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Abstract

:

This study describes a novel heat sink design approach employs the field synergy concept and multitarget response surface methodology (RSM). The multiobjective response surface methodology can be used to determine the simulation equations that will maximize the heat transfer of fins at various fin heights, fin angles, and fin circumferences, when considering the impact of jet flow heat exchange. The goal of the response value was to maintain the minimum possible average field coangle and fin temperature. The results show that the ideal heat sink size would be the following: fins with a height of 50 mm, an angle of 60 degrees, and the number of fins equal to five. We examined the impact of wall speed on the heat transfer caused by the field synergy angle. Our findings suggest that with the synchromesh of the display field, heat-dissipation efficiency rises.
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1. Introduction


The Sustainable Development Goals (SDGs) noted that “economic growth”, “social advancement”, and “environmental protection” are universal problems for sustainable development. Taiwan’s industries are under intense pressure to meet worldwide net-zero emission standards and are urgently looking for a low-carbon business model. The heat problem has become an industry problem which academics urgently need to address [1,2,3,4,5,6]. The heat problem is due to the advancement of technology and chip processing to improve the miniaturization and multifunctionality of electronic components. To reduce the temperature of electronic products, heat sinks are a common and low-cost cooling method with effective heat dissipation. The size of the convective heat transfer coefficient is used as the enhancement criterion in classic convection-enhanced heat transfer technologies. The physical mechanism of convective heat transfer and control was reexamined by Bergles [7,8,9]. This new theory is mostly based on the energy equation. Guo and Wang [10,11], who have shown how synergistic convective heat transfer velocity and temperature field can also improve the heat transfer coefficient and raise heat exchanger efficiency, explain the basic concepts of the theory of convective heat transfer, also known as the synergy angle in the field. According to the field synergy theory, the efficiency of improved heat transfer technologies is influenced by the flow velocity vector, the temperature gradient between the angles, the speed field, and the heat flow field. The effect of energy savings is evident, the pump power increase is low, and the heat transfer is improved simultaneously. Numerous theoretical studies pertaining to optimization performance have been conducted as field synergy concept implementations on diverse thermal systems [12,13,14,15,16,17,18,19,20,21].



The link between several explanatory factors and one or more response variables is studied using the response surface methodology (RSM). A solution for one goal may affect other output parameters throughout the process of single objective optimization for individual solutions, leading to unintended results. As a result, the field synergy technique was employed to give effective to design parameters utilizing multiobjective optimization. For quality engineering, the RSM [22,23,24,25] used mathematical programming and the desired function to maximize control factor values. Axial fans were used to install a radiator for forced air cooling. The two major ways to boost forced convection heat dissipation are expanding the heat-dissipation area and raising the heat transfer coefficient, which results in a turbulent flow field. Additionally, increasing the radiator’s surface area to increase cooling effectiveness has frequently been used. In summary, jet flow heat exchange, a kind of heat exchange that makes use of the impact of airflow to enhance convective heat transfer, has the advantage of having a high heat exchange efficiency. In order to attain the anticipated maximum heat transfer efficiency and the lowest possible energy consumption, this study proposes a novel design method that applies axial flow and field synergy theory to the heat sink design without altering the size or shape of the heat sink. This research presents a numerical three-dimensional CFD (computational fluid dynamics) investigation of convective heat transfer for a novel design heat sink.



The main goal of this work is to propose a novel and practical approach for the construction of a heat source with improved heat transfer and to investigate the impact at different fin heights, fin angles, fin circumferences, and efficacy from the perspective of FSP. The heat transfer was improved, according to the results, and this work’s main focus was on numerical three-dimensional simulation of the actual cooling impact. This facilitates rapid heat removal from the system. The ability to heat the fins to alter their alignment, aliquot, height, and convection between them is crucial for this investigation. We provide a succinct overview of design analysis together with numerical analysis and test results for the standard heat sink.




2. Methodology


2.1. Field Synergy Principle (FSP)


Beginning with the energy equation of the three-dimensional convective heat transfer boundary layer, the energy equation is integrated inside the thermal boundary layer thickness. The FSP for incompressible flow and energy conservation is stated simply as follows in [10]:


  ρ  c p   (  u   ∂ T   ∂ x   + v   ∂ T   ∂ y   + w   ∂ T   ∂ z    )  = k  ∇ 2  T  



(1)




where cp and k are all constant, the dimensionless governing equations and boundary conditions were created using the following variables.


