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Abstract

:

An in-house finite element method (FEM) procedure is used to carry out a numerical study on the thermal behavior of cross-flow double-layered microchannel heat sinks with an unequal number of microchannels in the two layers. The thermal performance is compared with those yielded by other more conventional flow configurations. It is shown that if properly designed, i.e., with several microchannels in the top layer smaller than that in the bottom layer, cross-flow double-layered microchannel heat sinks can provide an acceptable thermal resistance and a reasonably good temperature uniformity of the heated base with a header design that is much simpler than that required by the counter-flow arrangement.
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1. Introduction


The feasibility of effectively using liquid cooled microchannel heat sinks (MCHS) for the thermal control of electronic devices was established in the early 1980s by Tuckerman and Pease [1], who designed and tested a new, very compact, water-cooled integral heat sink for silicon integrated circuits consisting of a single layer of parallel microchannels. Since then, many researchers carried out extensive research seeking alternative solutions to obtain improved thermal performance. Earlier studies aimed at MCHS optimization were based on the use of correlations to estimate the Nusselt number at the liquid-solid interface of the microchannels [2]. Analytical methods were also used for optimization purposes [3], but most of more recent analyses were carried out experimentally or numerically, or both. Li and Peterson [4] developed a full 3-D conjugate heat transfer model to assess the heat transfer performance of silicon-based, parallel MCHSs. They found that, for a given pumping power, the overall cooling capacity could be significantly enhanced using optimized spacing and channel dimensions. Kuo et al. [5] numerically investigated the effects of design variables, namely the channel width and height, on the thermal resistance of the MCHS. In particular, they found that the optimal channel width strongly depends on the channel height only when the flow power is below a certain value. Qu and Mudawar [6] carried out an experimental and numerical study and showed that the conventional Navier–Stokes and energy equations can adequately predict the fluid flow and heat transfer characteristics of microchannel heat sinks. Chiu et al. [7] also numerically and experimentally investigated the thermal performance of liquid cooled MCHSs and concluded that the effective thermal resistance remains almost constant when the cross-sectional porosity varies within a certain range. Other attempts to improve the thermal behavior of liquid cooled MCHSs included the use of grooved [8] or corrugated [9] microchannels. A comprehensive review is reported in the work of Adham et al. [10].



Over twenty years ago, Vafai and Zhu [11] proposed a double-layered microchannel heat sink (DL-MCHS) with a counter-current flow arrangement. In more recent years, Wei et al. [12] fabricated and tested a DL-MCHS and found that, even if parallel flow might yield the best performance in reducing the peak temperature, the counterflow configuration provides better temperature uniformity, which is important for thermal stress control. Since then, many optimization studies were carried out both analytically [13] and numerically [14,15,16,17,18,19,20,21,22,23,24]. Levac et al. [14] compared the thermal behavior of single-layered and double-layered MCHSs with both parallel flow and counter-flow arrangements. They found that the counter-flow configuration yields the best overall performance and the lowest thermal resistance with high Reynolds number flows, while at low Reynolds numbers the thermal resistance was lower with the parallel flow configuration. Similar conclusions were reached by Xie et al. [15,16] who also considered the effects of using wavy microchannels. Hung et al. [17,18] found that with the counter-flow arrangement the thermal performance could be improved if microchannels of different heights are used in the bottom and top layers. Similar conclusions were reached by Leng et al. [19] who also presented an improved DL-MCHS design with truncated microchannels in the top layer [20,21]. Kulkarni et al. [22] took the effects of temperature dependent thermophysical properties into account while carrying out the optimization of a double-layered MCHS. Wong and Ang [23] studied the effect of microchannel height contraction in a DL-MCHS and found that, while with tapered microchannels better thermal performance can be achieved as compared to those of the conventional design, the required pumping power becomes higher as the channel height contraction ratio increases. Wu et al. [24] carried out a parametric investigation on the thermal behavior of DL-MCHSs and observed that an inlet velocity in the microchannels of the upper layer smaller than that in microchannels of the bottom layer may result in the improvement of the overall performance at a given pumping power.



