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Abstract

:

Mechanical strength and thermal properties may limit the usage of an electronic component in the high-tech industry. This paper investigated the influence of using CuO nanoparticles in a radial configuration microchannel of a disk from the mechanical and thermal points of view. In this regard, a disk under thermal and mechanical loading had been considered. The cooling setup consisted of a radial configuration microchannel with a constant fluid volume. Water was used as the base fluid and CuO particles were used as the coolant fluid. The results showed that the use of CuO nanoparticles would reduce the maximum disk temperature, the maximum thermal stress, and the maximum stress, as well as the maximum deformation on the body. The increasing number of channels would increase the maximum stress in the object as well. Another remarkable point was that increasing the nanoparticles did not necessarily lead to a more uniform heat distribution in the disk.
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1. Introduction


One of the crucial parameters in technology advancement is the efficiency of electronic components. One of the main limitations affecting the performance of electronic components is transferring the heat from them. Wide ranges of studies have been carried out on this subject, and different approaches have been proposed [1,2,3,4,5,6,7,8,9,10,11,12,13,14]. One of these methods is using microchannels containing cooling fluids. This method was first introduced in 1981 by Tuckerman and Peace [15]. They showed that by using microchannels, heat transfer could be increased up to 40 times higher, and introduced microchannel-cooling as a high-efficiency small-sized method. After demonstrating the high efficiency of cooling with microchannels, the researchers studied the different applications, design aspects, and optimization of this method. The constructal theory is one of the optimization theories introduced by Adrian Bejan [16] that could be used to improve the heat sinks microchannel. This theory aims to enhance the shape and configuration of a microchannel. One of the introduced microchannels configurations by the constructal theory in a disk is known as the radial configuration. In this study, this kind of microchannel configuration in the disk was pursued. Another solution to improve the microchannel cooling efficiency is to enhance the physical properties of the microchannel fluid. Generally, conventional fluids have low thermal conductivity. To overcome this problem, S.U.S. Chol [17] achieved a higher thermal conductivity in working fluid by adding nanoparticles of metals in the working fluid. Dispersing the nanomaterial in the base fluid has made nanofluid with higher conduction, which can transfer more heat. In the recent three decades, the use of various nanoparticles and their effectiveness on heat transfer has been studied and analyzed by various researchers [12,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32].



Another challenge in the design of electronic components in advanced technologies, such as electronic packages and structures of future air vehicles industries, is the weight and strength restrictions of the element [33]. One of the ways of increasing the strength of the electronic component is to add materials with a higher strength coefficient, but the downside of this method is the increase in the element weight. Therefore, the challenge is increasing the strength of the element without increasing its weight. In these technologies, because of the high rate of heat transfer, the thermal stresses play a crucial role in the component strength.



Gosselin et al. [34] optimized the combination of the heat transfer and strength of the materials analytically. The beam profile loaded has been optimized for bending by enhancing the lifetime in the existence of sudden heating. Besides, the cross-section of the beam and the position of the steel bars have been investigated. Cetkin et al. [33,35] examined the effect of vascular design on the mechanical and thermal stress in the radial and dendritic microchannel network. They found that the cooling capability of the vascular design reduced by decreasing the thermal stress.



So far, the use of nanofluids in the radial configuration has not been studied extensively. Also, the lack of a proper study to analyze the stresses of a cooled piece by nanofluid is felt. Therefore, in this research, an electronic element that was under thermal flux and mechanical loading was considered. In order to cool the disk, some microchannels were embedded inside it. In all examined cases, the volume of embedded channels was assumed constant. Water/CuO nanofluid was used at 4% and 2% volume fraction. The effect of using nanofluid on the maximum temperature, the von Mises stress, thermal stress, and total deformation had been investigated.




2. Model


To model electronic cooling equipment, such as processors, a disk with a radius of R, the diameter of D, and the height of H = 0.1 D were considered. The ratio of the cooling zone to the volume of the disk was assumed to be 5% in all cases [15,16,31,32]. The radial duct diameter varied with the duct numbers. The outer surface of the disk had been considered stationary, whereas the top and bottom surfaces were considered moving. The disk center was considered as the entrance of the cooling fluid. After uniform heat exchange with the bottom disk, it exited the system through the edge of the disk. Figure 1 shows the schematics of the studied cooling system. In the following microchannel network, the microchannel was extended to all cooling zone in volume (convection method).



