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2    +    ∂ 2  T   ∂  z 2     ]  +   Φ ˙   ρ c   = 0  



(7)






   Φ ˙  = P / V  



(8)







In the model, the inner walls of the square channels are slip-free and adiabatic. The pressure at the channel inlet is set to atmospheric pressure patm, and the temperature is set to ambient temperature T∞. The outlet is set to pressure outlet for atmospheric pressure.



In natural convection studies near vertical channels, heat transfer results are usually expressed in terms of Nusselt number (Nu) or convective heat transfer coefficient (h). The local heat flux at any z position along the vertical wall is calculated using the following expression:


   q z  = − k  [     (    ∂ T   ∂ x    )    x =  x 0    +    (    ∂ T   ∂ y    )    y =  y 0     ]   



(9)







x0, y0 denote the corresponding coordinates of a vertical surface. The local convection heat transfer coefficient hz is given by:


   h z  =    q z     T w  −  T ∞     



(10)




where Tw and T∞ is the average temperature of one surface and the ambient temperature, respectively. The local Nusselt number (Nuz) refers to the Nusselt number of local points on a specified line on a given surface and can be defined by [21]:


  N  u z  =    h z   L z   k   



(11)







The average Nusselt number (Nu) of each surface of suspending heat sources can be defined by [21]:


  N u =    P s   L s     A s   (   T w  −  T ∞   )     



(12)




with Ps and As representing the heat transfer rate and the area of selected surfaces, respectively.




2.2. Calculation Conditions


In the present work, the thermal power, sizes of heat sources and open-ended square channel are fixed, which correspond to the 5G base station. The horizontal distance between the two suspending heat sources X ranges from 0.20 m to 0.36 m. In addition, the vertical altitude difference of the two suspending heat sources’ L varies from 0 to 1.36 m. When the vertical altitude difference of the two suspending heat sources X is 0, the two suspending heat sources reveal a symmetrical arrangement.




2.3. Numerical Procedure and Validation


The discrete equations are solved via the finite element method (FEM), while the accuracy and stability of the model are ensured by refining the grid and adjusting the solver parameters [28]. The volume force and flow boundary conditions are induced into the laminar flow module, while the heat sources and temperature boundary conditions are induced into the solid/fluid heat transfer module [29]. The transient solver is applied, with the backward differentiation method as the time-stepping method and the absolute tolerance factor of 0.05. The velocity and temperature are solved by the segregated solver, with the PARDISO solver applied for the temperature.



In order to verify the independence of the grid, the natural convection at L = 0, X = 0.2 m, and P = 1000 W is simulated with five different grids. Table 3 gives the average air temperature around the heat sources on five different grids. The results show that the largest relative error of the average temperature of the heat sources is only 0.93%. Thus, considering both the accuracy and current resources, the grid with a number of 1.2 × 105 was selected in this study.



In order to verify the present numerical method, the investigation into natural convection air-cooling of a discrete square heat source array in a vertical channel by Shankar Durgam et al. [25] is verified by this method, as is shown in Figure 2. In Figure 2, the horizontal axis represents different heat sources on the FR4 substrate. The temperature distributions on the FR4 substrate acquired by the current numerical method are in good agreement with the numerical and experimental results in Ref. [25]. The relative error of the average temperature is less than 5%. Therefore, the accuracy of the current numerical method on the flow and heat transfer of natural convection in a vertical open-ended channel with two suspending heat sources can be assured.





3. Results and Discussions


3.1. Effects of Horizontal Distance X


Figure 3 shows the temperature and velocity vector distributions in the open-ended square channel with a different horizontal distance X at L = 0. The main flow direction of air in the open-ended square channel is vertically straight up, along the z direction. The temperature of the air is lower near the outlet, while it is higher near the heat sources. Thus, the air flows from the inlet to the outlet are generated by buoyancy force due to the nonuniform air density. As X decreases from 0.36 m to 0.20 m, the maximum temperature on the surfaces of the heat sources decreases from 397 K to 388 K, and the maximum velocity of the air flow in the channel decreases from 2.54 m/s to 2.03 m/s, as shown in Figure 3a. The temperature distributions of the heat sources and air in the open-ended square channel are nonuniform, as shown in Figure 3b. In addition, the temperature is always lower at the bottom of heat sources and higher at the top. It is because the cold air firstly flows around the bottom of heat sources to take the heat, and then moves to the top of heat sources. When X decreases, not only the maximum temperature but also the air temperature around the top of heat sources decreases markedly, as displayed in Figure 3a,b. It means the decrease of X contributes to weakening the buoyancy force, which results in a decrease in the maximum velocity of the air flow, as shown in Figure 3a,c. With the increase of X, the velocity of the air flow in the region between S3 and S9 rises, the maximum value of the velocity in the z direction increases, and the velocity of the air flow in the region directly on the opposite of S4 and S10 drops and the range of the vortex over S2 and S8 is enlarged, indicating an increase in the region of lower flow velocity, as shown in Figure 3c.



