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Abstract

:

With the development of miniaturized and enormous heat density generating novel technologies, the microchannel heat sink is rapidly establishing itself in modern cooling fields. Enhancement of heat transfer performance of microchannels is done by incorporating improved design structure, changing working fluids and flow conditions, using different materials for fabrication, etc. Coupling of two parameters influencing heat transfer performance of microchannels is in a nascent age, and complex coupling of heat transfer influencing parameters of microchannel sinks has not been clearly understood yet. This study provides the thermal-fluid flow features–fluid flow characteristics and heat transfer characteristics- of single-phase flow in microchannel of different sizes with or without microinserts by the use of computational fluid dynamics. The numerical simulation is performed by employing distilled water with thermophysical properties that depends on temperature for the Reynolds number range of 56–2242. The effect of microinserts on characteristics of fluid flow and heat transfer is analyzed. The results of numerical analysis show that heat transfer performance in microchannel with microinserts is enhanced effectively, however resistance in fluid flow is increased simultaneously. The 0.5 mm microchannel with microinserts shows the best performance of heat transfer characteristics with enhancement of 1–9% in the Reynolds number range of 56–2242 with simultaneous maximum increase in pressure drop by 14.5%. It’s overall performance, evaluated by thermal performance factor, is found to be best among all cases of three different channel sizes with and without microinserts. The maximum enhancement of heat transfer is found to be in case of 0.5 mm channel size with microinserts by a factor of 1.09. The maximum pressure drop is increased is found to be by factor of 2.28 in case of 2 mm channel size with microinserts.
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1. Introduction


The expeditious development of miniaturized and enormous heat density generating novel professional equipment emphasized the problem of requiring a very-compact heat removal system. The problem of increased heat generation density with reduced characteristic dimensions [1] attracted tremendous attention towards fluid flow in microchannel. With the sharp rise in heat generation density [2,3] and continuous decrease in space available for heat removal systems to micro-meter level [4], the pioneer work of Tuckerman and Pease (1981) [5] to solve the problem of removal of enormous heat generation density laid the foundation of microchannel technology. Thereafter, many active researchers have put their effort towards improvement of thermo-hydraulic performance of microchannel employing different methodology [6].



Microchannel technology has been rapidly recognized for compact and effective removal of highly concentrated heat generation in modern cooling fields. Available space constraint for heat removal resulting in decreasing channel size made it possible to have a high heat transfer rate in lesser space due to increased surface area to volume ratio for such smaller channels. Recently, many researchers have paid their attention towards improvement in the design of structure of microchannels and cooling regions in order to have better heat transfer performance. The recent progress in fluid flow and heat transfer in microchannel by varying various channel shape, cross-section and geometry, working fluids, flow conditions and arrangements, materials of fabrication have been reviewed by Gao et al. (2022) [7]; and Mohammad et al. (2013) [8]. Several researchers have put their efforts towards enhancing thermal–hydrodynamic performance of microchannel by employing different techniques of varying-channel shape (wavy [9], tapered [10]); geometry (circular [11], rectangular [12], triangular [13], square [14]); working fluids (water [15], air [16], nano-fluids [17]); materials (silicon [18], copper [19]); and surface modifications (staggered [20], porous [21],, ribs [22], sinusoidal wavy [23]). Hasan et.al (2009) [24] numerically studied the influence of geometry of channel of thermal–hydraulic performance of microchannel. They found that parameters such as relative size of channel, Reynolds number, temperature dependent thermophysical properties influenced microchannel performance. Brandner et al. (2006) [25] investigated heat transfer performance of a crossflow microstructure heat exchanger. He found that heat transfer performance can be intensified with micro column heat exchangers, which were most effective in regimes of transition flow as well as turbulent flow.



Various researchers reported that the main challenge of the study was to manage the pressure drop. The flow loss was reported to get larger with increased complexity in structure, cross-section, or modified flow arrangements. Presently, studies mostly focused on exploring only individual factors, such as channel geometry, cross-section, structure, working fluids, materials, etc., influencing liquid flow characteristics and heat transfer performance. Ma et al. (2022) [26] reported that study of compound effects of variation in structures and cross-section is in a nascent age and needs further exploration in order to have more insight of it. Only a few researchers have worked upon the improvement of the performance of microchannel results because of combing two factors [27,28,29]. Due to unclear insight of the effect of multi-factors on heat transfer performance, there are contradictory results reported by various researchers. Chen et al. (2009) [30], and Wang et al. (2016) [31] reported that triangular microchannel was most efficient for overall performance followed by trapezoidal and rectangular microchannel, contrary to Gunnasegaran et al. (2010) [32], who reported rectangular microchannel to be most efficient for heat transfer performance. The insight of compound effect of multi-factors influencing the performance of microchannel is still unclear and needs more exploration. It will clarify the compound influencing mechanism driven by multi-factors effectively in order to move forward for effective design development of microchannels.