      U ¯  =  U   U ∞      ;    y ¯  =  y  δ  ‘ t    ;  x ¯  =  x   δ t      ;    z ¯  =  z   δ t      ;  T ¯  =    T −    T ∞       T w  −    T ∞     ;   δ =    ∫   y = 0   ∞    ( 1 −     |   U ¯   |         U   ∞       ) d y  ;        ∇ T =    (   T w  −  T ∞   )     δ t     ∇ ¯   T ¯    ;   Q = − ( k ∇ T  )  y = 0     ;   and    ∇ ¯  =  i ^   ∂  ∂    x ¯    +  j ^   ∂  ∂    y ¯    +  k ^   ∂  ∂    z ¯        



(2)







The integral of Equation (1) over the thickness of the thermal boundary layer is:


  ρ  c p    ∫  0   δ t     (   U ⇀  · ∇  T ⇀   )  d y = − Q  



(3)







In terms of these following nondimensional variables, the equations of FSP become:


   R e =   ρ U l  μ  , P r =  v κ     v =  μ ρ  , κ =  k  ρ  C p    , N u =   h l  k    



(4)







Taking the dimensionless variables and rewriting Equation (3) as:


  N  u x  =   Re  x  Pr    ∫   y ¯  = 0  1    (   U ¯  ⋅  ∇ ¯   T ¯   )     d  y ¯   



(5)







The static temperature gradient and velocity dot product are given as:


   U ¯  ⋅  ∇ ¯   T ¯  =  |  U ¯  |   |   ∇ ¯   T ¯   |  cos θ  



(6)







The convection heat of the field synergy principle, which is based on the speed field and the heat flow field of synergy, determines whether the fluid flow is enhanced by heat transfer technology. These factors are the flow velocity vector and the temperature gradient between the angles. In the convective heat transfer of the radiator, there is a local angle between each node, and the local angle may signify the interaction between the local velocity vector and temperature gradient. By comparing the two vectors in their entirety, we can determine the average angle of the entire field. The angle between the velocity and temperature fields and the concept of field synergy both have an impact. From the preceding explanation, it is clear that when the angle is smaller and the heat transfer intensity is likewise good, the temperature difference between the flow field and the flow velocity is at its greatest. The formula for the synergistic angle can be found by using Equation (6), therefore it is represented as Equation (7) [26]:


  θ =   cos   − 1    (     U ¯  ⋅  ∇ ¯   T ¯     |  U ¯  |   |   ∇ ¯   T ¯   |     )   



(7)








2.2. Response Surface Methodology


Using the response surface approach, the relationship between a number of explanatory variables and one or more response variables is examined. The method was first introduced by George E. P. Box and K. B. Wilson in 1951. Getting out well prepared through second-order well-prepared examinations is the main tenet of RSM. The mathematical formulae for this inquiry were derived using second-order regression equations.


  Y =  β 0  +  β 1   X 1  +  β 2   X 2  +  β 3   X 3  +  β  11    X 1 2  +  β  22    X 2 2  +  β  33    X 3 2  +  β  12    X 1   X 2  +      β    13    X 1   X 3  +  β  23    X 2   X 3   



(8)




where Y denotes the reaction variables of the heat sink, such as the field synergy angle and average fin temperature.    β 0    is the constant term of this equation,    β 1  ,      β   2  ,  β 3   , and  β ij are the coefficients of the linear and the quadratic terms, respectively. Xi is the input factors namely fin height, heat sink angle, and fin aliquots. A solution for a single goal in single objective optimization for individual answers may impact other output parameters in the process, resulting in undesirable outcomes. As a result, multiobjective optimization was used to achieve effective design parameters using the Minitab software. Applying the desirability function, we converted the output value (yi) to independence desirability (di). We then calculated composite desirability (D) as follows:


  D =    d 1  ×  d 2  ×  d 3  × ⋯ ×  d x   x   



(9)




where the x represents the number of output values (d). Composite desirability (D) is between 0 and 1 (the closer to 1, the better).





3. Design Analysis


3.1. Heat Sink Model


This model takes advantage of the geometric design features of COMSOL multiphysics software to create the model in Figure 1 and Figure 2, which has an aluminum heat sink to cool the square thermal section. The heat sink specifications were: length 68 mm, width 83 mm, thickness 1 mm, span 2 mm, forced fan ψ45 mm, and rpm 3000–4000.



