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Abstract

:

Flow boiling heat transfer in microchannels can provide a high cooling rate, while maintaining a uniform wall temperature, which has been extensively studied as an attractive solution for the thermal management of high-power electronics. The depth-to-width ratio of the microchannel is an important parameter, which not only determines the heat transfer area but also has dominant effect on the heat transfer mechanisms. In the present study, numerical simulations based on the volume of fraction models are performed on the flow boiling in very deep microchannels. The effects of the depth-to-width ratio on the heat transfer coefficient and pressure drop are discussed. The bubble behavior and heat transfer characteristics are analyzed to explain the mechanism of heat transfer enhancement. The results show the very deep microchannels can effectively enhance the heat transfer, lower the temperature rise and show promising applications in the thermal management of high-power electronics.
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1. Introduction


With the rapid development of the microelectronic technology, the size of electronic devices has been downscaled intensively and integrated with billions of transistors, and the resulting high-power dissipation and the excessive temperature can cause a rapid deterioration in reliability. Microchannel heat sinks offer several prospective advantages, including compact size, low weight, and high cooling performance. [1] The flow boiling in microchannels shows a promising heat transfer capacity for the thermal management of high-power electronic devices [2]. However, flow instabilities, reversed flow and dryout phenomenon in microchannels lead to undesirable characteristics such as flow rate oscillations, high pressure drop and temperature oscillations. Microchannel heat sinks still need to be optimized for improved heat transfer performance.



A number of numerical and experimental studies have been reported on the heat transfer characteristics of microchannel heat sinks. Salimpour et al. [3] performed the geometric optimization of microchannel heat sinks with rectangular, elliptic, and isosceles triangular cross-sections. They found that microchannels with triangular cross-sections showed worse performance than that with rectangular or elliptic cross-sections. Kalaivanan and Rathnasamy [4] experimentally studied the laminar forced convection through rectangular microchannels with two types of channel structures using ethanol, methanol and an ethanol–methanol mixture as working fluids. The heat transfer coefficient and Nusselt number were evaluated based on the temperature distribution. Lorenzini and Joshi [5] simulated the two-phase flow boiling in microchannels with non-uniform heat flux using water as working fluid. They found that three parameters, including saturation pressure, subcooling and flow arrangement, played vital roles in the cooling performance. Dharaiya and Kandlikar [6] conducted numerical simulations of microchannels with aspect ratios ranging from 0.1 to 10. They proposed the correlations for Nusselt number as a function of channel aspect ratio for both developing and fully developed laminar flows, providing useful guidelines and information for the design and optimization of microchannel heat sinks. Rui et al. [7] showed that the thermal resistance of single-phase flow in microchannel heat sinks with liquid metal was relatively lower compared to that of water. They concluded that liquid metal could be a better working fluid than water, but it had a slightly higher pressure drop. In the study by Lee and Mudawar [8], it was found that the two-phase heat transfer in microchannels strongly depended on the mass flow rate. By dividing the mass flow rate into three regions of high, medium and low flow rates, they found that predictions of the heat transfer coefficient became more accurate.



The aforementioned studies indicate that the structure and dimension of rectangular microchannels play an important role in heat transfer characteristics. Methods such as adding obstructions and opening holes in the sidewalls of channels are effective ways to improve the cooling performance. Deng et al. [9] numerically investigated the thermal resistance, pressure drop and pumping power of heat sinks with double-layered microchannels for high-power microelectronic devices, and proposed to use the double-layered microchannels with a rectangular shape for optimum cooling performance. Jing and He [10] proposed a heat sink with staggered double-layer microchannels, and their simulations demonstrated that the offset in width direction between the two layers of microchannel could improve the thermal performance of double-layered microchannel heat sinks with a small channel aspect ratio and a large vertical rib thickness. Xie et al. [11] numerically investigated the cooling performance of microchannel heat sinks with multistage bifurcations in the laminar flow regime. They found that the cooling performance of the microchannel heat sinks with multistage bifurcation flow was better than that of the straight microchannel heat sink, and proposed that the maximum number of stages of bifurcations is 2. Xie et al. [12] further studied the influence of rectangular-shaped flow obstructions on the laminar flow and heat transfer characteristics of microchannel heat sink using a CFD model. They reported that the obstructions placed in the micro-channel heat sink could improve the cooling performance. Hung et al. [13] investigated the hydraulic and thermal performance of the porous microchannel heat sinks with various configuration designs. They concluded that the sandwich distribution design provided the best performance where both the cooling performance and pressure drop were concerned. Lin et al. [14] studied the optimization of a water-cooled, silicon-based double-layer microchannel heat sink using the thermal resistance network analysis. The parameters, including channel number, bottom channel height, vertical rib width, and thicknesses of two horizontal ribs, were optimized.



Compared to the above techniques, increasing the aspect ratio is a promising and simple method to enhance the cooling performance of microchannel heat sinks. Naphon and Khonseur [15] experimentally studied the heat transfer characteristics and pressure drop in the air-cooling micro-channel heat sinks, and proposed that the aspect ratio of channels has significant effects on the enhancement of heat transfer. Husain and Kim [16] investigated the influence of a large aspect ratio on the heat transfer performance for microchannels using single-phase water as cooling medium, and obtained the optimal aspect ratio under specific operating conditions. The optimum aspect ratio obtained was in the range of 3.7–4.1 for the microchannel with the length of 10 mm. Raghuraman et al. [17] carried out experiments to investigate the heat transfer characteristics of the high aspect ratio microchannel heat sinks using TiO2-water nanofluids. The results showed using 0.3% TiO2-water nanofluids could achieve 18% lower thermal resistance. Raghuraman et al. [18] further studied the heat transfer enhancement of the single-phase flow for aspect ratios up to 46.66 of rectangular micro channel heat sinks. They reported that the excessive channel height caused a lower heat removal rate and higher pressure drop. Xie et al. [19] presented simulations of the single-phase laminar flow in minichannel heat sinks using water as a coolant. They found that a narrow and deep channel with relatively thin channel wall improved heat transfer.