All the above referenced studies considered DL-MCHS where the microchannels of the two layers are aligned with either parallel or counter-flow arrangements. In fact, only very few and rather recent papers report results concerning the thermal performance of cross-flow DL-MCHSs where the flow in the microchannels of the bottom layer is perpendicular to the one in the microchannels of the top layer. Asnari and Kim [25] proposed the adoption of the transverse flow configuration, but they found that only with some modifications to the basic cross-flow arrangement it was possible to obtain improved performance with respect to those yielded by the more conventional design. The same authors concluded that a modified transverse flow arrangement, where each layer is subdivided into quarters with opposite flow directions in each quarter, exhibited the lowest thermal resistance and temperature variation in a case with non-uniform heating conditions with random hotspots [26]. Tang et al. [27] developed an optimization model of DL-MCHS and concluded that the counter-flow heat sinks yield better thermal performance as compared to cross-flow heat sinks for the same pumping power.



The superiority of the double-layered MCHS emerges from the above literature review since, in particular when the counter-flow configuration is adopted, it allows the achievement of a low thermal resistance and a good temperature uniformity of the heated base. However, this comes at the expense of a more complicated piping because a counter-flow DL-MCHS requires two separate inlets and two separate outlets on opposite sides. The improved transverse flow configuration proposed by Asnari and Kim [26] depends upon even more complicated manifolds. However, in previous articles the present authors showed that the inlet velocity maldistribution is always detrimental for the performance of a counter-flow DL-MCHS [28], while in some cases, it can help improve the thermal behavior of a basic cross-flow DL-MCHS [29]. In this paper, instead, a numerical investigation is carried out to show that a cross-flow DL-MCHS, if properly designed, can also guarantee an acceptable thermal resistance and a reasonably good temperature uniformity of the heated base independently of the flow maldistribution, with the advantage of allowing a very simple header arrangement, with only one inlet and one outlet placed on opposite sides. In particular, the effect of using a different number of microchannels in the two layers of a DL-MCHS is investigated and the thermal performance are compared to those yielded by the single-layered and the counter-flow double-layered configurations.




2. Statement of the Problem


To illustrate the concept of the cross-flow double-layered microchannel heat sink (DL-MCHS), the problem of cooling a square microchip with an area of 1.0 cm2 and a thermal power dissipation of 100 W is analyzed. The investigation is carried out with reference to a series of single- and double-layered MCHSs with a square footprint of    L x  ×  L y  = 10 × 10   mm2, equal to the area of the microchip, a number of microchannels in the bottom layer   N  c , b    equal to 50 and several microchannels in the top layer   N  c , t    which can be either equal to or less than 50. The following additional geometrical parameters are selected: microchannel height    H c  = 0.5   mm; microchannel width and wall thickness (horizontal and vertical)    W c  =  W w  = 0.1   mm. The schemes shown in Figure 1 illustrate the eight configurations considered here, namely



	
CF: double-layered counter-flow with    N  c , b   =  N  c , t   = 50  ;



	
XF: double-layered cross-flow with    N  c , b   =  N  c , t   = 50  ;



	
XF35: double-layered cross-flow with    N  c , b   = 50   and    N  c , t   = 35  ;



	
XF30: double-layered cross-flow with    N  c , b   = 50   and    N  c , t   = 30  ;



	
XF25: double-layered cross-flow with    N  c , b   = 50   and    N  c , t   = 25  ;



	
XF20: double-layered cross-flow with    N  c , b   = 50   and    N  c , t   = 20  ;



	
XF15: double-layered cross-flow with    N  c , b   = 50   and    N  c , t   = 15  ;



	
SL: single-layered with    N  c , b   = 50   and    N  c , t   = 0  .