Because of the frequent utilization of silicon as the most popular solid in the electronics industry and water as base fluid, the properties of these two materials were considered and listed in Table 1.



2.1. The Governing Equations


Heat is transferred through the solid and fluid regions by conduction and convection, respectively. The radiative heat transfer and gravity forces were neglected. In this study, the hydraulic diameter of the microchannel was chosen greater than 10 µm, so the fluid could be considered as a continuum. Therefore, Navier–Stokes and Fourier equations could be applied. Moreover, the energy and Navier–Stokes equations were coupled with the equation of solid heat transfer. The conductivity was considered to be uniform and isotropic. Due to the significant value of the conductivity coefficient, lasting time was smaller than a second to attain a steady-state temperature inside the microchannel. Nanofluid was assumed to be incompressible with Newtonian behavior and had a laminar flow. Nanoparticles were assumed to be spherical and had the same diameter. The base fluid and nanoparticles moved with the same velocity, and they were at the same thermal conditions. In other words, the nanofluid mixture was homogeneous. According to the mentioned assumptions, the mass conservation and momentum equations for the nanofluid were as follows:


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



(1a)






  u   ∂ u   ∂ x   + v   ∂ u   ∂ y   + w   ∂ u   ∂ z   = −  1   ρ  n f       ∂ p   ∂ x   +    μ  e f f      ρ  n f      ∇ 2  u  



(1b)






  u   ∂ v   ∂ x   + v   ∂ v   ∂ y   + w   ∂ v   ∂ z   = −  1   ρ  n f       ∂ p   ∂ y   +    μ  e f f      ρ  n f      ∇ 2  v  



(1c)






  u   ∂ w   ∂ x   + v   ∂ w   ∂ y   + w   ∂ w   ∂ z   = −  1   ρ  n f       ∂ p   ∂ z   +    μ  e f f      ρ  n f      ∇ 2  w  



(1d)







Here,    ∇ 2  =    ∂ 2    ∂  x 2    +    ∂ 2    ∂  y 2    +    ∂ 2    ∂  z 2     .



The energy equations for fluid was


   ρ  n f    C  p , n f    (  U . ∇ T  )  =  K  n f    ∇ 2  T  



(2)







Effective viscosity and nanofluid density were defined as follows:


   ρ  n f   = ξ  ρ  n p   +  (  1 − ξ  )   ρ  b f    



(3)






   μ  e f f   =  μ  b f   /   ( 1 − ξ )   2.5   .  



(4)







The proposed formula by Chol et al. [17], which considers the diameters well as the Brownian motion of the nanoparticles, was used to compute the effective conductivity of the nanofluid:


     k  e f f      k  b f     = 1 + 64.7 ×  ξ  0.7460     (    d  b f      d  n p     )   0.3690    (     k  n f      k  b f      )  ×   (  μ   ρ  b f    α  b f     )   0.9955     (    ρ  b f    B c  T   3 π  μ 2   L  B F     )   1.231    



(5)




where “LBF” is the mean free path of the base fluid, and “Bc” the Boltzmann constant (1.3807  ×  10−23 J/K), and µ was calculated as


   μ = A ×   10    B  T − C     ,   C = 140  ( K )  ,   B = 247  ( K )  ,     A = 2.414 ×   10   − 5    (  P a . s  )    



(6)







The distribution of temperature into the solid zones was obtained by solving the energy equation:


   K s   ∇ 2   T s  = 0 ⇒  ∇ 2   T s  = 0  



(7)







The thermal boundary conditions for the upside surface was:


   K s    ∂ T   ∂ y   = −  q ″   



(8)







Sidewalls were adiabatic. In the solid–solid and solid–liquid interfaces, and due to the continuity of temperature and heat flux and the fluid in the joint, we had:


   K s    ∂  T  s l     ∂ n    | Ω  =  K  n f     ∂  T f    ∂ n    | Ω    a n d    T s   | Ω  =  T  n f    | Ω   