The previous works have been reported concerning the enhancement of heat transfer performance by structural optimization. It has been demonstrated that the dimensions play a vital role in heat transfer enhancement. However, the majority of previous studies on the microchannel heat sinks of large aspect ratio focus on the single-phase flow, and the heat transfer characteristics of two-phase flow in very-deep microchannels remain unclear. Meanwhile, the bubble behavior and heat transfer characteristics are rarely integrated to explain the mechanism of heat transfer enhancement in the literature. The nucleation and evolution of bubbles may depend on the aspect ratio of microchannel. The knowledge of bubble dynamics in large aspect ratio is still insufficient. In present study, numerical simulations are performed to illustrate the flow boiling and bubble behaviors in the very deep microchannel. The effects of channel height and width with depth-to-width ratio up to 10 on two-phase flow heat transfer characteristics are discussed. These results demonstrate the advantages of very deep microchannel heat sinks for applications of the thermal management of high-power electronics.




2. Numerical Methodology


2.1. Governing Equations


The CFD simulations of flow boiling in microchannels have been performed using a 3D volume of fluid (VOF) model coupled with Lee’s phase-change model. For each control volume of the computational domain, the sum of the volume fraction of all phases is unity. The properties and variables of each control volume are averaged by the volume fraction of each phase. For the two-phase flow in the microchannel, the continuity equations for the vapor phase and the liquid phase are as follows


   δ  δ t    (   α v   ρ v   )  + ∇ ⋅  (   α v   ρ v   v →   )  =  S v   



(1)






   δ  δ t    (   α l   ρ l   )  + ∇ ⋅  (   α l   ρ l   v →   )  =  S l   



(2)




where    α v  ,    α l   ,    ρ v   , and    ρ l    represent the volume fractions and densities of vapor and liquid phase respectively.    S v    and    S l    are the volume mass transfer rates due to condensation and evaporation, respectively.



The VOF model solves a set of momentum equations, for which the velocity field is shared by all phases within the domain.


   δ  δ t    (  ρ  v →   )  + ∇ ⋅  (  ρ  v →   v →   )  = − ∇ P + ∇ ⋅  [  μ  (  ∇  v →  + ∇    v →   T   )   ]  + ρ  g →  +  F →   



(3)







The energy equation considers the phase change energy as follows


   δ  δ t    (  ρ E  )  + ∇ ⋅  [   v →   (  ρ E + P  )   ]  = ∇ ⋅  (  k ∇ T  )  +  S e   



(4)




where the energy E is


  E =    α l   ρ l   E l  +  α v   ρ v   E v     α l   ρ l  +  α v   ρ v     



(5)







The effects of gravity and surface tension are also considered. Gravity is set as the volumetric force in the momentum equation. The continuous surface force model (CSF model) proposed by Brackbill et al. [20] is used. In the CSF model, the surface tension effect is implemented as the source term in the momentum equation to the VOF model, where the forces normal to the interface are considered. The pressure drop across the interface is dependent upon the surface tension coefficient and the surface curvature measured by the two radii in the orthogonal directions [21]


   P 2  −  P 1  = σ  (   1   R 1    +  1   R 2     )   



(6)




where P1 and P2 are the pressures in the two phases on either side of the interface and  σ  is the surface tension coefficient. The surface curvature in the CSF model is computed based on the local gradients in the surface normal, where the surface normal      n v   →    is defined as the gradient of the vapor volume fraction


     n v   →  = ∇  α v   



(7)







The curvature    κ v    is determined in terms of the divergence of the interface unit normal


   κ v  = ∇ ⋅   n ^  v   



(8)




where


  ∇ ⋅   n ^  v  = ∇ ⋅      n v   →     |     n v   →   |    = ∇ ⋅      α v   →     |     α v   →   |     



(9)







The surface tension force at the interface can be expressed as a volume force using the divergence theorem


   F →  = σ   ρ  κ v  ∇  α v     (   ρ v  +  ρ l   )  / 2    



(10)







The surface wetting effect of water on copper is considered by incorporating the contact angle. The interface normal of the wall in adjacent cell is determined by


   n ^   =    n ^  w  cos  θ w  +   t ^  w  sin  θ w   



(11)




where     n ^  w    and       t ^  w    are the unit vectors normal and tangential to the wall, respectively. The interface tracking and construction are performed using the Geometric Reconstruction Scheme developed by Youngs [22], where the interface between the two phases is indicated as a linear slope in each control volume to calculate the advection of the fluid through the cell surfaces. This piecewise linear algorithm can reconstruct the interface more clearly and accurately.




2.2. Phase Change Model


The evaporation of coolant in the microchannel is determined by Lee’s model [23]. According to the kinetic theory of gases, the mass flux through the phase interface due to phase transition can be expressed by the Hertz–Knudsen equation


   m v  = β    (   M  2 π R  T  sat      )    1 / 2   (  P v  −  P  sat   )  



(12)




where coefficient  β  is the accommodation coefficient, which represents the portion of vapor molecules reaching the surface of the liquid and adsorbed by the interface.    P v    represents the vapor partial pressure at the interface. The Clapeyron-Clausius equation is adopted to relate the pressure and temperature for the saturation condition during the phase change process


    d P   d T   =    h  lv     T ( 1 /  ρ v  − 1 /  ρ l  )    



(13)







The following expression can be obtained by integrating Equation (13) near the saturation condition.