It is found that as the complexity of the cross-section as well as in the arrangement of the flow increases, the effect on heat transfer is accompanied by other simultaneous compound effects of loss of flow or increment of pump work. From previous work, it can be summarize that, though many researchers have paid attention towards enhancement of heat transfer performance, it is essential to carry out more exploration towards the compound effect of changing size and structure on the performance of microchannel. In the present study, the attention is focused on analyzing thermal-fluid flow features such as fluid flow characteristics and heat transfer characteristics of single phase fluid flow through channels of three different channel sizes of 0.5 mm, 1 mm, and 2 mm. Additionally, the effect of insertion of the microinserts on fluid flow characteristics and heat transfer characteristics have been analyzed and discussed. The comparative study of compounding effect of varying channel sizes and addition of microinserts has been performed and presented.



The present study characterizes the thermal–hydraulic performance of a microchannel influenced by different parameters. The pressure drop, heat transfer characteristics and overall thermal–hydrodynamic performance are chosen as cooling performance criteria. The testing parameter considered includes channel size and addition of microinserts. The effect of varying channel size and adding micro inserts on the thermal-hydraulic performance are investigated in this study.




2. Problem Statement and Numerical Methods


2.1. Governing Equations and Boundary Conditions


In the present study, thermal-fluid flow features of fluid flow characteristics and heat transfer characteristics of single-phase fluid flow in microchannels of three different channel sizes of 0.5 mm, 1 mm and 2 mm, with or without microinserts, were investigated by the use of computational fluid dynamics.



The working fluid used in this study is water. The choice of water as working fluid for the present study is valid and justifiable because the characteristic dimension of microchannel under study exceeds the value of 0.1 μm, and hence the flow of water through microchannel was continuum [33]. As the flow of fluid under consideration is continuum and, hence, in the present numerical study, the theory of conventional fluid flow is applicable [34].



To simplify simulation of the heat flow the reasonable assumptions are embedded in the present study. These assumptions are as follows: (1) fluid is Newtonian and incompressible; (2) the steady-state fluid flow is single-phase flow; (3) thermo-physical properties of solid is constant; piecewise-linear variation of thermos-physical properties of fluid with temperature (temperature dependent viscosity of the fluid) is assumed [35]; (4) steady-state heat transfer is considered; (5) the thermal radiation effects are neglected; and (6) viscous dissipation, gravity forces, volume forces and other body forces are assumed to be negligibly small and hence neglected.



By incorporating above assumptions the obtained continuity equation, momentum equation, and energy equation for the region of fluid domain are as follows:


  ∇ . ( ρ U ) = 0  



(1)






  ∇ U = 0  



(2)






  ∇ . ( ρ U . ∇ U ) = − ∇ p + ∇ . ( μ ∇ U )  



(3)






  ρ ( U . ∇ U ) = − ∇ p + ∇ . ( μ ∇ U )  



(4)






  ∇ .  ρ  c p  U T  = ∇ .   k f  ∇ T   



(5)






  ρ  c p   ( U . ∇ T )  =  k f   ∇ 2  T  



(6)




where subscript f represents fluid, U is velocity vector of the fluid in the unit of m/s, T is the temperature in unit of K, p is the pressure in unit of Pa, ρ is the density of fluid in unit of kg/m3, μ is the dynamic viscosity of fluid in unit of Pa-s, cp is the specific heat of water in unit of J/kg-K, and kf is the thermal conductivity of fluid in unit of J/s-m-K.



Since, for the solid regions, the velocity vector U = 0, therefore, only the energy equation needs to be considered, which is expressed as


   k s   ∇ 2  T = 0  



(7)




where subscript s represents solid, and ks is the solid thermal conductivity.



In the present numerical study, the boundary conditions applied are: at the inlet to the microchannel, uniform velocity is applied with inlet temperature of Ti = 303 K; and at the outlet of the microchannel, the relative pressure is assumed to be zero with adoption of average static pressure boundary condition.



