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Abstract

:

In this study, a numerical approach was carried out to analyze the effects of different geometries of microchannel heat sinks on the forced convective heat transfer in single-phase flow. The simulations were performed using the commercially available software COMSOLMultiphysics 5.6® (Burlington, MA, USA) and its results were compared with those obtained from experimental tests performed in microchannel heat sinks of polydimethylsiloxane (PDMS). Distilled water was used as the working fluid under the laminar fluid flow regime, with a maximum Reynolds number of 293. Three sets of geometries were investigated: rectangular, triangular and circular. The different configurations were characterized based on the flow orientation, type of collector and number of parallel channels. The main results show that the rectangular shaped collector was the one that led to a greater uniformity in the distribution of the heat transfer in the microchannels. Similar results were also obtained for the circular shape. For the triangular geometry, however, a disturbance in the jet impingement was observed, leading to the least uniformity. The increase in the number of channels also enhanced the uniformity of the flow distribution and, consequently, improved the heat transfer performance, which must be considered to optimize new microchannel heat sink designs. The achieved optimized design for a heat sink, with microchannels for nanofluid flow and a higher heat dissipation rate, comprised a rectangular collector with eight microchannels and vertical placement of the inlet and outlet.
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1. Introduction


The development of technology in the fields of mechanics, electronics, defense (e.g., in UAVs (unmanned aerial vehicles)) and biomedicine, among others, has been directed towards the miniaturization of their components, which are currently reaching micro- and nano-scales [1,2,3,4]. Their robustness makes them fit to be used in harsh environments, such as to provide basic health care in developing countries and for military applications. Microfluidic devices, such as microchannel heat sinks, have been broadlyexplored for heat removal due to their reduced dimensions [5]. In addition, it should be emphasized that the scaling down from macro to micro leads to several relevant issues in thermal management in several applications, including in micro combustors, pushing the need for the optimization of their geometry [6,7].Besides this miniaturization factor, the heat transfer coefficient in microchannels is comparatively very high because of the effect of the very small hydraulic diameter and the associated latent heat of evaporation. This coefficient is influenced directly by the thermophysical properties of the working fluid, the mass and heat fluxes, and the geometry of the microchannels (geometric configuration shape, internal hydraulic diameter, cross-section shape, area and aspect ratio). It should also be emphasized that it is paramount to avoid instability (malfunctioning of the flow) in micro channeled devices, which worsens the heat transfer performance and may cause troublesome vibration, thermal fatigue, and even surface burnout. The mains sources of instability in microchannels are flow maldistribution, pressure drops, wall temperature gradient and, in some cases, vapor flow reversal, resulting in re-entrant cavities, points of bubble nucleation, throttling points and working fluid superheating. The required number of micro components in a micro channeled device (pump, valve, mixer, reactor, manifold, among others) that is usually assembled in a microchip leads to a high degree of complexity [8], which in turn highlights the pressing need for the evaluation by numerical simulations of the microchannel heat sinks. Registering quantities such as pressure and velocity fields demands complex experimental set-ups and extensive measurement campaigns, the resultsof which should always validate the numerical models.



Over the last few years, different methods and toolboxes have been studied to simulate the heat transfer phenomena that occur in microfluidic devices. Xu et al. [8] developed a mathematical model using the commercial COMSOL Multiphysics 5.6®(Burlington, MA, USA) [9] software to optimize the fabrication of micro nanofluidic devices through photopolymerization. The model expressed the decomposition of the material that would occur due to the manufacture process. Teodori et al. [10] implemented a volume of fluid (VOF)-based model in the Open FOAM ComputationalFluid Dynamics (CFD) toolbox to compare the heat transfer in straight and finned microchannels. The presence of the fins improved the heat exchanges; however, the optimization of the geometry of the fins is still required.



Since conventional heat transfer theories are not sufficient to describe the heat exchange through fluid–solid boundaries, some difficulties can arise when simulating a fluid flow in microchannels [1]. Macroflow regimes can be described by the classic Navier–Stokes equations. The Navier–Stokes method with the no-slip boundary condition is not adequate for describing microflow regimes. Those, in turn, can be described by the Boltzman kinetic model with the aid of numeric simulation methods, such as the Lattice Boltzmann Method (LBM), the Molecular Dynamics (MD) method, the Direct Simulation of Monte Carlo (DSMC) [11,12] and the Computer Fluid Dynamics (CFD) method. The LBM method derives from the Boltzmann equation without the continuum assumption, and is a common tool used in numerical studies [13]. Nevertheless, the Navier–Stokes method with the first-order slip boundary condition can give results consistent with those obtained by numerical simulations based on the Boltzman model for fluids with a Knudsen number between 0.01 and 0.1. So, for this Knudsen number range, the Navier–Stokes method with a slip boundary condition is adequate to model nanofluids’ regimes. Microflow regimes, on the other hand, can present important differences in pressure drop, flow pattern and transition from laminar to turbulence from their macro counterparts.