In Figure 1 the microchannels of the bottom layer are shown in dark blue, while those of the top layer appear in light blue. This color pattern is also adopted in the rest of the paper. In the cross-flow MCHSs with    N  c , t   < 50  , the microchannels are placed closer to the side where the outlets of the microchannels of the bottom layer are located. Figure 2, where the shaded area represents the microchannel heat sinks (MCHS) and the header layouts are schematically represented together with the coolant paths for the two base flow configurations, illustrates the main advantage of adopting a cross-flow arrangement. In fact, as already mentioned, this allows the use of a piping with only one inlet and one outlet to feed both the top and the bottom layer which is less complicated than that required by the counter-flow configuration, that, obviously, can only be obtained with two separate inlets and two separate outlets.



The thermal boundary conditions are: uniform heat flux applied to the bottom (heated) wall    q w  ″   = 100   W/cm2; adiabatic top and lateral walls; uniform fluid inlet temperature    T in  = 300   K. The MCHS material is silicon, with thermal conductivity    k s  = 148   W/(m K), while the coolant fluid is water, with density    ρ f  = 996.6   Kg/m3, dynamic viscosity    μ f  = 8.54 ×  10  − 4     kg/(m s), thermal conductivity    k f  = 0.610   W/(m K) and specific heat    c f  = 4180.6   J/(kg K). Three values of the volumetric flow rate are considered:    V ˙  = 2.5  ,   5.0   and   10.0   mL/s, yielding average microchannel velocities from   0.5   m/s to   4.0   m/s (depending on the total number of microchannels) and corresponding Reynolds numbers from 97 to 778 (laminar flow in all cases). The velocity distribution at the inlet of each microchannel is assumed to be uniform and equal for all the microchannels of the two layers in the MCHS. Therefore, the pressure drop will also be the same in all microchannels.




3. Numerical Procedure


The fluid flow and heat transfer in microchannel heat sinks as the ones described in the previous section are governed by the Navier-Stokes and the thermal energy equations which are solved here in the hypotheses of a constant property fluid and negligible diffusion of momentum in the axial direction. According to Shah and London the latter represents a reasonable assumption when the Reynolds number is larger than about 50 [30]. The hypothesis of a constant property fluid is justified because (i) in the test cases analyzed in the following the liquid coolant only undergoes limited temperature changes and (ii) the main purpose of this article is just to demonstrate the effectiveness of properly designed cross-flow MCHSs for microchip temperature management and not to carry out detailed calculations with reference to actual thermal devices.



A procedure, based on the standard Galerkin finite element method (FEM), was employed to solve the governing equations. The procedure consists of two in-house FEM codes. The first one is used to solve the Navier-Stokes equations in their parabolized form together with the continuity equation


   ρ f  U   ∂ U   ∂ X   =  μ f      ∂ 2  U   ∂  Y 2    +    ∂ 2  U   ∂  Z 2     −  ρ f   V   ∂ U   ∂ Y   + W   ∂ U   ∂ Z    −   d  P ¯    d X    



(1)






   ρ f  U   ∂ V   ∂ X   =  μ f      ∂ 2  V   ∂  Y 2    +    ∂ 2  V   ∂  Z 2     −  ρ f   V   ∂ V   ∂ Y   + W   ∂ V   ∂ Z    −   ∂ P   ∂ Y    



(2)






   ρ f  U   ∂ W   ∂ X   =  μ f      ∂ 2  W   ∂  Y 2    +    ∂ 2  W   ∂  Z 2     −  ρ f   V   ∂ W   ∂ Y   + W   ∂ W   ∂ Z    −   ∂ P   ∂ Z    



(3)






    ∂ U   ∂ X   +   ∂ V   ∂ Y   +   ∂ W   ∂ Z   = 0  



(4)




in a 2-D computational domain corresponding to the cross-section of a reference microchannel. In the previous equations X, Y and Z are the axial and the transverse Cartesian coordinates in the single microchannel reference system, U, V and W represent the axial and the transverse velocity components, P is the deviation from the hydrostatic pressure and   P ¯   is its average value over the cross-section. Standard boundary conditions are applied consisting of a uniform inlet velocity and no-slip on the boundaries corresponding to the solid walls. The adopted solution method includes a marching technique to move forward in the axial direction, starting from inlet conditions, and the application of a projection algorithm to deal with the pressure-velocity coupling [31]. The 2-D computational domain is discretized using a very fine grid which, together with the very small axial steps adopted to march forward, can yield very accurate solutions.