A similar device was used to gauge the fins’ thermal resistance. The acrylic materials chamber circulated air, and the base of the heat fin was a square thermal bar with a fixed power source. The other external faces were covered with thermal insulation. The static pressure curve parameters were set for the fan, a fan was positioned near the backplane’s exit, and a fan was installed above the fins. The air entrance, by natural convection, was through the back side panel. A square insulating body was placed in the heat source to cover the area around the heating rod, minimizing heat loss.



In order to reduce the complexity of the problem and the amount of time required for computation, the finite element approach of the software itself was used to calculate heat transfer in this study. The governing equation was described, the heat transfer phenomena in the solution region was calculated, and the basic physical model assumptions were made. The study makes the following assumptions:




	
There will be a steady-state heat transfer.



	
The fluid in the chamber is three-dimensional forced convection.



	
The working fluid has an incompressible density.



	
The model space’s walls are all nonslip surfaces.



	
There is little radiation impact.








In this numerical analysis, these solvers are step-steady-state and steady-state. The convergence criterion for every iteration of the procedure was specified so that the residual value is below each range. Relative convergence was the criterion in this study. The convergence condition was satisfied when the value falls below 10−4.




3.2. Boundary Conditions


The turbulent flow field is typically used by the numerical simulation flow field. The analysis of the fin heat-dissipation system most frequently uses the k-mode and the k-mode, according to literature. There is not currently a single turbulent flow mode that can handle all issues. Through numerical simulations and experiments, the two groups of models were compared, and in the same construction model, the model that best matched the outcomes of the experiments was chosen. Following an experimental comparison, it was decided to conduct a simulation analysis of the k- turbulent flow model because the results were found to be more accurate. The boundary condition is the setting that matters the most in the numerical simulation. A more complete set of conditions will produce results that are close to the experimental value, but too many conditions will cause the calculation to become overly complex and put the cart before the horse. For this reason, it is crucial to be able to set the proper boundary conditions. Table 1 lists the boundary and physical conditions discussed in this study.



Physical control and user control were separated in COMSOL software’s mesh design. The latter was employed in this work, and finer mesh configurations were created for various locations, as indicated in Table 2 and Figure 3.




3.3. Experiment Measuring


The data from the thermal imager and anemometer were compared in order to validate the accuracy of the simulation analysis. The basic specifications of the thermal imager (Thermo GEAR G120) were the following:




	(A)

	
Measuring range: −40 °C to 500 °C




	(B)

	
Resolution: 0.06 °C




	(C)

	
Accuracy: ±2 °C or ±2% of reading, whichever was greater









Additionally, the basic specifications of the anemometer (UT-362-USB) were:




	(A)

	
Measuring range: 2~30 m/s




	(B)

	
Resolution: 0.1 m/s




	(C)

	
Accuracy: 2–10 m/s (±3% ± 0.5); 10–30 m/s (±3% ± 0.8)









Figure 4a shows the actual temperature field of the heat sink using an infrared thermal image apparatus and measures the airflow velocity with an anemometer shown in Figure 4b.




3.4. Results and Discussion


In order to create models and ideal designs, the response surface method (RSM), an expanded experiment method, combines statistics and optimization techniques. The multiobjective response surface method is the best improvement model. After establishing the design parameters for the heat sink, we used the response surface method’s central composite design to create a factor distribution. The finite element method was then used to analyze the location of the factors. Twenty experiments for the heat sink design were used to provide the results of the simulation study summarized in Table 3 and Figure 5a–c. Based on the above data, we calculated the actual synergistic angle using Equation (9).



Finding the impact of a particular factor’s magnitude requires regression analysis. As indicated in Table 4 for the field synergy angle and Table 5 for the average fin temperature, if (p < 0.05), the factor could be eliminated and the RSM could be reconstructed.



After significance analysis, the expression for the field synergy angle of response surface equation Y1 was as follows:


Y1 = 84.4161 + 0.555736A − 0.113884B − 2.21681C − 0.004475A2 + 0.00100056B2 + 0.2955C2 − 0.00171042A ×

B − 0.0212188A × C + 0.00760208B × C



(10)







Y2 represents the expression for Fin average temperature:


   Y 2    = 4.78346 − 0.0171883 A − 8.31712   ×     10   − 4   B − 0.0870512 C   +   4.80948   ×     10   − 5    A 2    −   1.18980   ×     10   − 5    B 2    +    0.00686988  C 2    +   4.51505     10   − 5   A   ×   B   +   0.000818858 A   ×   C   −   1.79596  



(11)







The distribution of the field synergy angle from the bottom to the top of the fin is shown by the XY section in Figure 6a–c. The field synergy angle is approximately 20–50 degrees when viewed from above since the first encounter has a higher flow velocity, but the field synergy angle rises as one approaches the bottom of the fin because the wind speed naturally decreases and the heat transfer enhancement becomes relatively minimal. The opposite has changed with regard to the field synergy angle in the second half of the fin because of the temperature field. The field synergy angle of the fins in the second half is higher because the gradient change and the velocity field change are not coordinated, causing the velocity field change to be unable to keep up with the temperature difference between the fins.