Figure 4a illustrates the temperature distribution of vertical lines on S3 and S4 along the z direction at different X. The local temperature of S3 and S4 increases and then decreases mildly along the z direction. As X decreases, the temperature distribution hardly changes, which decreases to a minimum point and then increases, with the lowest temperature occurring at X = 0.28 m. Figure 4b,c give the vertical velocity along the x direction at different slicing positions marked in Figure 3c and different X, respectively. At X = 0.36 m and z = 1.26 m, the distribution of the vertical velocity exhibits a shape of “W”, corresponding to the vortexes in Figure 3c. In more detail, the vertical velocity reaches its maximum at the center of the open-ended square channel, while the minimum vertical velocity is located near the top of the heat sources, x/D = 0.2 and 0.8. As the vertical altitude z rises, the maximum vertical velocity decreases, while the vertical velocity at x/D = 0.2 and x/D = 0.8 increases. Thus, the distribution of the vertical velocity changes gradually from the “W” shape to a parabolic shape. The vertical velocity at z = 0.45 m increases in the center of the open-ended square channel but decreases in the regions near the channel walls with the increase of X, as shown in Figure 4c.



Figure 5a gives the distribution of Nusselt number Nu on S3. Figure 5b gives the local Nusselt number Nuz of the lines on S3 and S4 along the z direction at different horizontal distances X of 0.36 m. The maximum value of Nuz appears near the bottom corners of S3, while the minimum value appears in the medium top region, as shown in Figure 5a. It is because the cold air first contacts with the heat sources at the bottom. The Nuz decreases first and then increases along the z direction, as displayed in Figure 5b. The reason why the Nuz minimum occurs in the middle top region of the heat source is that the air flow rate decreases and the temperature increases in this part, while the presence of vortices at the top deteriorates the heat transfer. Moreover, the Nuz also increases and then decreases with the decrease of horizontal distance, with the maximum value at X = 0.28 m because the layout at this point can get a higher flow rate and a smaller range of vortices. The difference between the maximum and minimum Nuz is generally 6 regardless of the magnitude of X, as shown in Figure 5.



Figure 6 gives the average Nusselt number, Nu, of each surface of two heat sources. The maximum Nu always appears at the bottom surface of heat sources (S1 and S7), and the minimum Nu at the top surface (S6 and S12). In addition, as X decreases, Nu increases and then decreases, with the minimum and maximum values at X = 0.36 m and X = 0.28 m, respectively. For both heat sources, the most likely locations for heat transfer deterioration are the two top surfaces (S6 and S12). For different X, the best air flow heat dissipation occurs when X = 0.28 m.




3.2. Effects of Vertical Altitude Difference L


In Figure 7, the temperature and velocity vector distributions in the channel with a different vertical altitude difference, L at X = 0.36 m, are presented. As shown in Figure 7a, the flow direction of the air in the channel is straight up around the heat sources. The maximum temperature appears on the surface of the right heat source, while the surface temperature of the left one is lower. The maximum surface temperature of the heat sources increases with the increase of L until it reaches around 419 K, while the maximum air velocity keeps increasing. As L increases, the temperature of the right heat source remains high while the temperature of another one decreases, as is shown in Figure 7b. Thus, it can be concluded that the increase of L hinders the heat exchange of the right heat source and enhances that of the left heat source. As is shown in Figure 7c, the average air velocity decreases around the right heat source and increases around the left one, while the maximum air velocity keeps increasing. Moreover, the increase of L lowers the air velocity at the entrance of the channel at the bottom of the right heat source, leading to a decrease in the air velocity between the right heat source and the walls of the channel.