The velocity field thus obtained is then appropriately scaled and mapped onto the fluid parts of the 3-D domain corresponding to the whole MCHS where the energy equation


  ρ c  u   ∂ T   ∂ x   + v   ∂ T   ∂ y   + w   ∂ T   ∂ z    = k     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2    +    ∂ 2  T   ∂  z 2      



(5)




is solved in its elliptic form using another in-house FEM code [32,33]. In the above equation u, v and w are the mapped velocity components and x, y and z are the global Cartesian coordinates in the reference system of the MCHS. Obviously, we have   ρ =  ρ f   ,   c =  c f    and   k =  k f    in the fluid and   ρ = 0  ,   c = 0  ,   k =  k s   , and   u = v = w = 0   in the solid.



It must be pointed out that the mapping of the velocity field from the fine grid used for the solution of the parabolized Navier-Stokes equation to the coarser one employed to solve the energy equation might hinder the fulfillment of the mass conservation principle. Therefore, before solving the energy equation, it is necessary to compute appropriate velocity corrections so that the final velocity field satisfies the discrete form of the continuity equation on the new 3-D grid. The velocity corrections are obtained using a technique which can be considered to be standard in the context of projection methods and implies the FEM solution of a Poisson equation to first compute a velocity correction potential and then the required velocity corrections [32,33].



The adopted FEM procedure can also handle non-conformal grids. This feature is particularly useful when, as, for instance, in the case of DL-MCHSs, there are portions of the domain where the flow is not aligned with the one prevailing elsewhere. With reference to the problem considered here, this allows one to separately mesh the two subdomains corresponding to the solid and fluid parts that can be associated with the bottom layer and those pertaining to the top layer, with grids that do not match at a common internal boundary, assumed to coincide with the midplane between the two layers. The benefit is that hexahedral elements elongated in the flow direction can be used in both layers without the severe mesh distortion that would appear if this had to be accomplished with just a single monolithic grid. According to the adopted procedure, at the interface  Γ  between the two subdomains, the conditions of temperature continuity    T  Γ 1   =  T  Γ 2     and heat flux continuity    q  Γ 1   ″   = −  q  Γ 2   ″     are imposed pointwise at each mesh node laying on the interface. Symbol   q  ′ ′    represents the heat flux in the direction normal to the interface, assumed positive when leaving the subdomain, while subscripts   Γ 1   and   Γ 2   indicate the first and the second side of the non-conformal boundary, respectively. It was shown by Nonino et al. [32] that this is equivalent to satisfying


   q  Γ 1   ″   +  q  Γ 2   ″   = ω   T  Γ 1   −  T  Γ 2     



(6)




where  ω  is an empirical dimensional weighting parameter proportional to the ratio of the thermal conductivity over a reference length. The whole procedure is described in detail and validated for the solution of microfluidics problems in previous publications [32,33].




4. Computed Results


Finite element method (FEM) meshes consisting of about 23M eight-node hexahedral elements were used for the discretization of the computational domains corresponding to the considered MCHSs. Each repetitive unit consisting of a microchannel and the pertaining portion of the solid wall is discretized with a nonuniform grid having 250 subdivisions in the axial direction and 26 and 34 subdivisions in the horizontal and vertical directions, respectively. Based on the results of previous tests, such a grid resolution is deemed to yield nearly mesh independent results [32,33].