  (  P v  −  P  sat   ) = −    h  lv     T ( 1 /  ρ v  − 1 /  ρ l  )   (  T v  −  T  sat   )  



(14)







Assuming that the flow pattern is bubbly flow with spherical bubbles, the interfacial area density is given by


   A i  =   6  α v   α l     d b     



(15)







Combining Equations (12)–(15), the volumetric mass transfer rate due to phase change is obtained as


   A i   m v  =  6   d b    β    M  2 π R  T  sat        h  lv    (     α v   ρ v    (  ρ l  −  ρ v  )    )   (   α l   ρ l    ( T −  T  sat   )    T  sat      )   



(16)







The source terms at the interface between two phases due to evaporation and condensation in Equations (1) and (2) is based on the saturation temperature


   {     S v  =  λ l   α l   ρ l     T l  −  T  sat      T  sat     ,    S l  = −  S v     T l  >  T  sat      ( Evaporation )       S l  =  λ v   α v   ρ v     T  sat   −  T v     T  sat     ,    S v  = −  S l     T v  <  T  sat     (  Condensation )       



(17)




where  λ  is the relaxation factor that controls the mass transfer rate between phases (also known as evaporation and condensation frequency).


   λ l  =  6   d b    β    M  2 π R  T  sat        h  lv    (     α v   ρ v    (  ρ l  −  ρ v  )    )   



(18)







A smaller value of  λ  requires a greater liquid superheat for the bubble nucleation and vice versa. The values of    λ v   =   λ l   =  0.1   used in the study by Schepper [24] were chosen for the present simulations. The source term    S e    in the energy equation can be determined by the latent heat of vaporization and the mass transfer rate.


   S e   =   h  lv    S i   



(19)








2.3. Geometric Model and Boundary Conditions


The schematic of rectangular microchannel heat sink is shown in Figure 1a. Considering the symmetry of channel structure and laminar flow, half of a single channel and its adjacent side wall are selected as the calculation domain. The boundary conditions of external wall are depicted in Figure 1b. A constant and uniform heat flux of q″ = 150 W/cm2 is applied on the bottom wall with length (Lh) of 10 mm, and the upstream and downstream bottom walls adjacent to the heating surface are set as adiabatic conditions with a length (La) of 1.5 mm to ensure the fully developed flow condition near the entrance and avoid the reversed flow at the outlet, respectively. The simulation domain has the symmetric boundary conditions on both sides. Adiabatic conditions are specified at the other external walls. Non-slip velocity condition is adopted at the internal wall between liquid and solid. Meanwhile, the heat flux conservation and temperature continuity conditions are specified at the two-phase interface to ensure energy conservation. The inlet has a boundary of uniform mass flow with Tin = 342.3 K. The outlet boundary condition is prescribed at the channel exit with a given saturation pressure.



The rectangular microchannels with three different channel widths (Wch = 0.1, 0.2, 0.5 mm) and three different channel heights (Hch = 0.5, 1.0, 2.0 mm) corresponding to five different geometric combinations are simulated. The base wall thickness (Hb) of 0.2 mm is used, and the width of the wall between the channel (Ws) is set to the channel width (Wch). A low evaporation pressure Psat = 30 kPa is used to study the flow boiling characteristics of water at saturation temperature Tsat = 342.3 K. Geometry dimensions and operating conditions are summarized in Table 1.



Due to the pressure change in microchannels during flow boiling process, the variations of saturation temperature should be considered. The sixth-order polynomial curve fitting is used to determine the saturation temperature data for pressure between 10 and 200 kPa [25]


     T  sat   =  a 0  +  a 1  P +  a 2   P 2  +  a 3   P 3  +  a 4   P 4  +  a 5   P 5  +  a 6   P 6       a 0  = 300.92 ;    a 1  = 2.2353 ×  10  − 3   ;    a 2  = − 3.9978 ×  10  − 8   ;        a 3  = 4.6364 ×  10  − 13   ;  a 4  = − 3.0609 ×  10  − 18   ;        a 5  = 1.0512 ×  10  − 23   ;    a 6  = − 1.4551 ×  10  − 29      



(20)




where the temperature Tsat (K) is the saturation temperature at the absolute pressure P (Pa).



The pressure drop through the microchannel in the simulation is small, and its influence on the physical properties is negligible compared with the temperature. The density  ρ , specific heat    c p   , thermal conductivity  k  and dynamic viscosity  μ  of liquid and vapor water at absolute pressure P = 30 kPa from NIST REFPROP database are fitted as a function of temperature. The thermophysical properties used for the simulations can be found in Supplementary Document S3.



The CFD code ANSYS Fluent is used to solve the governing equations. The coupling between pressure and velocity is handled using the PISO algorithm, and the Green-Gauss Node Based gradient solver and a second-order upwind discretization for momentum and energy are used. The explicit VOF equations are employed for the transient calculations, and the critical value of the Courant number is set to 0.25. According to the grid size and mass flow rate, the time step is set to 10−6 s to ensure a global Courant number lower than 1.0 for numerical stability. The convergence residual of the continuity equation is set to 10−4, the rest of the equations have a convergence residual of 10−5, and the energy equation residual is generally less than 10−6. The quasi-steady-state condition is reached when the area-weighted temperature of heating wall and the mass-weighted temperature of fluid domain become stable, and the heat transfer rates on the heating wall and the internal walls are balanced.




2.4. Mesh Generation and Independence Analysis


Since the simulation domain is an orthogonal rectangular structure as shown in Figure 2, the domain is discretized into rectangular elements to ensure good quality of meshes. Meshes are well refined in the fluid region adjacent to the wall to capture the thermal and hydraulic boundary layers and the growth of bubbles.



The microchannel with the structure of 0.2 × 0.5 mm is selected for the mesh independence analysis. The operating and boundary conditions used for analysis are as follows: mass flow rate G = 300 kg/(m2·s), uniform heat flux on bottom wall q″ = 150 W/cm2, Tsat = 342.3 K, wall contact angle θ = 52°. The hydrophilic condition is determined according to the experimental data by Yekta-fard et al. [26].