Several studies have evaluated different geometrical configurations of heat sinks to optimize the flow and the heat transfer phenomena. Di Capua et al. [14], using the commercial COMSOL Multiphysics 5.6® software, analyzed a microchannel heat sink device for use as a cooler in a high-concentration photovoltaic system. The authors tested channels with and without triangular ribs on the inner side of the walls. The microchannels with ribs presented better heat transfer, increasing the Nusselt number1.7 times, on average. On the other hand, the simulation also showed that, for the same configuration, the average friction factor was 3.1 times higher.



Muhammad et al. [15] numerically compared the heat flux, pumping power, pressure drop and thermal resistance in microchannel heat sinks with different channel widths (Wc), heights (H), bases (tb) and wall thicknesses (Ww). Water and liquid metal Galinstan were used as working fluids. The authors reported that, regarding heat transfer performance, a deep and narrow channel would work better than a shallow and wide channel. Alfellag et al. [16] used a conjugate heat transfer model to study the laminar convection heat transfer and fluid flow in an inclined slotted plate-fin minichannel heat sink. The impact of the height of the inclined slot, the angle of the slot and the position of the pin with respect to the slot’s leading edge were investigated. An increase in the thermal and hydraulic performances was reported with the increase in the slot height and an inclination angle of 55 degrees. The addition of triangular pins further improved the performance, the optimal geometry being the one wherein the pins are placed far from the slot’s leading edge. Ong and KuShaari [17] tested microchannel heat sinks with different materials and microchannel ratios, that is, the ratio between the microchannel’s width and the microchannel’s spacing. The materials used for the fabrication of the heat sinks were polymer-based (PDMS, Polytetrafluoroethylene-PTFE, PDMS/Multi-Walled Carbon Nanotubes-MWCNT) and metal-based (aluminum). Due to their low conductivity, the polymer-based materials tended to enhance the heat convection contribution and consequently improved the thermal performance of the heat sink. High values of microchannel ratio corresponded to a higher thermal contact area and a reduced fluid velocity in the microchannel, which improved the overall thermal performance. Freegah et al. [18] evaluated the performance of plate-fin heat sinks through a commercially available Computer Fluid Dymamicssoftware, ANSYS R 16.1 (Canonsburg, Pennsylvania, United States). The plate-fin heat sinks presented four different geometries: standard plate-fin; plate-fin with fillet profile; plate-fin with fillet profile and symmetrical half-round pins in a vertical arrangement; and plate-fin with fillet profile and corrugated half-round pins in a vertical arrangement. The two last designs manifested greater reduction in the base temperature and thermal resistance, and an increase in the Nusselt number, in comparison to the other two designs. Hempijid and Kittichaikarn [19] also used a commercial CFD software, ANSYS-Fluent, to investigate the performance of micropin finned heat sinks with different relative positions and angles of the inlet and outlet. The heat sink with a V-type configuration, micropin finned and positioned at an angle of 75°, and a 2.5 mm distance between the front surface and inlet/outlet centerline, operating under a 2744 Pa pressure drop, showed the best heat transfer performance.



Combined with the microfluidic devices, many studies have used nanofluids as cooling fluids [20]. Consequently, the incorporation of solid nanoparticles (preferably in a concentration less than 1% vol.) into non-dissolving basefluids must be considered in the computational process. Awais and Kim [21] simulated numerically and verified experimentally the thermohydraulic performance of a minichannel heat sink with a standard header and an optimized header using a water basefluid with Al2O3 nanoparticles. The optimized header geometry showed better results in both numerical simulations and experimental tests compared to the conventional geometry. The thermal performance was also enhanced with an increasein the flow rate and volume concentration of nanoparticles, the optimized geometry being more sensitive to those changes. Bahiraei et al. [22] analyzed numerically the heat transfer on heat sinks with circular, triangular and drop-shaped pin fins. In addition, the impact of a nanofluid with functionalized graphene nanoplatelets on the heat transfer process was also investigated. The heat sink with circular pin fins showed the highest thermal efficiency, while the one with triangular pin fins showed the lowest. The increase in velocity or particle fraction reduces the temperature on the heating surface and the thermal resistance, whilst improving the temperature distribution’s uniformity.