In the present model, three domains—solid domain, fluid domain and additional solid domain for microinserts were considered. The coupled heat transfer model was applied. On the interface between fluid and solid domain, the fluid–solid domain interface boundary conditions were employed. The symmetry surfaces were set for both side walls of the microchannel. The contact surfaces between solid–liquid interfaces were set as coupling faces. All the remaining wall surfaces were assigned to adiabatic and no-slip boundary conditions.




2.2. Physical Models


The schematic diagram of the modelled microchannel heat sink and its dimensions are presented in Figure 1a,b. Dh and L represents the hydraulic diameter of channel and length of the microchannel heat sink, respectively. Considering the microchannel heat sink model as shown in Figure 2, the computational domain model for numerical simulation is presented in Figure 3. The boundary conditions were applied on the computational domain during numerical analysis followed by the processes of meshing. Irrespective of running time during analysis it is evident that higher mesh counts results in high accurate results.




2.3. Computational Fluid Dynamics (CFD) Simulation and Grid Independence Test


In the present study, the computational fluid dynamics (CFD) software ANSYS simulation tool was employed to obtain the numerical solutions. For the computational fluid dynamics model, a grid independence test was conducted for the optimal grid in order to reduce the error introduced because of coarseness of grids. The typical grid on the x-y plane for the microchannel heat sink is shown in Figure 3. Table 1 presents the details of meshing parameters and properties. The cut cell method is employed for grid independent test as the tetrahedral grids are generated for higher quality accuracy for simulation. In the present study, four different grid numbers counted as 756456, 929682, 1043276 and 1145665 were used in grid independent test.



Results of grid independent test shows that variation in numerical solution obtained on two different mesh is insignificant. Solution is varying by increasing number of nodes and element counts as presented in Table 2. The term ∆T is defined as follows: ∆T = temperature difference between cold fluid outlet and inlet; (∆T)n = temperature difference in first element; (∆T)n+1 = temperature difference after first element. The increase in node counts is 2012 when mesh size is increased from 1,229,781 to 1,231,793 with the variation in obtained solution is 0.016% that is insignificant. It can be concluded that by increasing the grid size with increased computational time as well as computational cost, the gain in accuracy of solution is not significant. It can be observed from Table 2 that difference between results corresponding to mesh size of 1,043,276 and 1,145,665 is not noticeable, hence, the node size of 1,229,781 and mesh element count 1,043,276 are selected for numerical simulation.




2.4. Data Reduction


In order to evaluate the performance of the microchannel, different analysis parameters that defines the thermo-hydraulic characteristics of microchannel have been presented with relevant expressions. Additionally, evaluation criteria to estimate overall performance has been described [36].



The Reynolds number (Re) are defined as:


  R e =   ρ U  D h   μ   



(8)




where ρ represents density with the unit of kg/m3, U represents velocity with unit of m/s and μ is the dynamic viscosity of the fluid with unit of Pa-s. Dh represents hydraulic diameter at the microchannel inlet and is defined as




    D h  =   2 WH   W + H     



(9)





With W as the width of the microchannel in mm and H as height of the microchannel in mm.



The expression for friction factor f of microchannel is as follows:


  f =  −   D h   0.5  ρ m   U 2     ∗   Δ P  L   



(10)




where ρm is the measured density of fluid at temperature of the arithmetic mean of inlet temperature and outlet temperature in kg/m3. L is length of the microchannel in mm. With pin and pout are the pressure at inlet and outlet of the microchannel, respectively, and ∆p is the pressure drop that occurs between inlet and outlet of microchannel and expressed as




   Δ p =  p  in   −  p  o u t     



(11)





The average Nusselt number Nu is expressed as


  N u =    D h   k  f , m     ∗    m  C p    T  b , o u t   −  T  b , i n       A s    T w  −  T b       



(12)




where kfm is measured thermal conductivity of fluid at arithmetic mean of inlet temperature and outlet temperature in W/m-K. As is contact surface area of the fluid and microchannel in mm2 and is expressed as


As = (W + 2H) L



(13)







To evaluate the overall performance of the microchannel for assessing the improved performance an effective parameter, thermal performance factor (TPF) has been adopted. Thermal performance factor of microchannel is defined as the ratio between the heat transfer coefficient with improved heat transfer surfaces and the heat transfer coefficient with plain microchannel at an equal pumping power [37]. Therefore, for a constant pump power, the TPF is expressed as