Through a variety of response surface approach experimental designs, the best model was discovered. Table 6 displays the field coangle, velocity, and temperature at the greatest temperature for a single chip. The degree of heat transmission may significantly increase when the fluid enters a jet, and the common interpretation is that as the temperature boundary layer thins, the wall temperature gradient increases. However now, from the standpoint of field synergy, we could look into how wall velocity affects heat transfer. The efficiency of heat dissipation increased with the synchromesh of the display field.





4. Conclusions


The field synergy idea and multitarget response surface methodology (RSM) were used in a revolutionary heat sink design strategy to maximize the heat transfer. There are some conclusions that can be made:




	
We investigated the effects of wall velocity on heat transport due to the field synergy angle. The effectiveness of heat dissipation increased with the synchromesh of the display field.



	
The gradient and velocity field changes were not coordinated, which prevented the velocity field change from keeping up with the temperature difference between the fins. This resulted in a higher field synergy angle of the fins in the second half.



	
When the synergy angle was employed to show the fins’ effects in heat transfer, the research findings supported the design combination. It is important to show the effectiveness of the heat-dissipation effect.
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Nomenclature




	
cp

	
Heat capacity, J/(kg∙K)




	
h

	
Heat transfer coefficient, W/(m2∙K)




	
k

	
Thermal conductivity, W/(m∙K)




	
l

	
Length, m




	
Nu

	
Nusselt number, dimensionless




	
Pr

	
Prandtl number, dimensionless




	
Q

	
Conduction heat source, W/m2




	
Re

	
Reynold’s number, dimensionless




	
t

	
Time, s




	
T

	
Temperature, K




	
U

	
Fluid velocity field, m/s.




	
    U ¯    

	
Mean velocity vector, m/s.




	
u

	
Velocity in the x direction, m/s.




	
v

	
Velocity in the y direction, m/s.




	
w

	
Velocity in the z direction, m/s.




	
x

	
Spatial coordinate




	
Xi

	
Input factor




	
y

	
Spatial coordinate




	
yi

	
Output value




	
Y

	
Reaction variables




	
z

	
Spatial coordinate




	
Greek symbols




	
    δ     

	
Velocity boundary layer thickness, m




	
    δ t    

	
Temperature boundary layer thickness, m




	
  ρ  

	
Fluid density, kg/m3




	
μ

	
Dynamic viscosity, Pa/s




	
ν

	
Kinematic viscosity, m2/s




	
  θ  

	
Field synergistic angle




	
▽T

	
Temperature gradient vector, K




	
  β  ij

	
Coefficient of the linear and quadratic terms
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Figure 1. Thermal resistance measurement apparatus for CPU coolers. 
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Figure 2. Model for measuring the thermal resistance of heat dissipation. 
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Figure 3. Mesh of numerical model. 
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Figure 4. (a) actual temperature field of the heat sink using an infrared thermal image apparatus; (b) actual airflow velocity using an anemometer. 
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Figure 5. (a) Fin height, (b) heat sink angle, (c) fin aliquots. 
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Figure 6. (a) distribution of the fin’s top field synergy angles; (b) distribution of the fin’s middle field synergy angles; and (c) distribution of the fin’s bottom field synergy angles. 
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Table 1. Boundary circumstances Setting.
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1. Material




	
Name

	
Material

	
Thermal conductivity [W/(m·K)]




	
Heat Sink

	
Aluminum 6063-T83

	
201




	
Chamber

	
Acrylic plastic

	
0.18




	
Heat source

	
Al2O3-Aluminum oxide

	
30




	
Thermal insulation coating material

	
Owens–Corning fiberglass

	
0.018




	
Heat sticks

	
Red copper

	
385




	
Fluid

	
Air

	
0.026




	
2. Turbulence mode: k-ω




	
Condition attribute

	
Parameter

	
Position




	
k-ω

	
Incompressible flow

	
Inside the entire chamber




	
Wall

	
Wall function (no slippage)