HadiNajafabadi et al. [23] applied the standard finite volume method in thecommercially available toolbox OpenFOAM® (Unit 6 The Courtyard, Eastern Road, Bracknell, Berkshire, RG 12 2XB, UK) for the analysis of laminar forced convective heat transfer for Al2O3nanoprticles dispersed in a water base. The results showed a heat transfer enhancement despite the increase in the friction effect. Ganguly et al. [24] also studied the flow of Al2O3 nanoparticles in water through a microchannel, considering the combined effects of externally applied pressure gradient and electroosmosis, by following a semi-analytical approach. The nanoparticles lead to a reduction in the total entropy generation in the microchannel.



With the increasing need to studynanofluids for heat transfer processes, it is also important to improve the geometry of the heat sinks. However, and this is considered as the main existing literature gap, the published works with an in-depth focus on all the conceivableheat transfer-promoting details of the heat sink’s configuration are rather scarce. For instance, only a few studies have compared different inlet and outlet geometries, which have an important role in the distribution of fluid via the different microchannels.



In line with this, the present study addresses a numerical work (experimentally validated)to infer the influence of different heat sink geometries over the flow distribution and, consequently, over the heat distribution throughout the heat sink, and its heat transfer performance. The results are compared to determine the best geometry for heat transfer applications. The main goal is to establish a new set of well-defined configuration guidelines for the optimized construction of the next generation of microchanneled heat sinks with enhanced heat dissipation.




2. Numerical Procedure


The main goal of the present work was to study the flow distribution over the parallel channels of the heat sink. For the numerical simulation, the selected fluid mechanics model of the COMSOL Multiphysics 5.6® software was laminar flow (spf), which enabled the determination of the pressure fields and velocity profiles in a single-phase flow. Initially, the flow was studied by assuming a constant temperature (isothermal) and steady state conditions. The subsequent studies were meant to simulate the heat transfer process. For that purpose, a conjugated heat transfer module was used. This interface simulates the combined solid and fluid heat transfer processes and uses a classical approach for the determination of heat transfer in solids, as determined by the Fourier law given by Equation (5) of the next section, and for the determination of the heat transfer in fluids, given by the governing Equation (4) (also in the next section). We determined the velocity field, the pressure field and the temperature for both solid and liquid domains.



2.1. Numerical Method


The governing equations for a laminar 3D isothermal flow are the mass, momentum and energy conservation equations, given by:
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where  ρ  is the density,  t  is the time,   V →   is the velocity vector,  p  isthe pressure,  υ  isthe constant of kinematic viscosity,   f →   is the body force per unit mass,  h  isthe enthalpy,  k  isthe thermal conductivity and  T  is the temperature. For the fluid, the energy conservation promotes a balance between the different mass transport and heat transfer mechanisms (convection and conduction) due to the effect of viscosity, pressure and density variations [25], represented by Equation (4):


  ρ  C p    ∂ T   ∂ t   + ρ  C p  u ∇ T   =    α p  T  (    ∂  p a    ∂ t   + u ∇  p a   )  + τ : G + ∇ ×  (  k ∇ T  )  +  Q f   
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where    C p    is the heat capacity at a constant pressure,  u  the velocity field,    α p    is the thermal expansion coefficient,    p a    the absolute pressure,  τ  the viscous stress tensor,  G  the strain rate tensor and    Q f    the heat source. For the solid, energy conservation leads to the Fourier law:


  ρ  C p    ∂ T   ∂ t     =   ∇ ×  (  k ∇ T  )  +  Q f   



(5)







It is worth mentioning that, as explained in the Introduction, the Navier–Stokes method with the first-order slip boundary condition can give results consistent with those obtained by numerical simulations based on the Boltzman model for fluids with a Knudsen number between 0.01 and 0.1. So, for this Knudsen number, the Navier–Stokes method with a slip boundary condition is adequate to model the nanofluids’ regimes. As the flow is laminar, this approach is also valid for the characteristic scale of the microchannels addressed here.




2.2. Geometry, Computational Domain and Mesh


The geometry used for the simulation corresponds to the geometry of the master mold used to make the microchannels device for experimental purposes. This device, together with the supporting experimental setup, isdescribed by [26]. Briefly, the polydimethylsiloxane (PDMS), which is a very suitable material for replica molding, was inserted into the acrylonitrile–butadiene–styrene (ABS) 3D-printed mold to cure in the shape of the mold depicted in Figure 1. After the curing period of the PDMS, the ABS mold was dissolved in an acetone bath, and finally we obtained the cleaned PDMS microfluidic heat sink. The dimensions of the master mold were also used for the COMSOL Multiphysics 5.6®software simulations.