   TPF =    h  h s     P P   =     N u   N  u S      P P   =   N u / N  u s     f /  f s    1 3      



(14)






2.5. Validation of Numerical Model


Before proceeding further to numerical analysis, it becomes necessary to examine and verify the reliability of the proposed model. In order to validate the proposed model reliability, results obtained from simulation were compared with the published results as illustrated in Figure 4. For the comparison, Reynolds number data and Nusselt number data are obtained from published article of the experimental work performed [38,39,40]. It was found that the simulation results agreed and consistent with the reference data. It is also observed that Nusselt number follow the similar trend. This examination indicates good reliability of the present proposed model.





3. Results and Discussion


3.1. Pressure Drop Characteristics


In the present study, the working fluid is assumed to be viscous. When viscous fluid passes through a channel, it offers resistance to flow due to viscosity of the fluid, which results in a decrease in pressure drop. Velocity contour and temperature contour for the channel size of 2 mm are shown in Figure 5. The velocity contour of three dimensional (3D) streamline velocity is for the whole domain with equally spaced sampling considering forward direction starting from cold fluid inlet. The variation of evaluated pressure drop with Reynolds number is presented in Figure 6. It is found that addition of microinserts induces the pressure drop increment by the factor in the range of 0.48–1.14, 0.53–1.31 and 1.52–2.28 for the channel size of 0.5 mm, 1 mm, and 2 mm, respectively. It is observed that the pressure drop increases with increasing Reynolds number for all channel size and with microinserts. The variation of pressure drop with increasing Reynolds number is almost linear. With decreasing channel size, for moderate range of Reynolds number, it was found to have maximum pressure drop for smaller size channel and with microinserts. At lower Reynolds number the addition of microinserts resulted in decrement in pressure drop. At lower values of the Reynolds number, the pressure drop is lower due to reason that the higher temperature of water decrease the viscosity of water. By the addition of microinserts to the microchannel, which leads to increase complexities in structure, the flow loss, in terms of pressure drop, is found to become larger. Additionally, decreasing the channel size results in increment in pressure drop with maximum value of pressure drop is found to be in case of 0.5 mm channel size. The compound effect of addition of microinserts and decreasing the channel size simultaneously, leads to have larger pressure drop. The pressure drop in case of smallest channel size of 0.5 mm with microinserts is found to have the largest pressure drop. During designing of the heat exchange systems, a very high Reynolds number usually results in an unacceptably high pressure drop that needs to be avoided. These pressure drops are associated with increased energy cost and compromise the overall effectiveness of heat exchange systems. The rate increase of pressure drop is higher through small size channel with or without microinserts. With increasing channel size, the rate of increasing pressure drop becomes slower. At the low Reynolds number, the addition of microinserts is advantageous, as it exhibits a relatively low pressure drop. Figure 7 depicts variation of friction factor with Reynolds number. Better heat transfer performing systems should have the least possible values of friction factor. It is observed from Figure 7 that values of friction factor decrease as Reynolds number increases. The friction factor for smaller channel size is found to decrease more rapidly with increasing Reynolds number in the range of Reynolds number 56–841. The largest value of friction factor is found to be in case of channel size of 0.5 mm. The largest reduction in the value of friction factor is found to be by 57% due to addition of microinserts in case of 0.5 mm channel size. It may be attributed to a sharp increment of pressure drop due to the reduction of channel size in addition to the presence of microinserts. Friction factor is found to change by the factor in the range of 0.43–1.18, 0.74–1.31 and 1.51–2.27 for the channel size of 0.5 mm, 1 mm, and 2 mm, respectively, when microinserts are added to the microchannel. Narrow passages for fluid flow in smaller channel size offers the highest resistance to fluid flow, which causes a larger pressure drop and, hence, greater pumping power requirements. It is found that addition of microinserts significantly influence the frictional resistance in microchannels with microinserts.