	
Except for entrance, exit, fan




	
Entrance

	
1 m/s

	
Wall rear




	
Export

	
1 atm

	
Wall




	
Fan 1

	
PQ curve

	
Above the fin




	
Fan 2

	
PQ curve

	
Chamber fan




	
3. Heat transfer mode




	
Condition attribute

	
Parameter

	
Position




	
Heat transfer

	
Ambient temperature: 25 °C

	
The whole chamber




	
Solid heat transfer

	
Depending on the material type

	
Fins, fans, thermal insulation, shells




	
Fluid heat transfer

	
Air

	
Inside the chamber




	
Initial value

	
25 °C

	
Overall




	
Heat source

	
80 W

	
Heat source




	
Thin layer

	
Heat paste:

Layer thickness: 50 μm

With ST-350

	
Between the fins and the

thermal bars




	
Temperature

	
Entry temperature: 25 °C

	
Chamber rear




	
Outflow

	
Export

	
Fan and drain on both sides
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Table 2. Mesh construction parameters.






Table 2. Mesh construction parameters.





	Node number
	20743



	Tetrahedron elements number
	122097



	Triangle elements number
	34126



	Minimum element quality
	0.005516



	Average element quality
	0.5344



	Element volume ratio
	9.048 × 10−8



	Mesh volume
	1.944 × 108    mm 3   
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Table 3. Response surface experiment design.






Table 3. Response surface experiment design.





	Item
	A

Fin Height

(mm)
	B

Heat Sink Angle (Degree)
	C

Fin

Aliquots
	Field Synergy Angle

(Y1)
	Fin Average

Temperature (°C)

(Y2)





	1
	30
	0
	3
	90.605
	67.715



	2
	40
	30
	3
	90.089
	59.309



	3
	40
	30
	5
	87.953
	59.793



	4
	30
	30
	5
	87.953
	59.793



	5
	50
	30
	5
	87.953
	59.793



	6
	30
	0
	7
	91.303
	68.211



	7
	40
	0
	5
	92.779
	58.428



	8
	50
	60
	3
	87.007
	54.403



	9
	50
	0
	3
	93.409
	51.529



	10
	40
	30
	5
	87.953
	59.793



	11
	50
	0
	7
	92.568
	57.225



	12
	40
	30
	7
	89.076
	63.077



	13
	40
	30
	5
	87.953
	59.793



	14
	30
	60
	7
	88.778
	67.924



	15
	50
	60
	7
	87.832
	58.260



	16
	40
	30
	5
	87.953
	59.793



	17
	40
	30
	5
	87.953
	59.793



	18
	40
	30
	5
	87.953
	59.793



	19
	40
	60
	5
	85.823
	59.320



	20
	30
	60
	3
	86.097
	65.586
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Table 4. Experimental regression analysis for the field synergy angle.






Table 4. Experimental regression analysis for the field synergy angle.





	
Response Surface Regression: Y1 versus A, B, C

Estimated Regression Coefficients for Y1






	
Term

	
Coefficient

	
p value




	
A

	
88.1320

	
0




	
B

	
0.4033

	
0.095




	
C

	
−2.5127

	
0




	
A × A

	
0.2350

	
0.308




	
B × B

	
−0.4475

	
0.309




	
C × C

	
0.9005

	
0.056




	
A × B

	
1.1820

	
0.018




	
A × C

	
−0.5131

	
0.062




	
B × C

	
−0.4244

	
0.113




	
R-Sq(adj) = 89.69%
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Table 5. Experimental regression analysis for the average fin temperature.






Table 5. Experimental regression analysis for the average fin temperature.





	
Response Surface Regression: Y2 versus A, B, C

Estimated Regression Coefficients for Y2






	
Term

	
Coefficient

	
p value




	
A

	
4.08896

	
0




	
B

	
−0.07892

	
0




	
C

	
0.00512

	
0.696




	
A × A

	
0.02773

	
0.054




	
B × B

	
0.00481

	
0.847




	
C × C

	
−0.01071

	
0.668




	
A × B

	
0.02748

	
0.284




	
A × C

	
0.01355

	
0.364




	
B × C

	
0.01638

	
0.277




	
R-Sq(adj) = 66.99%
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Table 6. Best optimization combinations.






Table 6. Best optimization combinations.





	Item
	Fin Height
	Heat Sink Angle
	Fin

Aliquots
	Fin’s

Bottom

Field

Synergy
	Fin’s Middle

Field Synergy
	Fin’s

Top

Field

Synergy





	Best

combination
	50 mm
	60°
	5
	53.476
	73.581
	42.039
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