The mesh of the fluid domain was tuned for the flow studies, i.e., besides the tetrahedral elements that composed the majority of the mesh, a shell was created near the walls to enhance the reliability of the results in those regions [27], as shown in Figure 2.



To optimize the dimension of the elements, and thus the quality of the mesh, a preliminary convergence study was performed through sequentially increasing the number of mesh elements until reaching saturation. An evaluation parameter developed by the COMSOL Multiphysics 5.6®commercial software was used to evaluate the quality of the mesh. The value ranges between 0 and 1 depending on the proximity between the mesh elements. An ideal element has thevalue 1, while the value is 0 for a completely distorted element. A mesh is considered acceptable when this parameter is above 0.1 [28]. Details of the mesh quality and other mesh characteristics are presented in Table 1.



The average quality of the mesh elements was around 0.6–0.7, which was a good indicator of the reliability of the mesh. Some regions were critical, namely, the inlet and outlet regions, as they have a shell too thin for their diameter. The region where the collector transitions to the microchannels was also found to be troublesome. The details are provided in Figure 3. Tests were performed to evaluate the mesh’s performance. The flow rate in a given channel was calculated for the four meshes, and the result for the A4 mesh was shown to be similar to that for mesh A3. As the simulation time and the average quality of the elements were shown to be acceptable, mesh A4 was selected for the flow distribution uniformity (FDU) simulation.



In contrast to the flow distribution uniformity simulation, for heat transfer purposes, the entire dissipator had to be represented as a whole. Accordingly, the geometry had to include the PDMS channels’ surroundings and their hollow region to allow the generation of distinct domains and different simulation modules in each one of them, as seen in Figure 4.



The mesh comprises different regions, namely, the zone where the fluid flows, the solid region around that zone, and a localized transition in the boundary between both. The presence of two distinct domains requires the definition of the connection between them, specifying the means of contact (a union in this case). In this way, the temperature changes continuously across the domain boundaries. An adaptation of the mesh to create a transition region on the inlet surface can be noted in Figure 4.



The mesh with the best results in the convergence study was kept, and only one convergence study in the solid domain was performed, using the same points mentioned on the previous study. Details of the mesh are presented in Table 2.



Mesh tests were also performed to select the best mesh for the heat transfer studies. The outlet temperature was calculated using the different meshes. The outlet temperature becomes independent of the mesh for meshes B5 and denser. Thus, the mesh B5 was selected, since the average quality of the elements is reasonably acceptable, and the mesh tests also demonstrated that a mesh with a higher number of elements will not strongly influence the final result of the simulation. Consequently, choosing the B5 mesh will also minimize the computational cost.




2.3. Fluid and Solid Properties


The numerical simulation required the setting of the properties of the fluid and solid domains associated with the flow and heat transport, as summarized in Table 3 [29]. All properties are taken for a temperature of 20 °C, i.e., the temperature at the beginning of the study. Although those properties were temperature-dependent, they were considered constant for simplification purposes. Nanofluids are stable fluids with well-defined bulk properties, and the characteristic size of the nanoparticles does not affect the continuous mean hypothesis, such that Navier–Stokes equations are valid and can be used to model this kind of flow.




2.4. Boundary Conditions


The boundary conditions (BC) used in the present simulation for all the heat sink configurations are summarized in Table 4.



The inlet is the region where the fluid enters into the fluid domain, and it has the inlet mass flow rate as a boundary condition. Since the flow rate was one of the studied parameters, a parametric variable was used, and a systematic study was performed, for a range of flows from 1 to 100 mL/min. The choice of this range of values enabled predictions for flows above the range used in experimental tests. The flow was always laminar, as its maximum Reynolds number was 293, which was within the limits of the laminar regime for internal flow [30]. At the outlet, the pressure was set to zero since at the exit, the fluid is drained to the atmosphere. The no-slip conditions were applied to the inner walls of the microchannels. In the heat transport studies, the boundary conditions for the external surfaces of the PDMS block needed to be considered. Regarding the real function of the heat source (controller associated with the temperature variable) of ensuring a changeable heat flux in order to maintain a constant temperature, the temperature of the bottom surface of the PDMS block was fixed at 60 °C. The side walls and faces of the surrounding PDMS were defined as adiabatic boundaries, which means that no heat will be transferred through them. For the fluid domain, the inlet temperature was set to 20 °C and at the outlet the temperature gradient was set to zero.