3.2. Heat Transfer Characteristics


Figure 8 illustrates the Nusselt number behavior of microchannel with the Reynolds number for three different channel sizes of 0.5 mm, 1 mm and 2 mm, with or without microinserts. The Nusselt number evaluates the heat transfer performance of the microchannel. It is a measure of ratio of total heat transfer to the conductive heat transfer at the boundary in fluid flow. The Nusselt number varies in the range of 0.84–22.83 and 0.77–22.71 in 0.5 mm channel size with and without microinserts, respectively, for the range of Reynolds number from 56 to 2242. The improvement in heat transfer performance is increased by the factor of 1.01–1.09, 1.01–1.07 and 0.99–1.08 in the case of 0.5 mm, 1 mm and 2 mm, respectively, when microinserts are added to the microchannel. From Figure 8, it is observed that Nusselt number increases with increasing Reynolds number for all cases, which is as expected. The increase of 5%, 3% and 6% in the Nusselt number are found for microchannels with microinserts of channel sizes of 0.5 mm, 1 mm and 2 mm, respectively, as compared with microchannels without microinserts at the Reynolds number of 280. Similarly, the Nusselt number increases of 6%, 7% and 7% are obtained at Reynolds number 841. The value of Nusselt number of microchannels with microinserts is larger than that of without microinserts, which shows the enhancement of heat transfer performance because of addition of microinserts. Decreasing channel size increases Nusselt number. The slope of increment of Nusselt number with increasing Reynolds number is steeper in small channel size, whereas it becomes a flatter slope as channel size increases. This indicates that the smaller channel size can significantly enhance the heat transfer performance. This enhancement of heat transfer characteristics can be attributed to increased convective area and enhanced disturbances of flow. It is found that the microinserts have a less pronounced effect on heat transfer enhancement at two extremities of values of Reynolds number. At a moderate range of Reynolds number for each case, microinserts have significant improvement in the performance of heat transfer characteristics. At a very high value of Reynolds number, effective heat transfer gets hampered as opposite to that of at moderate Reynolds number. Heat transfer performance is intensified by the addition of microinserts to the microchannel. Microinserts are found to be most effective for the smallest channel size of 0.5 mm in the range of Reynolds number of 560–2242, for which Nusselt number is found to be increased in the range of 10.48–22.83. As can be seen from Figure 8, as the Reynolds number increases, the Nusselt number increases sharply at first and then increases slowly. It dictates that the transfer of heat between channel wall and fluid is taking place at a faster rate first and then slows down. This indicates that as the Reynolds number increases, firstly, a quick reduction of temperature difference between channel wall and the fluid takes place, and then reduction slows down. The addition of microinserts causes more uniform temperature gradients in fluid flow fields by disarrange of thermal boundary layer, and is thus beneficial to enhancement of heat transfer. Thereby, addition of microinserts to microchannel improve effective exchange of thermal energy. Between Reynolds number, 56 and 280, heat transfer performance of 2 mm with microinserts are the best one, followed by 1 mm and 0.5 mm channel size. For the Reynolds number above 280 and less than 1961, heat transfer performance of 0.5 mm with microinserts is the best, followed by 1 mm and 2 mm channel size. Above Reynolds number 1961, heat transfer performance of 0.5 mm with microinserts is the best, followed by 2 mm and 1 mm channel size. The enhanced performance of heat transfer characteristics is associated with the larger pressure drop as similar to findings reported by Shen et al. (2018) [20], Feng et al. (2017) [34], and Kumar and Singh (2021) [36].




3.3. Thermal Performance Factor


It is interesting to note that addition of microinserts not only enhances the heat transfer performance of microchannel of all sizes, but also causes a high pressure drop by increasing the resistance to fluid flow. Hence, it is necessary to determine the simultaneous effects of heat transfer performance and fluid flow resistance by assessing overall performance of the microchannel for different channel size with the addition of microinserts. The assessment of overall thermal- and hydraulic- performance the method of thermal performance factor (TPF) is employed. Thermal performance factor (TPF) is a ratio of improvement in heat transfer rate to friction factor increment. The value of TPF indicates the extent of enhancement of heat transfer performance to the pressure drop.



The variation of f/fs as a function of Reynolds number is shown in Figure 9. Here, fs is the friction factor that is evaluated by using the Darcy Friction factor equation. It is found that for higher values of Reynolds number, larger channel size values of f/fs increase as Reynolds number increases. For smaller Reynolds number, smaller channel size f/fs behaves differently, as it first sharply increases, followed by a sharp decrease and then very slow increment as the Reynolds number increases. For moderate values of Reynolds number, the addition of microinserts causes a larger increment in f/fs for all channel sizes. However, at a lower Reynolds number, smaller size channel addition of microinserts causes a steep increase of f/fs firstly. This behavior is observed because of the influence of temperature on viscosity of fluid flow.