Figure 8 shows the vertical velocity distributions of the cross section in Figure 7c at different vertical altitudes z marked in Figure 7c. As is shown in Figure 8, on the cross section where z = 0.8 m, with the increase of L, the left heat source rises. The air velocity of the region under the left heat source increases markedly to its maximum value at L = 1.2 m, and then decreases. In the region where 0.88 ≤ x/D ≤ 1.0 (the right spacing of the right heat source), the air velocity keeps decreasing, directly resulting in the weakening of the heat exchange, which is the reason why the temperature of the right heat source is higher. On the cross section where z = 2.05 m, with the increase of L, the rise of the left heat source leads to the increase of air velocity in the regions of 0 ≤ x/D ≤ 0.12 and 0.5 ≤ x/D ≤ 1.0, both reaching their maximum values at L = 1.2 m, which well enhances heat transfer and explains the temperature drop of the left heat source.



The influence of L on the local surface temperature of the heat sources is presented in Figure 9. As is shown in Figure 9, the local temperature on the surfaces of heat sources (S3, S4 on the left and S9, S10 on the right) increases with the increase in the vertical altitude. The temperature difference between S3 and S9 increases with the increase of L, especially at L = 1.2 m, while the minimum temperatures of S3 and S9 are 345 K and 405 K, respectively. For the left heat source, the temperature difference between S4 and S3 is low, and the local temperature gradually drops to the minimum at L = 1.2 m. For the right heat source, the temperature difference between S8 and S10 is low as well, while the local temperature increases and then decreases, with the maximum at L = 0.8 m.



The influence of L on Nuz on the surfaces of the heat sources is presented in Figure 10. With the increase of L, the Nuz of S3 and S4 increases and then decreases, while the Nuz of S9 and S10 gradually decreases to a certain constant value. This phenomenon corresponds to the change in the velocity distribution in Figure 8, while the increase of L results in the air flow in the channel leaning to the left heat source, and the increase in velocity leads to the enhancement of heat transfer. However, such enhancement is not persistent. The maximum value of the velocity in the channel decreases at L = 1.36 m, leading to the decrease of Nuz of the left heat source, which means that the increase of L only partially strengthens the convective heat transfer process of the left heat source. For the right heat source, the increase of L hardly affects Nuz while L is not less than 0.8 m. Therefore, the condition of the air flow around the right heat source is not apparently affected by the increase of L after it reaches a certain value. The condition of convective heat transfer remains stable, as is proven in Figure 7 as well.



The distributions of the average Nusselt number Nu of each surface of the heat sources with different L are illustrated in Figure 11. As the L increases, the Nu of the left heat source exhibits a fluctuating condition, with the minimum and maximum values at L = 0.4 m and L = 1.2 m, respectively. The Nu of the right heat source generally decreases, with the maximum value at L = 0 and the final values at around 20. The changes of Nu of all the surfaces are in good agreement with that for the single surface in Figure 10. In addition, comparing the different surfaces, the effect of heat exchange at the bottom is always better than the top, which is the same as the results shown in Figure 8. In summary, an increase in L enhances the heat dissipation of one heat source and weakens the heat dissipation of the other.





4. Conclusions


In this paper, the flow and heat transfer of natural convection in an open-ended square channel with two suspending heat sources are studied through numerical simulation. The layout of the heat sources directly affects the natural convection, which directly affects the heat dissipation on the surface of the heat sources. The flow field and temperature field in the channel with different geometric parameters of the heat sources are presented. The effects of the horizontal distance and vertical altitude difference of the heat sources on the average surface temperature and Nusselt number of the heat sources are discussed. The conclusions are as follows.



	(1)

	
The local temperature of the suspended heat sources increases first and then decreases with the increase of the vertical altitude difference. The average Nusselt number reaches its maximum value at the bottom surface and its minimum value at the top surface. These patterns of the local temperature and average surface Nusselt number are independent of the horizontal distance and vertical altitude difference of the suspending heat sources.