2.5. Data Evaluation


After the numerical computation, the flow rate in each microchannel was calculated by velocity integration. In addition, the standardized flow rate, that is, the ratio between the flow rate at channel iqiand the mean flow rateqmed, was calculated, enabling the comparison of the flow rate distribution’s uniformity within different geometries. An example can be seen in Figure 5, where a higher flow is responsible for the concentration of the flow in the central microchannels, which are aligned with the inlet, showing an effect of the inertia of the fluid on the FDU coefficient S.



The FDUcoefficient, S, can be calculated by Equation (6):


   S    =         ∑    i    =   1  N     (   q i  −  q ¯   )   2   N     



(6)




where   q ¯   is the mean flow rate,    q i    the flow rate in the microchannel i, and N is the total number of microchannels of the device. A higher S means a lower flow distribution uniformity, and vice-versa. The temperature was determined in the fluid and solid domains. The temperature evolution throughout the complete pathway of the working fluid was analyzed, from the collectors to the individual channels, allowing for the evaluation of the impact of the FDU on temperature distribution.



Figure 6 shows two cases that enable the analysis of the effect of the flow rate on the temperature field of the device. As can be seen, for lower flow rates (Figure 6a), higher temperatures are globally attained, resulting in a lower heat removal. This type of representation improves the understanding of the heat transport phenomena in the device. For example, a study of the evolution of the temperature in the different channels can also be useful for understanding how FDU affects temperature.



The results presented in Figure 7 highlight a variation in the registered temperatures of the channels. They show some symmetry, with a smaller temperature difference for the central channels and a greater difference with distance from the centralaxis.



This profile can be explained with the help of the flow trajectories, depicted in Figure 8, where it can be seen thatthe fluid coming from the inlet disperses in all the directions. Therefore, the fluid that crosses the central channels originates directly from the jet, while the external channels receive fluid that has covered a greater distance since it comes from the rear of the collector. The temperature profile will possibly be influencedby the same phenomena that occur in Figure 6, only on a smaller scale.





3. Results and Discussion


In this section, the results obtained will be presented and discussed. Firstly, a comparison between numerical and previously performed experimental tests will be discussed, followed by the analysis of the influence of the geometry on flow distribution and heat transfer.



3.1. Comparison between the Numerical and the Experimental Results


A comparative analysis of the numerical and experimental results of temperature difference was performedin order to validate and optimize the numerical model. The experimental results reproduced here as well as the details of the experimental test set-up can be found in [26]. As shown in Figure 9, the temperature differences deviate from the experimental results for the same geometry, and the temperature was measured in similar positions.



The discrepancies observed (for instance, the fact that the temperature difference is about 5 °C higher for the numerical simulation under low flow rates) could be explained by the simplifications in the numerical model, such as in the boundary conditions. For instance, in the numerical simulation, considering the side walls as adiabatic could have contributed to an enhanced heat flux fraction. The flow is adiabatic, which is a reasonably good approximation given the range of temperatures and the small variation in the enthalpy.



In addition, factorssuch as not considering the contact resistances in the numerical model could have promoted the increase in the discrepancies. Similarly, the experimental assays also have associated errors that contribute to the increase in the uncertainty interval.




3.2. Influence of Heat Sink Geometry in Flow Distribution


Three sets of geometries were investigated and characterized by the orientation of the flow, the type of collector and the number of parallel channels. The numerical study performed in the commercial COMSOL Multiphysics 5.6® software allowed the determination of the flow rate through each section, and the analysis of the quadratic deviations enabled the quantification of the FDU through the FDU coefficient, S. It can already be stated that the rectangular-shaped support manifold is the one that provides the lowest values of flow distribution uniformity coefficient (S) when compared with the circular and triangular shapes. As such, the rectangular shape is the one causing the greater uniformity in the distribution of the heat transfer in the microchannels, as was clearly outlined in the abstract, and because of this fact the rectangular shape is the only one to be considered in the further analysis undertaken in this work. The orientation of the flowing the rectangular-shaped manifold was imposed by the positioning of the inlet and outlet, as presented in Figure 10. After the numerical simulation, the FDU coefficient was determined for the different geometries. The results are compiled in Figure 11. The coefficient increases exponentially with the increase in the flow rate. The vertical placement of the inlet and outlet allowed the development of a more uniform flow. Regarding the horizontal flow, a small difference was noticed when placing the inlet and outlet on the same or opposite faces. Finally, the greatest flow maldistribution was observed with the injection of the fluid frontally.