The variation of Nu/Nus as a function of Reynolds number is shown in Figure 10. Here, Nus is a Nusselt number that is evaluated by using the Dittus–Bolter equation. From Figure 10, it is observed that values of Nu/Nus are continuously decreasing with increasing Reynolds number for larger channel size with sudden decrement at lower Reynolds number and slow decrease at moderate Reynolds number. For moderate range of Reynolds number, the smaller channel size behaves in a similar fashion to that of large channel size. However, at low Reynolds number, Nu/Nus first increases sharply followed by continuous slow decrement. As the channel size keeps decreasing, it is found that, at a low Reynolds number, increment of Nu/Nus is much steeper. The addition of microinserts influences heat transfer to have in easy way for all channel sizes. Additionally, microinserts become more significant as the channel size decreases because it eases the heat transfer rate. This behavior is observed because temperature dependent thermo-physical properties have more influence on the performance of heat transfer characteristics for small size channel. Feng et al. (2017) [34] have also reported that heat transfer enhancement is highly influenced at high Reynolds number due to addition of inserts. They summarized that the temperature dependent properties play a vital role for such observations.



In many engineering applications such as MEMS, etc., microchannel heat sink with less flow resistance characteristics and highly effective heat removal performance is highly desirable. The variation of thermal performance factor with Reynolds number for different size microchannel with microinserts is illustrated in Figure 11. It reveals that TPF holds a decreasing trend if the Reynolds number increases for 1 mm and 2 mm channel size. At the smaller Reynolds number, TPF decreases at a higher rate for large channel size, and at higher Reynolds number, the TPF decrement rate gets flatter. Such a trend is obtained because the rate of pressure drop is dominating over heat transfer rate at low Reynolds number. Dominancy of rate of pressure drop vanishes as the Reynolds number increases and both effects becomes comparable, still, TPF continues to decrease, however. The values of TPF are found to be in the range of 0.96–1.38, 0.95–1.25 and 0.77–0.87 for the channel size of 0.5 mm, 1 mm and 2 mm, respectively. It can be seen that TPF of 0.5 mm channel with and without microinserts first increases and then decreases when Reynolds number increases, while that of 1 mm and 2 mm channel size keeps decreasing. It is worth noting that for the smaller channel size of 0.5 mm, TPF first shows improvement with an increasing Reynolds number followed by a change of trend of TPF to get decreases with the Reynolds number. It may be because, at a lower Reynolds number for smaller channel sizes, heat transfer phenomena are dominant over pressure loss and continue to follow the same trend and, thereafter, suddenly, dominant effects become reversed. It is observed in Figure 11 that TPF values are essentially lower for all channel size with microinserts than that of channel without microinserts for higher Reynolds number. For decreasing channel size TPF values of channel with microinserts are dominating over that of channel without microinserts. Decreasing channel size influences enhancement in heat transfer rate more effectively at lower Reynolds number. It can be concluded that combined effect of decrement of channel size and addition of microinserts improves the overall performance of microchannel at lower values of Reynolds number. Addition of microinserts are beneficial for lower Reynolds numbers when the channel size decreases, however, it can be of a reverse effect for large channel sizes. Overall, for smaller channel sizes, heat transfer performance is more effective at lower values of Reynolds number, on the other hand, flow resistance increment is more dominant at higher Reynolds numbers.





4. Conclusions


The numerical simulation using ANSYS is performed for three different channel sizes of 0.5 µm, 1 µm and 2 µm with and without microinserts. For numerical simulation, water with temperature dependent thermo-physical properties was employed as a working fluid. The major conclusions drawn from the present study are as follows:




	
The fluid flow behavior of microchannels is significantly affected by the presence of microinserts. The pressure drop was increased due to the presence of microinserts. The pressure drop of fluid flow through all sized channels with microinserts was large when compared to channels without microinserts. Additionally, the friction factors were decreasing with an increase in Reynolds number for all channel sizes. Decreasing channel size of microchannels resulted in an increase in the pressure drop in the microchannel. The addition of microinserts causes increment in the pressure drop with an increment factor of 0.48–1.14, 0.53–1.31 and 1.52–2.28 for the channel size of 0.5 mm, 1 mm, and 2 mm, respectively. The maximum pressure drop is increased and is found to be by a factor of 2.28 in the case of a 2 mm channel size with microinserts.



