
Australian Journal of Basic and Applied Sciences, 8(15) Special 2014, Pages: 18-24 

 

AENSI Journals 

Australian Journal of Basic and Applied Sciences 

 ISSN:1991-8178 
 

 

Journal home page: www.ajbasweb.com 

 

 

Corresponding Author: Shugata Ahmed. International Islamic University Malaysia, Department of Mechanical  

Engineering, Faculty of Engineering, 53100 Kuala Lumpur, Malaysia.  

Tel: +60143302794 E-mail: shugataahmed@gmail.com   

Numerical Investigation of Flow Boiling in Double-Layer Microchannel Heat Sink 
 
Shugata Ahmed, Islam M.F. Seder, Hazli Ab. Manaf, Mirghani I. Ahmed, M N A Hawlader 

 

Department of Mechanical Engineering, Faculty of Engineering, International Islamic University Malaysia, Jalan Gombak, 53100 Kuala 
Lumpur, Malaysia  

 

A R T I C L E  I N F O   A B S T R A C T  

Article history: 
Received 15 September  2014  

Accepted 5 October   2014  

Available online 25 October  2014 

 

Keywords: 

Double-layer microchannel, Flow 
boiling, Two-phase heat transfer 

coefficient 

 Double-layer microchannel heat sinks (DL-MCHS) are considered as an effective 
solution of temperature non-uniformity on the surface of microelectronic devices. 

However, only single-phase flow is analyzed so far in DL-MCHS. In this paper, 

numerical investigation has been carried out to observe the flow boiling phenomena in 

DL-MCHS. FLUENT ver. 14.5 has been used to simulate the multiphase flow in this 

particular heat sink. A mathematical model of the system has been provided. From the 

results, it is observed that two-phase heat transfer coefficient increases with increasing 
heat flux and decreases after achieving critical heat flux (CHF). For the considered 

channel, CHF is found to be550×〖10〗^4 Wm^(-2).Highest heat transfer rate during 
boiling is 6.4 W.   
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INTRODUCTION 

 

 Microelectronic devices and microelectromechanical systems (MEMS) produce heat for its internal 

electrical resistances. The amount of heat produced by these devices depends on the number of electrical 

components contain in it. The trend of miniaturization as well as increasing speed and functionality push 

scientists to fabricate more compact devices. As a result, heat flux released by these small devices is increasing 

day by day. To develop efficacious thermal management systems for future high speed microelectronic devices 

is a challenge for researchers. 

 Cooling systems are categorized as direct and indirect cooling. In direct cooling facility, the coolant comes 

in physical contact with the heat source. In present days, direct air cooling is well known for cooling of mini 

devices. However, air is not capable of handling high heat flux due to its low heat transfer coefficient. For this 

reason, higher number researches are conducting on indirect liquid cooling technology. In indirect cooling, fluid 

flows through a high heat conductive path. Microchannels serve as tracks for fluid flow in micro systems. Heat 

transfer is conduction-convection controlled. High heat transfer capability of microchannels originate from its 

large surface-to-volume ratio. It was first observed by Tuckerman and Pease (1981). However, they observed 

higher pressure drop inside the channel due to its small cross-sectional area. As fluid receives heat from surface 

during flow, temperature of fluid at exit is also very high. It causes small temperature difference between 

surface and fluid, which results low heat transfer rate. As a result, non-uniform temperature distribution is 

observed on the surface. 

 Vafai and Zhu (1999) proposed double-layer microchannel heat sink to generate more uniform surface 

temperature by  providing more coolant in the system. They analyzed the heat dissipation behavior by numerical 

simulation of a silicon DL-MCHS performed by finite element method (FEM), displayed fluid temperature 

distribution along three dimensional axes and optimized the microchannel heat sink to obtain highest thermal 

performance.Chong et al. (2002) optimized the double-layer counter flow channels to reduce the total thermal 

resistance of the heat sink. Shao et al. (2012) also simulated and optimized double-layer microchannel heat sink 

to minimize total thermal resistance and pumping power.  
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Nomenclature    

𝐴 Footprint area  𝑚2  𝑃 Fluid pressure  𝑃𝑎  
𝐴𝑓  Fin surface area  𝑚2  𝑃𝑜𝑢𝑡  Outlet pressure  𝑃𝑎  