In order to examine the mesh independence, simulations are performed for five different mesh densities including 77,128, 147,820, 306,384, 564,300 and 1,052,352, respectively. The criteria    |   (   X i  −  X  i + 1    )  /  X i   |    are used for mesh independence test, where    X i    is the calculated value of the variable to be compared for the current mesh density and    X  i + 1     is the same variable after the mesh density is doubled. Table 2 shows the results of the mesh independence test using the two-phase pressure drop and the average temperature of the heated wall; the mesh density of the mesh4 is chosen in the following simulations. Further refinement of the mesh may result in more accurate solutions and clearer liquid-vapor interface; this will also lead to a reduction in time step due to the limitation of convergence problem.




2.5. Model Validation


The rectangular microchannels with structures shown in Table 1 at the condition of q’’ = 150 W/cm2 are used for the model validation. The numerical results of heat transfer coefficient were compared with predictions by a composite correlation proposed by S Bertsch et al. [27]. This experimental correlation was developed based on 3899 data covering 12 different fluids, which considers the mechanisms of the nucleate boiling and the convective heat transfer, and the effects of bubble confinement in microchannels. The geometry and operating conditions of all cases in the present study are within the range of this correlation. The deviations between the results predicted by CFD model and the empirical correlation for heat transfer coefficient are within 15%, as shown in Table 3. It can be observed that the deviation of heat transfer coefficient for the cross-section of 0.2 × 0.5 mm is relatively larger. This is because bubble growth in microchannel with a cross-section of 0.2 × 0.5 mm is seriously confined, leading to an intermittent dryout of liquid and a large uncertainty in the heat transfer measurements as well as the fitted correlations. Since the heat transfer coefficients obtained by the numerical model show a reasonable agreement with the results predicted by the experimental correlation, this CFD model can be extended for the subsequent parametric and mechanistic studies.



The two-phase pressure drop predicted by the CFD model was compared with the result obtained by an empirical correlation using the concept of two-phase flow multiplier [28]. This correlation is based on the homogeneous mixture model which assumes the two phases remain well mixed and appears to be suitable for two-phase flow regime in mini channels. The two-phase pressure drop of homogeneous mixture can be developed via an analogy with the single-phase flow


     (  −   ∂ P   ∂ z    )    fr    =   Φ  L 0  2     (  −   ∂ P   ∂ z    )    fr ,  L 0     



(21)




where the pressure gradient term on the right-hand-side is based on the single-phase flow and the subscript L0 represents the pressure drop when the mixture is liquid. The two-phase pressure drop along the heated length for uniformly heated flow boiling microchannel with a uniform cross-section can be calculated using the two-phase multiplier    Φ  L 0  2   :


  Δ  P  fr   =      ∫ 0   Z  out       (  −   ∂ P   ∂ z    )       fr   d z =    (  −   ∂ P   ∂ z    )    fr ,  L 0       L h     x  out        ∫ 0   x  out       Φ  L 0  2     ( x ) d x  



(22)







The two-phase multiplier parameter    Φ  L 0  2    adopted in the present study was obtained from the correlation developed by Mulller Steinhagen and Heck [29], which has been validated against 9300 data for a variety of fluids and conditions covering the cases of the present study. As shown in Table 3, the values of the two-phase pressure drop determined by CFD simulations shows reasonable agreement with the predictions by the correlation.





3. Results


Different from conventional macro-scale channels, the flow boiling in the microchannel has a strong dependence on the surface tension, the inertial force, the viscous force and gravity. In order to study the effects of aspect ratio, the low-pressure flow boiling of water in parallel rectangular channels is conducted considering the effect of surface tension, viscous force, gravity and surface wettability. The effect of interface model, channel geometry and flow parameters on heat transfer and flow characteristics in microchannels are investigated. Meanwhile, the behavior of the bubble and its relationship with the aspect ratio have also been analyzed.



3.1. Effect of Interface Model on the Flow Boiling


The VOF model is an interface capture method that introduces the concept of volume fraction to solve the flow of two or more fluids. Two interface modeling methods are tested for the VOF model: the sharp model and the dispersed model, which result in different volume fraction discretization schemes. The two interface models are employed to simulate the two-phase heat transfer characteristics at G = 300 kg/(m2·s) for the cross-section of 0.2 × 0.5 mm.



Figure 3 and Figure 4 show the distribution of temperature and vapor volume fraction at the symmetrical section of the channel for the two interface models. The temperature distribution of the heating wall along the flow direction is shown in Figure 5. The temperature predicted by both models rises gradually to the highest value near the exit of the channel along the flow direction. This temperature can be used as one of the evaluation criteria for the design of microchannel structures. The overall temperature of the fluid and solid domains calculated by the sharp model is lower than that of the dispersed model, and the maximum temperature difference between the two models is 24.7 °C. By comparing the results of vapor volume fraction, it can be seen that the two interface models have significant differences in the interface reconstruction. For the dispersed model, the vapor and liquid phases are interpenetrating, and there is no obvious interface between the two phases; on the contrary, the sharp model can capture the vapor-liquid interface. The nucleation, growth and separation of the bubbles can be observed by comparing the results at different time steps, and there are several two-phase flow patterns such as dispersed bubble flow, bubbly flow, and confined bubble/plug flow.