The observed distributions can be better explained by analyzing particular cases. In the case of the frontal configuration, a jet is formed in the center while two recirculation regions form laterally, as observed in Figure 12a. Figure 12b shows that the maximum value of the standardized flow rate occurs in the central channels, 3 and 4. The path passing through the central channels has low resistance to flow, which explains why this configuration presents the highest coefficient.



Both horizontal configurations presented a similar distribution, only diverging in the exit collector, which also affected the coefficient. The inverted horizontal configuration was slightly more uniform than the parallel horizontal configuration. Figure 13 shows that the fluid flows preferentially via channel 6, which is placed in the opposite side to one of the inlets, this flow pattern being caused by the inertia of the fluid.



The vertical configuration presented the best results, since the placement of the inlet vertically allows it to be perpendicular to the smallest dimension of the collector (height of 1 mm). In this way, the jet is immediately broken and spread radially. This phenomenon is known as jet impingement [31], and is shown in Figure 14. It is responsible for the uniformity in this configuration, where no preferential flow path is noted.



As the vertical configuration has the best flow distribution, an attempt was made to improve it by changing the collector geometry from rectangular to triangular or circular. Figure 15 shows the effect of the shape on the FDU coefficient. The rectangular shape leads to the highest flow uniformity, while the triangular shape leads to the highest flow maldistribution.



The flow maldistribution in the triangular case is due to the disturbance of the impinging jet by the collector walls. For small flow rates, the fluid is better distributed at the center. However, the increase in the flow rate leads to a preferential orientation of the flow towards the external channels, as seen in Figure 16. The results obtained in each of the channel sections agree with what was presented in the qualitative analysis (Figure 16). In Figure 17, it is possible to verify an alteration in the profile of the flow for a flow rate above 50 mL/min, wherein the accumulation of the flow changes from central to lateral.



The flow distribution in the circular collector is very similar to the one observed in the rectangular collector. The impinging jet was also disturbed, but the effect is much smaller than the one obtained with the triangular collector. The results are presented in Figure 18.



In order to evaluate the impact of the number of channels on the heat transfer phenomena, a parametric study was performed. As such, the initially considered six-channel configuration was compared to four- and eight-channel configurations. The distance between channels was modified to maintain a uniform distribution over the width of the ABS mold master. Figure 19 presents the FDU coefficient for those cases.



Increasing the number of channels improved the flow distribution, as the flow patterns in Figure 20 demonstrate. The increase in the number of channels leads to a more uniform flow in the collector, especially in the channels approaching regions, where the fluid travels through the shortest path to the respective channel.




3.3. Effect on Heat Transfer


Figure 21 shows the total amount of heat dissipated by the device as a function of the flow rate. The relation between the geometry and heat transfer was confirmed, particularly in the FDU context. It should be emphasized that the geometries that present a greater uniformity also dissipate more heat.



The Figure 22 clearly shows that the temperature is not uniform in all channels, it also being possible to note that in the exit region of the collector, the average temperature is higher for the heat sink configurations with lower flow distribution uniformity. This was also noted by [32].



As the horizontal parallel geometry has the least uniform flow, it is suitable for the further analysis of the influence of flow distribution on heat dissipation. Figure 23 shows the heat transfer and the flow distribution in each channel. The heat transfer was maximized in the edge channels and was approximately uniform in the central region. The velocity of the flow and the temperature difference vary inversely, the heat transfer being maximized at the edge with greater velocity and at the one with a smaller velocity (by the greater temperature difference), with those effects being mitigated in the central channels, originating an intermedium heat transfer. The heat transfer increased globally in the vertical heat sink, especially in the central channels that present the greatest comparative gain, whichis in agreement with the conclusions reported in [33]. It is in this regard that it was inferred that the development of a uniformly distributed flow will be advantageous, since it will increase the global heat transfer of the heat sink and will likely cover a greater effective area.





4. Concluding Remarks


The present work comprehensively investigated the impacts of different straight microchannel geometry designs of heat sinks on the flow and heat distribution throughout the channels via numerical modeling. The simulations were performed with the conjugate heat transfer module ofthe software COMSOL Multiphysics 5.6®. From the different relative positions of the inlet and outlet that were tested, the vertical placement allowed the development of a flow with greater uniformity, while the frontal placement showed the highest flow maldistribution. The results also showed that the collector with a rectangular shape was the one leading to greater uniformity, while the triangular shape led to the least uniformity since the geometry causes a disturbance in the jet impingement. Additionally, this study indicates that increasing the number of channels tends to improve the uniformity of the flow distribution. In this way, the microchannel heat sink that showed the greatest flow uniformity and heat transfer performance was the heat sink with the vertical placement of the inlet and outlet, a rectangular collector, and eight microchannels.