(9)




where Ω is a perpendicular vector to the solid–solid and solid–liquid interfaces. Based on previous findings, solid disks assumed isotropic, with elastic deformations. According to this hypothesis, Hoke law and momentum equations could be expressed as [35]:


       ∂  σ  x x     ∂ x   +   ∂  τ  y x     ∂ y   +   ∂  τ  z x     ∂ z   = 0         ∂  σ  y y     ∂ y   +   ∂  τ  x y     ∂ x   +   ∂  τ  z x     ∂ z   = 0         ∂  σ  z z     ∂ z   +   ∂  τ  y z     ∂ y   +   ∂  τ  x z     ∂ x   = 0     



(10)






    [               σ  x x          σ  y y              σ  z z                  τ  y z              τ  z x          τ  x y                ]  =  E   (  1 + γ  )   (  1 − 2 γ  )      [      1 − γ    γ   γ   0   0   0     γ    1 − γ    γ   0   0   0     γ   γ    1 − γ    0   0   0     0   0   0      1 − 2 γ  2     0   0     0   0   0   0      1 − 2 γ  2     0     0   0   0   0   0      1 − 2 γ  2       ]    [       ε  x x          ε  x y          ε  x z          φ  y z          φ  x z          φ  x y        ]    



(11)







The effect of the thermal stress on the disk was considered by the relationship between temperature and solid equations, which could be written as follows:


   [       ε  x x          ε  y y          ε  z z          ϕ  y z          ϕ  z x          ϕ  x y        ]  =  [       ε  m , x x          ε  m , y y          ε  m , z z          ϕ  m , y z          ϕ  m , z x          ϕ  m , x y        ]  −  (  T −  T  r e f    )   [     α     α     α     0     0     0     ]   



(12)







Displacement and strain relations could be represented as below:


      ε  m , x x   =   ∂  r x    ∂ x          ε  m , y y   =   ∂  r y    ∂ y          ε  m , z z   =   ∂  r z    ∂ z          φ  m , x y   =   ∂  r x    ∂ y   +   ∂  r y    ∂ x          φ  m , y z   =   ∂  r z    ∂ y   +   ∂  r y    ∂ z          φ  m , z x   =   ∂  r z    ∂ x   +   ∂  r x    ∂ z       



(13)







Total deformation could be calculated as:


  D e =    r x    2  +  r y    2  +  r z    2     



(14)






  D  e *  =   D e   2 R    



(15)







Dimensionless variables could be defined as follows:


   T *  =   T −  T  i n        q ″  R    K s       



(16)






   P *  =    (   P  i n   −  P  o u t    )   R 2    μ  α f     



(17)







The value of P* demonstrates the difference in overall pressure between the inlet and outlet of the duct. P* values of order 107 and 108 had been used, which showed Reynolds numbers smaller than 2000 in each channel. Also, we assumed  γ  = 0.33 and E* =   2 ×   10  6   . The thermal expansion coefficient was considered equal to 10−4.




2.2. Grid-Independence Study and Validation


In order to mesh the geometry, an irregular grid was used. The grids were refined near the cooling zone and the interface. The results were analyzed at various mesh numbers to examine maximum velocity, the peak temperature (Tmax, Table 2), and the maximum stress (Table 3) to obtain less than 1% variation. The traditional package of simulation ANSYS CFX and ANSYS STATIC STRUCTURAL software was used for this purpose. For the velocity-pressure coupling, a SIMPLE algorithm was used. Convergence had been acquired with the error magnitudes less than 10−5. The geometry and other conditions in the current study were considered similar to Cetkin et al. [35]. As could be seen in Figure 2, there was an excellent agreement for thermal stress, mechanical load, and a combination of both loads between present modeling and findings of Cetkin et al. [35].





3. Result and Discussion


In this work, the vascular structures of a microchannel containing water and CuO- water nanofluid in a radial configuration were investigated. To achieve this goal, we examined the mechanical load, thermal load, and the cooling zone volume for all cases. Based on Equations (3) to (6), it was observed that the nanoparticle volume fraction had a significant effect on the overall thermal conductivity of the nanofluid, meaning that it was a much better heat conductor compared to the initial working fluid. Nevertheless, due to the increasing motions of the nanoparticles with temperature, which was a result of the Brownian effect, the thermal conductivity of the nanofluid depended mainly on the temperature. Furthermore, increasing the temperature caused the viscosity of the fluid to decrease, which facilitated the Brownian effect. The following sections discuss the effects of nanoparticle volume fraction on the thermal and mechanical behavior of the disk.