The significant difference in the temperature distribution between the two models is mainly due to the difference in the distribution and morphology of the interface. The results of the sharp model show that the flow patterns are mainly bubble flow and slug flow, which is dominated by the nucleate boiling mechanism. The nucleation and coalescence of the bubbles cause the continuous disturbance to the flow in the channel, which enhances the convective heat transfer and leads to a relatively low wall superheat. However, the temperature of the heating wall downstream of the channel is still high. This is mainly because the small bubbles in the upstream continuously grow along the flow direction, and the accumulated bubbles can occupy the entire channel in the rear part of the channel due to small channel size, resulting in an increase in the temperature of the vapor phase. The results of dispersed model show that the vapor volume fraction increases along the flow stream of the channel, and the dominant heat transfer mode in downstream of the channel becomes forced convection. The average heat transfer coefficient is much lower than that of the sharp model, and this phenomenon is similar to dryout, which seriously hinders the heat dissipation and results in a sharp temperature rise on the heating wall. Therefore, the sharp model is used in the following simulations of the flow boiling in microchannels.




3.2. Effect of Mass Flux on the Flow Boiling


The results obtained for the microchannel with a cross-section of 0.2 × 0.5 mm were used to determine the dominant heat transfer mechanism in this study by changing the mass flux. It is well known that nucleate boiling and forced convection boiling are the two main heat transfer mechanisms for flow boiling in channels. The quasi-steady-state solutions for temperature field and two-phase flow regime for different mass fluxes are shown in Figure 6. The variations in the local heat transfer coefficient along the microchannel for different mass fluxes are shown in Figure 7. The flow regimes of small mass flux G = 300 kg/(m2·s) are mainly confined bubble flow and slug flow, whereas only bubble flow was observed for the large mass flux G = 500–700 kg/(m2·s). The overall heat transfer coefficients are basically similar at the large mass flux, which means it is less sensitive to mass flux and vapor quality. These results indicate that the dominant heat transfer mechanism is nucleate boiling. With regard to the results at G = 300 kg/(m2·s), as the bubbles accumulate downstream, the flow regime is transformed into slug flow, which hinders the flow and heat transfer.




3.3. Effect of Channel Height on the Flow Boiling


In microchannels, the accumulation and growth of bubbles downstream of the channel can seriously impede the flow boiling heat transfer. The channel dimension has a significant influence on the distribution of bubbles whereas changing the heat transfer area. The effects of channel height on flow boiling in microchannels at G = 700 kg/(m2·s) for the cross-section of 0.2 × 0.5 mm, 0.2 × 1.0 mm and 0.2 × 2.0 mm are investigated in the present study.



The quasi-steady-state solutions of the temperature field and two-phase flow regime for different channel heights are shown in Figure 8. The temperature distribution of the heating wall and channel bottom wall along the flow direction is shown in Figure 9. It can be found that the height of the channel has a great influence on the bubble growth and the temperature distribution. The temperature of the heating wall and the channel bottom wall gradually decreases with the increasing channel height, and the temperature distribution also becomes more uniform.



Figure 10 shows the variations of the local heat transfer coefficient along the microchannel for different channel heights. The fluctuations in the local heat transfer coefficients are due to the non-uniformity of the quasi-steady bubble flow. The local heat transfer coefficient at the entrance of the channel decreases as the depth of the channel increases. This is mainly due to the single-phase flow at the entrance of the microchannel with a larger height. In the two-phase region (X ≥ 2 mm), the overall local heat transfer coefficient increases with the increase in the channel height; because of the large heat transfer area, the wall heat flux of microchannel with a larger height is lower than that of the smaller microchannels, resulting in a relatively low wall superheat and bubble nucleation rate, and therefore a higher overall local heat transfer coefficient can be achieved.



The transient temperature distribution and two-phase flow pattern at G = 700 kg/(m2·s) for the cross-section of 0.2 × 0.5 mm and 0.2 × 2.0 mm are depicted in Figure 11 and Figure 12, respectively. The 3D temperature fields are shown on the base wall, middle plane of the channel, and one side of the wall of microchannel in order to visualize the two-phase interface and bubble behavior, which is represented by the visible blue surface inside the microchannel. Visual inspection of transient velocity vector and bubble trajectory for all cases shows that almost all bubbles (regardless of size) will flow along the length direction (positive x-direction) of the channel at the nucleation height and there is only a small amplitude drift in the height direction (y-direction), which means that the bubbles would not flow to the top of the channel significantly. This confirms that gravity has little effect on microscale two-phase flow and so does buoyancy. However, two flow phenomena can considerably change the flow trajectory of bubbles: bubble coalescence and reversed flow. When two bubbles merge into a larger bubble, the smaller bubbles would be pulled towards the relatively larger bubbles, and the movement of the merged large bubbles would be shifted in the direction of the interaction forces of coalescence. The zoom-in regions in Figure 13 show the phenomenon of reversed flow at the outlet of the channel with the cross section of 0.2 × 2.0 mm at G = 700 kg/(m2·s). Before t = 0.0736 s, all the bubbles move to the outlet based on the aforementioned flow mode; at t = 0.0739 s, the confined large bubble attached to the bottom wall at the outlet shows a trend of backflow; in the following 0.001 s, it has remained basically at the location of the exit with a slight deformation due to the impact of upstream fluid and backflow pressure. Meanwhile, the upstream bubbles rise significantly due to the obstruction of outflow until the reversed flow disappears, and all the bubbles continue to flow to the outlet at the position of rising depth. It is worth noting that when the upstream bubbles move to the upper part of the channel, the temperature of the bottom wall shows a certain degree of temperature drop (a decrease of about 0.4 K) in this process. The main reason for this decrease in temperature is that the strong disturbance due to reversed flow causes the confined bubbles located at bottom wall to float and reduces the large wall superheat. The bottom channel is occupied by the single-phase flow, and the continuous bubble nucleation is achieved to reduce the wall temperature.