So, as the main concluding remark, the following guidelines for obtaining an optimized microchannel heat sink design, which is essential to providing high heat dissipation rates, should be considered:




	
A rectangular-shaped collector, since this causes less flow maldistribution and instability.



	
Vertical placement of the inlet and outlet, since, in the particular case of the inlet, this causes less throttling and the easier breaking and spreading of the impinging jet.



	
The maximum number of microchannels possible within the limits of the intended overall reduced dimensions of the heat sinks (eight in the case of the current work).








These guidelines, together with the results obtained in this work, highlight the key role played by the optimization of the geometrical arrangement of thermal management devices. Scaling down from macro- to micro-devices entails several issues related to the flow rate and the distribution that must be considered. The most preeminent practical impact of this work is the guidance offered for the design and production of more efficient and cost-effective miniaturized devices, such as micro channel heat sinks, which seem to be the most reliable thermal management technology due to their command of heat transfer capability.



In future work, it will be important to compare the results to experimental models, and also to test, numerically and experimentally, the flow of nanofluids in microchannel heat sinks with an optimized design.
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Nomenclature




	
A

	
Surface area (m2)




	
Cp

	
Specific heat(J/kg·K)




	
f

	
Force(N)




	
G

	
Strain rate tensor (1/s)




	
H

	
Channel height (m)




	
h

	
Enthalpy (J)




	
k

	
Thermal conductivity (W/m·K)




	
L

	
Heat sink length (m)




	
N

	
Number of channels




	
p

	
Pressure (Pa)




	
q

	
Flow rate (mL/min or m3/s)




	
Q

	
Heat (W)




	
S

	
Flow distribution uniformity coefficient




	
t

	
Time (s)




	
T

	
Temperature (K)




	
u

	
Velocity field (m/s)




	
V

	
Velocity (m/s)




	
W

	
Heat sink width (m)




	
Z

	
Heat sink height (m)




	
Greek Symbols




	
αp

	
Thermal expansion coefficient (1/K)




	
ϕ

	
Volume fraction (-)




	
υ

	
Kinematic viscosity (m2/s)




	
ρ

	
Density (kg/m3)




	
τ

	
Viscous stress tensor




	
Subscripts




	
c

	
Channel




	
w

	
Wall




	
b

	
Base
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Figure 1. Schematic representation of the acrylonitrile–butadiene–styrene (ABS) master mold and respective dimensions (heat sink length, L; width, W; height, Z). 
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Figure 2. Tetrahedral structures in the core of the channel involved in a shell. 
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Figure 3. Details of the mesh in the collector.Highlighted: the inlet region and the transition between the collector and the channels. 
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Figure 4. Example of the geometry used in the heat transfer simulation, wherein both domains of the simulation can be seen. 
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Figure 5. Flow distribution in the microchannels for two different flow rates. 
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Figure 6. View of the temperature profile of a fluid flow at different flow rates:(a) 1 mL/min; (b) 30 mL/min. 
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Figure 7. Temperature evolution throughout each channel, from the entrance to the exit, with a fluid flow of 1 mL/min. 
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Figure 8. Trajectory of the fluid in the collector and respective distribution to the channels at a fluid flow of 100 mL/min and at a scale of 5. 
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Figure 9. Comparison of the difference in temperature generated in the experimental tests and in the numerical simulation. 
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Figure 10. Different configurations for the microchannel device: (a) horizontal frontal; (b) horizontal parallel; (c) horizontal parallel inverted; (d) vertical. 
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Figure 11. Coefficient of the uniformity distribution of the flow for different heat sink configurations. 
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Figure 12. Flow distribution uniformity (FDU) study for the frontal configuration. (a) Schematic view of the velocity profile for a 100 mL/min flow and at a scale of 2. (b) The standardized flow in each channel of the heat sink. 
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Figure 13. FDU study for the inverted horizontal configuration. (a) Schematic view of the velocity profile for a 100 mL/min flow and at a scale of 2. (b) The standardized flow in each channel of the heat sink. 
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Figure 14. FDU study for the vertical configuration. (a) Schematic view of the velocity profile for a 100 mL/min flow and at a scale of 2. (b) The standardized flow in each channel of the heat sink. 
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Figure 15. Influence of the shape of the collector on the FDU coefficient, S. 
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Figure 16. FDU study for the triangular shape. (a) Schematic view of the velocity profile for a 5 mL/min flow and at a scale of 20. (b) Schematic view of the speed profile for a 100 mL/min flow and at scale of 2. 
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Figure 17. Standardized flow in each channel of the heat sink with triangular-shaped collectors, for different flow rates. 
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Figure 18. FDU study for the circular shape. (a) Schematic view of the velocity profile for a 100 mL/min flow and at a scale of 2. (b) Standardized flow in each channel of the heat sink. 