3.1. Thermal


The uniform maximum temperature and uniform temperature distribution are critical design parameters due to generating the best heat configuration. Based on the constructal theory, the ideal condition can be obtained when the temperature distribution becomes uniform over the component. On the other hand, the component’s best temperature is achieved when it reaches Tmax throughout the disk. The latter means that the best design is obtained when the average temperature is near Tmax.



Figure 3a,b represents the maximum dimensionless temperature variations by several ducts for different   ξ = 0 % ,   2 % ,    and    4 % .  Figure 3a,b indicates how the peak temperature changed, relative to the volume fraction of nanoparticles and the number of cooling channels, at P*max = 107 and P*max = 108, respectively. For P*max = 108, the peak temperature boosted as N increased when the volume fraction was 0%, 2%, and 4%. However, for P*max = 107, the peak temperature was obtained at N = 14. In both studied P*max, the peak temperature decreased as the volume fraction of nanoparticles increased. For the same N, the difference between maximum temperatures was larger for the range of  ξ  between 0% and 2% compared to that between 2% and 4%. For the studied cases, by increasing the volume fraction of nanoparticle from 0% to 2%, the peak temperature decreased from 14.5% to 30% (for P*max = 107) and 19.6% to 28.9% (for P*max = 108). Moreover, by nanoparticle volume fraction augmentation from 0% to 4%, the peak temperature decreased from 27.3% to 44% (for P*max = 107) and from 33.2% to 44.7% (for P*max = 108).



Table 4 shows the variation of the maximum temperature for various nanoparticles volume fractions and multiple numbers of microchannels. As shown in Table 4,   Δ  T  max  *    is decreased when the number of ducts is increased.



A uniform temperature distribution, such as the maximum temperature of a segment, is important in the cooling of electronic parts. According to the constructal theory, the arrangement of microchannels is optimal once the whole segment would be at one unique temperature. The ideal condition is that the peak temperature and the segment temperature would be the same. Figure 4a,b indicates the uniformity of temperature based on the      T  ave      T  max      . As observed in these figures, the best uniformity is obtained when using 10 ducts. According to Figure 4a, for P* = 107 and at duct numbers less than 10, the most uniformity of temperature was ascribed to the distilled water, in comparison with other concentrations of nanoparticles. The same results could be expressed for duct numbers less than ten and P* = 108. For duct numbers less than ten, the uniformity of temperature related to the concentration of 4% was less than 2% and 0%. However, for duct numbers greater than 10, the uniformity of concentration 4% was greater than the two other volume fractions.




3.2. Mechanical Strength


Due to the development of electronic equipment and the growing tendency of engineers to decrease the weight and dimensions of electronic segments based on industry necessities, the investigation of the mechanical strength of the electronic components is crucial. In order to examine the mechanical strength of the electronic components, mechanical parameters, such as Von Mises stress, thermal stresses, and the total deformation, have been investigated. Thermal expansion can be defined as the tendency of matter to change the area, shape, and volume due to a change in temperature. The resulted strains are called the temperature strains, which are not able to generate stress without a constraint; thus, they can be introduced as free strains or strains without a force. The stress, which is created by the thermal load, significantly depends on the mechanical boundary conditions.



Figure 5a,b shows the change in peak thermal stress for various duct numbers. As observed in these figures, as a result of nanoparticle application, the peak thermal stress in the segment and the peak stress in the disks are decreased when the volume fraction of nanoparticles is increased. Whereas the peak stress in the disks increased with the duct numbers. It is noted that the slope of the stress-duct is reduced by enhancing the initial pressure and the volume fraction of nanoparticles, and eventually, the peak stress decreased. When P*max = 107 and P*max = 108, by increasing the volume fraction of nanoparticle from 0% to 2%, the peak thermal stress varied from 13.6% to 29% and 27.6% to 42.9%, respectively. Moreover, by increasing the volume fraction of nanoparticle from 0% to 4%, the peak thermal stress changed from 34.3% to 51% and 38% to 54%, respectively.