With regard to the effects of channel height on bubble behavior, the flow regime at the upper part of the downstream with the cross section of 0.2 × 2.0 mm is mainly dispersed bubble flow or bubble flow (as indicated in Figure 12 and Figure 13). Since the bubbles nucleated at lower part of the channel do not rise, the bubbles in the upper part of the channel can only be generated by nucleation in the upper channel due to the wall superheat. The temperature of the fluid and wall in the upper part of the downstream channel will rise to the temperature required for the phase change in the microchannel with cross section of 0.2 × 2.0 mm. As a result, the obvious nucleation of bubbles occurs only in the upper half of the downstream channel. Since the newly nucleated small bubbles are close to the outlet, they will flow out of the channel before they can be merged into large bubbles. It should be noted that bubble confinement is observed at the bottom of the channel in both cases, but the bubbles attached to the bottom wall in the deeper channel are slenderer. It is found that the flow of the nucleated bubble at the bottom of the channel with a depth of 2.0 mm is slower than the channel with a depth of 0.5 mm, and this phenomenon is particularly obvious upstream. The bubbles are attached to the bottom of the channel and rolled downstream until the size of bubbles is large enough to overcome the surface tension. The larger channel height will reduce the velocity gradient in viscous sublayer, leading to a relatively small inertia force. Bubbles are easier to grow up and gradually roll downstream along the flow direction under the effects of surface tension and viscous force. Although the heat flux and nucleation rate are small in microchannels with a large height, the viscous force is larger compared to the channel with a small height, leading to the appearance of bubble confinement and elongation.



Although the microchannel with a large height can yield a lower wall temperature and a better heat transfer performance, it can be seen from Figure 8 that the flow regime in the first half of the microchannel for the cross-section of 0.2 × 2.0 mm is mainly single-phase flow, and only a small amount of bubbles appear near the exit of the channel. By comparing the temperature distribution of the heating wall along the flow direction, increasing the height of the channel can reduce the temperature rise of the heating wall and improve the uniformity.




3.4. Effect of Channel Width on the Flow Boiling


In order to investigate the effects of channel width on the flow boiling, simulations are performed on the flow boiling in microchannels at G = 700 kg/(m2·s) for the cross-section of 0.1 × 0.5 mm, 0.2 × 0.5 mm and 0.5 × 0.5mm, respectively.



The quasi-steady-state solutions for temperature field and two-phase flow regime for different channel width are shown in Figure 14, and the temperature distribution of the heating wall and the channel bottom wall along the flow direction is shown in Figure 15. It is found that the temperature gradient increases as the channel width increases. The highest fluid temperature increases with the increase in channel width. There are two kinds of flow regimes in the microchannel of 0.1 × 0.5 mm (minimum width): the single-phase flow and the dispersed bubble flow. The flow regimes of micro-channels with the width of 0.2 mm are mainly the bubbly flow and the confined bubble flow. Due to the large width of the channel, the growth and coalescence of bubbles are unrestricted and the large bubble slug flow occurs downstream. The entire fluid domain is in a mixed flow regime in which the dispersed bubble flow and the bubbly flow coexist.



The small width can provide a lower wall superheat and a more uniform temperature distribution along flow stream. This phenomenon is caused by two factors: (2) although the bubble growth is very limited under the small channel width, the bubble becomes a slender gas segment under the action of the inertial force due to the relatively large space before developing into a confined bubble flow. It can be seen that the dispersed bubble flow has a higher heat transfer coefficient and heat dissipation ability. The Nusselt numbers for different cases are listed in Table 4. The case with cross section of 0.5 × 0.5 has the largest Nusselt number because it has a relatively larger hydraulic diameter and a smaller averaged thermal conductivity under similar heat transfer coefficients. Due to the higher wall heat flux and vapor volume fraction, the channel with cross section of 0.5 × 0.5 shows a poorer thermal performance, especially in the temperature distribution. It is also observed that the channel with a cross-section of 0.2 × 1.0 may be the optimal structure due to high Nu, indicating that larger aspect ratio (AR ≥ 10) will not achieve better thermal performance under the same boundary condition. The Nu number results of cases with cross-section of 0.2 × 0.5 for different mass fluxes show that Nu is less sensitive to mass flux because the nucleate boiling dominates the heat transfer.





4. Discussion


In order to provide a point of practical significance and comparison for the predicted heat transfer coefficient in this study, the experimental work about flow boiling of water in rectangular microchannel from the literature was selected. Since the experimental work by Lee and Garimella [30] considered flow boiling of water in parallel rectangular microchannels with different cross sections, the empirical correlation for saturated boiling heat transfer coefficient developed by them was used for comparison with the present CFD results. The width of parallel microchannels adopted in their study covered the range from 102 to 997 μm with channel depth keeping nominally 400 μm, resulting in basically the same hydraulic diameters of microchannels between their works and this study. Based on Chen’ work [31], this correlation was developed to predict laminar flow boiling heat transfer in rectangular microchannels, covering a wide range of heat flux (10–340 W/cm2) and mass flux (222–898 kg/m2·s). Predictions of saturated boiling heat transfer coefficient from this correlation are compared with CFD results as provided in Table 5. It is obvious that most of the CFD results agree to within ±30% of the prediction, with this correlation under-predicting the results of three cases with an aspect ratio greater than 5. This may be due to the aspect ratio of microchannel in the work by Lee and Garimella [30] ranging from 0.37–3.60, and the developed correlation is based on the hydraulic diameter without considering the effect of aspect ratio and confinement. From the previous analysis in Section 3, the aspect ratio can significantly affect the shape of bubble, flow pattern and bubble behavior, resulting in changing the heat transfer performance. At same hydraulic diameter, the large aspect ratio would lead to an increase in heat transfer area (the cross-sections used by Lee and Garimella [30] corresponding to the cases in this study are 0.102 × 0.367 mm, 0.242 × 0.365 mm, and 0.400 × 0.398 mm, with the hydraulic diameter being 0.159, 0.291, and 0.399 m, respectively) and different flow patterns for the present cases, which may explain the enhancement of heat transfer. The deviations of predictive heat transfer coefficient for microchannel with large aspect ratio indicate the need for new predictive tools that can consider the effect of aspect ratio and confinement. Meanwhile, compared with most of the experimental work based on flow boiling of atmospheric pressure water in the literature, flow boiling of low pressure water adopted in this study can achieve smaller wall temperature which can meet the requirement of cooling temperature in thermal management of electronic equipment.