	(2)

	
As the horizontal distance increases, the maximum surface temperature increases from 388 K to 397 K, the air temperature around the top surfaces of the heat sources also increases to the maximum value of 0.36 m. The local Nusselt number at the side walls of the heat sources increases and then decreases, with a maximum value of 0.28 m and a minimum value of 0.36 m. In addition, the average maximum value of 33.5 and the difference between the average maximum value and the average minimum value remain at 6. In addition, the maximum vertical airflow velocity in the center increases from 2.03 m/s to 2.54 m/s, while the vertical airflow velocity near the channel walls decreases and the size of low-speed vortices over the top surfaces of the heat sources expands. The change in airflow velocity directly affects the heat dissipation and thus determines the temperature distribution. The layout with the best heat dissipation effect has a horizontal distance of 0.28 m.




	(3)

	
As the vertical altitude difference increases, the surface temperature of the left heat source decreases while that of the right heat source increases, resulting in an increasing temperature difference from 0 K to 54 K between the two heat sources. In addition, the maximum vertical velocity around the right heat source is reduced by half, and the maximum vertical velocity around the left heat source is increased by a factor of 7. The change in the airflow velocity results in the slight fluctuation of the Nusselt number of the left heat source, together with the decreasing of the Nusselt number of the right heat source, and the minimum value is only 20. The increase in vertical altitude difference enhances the heat dissipation ability of one heat source and weakens the heat dissipation ability of the other heat source. To ensure the best heat dissipation of both heat sources, the best layout of vertical altitude difference is 0. It should be pointed out that the optimal arrangement of more suspended heat sources in a limited space open-ended channel is the future challenge in passive heat dissipation cooling technologies.
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Nomenclature




	
A

	
vertical distance from the bottom of the right heat source to the inlet (m)




	
cp

	
specific heat capacity (J/kg K)




	
D

	
depth of the vertical open-ended square channel (m)




	
DH

	
depth of heat source (m)




	
g

	
acceleration due to gravity (m/s2)




	
hz

	
local convection heat transfer coefficient (W/m2 K)




	
H

	
height of the vertical open-ended square channel (m)




	
HH

	
height of heat source (m)




	
k

	
thermal conductivity (W/m K)




	
L

	
distance between two heat sources bottom surface (m)




	
Lz

	
length of heat source in z-direction (m)




	
Ls

	
feature length of selected surfaces (m)




	
Nu

	
Nusselt number




	
Nuz

	
local Nusselt number




	
p

	
pressure (Pa)




	
patm

	
atmospheric pressure (Pa)




	
P

	
thermal power (W)




	
P0

	
thermal power of heat source (W)




	
Ps

	
thermal power of selected surfaces (W)




	
T

	
temperature (K)




	
Tw

	
average temperature of one surface (K)




	
T∞

	
ambient temperature (K)




	
u

	
velocity along x-direction (m/s)




	
v

	
velocity along y-direction (m/s)




	
V

	
volume of a single heat source (m3)




	
w

	
velocity along z-direction, vertical velocity (m/s)




	
W

	
width of the vertical open-ended square channel (m)




	
WH

	
width of heat source (m)




	
x

	
coordinates along the depth direction of the heat source




	
X

	
horizontal distance between the heat sources




	
y

	
coordinates along the width direction of the heat source




	
z

	
coordinates along the height direction of the heat source




	
ΔT

	
Temperature difference (K)




	
Greek symbols




	
α

	
thermal diffusivity of air (m2/s)




	
αs

	
thermal diffusivity of hear sources (m2/s)




	
β

	
volumetric thermal expansion coefficient (1/K)