The temperature distributions on the bottom wall, i.e., the surface in contact with the microchip, computed for different microchannel heat sinks (MCHS) configurations and volumetric flow rates are shown in Figure 3, Figure 4 and Figure 5. In particular, sample results for six of the eight flow configurations considered in this work are shown. The light blue arrows marked with counter-flow (CF) and cross-flow (XF) indicate the flow direction in the top layer. It is apparent that the CF configuration yields the best temperature uniformity for all the volumetric flow rates, while the XF and the SL configurations produce the least uniform temperature distribution at low (Figure 3) and medium-high flow rates (Figure 4 and Figure 5), respectively. It is interesting to note that the cross-flow MCHSs with    N  c , t   < 50   allow achieving temperature uniformities that are second only to those obtained with the counter-flow MCHS, which, however, as already observed, requires a more complicated piping.



Some additional physical insight can be gained by looking at the temperature and heat flux distributions on the midplane between the bottom and the top layers that are reported in Figure 6 and Figure 7. The strong influence of the microchannel layout on the temperature field inside the DL-MCHSs is apparent. In addition, these figures clearly illustrate which parts of the DL-MCHSs are characterized by negative heat fluxes, i.e., heat fluxes from the top layer to the bottom layer. Figure 6 shows that with the XF configuration the heat flux is positive everywhere, while with the CF arrangement there is a small portion of the midplane, the one near the inlet of the microchannels of the bottom layer, where a negative heat flux occurs. Instead, Figure 7, which concerns the XF35, XF25 and XF15 configurations, i.e., those with a number of microchannels of the top layer smaller than that of the bottom layer, depicts a different scenario. In fact, there are large portions of the midplane where a negative heat flux is present. This can be correlated with the better temperature uniformity that can be achieved when    N  c , t   <  N  c , b     compared to that yielded by the pure cross-flow with    N  c , b   =  N  c , t     since, in the latter case the minimum temperature values of the heated base are lower. Another interesting detail that appears from Figure 6 and Figure 7 is that the positions where the heat flux reaches its highest positive values (red spots in the figures) correspond to the microchannels walls which have a fin-like behavior.



Information on how the flow configuration of a MCHS influences the heat flow rate in each microchannel of one layer can be obtained from Figure 8, Figure 9 and Figure 10, where the differences


  Δ  T  b , j   =  T   b , out  , j   −  T   b , in  , j    



(7)




between the generic j-th microchannel outlet bulk temperatures   T   b , out  , j    and the inlet bulk temperature    T   b , in  , j   =  T in    are reported for the three volume flow rates considered and six of the eight flow arrangements. In each layer of a cross-flow DL-MCHS, the microchannels are numbered starting from the side of the MCHS where the microchannel outlets of the other layer are located. Obviously, with the SL and CF arrangements,   Δ  T  b , j     are the same in all the microchannels of the same layer, while the maximum variations, both in the bottom and in the top layers, occur with the XF configuration. It must be noticed that the values of   Δ  T  b , j     pertaining to different DL-MCHSs with    N  c , t   < 50   cannot be directly compared either among them or to those associated with the configurations where    N  c , t   = 50   because the microchannel mass flow rates are different even for the same total volume flow rate. However, for each flow arrangement, the figures clearly show which are the microchannels where the heat transfer is more active since higher values of   Δ  T  b , j     mean more heat removed by that microchannel.



More quantitative comparisons are carried out with reference to (i) the maximum bottom wall temperature change


  Δ  T  w , max   =  T  w , max   −  T  w , min    



(8)




which is representative of the temperature uniformity of the heated surface, (ii) the total thermal resistance, defined as [15,17,19]


   R T  =    T  w , max   −  T in     q w  ′ ′    L x   L y     



(9)




and (iii) the pressure drop   Δ  p m    in the microchannels. In the above equations,   T  w , max    and   T  w , min    are the maximum and minimum temperatures on the bottom wall. The computed values of these parameters are shown in Figure 11 for all the test cases considered. The superior thermal performance yielded by the CF configuration is confirmed also with reference to total thermal resistance and pressure drop. However, it is also apparent in Figure 11 that the cross-flow arrangements with    N  c , t   < 50   yield acceptable temperature uniformities and total thermal resistances. They retain the advantage of the XF configuration of allowing the adoption of just a single header for inlet and a single header for outlet, with a significantly improved thermal behavior, the only downside being a moderately higher pressure drop in the microchannels. It also appears that, with    N  c , t   <  N  c , b    , for each volume flow rate the optimal number of microchannels in the top layer is different and increases for increasing   V ˙  . Finally, the SL MCHS does not prove to be a good choice since it produces the largest of the pressure drops and a mediocre thermal performance.