Figure 6a,b depicts the peak stress originated from thermal and mechanical loading (1 × 105 Pa) for various duct numbers. Figure 6a,b shows that the use of nanofluid reduced the peak stress in the segment, and that the peak stress in the disks is decreased when the nanofluid volume fraction is increased. Besides, the greater the N, the greater the peak stress. Increasing the initial pressure diminished the peak stress. The thermal loading caused equal stress at the three orients of the coordinate system. However, the mechanical loading when considering the Poisson coefficient caused stress in opposite directions. Thus, the curve showed a non-linear behavior. When P*max = 107 and P*max = 108, by increasing the volume fraction of nanoparticle from 0% to 2%, the peak stress changed from 9.3% to 27% and 9% to 12.9%, respectively. Moreover, by raising the volume fraction of nanoparticle from 0% to 4%, the peak stress varied from 19% to 39% and 17% to 21%, respectively.



Deformation is described as the change in the metric characteristics of a continuous body, which means that a curve drawn at the initial body placement can change its length when it is displaced to a curve at the total placement [36]. Figure 7 shows the dimensionless peak total deformation of the disk under the thermal load for different numbers of the duct.



The peak deformation, which was originated from thermal loading, decreased by the increment of the nanoparticle volume fraction. At a volume fraction of 2% and 4%, an average reduction of 28.3% and 35.4% was observed, respectively. Also, among the different microchannels numbers, a ten microchannel duct had the minimum peak deformation. For a number of ducts above 10, the thermal peak deformation increased with the number of microchannels.



By increasing the number of microchannels, the peak temperature, and accordingly, the peak thermal stress increased. Moreover, the mechanical loading had been diminished in comparison with the thermal loading. Therefore, as observed in Figure 8, the peak deformation is increased with the number of microchannels, but the ascribed slope is decreased. This was due to the reduction in the effect of mechanical loading compared with thermal loading. By increasing the nanoparticle volume fraction, the peak deformation is decreased. For nanoparticle concentrations of 2% and 4%, between 4.3 to 17.3 and 5.7 to 23.2 percent change in the peak deformation could be observed.



In Figure 9, blue and red colors represent the maximum and minimum values, respectively. As observed in this figure, the maximum thermal strain and temperature of the disk had the same location. In addition, the minimum values are located halfway between the edge of the plate and the center. It is noted that the plate was considered a circle, concentric with the plate center.





4. Conclusions


In this paper, the influence of using dispersed CuO nanoparticles in H2O flowing through a network of radial microchannels from the mechanical and thermal points of view was investigated. In all studied cases, the fluid volume of the cooling zone was assumed to be constant in the solid region, and the effect of using nanofluid in concentrations of 2 and 4 percent was investigated. The results indicated that CuO nanoparticles reduced the average of the maximum disk temperature, the maximum thermal stress, and the maximum stress, as well as the most significant deformation in the studied configuration. Increasing the number of microchannels would increase the maximum stress in the object, as well. Another remarkable point was that increasing the nanoparticles did not necessarily lead to a more uniform heat distribution in the disk.
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Nomenclature




	
Nomenclature




	
Cp

	
Specific heat capacity (J kg−1 K−1)




	
D

	
The thickness of the microchannel (m)




	
De

	
Deformation (m)




	
H

	
The height of the disk (m)




	
L

	
Length (m)




	
M

	
Mass flow rate (kg s−1)




	
N

	
Number of branching




	
P

	
Pressure (N m−2)




	
Pr

	
Prandtl number




	
q″

	
Heat flux (W m−2)




	
T

	
Temperature (K)




	
u, v, w

	
Velocity components (m s−1)




	
Greek symbols




	
A

	
Thermal expansion coefficient (K−1)




	
γ

	
Poisson’s ratio




	
σ

	
Normal stress (Pa)




	
µ

	
Dynamic viscosity (kg m−1 s−1)




	
τ

	
Shear stress (Pa)




	
ξ

	
The volume fraction of nanoparticles




	
ρ

	
Density (kg m−3)




	
φ

	
Shear strain (mm mm−1)