The aspect ratio of rectangular microchannel is an important parameter to determine the flow patterns and heat transfer characteristics of flow boiling. The flow patterns including dispersed bubble flow, bubble flow, confined bubble flow and slug flow are observed as aspect ratio changed under same mass flux in this study, whereas the proportion of the vapor volume fraction increases significantly with the decrease in the mass flux. As the aspect ratio decreases, the bubble volume and regime increase, leading eventually to confined bubble flow and local overheating, which can result in significant non-uniform temperature distribution along the flow stream.



Gravity is another factor that should be considered for the two-phase flow. The gravity effects also have a strong dependence on the channel dimension. In the present study, we include the gravity force in the momentum equations. The trajectory of the bubble is maintained along the flow stream and there is no significant deviation in the height direction for all channel structures. This indicates the gravity effect is not significant compared to the viscous forces and the surface tensions. Moreover, the bubble coalescence and reversed flow can considerably change the flow trajectories of bubbles. Bubbles at the bottom of the channel with a large height flow more slowly and tend to accumulate due to a large viscous force under the same mass flux. An alternative method to reduce the wall temperature in microchannel is to set an obstruction at the bottom of the exit. The present results indicate that the CFD models adopted in this study provide a promising ability to predict the two-phase flow patterns and flow boiling characteristics. A better understanding of bubble behavior, especially flow trajectories for a rectangular microchannel with different aspect ratios, is achieved. The large aspect ratio and high mass flux show remarkable characteristics, including more uniform temperature distribution which provides improvements needed for the cooling system to meet the requirement of very high heat dissipation. The findings of this study can provide guidelines for the heat transfer enhancement and the thermal management design of high-power electronic equipment.




5. Conclusions


In this paper, a three-dimensional CFD model for the flow boiling in very-deep microchannels has been presented. The effects of interface models, channel geometries and working parameters on the flow boiling are analyzed and the following conclusions are obtained:




	
Compared with the dispersed model, the sharp interface model can give more reasonable prediction the two-phase characteristics and flow regimes of water in the microchannel, and dispersed bubble flow, bubble flow, confined bubble flow and slug flow were observed;



	
Nucleate boiling is the dominant mechanism for the cases in the present study. The evolution and transformation of the two-phase flow regime have a significant effect on the flow boiling heat transfer in microchannels. In the microchannel with a small aspect ratio, there is a considerable temperature gradient downstream of the channel, which is mainly related to the accumulation and coalescence of bubbles in the channel, resulting in a confined bubble in the channel and hindering the heat transfer. The main reason for the enhancement of heat transfer performance by reducing the channel width is the increase in heat transfer area;



	
The microchannel with small channel depth and width is liable to cause the dryout, whereas microchannels with large depth-to-width ratio can provide better cooling performance. However, an excessively large channel height can lead to a problem of low utilization of working fluid;



	
At same mass flux, higher channel aspect-ratios can enhance heat transfer performance due to the increase in heat transfer area under the same condition of forced convection. Meanwhile, due to the increase in the cross section, the accumulation of bubbles becomes weaker, resulting in avoiding the dryout on the surface of fins caused by the formation of large bubbles.
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Nomenclature




	AR
	aspect ratio



	Ai
	interfacial area density, m−1



	cp
	specific heat, J/(kg·K)



	CFD
	computational fluid dynamics



	CSF
	continuous surface force model



	dB
	bubble diameter, m



	E
	energy, J/kg



	    F →    
	volumetric surface tension force, N/m3



	    g →    
	gravitational acceleration, m/s2



	G
	mass flux, kg/(m2·s)



	h
	heat transfer coefficient, W/(m2·K)



	H
	height, m



	hlv
	latent heat of vaporization, J/kg



	k
	thermal conductivity, W/(m·K)



	L
	length, m



	M
	molar mass, kg/kmol



	mv
	mass flux through the phase interface, kg/(m2·s)



	Nu
	Nusselt number



	      n ^   w    
	wall surface normal vector



	P
	pressure, Pa



	q″
	heat flux, W/cm2



	Se
	energy source term due to phase change, J/(m3·s)



	R
	universal gas constant, J/(mol·K)



	R1, R2
	curvature radii, m



	Sl,v
	mass source term due to phase change, kg/(m3·s)



	t
	time, s



	T
	temperature, K



	      t ^   w    
	surface tangential vector



	    v →    
	velocity vector, m/s



	VOF
	volume of fluid



	W
	width, m



	x
	coordinate, m



	X
	variable of comparison



	y
	coordinate, m



	z
	coordinate, m



	∆P
	pressure drop, Pa






Greek symbols



	α
	volume fraction



	β
	accommodation coefficient



	θ
	contact angle, deg



	κ
	interface curvature, m−1



	λ
	relaxation time for mass transfer between phases, s−1



	μ
	dynamic viscosity, kg/(m·s)