	
Addition of microinserts to the microchannel enhanced the heat transfer with simultaneous increase in the flow resistance. The small channel size combined with microinserts significantly improved the heat transfer, resulting in lower temperature heating surface. The largest enhancement in Nusselt number due to inserts were observed to be in 0.5 µm channel size, especially, at lower Reynolds number.



	
Assessment of the overall performance channels were evaluated by using the performance evaluation criteria—thermal performance factor, which is a ratio of increase in heat transfer against increment in friction factor. It was found that the additions of microinserts are beneficial to the overall performance of all channel sizes. The 0.5 µm channel size can provide significantly improved performance, followed by that of 1 µm channel size, however, 2 µm channel size had the least improved performance due to the addition of microinserts.








The obtained results show that microinserts not only increase the performance in heat transfer characteristics, but also cause more resistance to the fluid flow, resulting in increased pressure drop. Appreciable augmentation of heat transfer is observed, and the analysis indicated that addition of microinserts exhibited improved overall performance. Additionally, the overall performance is found to improve when the channel size is decreasing.
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Nomenclature









	Symbols
	Descriptions
	Unit



	As
	Contact surface area of the fluid and microchannel
	mm2



	CFD
	Computational fluid dynamics
	



	cp
	Specific heat of water
	J/kg-K



	Dh
	Hydraulic diameter
	mm



	f
	Friction factor
	



	H
	Height of the microchannel
	mm



	h
	Heat transfer coefficient
	W/m2-K



	kf
	Thermal conductivity of fluid
	J/s-m-K



	Ks
	Solid thermal conductivity
	J/s-m-K



	L
	Length of the microchannel
	mm



	m
	Mass
	kg



	Nu
	Nusselt number
	



	p
	Pressure
	Pa



	Re
	Reynolds Number
	



	T
	Temperature
	K



	TPF
	Thermal performance factor
	



	U
	Fluid velocity
	m/s



	W
	Width of the microchannel
	mm



	Δp
	Pressure difference
	



	ΔT
	Temperature difference
	



	Greek symbols
	
	



	ρ
	Fluid density
	Kg/m3



	µ
	Dynamic viscosity
	Pa-s



	Subscript
	
	



	f
	Fluid
	



	s
	Solid
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Figure 1. (a) Schematic diagram of microchannel heat sink (b) microchannel dimensions. 
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Figure 2. Three-dimensional view of microchannel heat sink model. 
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Figure 3. (a,c) Computational grids (b) Computational domain, used for computational fluid dynamics (CFD) simulation. 
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Figure 4. Consistency check for the proposed model. 
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Figure 5. (a) Velocity contour starts from cold fluid duct with equally spaced sampling for 2 mm channel size. (b) Temperature contour of 2 mm channel size. 
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Figure 6. The pressure drop as a function of Reynolds number. 
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Figure 7. Friction factor variation as a function of Reynolds number. 
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Figure 8. Variation of Nusselt number as a function of Reynolds number. 
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Figure 9. Variation of f/fs with Reynolds number. 
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Figure 10. Variation of Nu/Nus with Reynolds number. 
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Figure 11. Variation of thermal performance factor with Reynolds number. 






Figure 11. Variation of thermal performance factor with Reynolds number.



[image: Fluids 07 00149 g011]







[image: Table] 





Table 1. Meshing parameters and properties.
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	Use Advanced Size Function
	On: Proximity and Curvature





	Relevance Center
	Coarse



	Smoothing
	Medium



	Inflation Option
	Smooth Transition



	Transition Ratio
	0.272



	Maximum Layers
	5



	Growth Rate
	1.5



	Method
	Cut Cell



	Nodes
	1,229,781



	Elements
	1,043,276
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Table 2. Grid details of grid independence test.
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	Node
	Element
	Temperature Difference (∆T)
	      Δ  T  n + 1   − Δ  T n    Δ  T n     × 100   
	Pressure Difference (ΔP)
	      Δ  P  n + 1   − Δ  P n    Δ  P n     × 100   





	872,615
	756,456
	17.26
	-
	1.17
	-



	1,099,007
	929,682
	18.97
	9.90
	1.24
	5.98



	1,229,781
	1,043,276
	19.93
	4.81
	1.30
	4.83



	1,231,793
	1,145,665
	19.96
	0.15
	1.35
	3.84
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