Figure 18. FDU study for the circular shape. (a) Schematic view of the velocity profile for a 100 mL/min flow and at a scale of 2. (b) Standardized flow in each channel of the heat sink.



[image: Applsci 11 02440 g018]







[image: Applsci 11 02440 g019 550] 





Figure 19. Influence of the number of channels of the heat sink on the FDU coefficient. 
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Figure 20. FDU study for different numbers of channels for a 100 mL/min fluid flow at a scale of 5. (a) Velocity profile for four-channel configuration. (b) Velocity profile for eight-channel configuration. 
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Figure 21. Heat transfer for three different configurations. 
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Figure 22. Temperature profiles for the studied configurations for heat transfer at a flow rate of 5 mL/min: (a) Vertical Rectangular with 8 channels; (b) Vertical Rectangular with 6 channels; (c) Horizontal Parallel with 6 channels. 
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Figure 23. Heat transfer rate in each channel of the geometries: (a) Vertical rectangular. (b) Horizontal parallel. 
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Table 1. Main characteristics of the mesh used for convergence in fluid flow studies.
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	Mesh
	A1
	A2
	A3
	A4





	Maximum Size (mm)
	0.609
	0.425
	0.264
	0.23



	Minimum Size (mm)
	0.115
	0.046
	0.0172
	0.015



	Maximum Growth
	1.13
	1.1
	1.08
	1.08



	Curve Factor
	0.5
	0.4
	0.3
	0.25



	Resolution of Narrow Regions
	0.8
	0.9
	0.95
	0.95



	Elements Number
	125,426
	402,365
	1,342,365
	1,975,310



	Average Quality
	0.5569
	0.605
	0.6359
	0.6478



	Simulation Time
	1 min 26 s
	3 min 26 s
	8 min 54 s
	14 min 12 s
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Table 2. Main characteristics of the meshes used for convergence in heat transfer studies.
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	Mesh
	B1
	B2
	B3
	B4
	B5
	B6





	Maximum Size (mm)
	10.5
	7
	5.6
	3.85
	2.45
	1.4



	Minimum Size (mm)
	1.96
	1.26
	0.7
	0.28
	0.105
	0.014



	Maximum Growth
	1.6
	1.5
	1.45
	1.4
	1.35
	1.3



	Curve Factor
	0.7
	0.6
	0.5
	0.4
	0.3
	0.2



	Resolution of Narrow Regions
	0.4
	0.5
	0.6
	0.7
	0.85
	1



	Elements Number
	126,348
	151,540
	167,311
	188,105
	239,112
	366,980



	Average Quality
	0.661
	0.691
	0.701
	0.713
	0.725
	0.746
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Table 3. Main properties of the fluid and solid used in the numerical simulations.
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	Water
	PDMS





	Viscosity    [  Pa × s  ]   
	0.00101
	-



	Density    [  kg /  m 3   ]   
	1001.6
	970.0



	Specific Heat    [  J / kg × K  ]   
	4182.5
	1460.0



	Thermal Conductivity    [  W /  (  m × K  )   ]   
	0.603
	0.180



	Specific Heat Ratio
	1
	-
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Table 4. Boundary conditions used in the current simulation for solid and fluid domains.
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	Surface
	Boundary Conditions
	Mathematical Expression





	Inlet
	Flow Rate Inlet
	   q  I N   → t ,   t ∈  [  1 ,   100  ]   , Tmean = 20 °C



	Outlet
	Pressure Outlet
	POUT = 0 Pa (free atmosphere) and ΔTOUT = 0



	Fluid–Solid Interface
	No-slip Interface
	   K f  × ∇  T f    =    K  P D M S   × ∇  T  P D M S     and Tf = TPDMS



	Sided Walls
	Adiabatic
	   −  K i  ×  (    ∂  T i    ∂ x    )  = −  K i   (    ∂  T i    ∂ y    )  = 0   



	Interface between the Heater and PDMS
	Thermal Coupled
	   K H  × ∇  T H    =    K  P D M S   × ∇  T  PDMS     and TH = TPDMS



	Bottom Surface of the PDMS
	Mixed Radiation and Convection
	      −  K  P D M S   ×  (    ∂  T  P D M S     ∂ z    )      =  q  r a d ,   P D M S             → s +  q  c o v ,   P D M S            → a     
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