	ρ
	density, kg/m3



	σ
	surface tension coefficient, N/m



	   Φ  L 0  2   
	two phase multiplier








Subscripts



	a
	adiabatic surface



	b
	base wall



	ch
	channel



	fr
	friction



	h
	heating surface



	i
	mesh



	in
	inlet



	l
	liquid phase



	out
	outlet



	s
	side wall



	sat
	saturation



	tp
	two-phase



	v
	vapor phase



	w
	wall
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Figure 1. (a) Schematic of rectangular microchannel heat sink (b) Simulation domain and boundary conditions. 
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Figure 2. The discretized hexahedral meshes of the simulation domain of both fluid and solid regions. 
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Figure 3. Transient temperature field at the symmetrical section of channel for different interface models. 
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Figure 4. Vapor volume fraction at the symmetrical section of channel for different interface models. 
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Figure 5. Temperature distribution of the heating wall along the flow stream from simulations using sharp model and dispersed model. 
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Figure 6. The quasi-steady-state solutions for temperature field and two-phase flow regime for different mass fluxes. 
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Figure 7. Variations in the local heat transfer coefficient along the flow stream for different mass fluxes. 
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Figure 8. The quasi-steady-state solutions of temperature field and two-phase flow regime for different channel heights. 
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Figure 9. Temperature distribution of the heating wall and channel bottom wall along the flow stream for different channel heights. 
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Figure 10. Variations in the local heat transfer coefficient along the flow stream for different channel heights. 
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Figure 11. Transient temperature distribution and two-phase flow pattern at G = 700 kg/(m2·s) for the cross-section of 0.2 × 0.5 mm. 
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Figure 12. Transient temperature distribution and two-phase flow pattern at G = 700 kg/(m2·s) for the cross-section of 0.2 × 2.0 mm. 
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Figure 13. Zoomed view of transient temperature distribution and two-phase flow pattern near the outlet at G = 700 kg/(m2·s) for the cross-section of 0.2 × 2.0 mm. 
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Figure 14. The quasi-steady-state solutions for temperature field and the two-phase flow regime for different channel widths. 
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Figure 15. Temperature distribution of the heating wall and the channel bottom wall along the flow direction for different channel widths. 
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Table 1. Details of computational geometry and operating conditions.
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	Channel Width Wch (mm)
	Channel Height Hch (mm)
	Mass Flux G (kg·m−2·s−1)





	0.1
	0.5
	700



	0.2
	0.5
	700, 521.7, 300



	0.2
	1.0
	700



	0.2
	2.0
	700



	0.5
	0.5
	700
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Table 2. Results of the mesh independence analysis.
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	Mesh
	Number of Cells
	    Δ P ( Pa )    
	     |   (  Δ  P i  − Δ  P  i + 1    )  / Δ  P i   |     
	     T w     
	     |   (   T w    i  −  T w     i + 1    )  /  T w    i   |     





	Mesh1
	77,128
	1702
	5.9 × 10−2
	398
	5.1 × 10−3



	Mesh2
	147,820
	1802
	5.8 × 10−2
	396
	9.8 × 10−4



	Mesh3
	306,384
	1908
	3.4 × 10−2
	396
	1.6 × 10−3



	Mesh4
	564,300
	1973
	3.2 × 10−3
	395
	3.0 × 10−3



	Mesh5
	1,052,352
	1979
	—
	394
	—
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Table 3. Comparison of heat transfer coefficient and two-phase pressure drop determined by the numerical simulations and the correlation.
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	Channel Dimension Wch × Hch (G) (mm)
	hCFD (W·m−2·K−1)
	hcorrelation (W·m−2·K−1)
	Deviation (%)
	∆Ptp,CFD (Pa)
	∆Ptp,correlation (Pa)
	Deviation (%)





	0.2 × 0.5 (700)
	49,410
	57,235
	13.7
	3786
	3704
	2.2



	0.2 × 1.0 (700)
	57,690
	56,450
	2.2
	3542
	3175
	10.4



	0.2 × 1.0 (782.6)
	57,880
	56,820
	1.9
	3818
	3968
	3.9



	0.2 × 2.0 (700)
	51,230
	55,915
	8.4
	2830
	2910
	2.9



	0.5 × 0.5 (700)
	54,395
	54,650
	0.5
	2387
	2117
	11.3
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Table 4. Comparison of Nusselt number for different cases.
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	Channel Dimension Wch × Hch (mm)
	Massflux (kg·m−2·s−1)
	AR Hch/Wch
	Hydraulic Diameter (mm)
	have (W·m−2·K−1)
	Nusselt Number (Nu)





	0.1 × 0.5
	700
	5.0
	0.167
	48,650
	12.8



	0.2 × 0.5
	700
	2.5
	0.286
	49,410
	22.6



	0.2 × 1.0
	700
	5
	0.333
	57,690
	30.3



	0.2 × 2.0
	700
	10
	0.364
	51,230
	28.9



	0.5 × 0.5
	700
	1
	0.500
	54,395
	44.8



	0.2 × 0.5
	300
	2.5
	0.286
	37,055
	20.3



	0.2 × 0.5
	521.7
	2.5
	0.286
	47,730
	22.8
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Table 5. Comparison of the saturated flow boiling heat transfer results with predictions from the correlation proposed by Lee and Garimella.
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	Channel Dimension Wch × Hch (mm)
	Massflux (kg·m−2·s−1)
	Hydraulic Diameter (mm)
	hCFD (W·m−2·K−1)
	hcorrelation (W·m−2·K−1)
	Deviation (%)





	0.1 × 0.5
	700
	0.167
	48,650
	39,720
	18.4



	0.2 × 0.5
	700
	0.286
	49,410
	46,670
	5.5



	0.2 × 1.0
	700
	0.333
	57,690
	40,250
	30.2



	0.2 × 2.0
	700
	0.364
	51,230
	36,510
	28.7



	0.5 × 0.5
	700
	0.500
	54,395
	58,315
	7.2



	0.2 × 0.5
	300
	0.286
	37,055
	41,980
	13.3



	0.2 × 0.5
	521.7
	0.286
	47,730
	44,640
	6.5
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