	
Subscripts




	
ave

	
Average




	
bf

	
Base Fluid




	
nf

	
Nano fluid




	
s

	
Solid




	
ref

	
Reference




	
Superscripts




	
(*)

	
Dimensionless
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Figure 1. (a) Side view of the modeled disk. (b) Front view of modeled disk. 
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Figure 2. A comparison of the dimensionless maximum Von Mises stress, based on several microchannels, compared to Cetkin et al. [35] work. 
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Figure 3. (a) T*max versus N for the different volume fraction of nanoparticles under P* = 107. (b) T*max versus N for the different volume fraction of nanoparticles P* = 108. 
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Figure 4. (a) Dimensionless average temperature versus the number of ducts at different  ξ , under P* = 107; (b) Dimensionless average temperature versus the number of ducts at different under   ξ  , P* = 108. 
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Figure 5. (a) Peak thermal stress relative to the number of cooling channels for the varying volume fraction of CuO Nanoparticle under P*max = 107. (b) Peak thermal stress relative to the number of cooling channels for the varying volume fraction of CuO Nanoparticle P*max = 108. 
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Figure 6. (a) Peak stress versus the number of cooling channels for the different volume fraction of CuO nanoparticle under P* = 107. (b) Peak stress versus the number of cooling channels for the different volume fraction of CuO nanoparticle under P* = 108. 
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Figure 7. Dimensionless peak total deformation versus the number of cooling channels for the varying volume fraction of CuO nanoparticles. 
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Figure 8. Dimensionless peak total deformation per N for various  ξ . 
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Figure 9. The contours of (a) thermal strain, (b) stress, and (c) temperature under mechanical load. 
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Table 1. Properties of considered solid and fluid.
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	Property
	Silicon
	Water





	Density, ρ (kg/m3)
	2330
	997



	Thermal conductivity, k (W/m K)
	125
	0.6069



	Specific heat capacity, Cp (J/kg K)
	700
	4187.7



	Dynamic viscosity, μ (Pa.s)
	---
	0.00089
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Table 2. Results in Tmax per number of elements.
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	Number of Elements
	Tmax (K)





	879,314
	435.9



	2,169,346
	429.8



	3,256,892
	425.6



	5,142,765
	424.3










[image: Table] 





Table 3. Results in σmax per number of elements.
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	Number of Elements
	σmax (Mpa) Variation





	879,314
	3.4281



	2,169,346
	3.3452



	3,256,892
	3.1252



	5,142,765
	3.1118
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Table 4. Percentage change in   Δ  T  m a x  *    by changing the number of ducts for   ξ =   2% and 4%.
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    Variation   Δ  T  max  *     

	
    Δ  T   max    *  T    max   *  |  2 % −  T   max    *  |  0 %     |      T   max    *  |  0 %              

	
    Δ  T   max    *  T    max   *  |  4 % −  T   max    *  |  0 %     |      T   max    *  |  0 %              






	
volume fraction of nanofluids

	
   ζ = 0 %   t o   2 %   

	
   ζ = 0 %   t o   4 %   




	
N

	
P*max = 107

	
P*max = 108

	
P*max = 107

	
P*max = 108




	
6

	
  Δ  T  max  *    − 30.74%

	
  Δ  T  max  *    − 28.99%

	
  Δ  T  max  *    − 44.74%

	
  Δ  T  max  *    − 40.71%




	
8

	
  Δ  T  max  *    − 23.27%

	
  Δ  T  max  *    − 28.02%

	
  Δ  T  max  *    − 35.05%

	
  Δ  T  max  *    − 39.61%




	
14

	
  Δ  T  max  *    − 18.66%

	
  Δ  T  max  *    − 23.77%

	
  Δ  T  max  *    − 30.53%

	
  Δ  T  max  *    − 35.82%




	
18

	
  Δ  T  max  *    − 16.14%

	
  Δ  T  max  *    − 21.52%

	
  Δ  T  max  *    − 29.38%

	
  Δ  T  max  *    − 34.99%




	
22

	
  Δ  T  max  *    − 14.54%

	
  Δ  T  max  *    − 19.67%

	
  Δ  T  max  *    − 27.38%

	
  Δ  T  max  *    − 33.23%
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