	
ρ

	
Density (kg/m3)
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Figure 1. The physical model (a) and the x-z plane at y = W/2 of the open-ended square channel (b). 
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Figure 2. Temperature distribution and average temperature of the FR4 substrate obtained by Shankar Durgam et al. [25] and present results. 
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Figure 3. Temperature and velocity distributions in the open-ended square channel with different horizontal distance X at L = 0. (a) Temperature and velocity vector distributions. (b) Temperature distribution of the central cross section of both and each heat sources. (c) Velocity distribution in the z direction on the cross section where y = W/2. 
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Figure 4. Temperature and velocity distributions of specific cross sections with different X and z at L = 0 m. (a) Local surface temperature distribution of vertical lines on the heat source surfaces. (b) Vertical velocity distribution at different positions in the channel which X = 0.36 m (c) Vertical velocity distribution with different horizontal distance X in the channel which z = 0.45 m. 
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Figure 5. The distribution of Nusselt number on the surfaces of the heat sources. (a) The distribution of Nusselt number of S3 at L = 0. (b) The distribution of local Nusselt number Nuz of S3 and S4 at X = 0.36 m. 
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Figure 6. The distributions of average Nusselt number of all the surfaces of the heat sources with different horizontal distance X. 
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Figure 7. The temperature and velocity distributions in the channel with a different vertical altitude difference at X = 0.20 m. (a) The temperature and velocity vector distributions in the open-ended square channel. (b) The temperature distribution of the central cross section of the heat sources. (c) The velocity distribution in z direction at the cross section where y = W/2. 
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Figure 8. The vertical velocity distributions on the cross sections with different L. (a) z = 0.8 m. (b) z = 2.05 m. 
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Figure 9. The local temperature distributions of the side walls of the heat sources with different L. (a) S3 and S9. (b) S4 and S10. 
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Figure 10. The distribution of local Nusselt number of the side walls of the heat sources with different L. (a) S3 and S9. (b) S4 and S10. 
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Figure 11. The distributions of average Nusselt number of all the surfaces of the heat sources with different L. 
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Table 1. Thermophysical parameters of air and heat sources.
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	Name
	ρ
	k
	cp





	Air
	1.2257
	0.02634
	1006.5



	Aluminum
	2710
	236
	902
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Table 2. Nomenclature of surfaces of two discrete heat sources.
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Surface

	
Location

	
Schematic Figure (Left Heat Source)

	
Surface

	
Location

	
Schematic Figure (Right Heat Source)






	
S1

	
(D − 2DH − X)/2 ≤ x ≤ (D − X)/2,

(W − WH)/2 ≤ y ≤ W − (W − WH)/2,

z = A + L

	
 [image: Processes 10 01774 i001]

	
S7

	
(D + X)/2 ≤ x ≤ (D + 2DH + X)/2,

(W − WH)/2 ≤ y ≤ W − (W − WH)/2,

z = A

	
 [image: Processes 10 01774 i002]




	
S2

	
(D − 2DH − X)/2 ≤ x ≤ (D − X)/2,

(W − WH)/2 ≤ y ≤ W − (W − WH)/2,

z = A + L + HH

	
S8

	
(D + X)/2 ≤ x ≤ (D + 2DH + X)/2,

(W − WH)/2 ≤ y ≤ W − (W − WH)/2,

z = A + HH




	
S3

	
x = (D − X)/2,

(W − WH)/2 ≤ y ≤ W − (W − WH)/2,

A + L ≤ z ≤ A + L + HH
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S9

	
x = (D + X)/2,

(W − WH)/2 ≤ y ≤ W − (W − WH)/2,

A ≤ z ≤ A + HH

	
 [image: Processes 10 01774 i004]




	
S4

	
x = (D − 2DH − X)/2,

(W − WH)/2 ≤ y ≤ W − (W − WH)/2,

A + L ≤ z ≤ A + L + HH

	
S10

	
x = (D + 2DH + X)/2,

(W − WH)/2 ≤ y ≤ W − (W − WH)/2,

A ≤ z ≤ A + HH




	
S5

	
(D − 2DH − X)/2 ≤ x ≤ (D − X)/2,

y = (W − WH)/2,

A + L ≤ z ≤ A + L + HH

	
 [image: Processes 10 01774 i005]

	
S11

	
(D + X)/2 ≤ x ≤ (D + 2DH + X)/2,

y = (W − WH)/2,

A ≤ z ≤ A + HH

	
 [image: Processes 10 01774 i006]




	
S6

	
(D − 2DH − X)/2 ≤ x ≤ (D − X)/2,

y = W − (W − WH)/2,

A + L ≤ z ≤ A + L + HH

	
S12

	
(D + X)/2 ≤ x ≤ (D + 2DH + X)/2,

y = W − (W − WH)/2,

A ≤ z ≤ A + HH
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Table 3. Grid independence verification (P = 1000 W).






Table 3. Grid independence verification (P = 1000 W).





	Total grid number
	2 × 104
	5 × 104
	1 × 105
	1.2 × 105
	1.5 × 105



	Average air temperature (K)
	307.96
	306.21
	305.23
	305.11
	305.11



	Relative Error (%)
	0.93
	0.36
	0.04
	-
	0.00
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