5. Conclusions


The thermal performance of cross-flow double-layered microchannel heat sinks with an unequal number of microchannels in the two layers was numerically investigated using an in-house finite element method (FEM) procedure. Three values of the coolant volumetric flow rate were considered. The comparison of computed results with those obtained for other more conventional flow configurations shows that, if properly designed, i.e., with a number of microchannels in the top layer smaller than that in the bottom layer, cross-flow double-layered microchannel heat sinks can provide a reasonably good temperature uniformity of the heated base and an acceptable thermal resistance. For a given volume flow rate, they might produce a moderately higher pressure drop in the microchannels compared to other flow arrangements. However, they allow a header design that can be much simpler than that needed with the counter-flow configuration, which has better thermal behavior, but requires two inlets and two outlets to circulate the coolant.



Finally, the present analysis was carried out based on the simplifying assumption of a uniform microchannel inlet velocity in both layers of the microchannel heat sinks (MCHS). However, maldistribution due to poor header design often plagues actual microchannel flows. Previously published results showed that while flow maldistribution always negatively affects the performance of counter-flow double-layered microchannel heat sinks, in some cases, it may turn out to be beneficial for the thermal behavior of cross-flow double-layered microchannel, thus allowing a further reduction of the performance gap between the two flow configurations.
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Figure 1. Schemes illustrating the eight MCHS configurations considered (dark blue: bottom layer; light blue: top layer). 
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Figure 2. Schemes illustrating possible header layouts for counter-flow and cross-flow MCHS. 
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Figure 3. Bottom wall temperature distributions for six MCHS configurations and    V ˙  = 2.5   mL/s (dark blue arrow: bottom layer; light blue arrow: top layer). 
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Figure 4. Bottom wall temperature distributions for six MCHS configurations and    V ˙  = 5.0   mL/s (dark blue arrow: bottom layer; light blue arrow: top layer). 
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Figure 5. Bottom wall temperature distributions for six MCHS configurations and    V ˙  = 10.0   mL/s (dark blue arrow: bottom layer; light blue arrow: top layer). 
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Figure 6. Temperature (left) and heat flux (right) distributions on the midplane between the bottom and the top layers in types CF and XF of DL-MCHSs for    V ˙  = 5.0   mL/s (blue: negative heat flux; dark blue arrow: bottom layer; light blue arrow: top layer). 
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Figure 7. Temperature (left) and heat flux (right) distributions on the midplane between the bottom and the top layers in types XF15, XF25 and XF35 of DL-MCHSs for    V ˙  = 5.0   mL/s (blue: negative heat flux; dark blue arrow: bottom layer; light blue arrow: top layer). 
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Figure 8. Microchannel outlet bulk temperatures in the bottom and top layers for    V ˙  = 2.5   mL/s (left: bottom layer; right: top layer). 
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Figure 9. Microchannel outlet bulk temperatures in the bottom and top layers for    V ˙  = 5.0   mL/s (left: bottom layer; right: top layer). 
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Figure 10. Microchannel outlet bulk temperatures in the bottom and top layers for    V ˙  = 10.0   mL/s (left: bottom layer; right: top layer). 
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Figure 11. Quantitative results: (a) maximum bottom wall temperature change   Δ  T  w , max   =   T  w , max   −  T  w , min     ; (b) total thermal resistance   R T  ; (c) pressure drop   Δ  p m    in the microchannels for all the test cases considered. 
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