𝐴𝑐𝑠  Fin cross-sectional area  𝑚2  𝑝 Perimeter of fin  𝑚  

𝑐𝑝  Specific heat capacity of fluid 

 𝐽𝑘𝑔−1𝐾−1  

𝑄𝑏  Heat transfer rate from base  𝑊  

𝑐𝑝 ,𝑠 Specific heat capacity of solid 

 𝐽𝑘𝑔−1𝐾−1  

𝑄𝑒𝑓𝑓  Heat transfer rate to a single 

section  𝑊  

𝐸𝑣 Enthalpy of vapor  𝐽  𝑞𝑒𝑓𝑓  Effective heat flux  𝑊𝑚−2  

𝐹 𝜎  Surface tension force  𝑁  𝑄𝑓  Heat transfer rate from fin  𝑊  

𝑔  
 

𝐻 
 

Gravitational acceleration 

 𝑚𝑠−2  
Total height of upper and lower 

channel (m) 

𝑞𝑙𝑜𝑠𝑠  Loss of heat flux  𝑊𝑚−2  

𝐻𝑐_𝑢𝑝  

 

𝐻𝑐_𝑙𝑜𝑤  

 

Height of upper channel  𝑚  

Height of lower channel  𝑚  

𝑄𝑡𝑝  Two-phase heat transfer rate to a 

single section  𝑊  

 Convective heat transfer 

coefficient  𝑊𝑚−2𝐾−1  
𝑇𝑏  Average base temperature  𝐾  

𝑙𝑣  Enthalpy of phase change  𝐽  𝑇𝑖𝑛  Fluid inlet temperature  𝐾  

𝑡𝑝  Two-phase heat transfer 

coefficient  𝑊𝑚−2𝐾−1  
𝑇𝑙  Temperature of liquid  𝐾  

𝑘𝑒𝑓𝑓  Effective thermal conductivity 

 𝑊𝑚−2𝐾−1  

𝑇𝑠𝑎𝑡  Saturation temperature   𝐾  

𝑘𝑠 Thermal conductivity of solid 

 𝑊𝑚−2𝐾−1  

𝑇𝑣 Temperature of vapor  𝐾  

𝐿 Length of heat sink  𝑚  𝑣  Fluid velocity  𝑚𝑠−1  

𝐿𝑠𝑎𝑡  Saturation length  𝑚  𝑣 𝑚  Mass averaged velocity  𝑚𝑠−1  

𝐿𝑠𝑢𝑏  Subcooled length  𝑚  𝑊 Width of heat sink  𝑚  

𝑚 Fin factor 𝑊𝑐  Width of channel  𝑚  

𝑚  Mass flow rate  𝑘𝑔𝑠−1  𝑊𝑓  Fin width  𝑚  

𝑚 𝑖𝑛  Inlet mass flow rate  𝑘𝑔𝑠−1  Greek symbols  

𝑚 𝑙→𝑣 Rate of mass transfer from liquid 

to vapor  𝑘𝑔𝑠−1  
𝛼 Void fraction 

𝑚 𝑣→𝑙  Rate of mass transfer from vapor 

to liquid  𝑘𝑔𝑠−1  
𝛿 Substrate thickness  𝑚  

𝑁 Total number of nodes 휀 Evaporation coefficient 

𝜃 Temperature of solid  𝐾  𝜂𝑓  Fin efficiency 

 

 Double-layered micro-channel heat sink performance was analyzed by Hung et al. (2012a) with distinct 

channel materials and coolants. Among four different types of channel materials, copper, alumina, silicon and 

steel, copper showed the best heat transfer capability due to higher thermal conductivity. Moreover, in 

comparison with single layer channel, it was found that temperature difference between fluid and surface 

decreased in the exit region in DL-MCHS, while kept increasing in SL-MCHS. Water performed best for 

temperature removal from surface between water, ethylene glycol and glycerol because of its higher thermal 

conductivity, heat capacity and lower viscosity.Hung et al. (2012b) examined the efficacy of various optimized 

geometrical parameters of double-layered micro-channel heat sink to produce desirable thermal outcome. They 

directed the research to attain minimum thermal resistance of the DL-MCHS. Wong et al. (2013) compared heat 

transfer rate during parallel and counter flow in double-layer microchannel. 

 
𝜃𝑏 ,𝑛  Base temperature at node n  𝐾  𝑓 Fin 

𝜃𝑣 Temperature of vapor  𝐾  𝑖𝑛 Inlet 

𝜃𝑐  Coolant temperature  𝐾  𝑙 Liquid 

𝜇𝑚  Dynamic viscosity  𝑁. 𝑠𝑚−2  𝑚 Mixture 

𝜌𝑙  Density of liquid  𝑘𝑔𝑚−3  𝑛 Node 

𝜌𝑚  Density of mixture  𝑘𝑔𝑚−3  𝑜𝑢𝑡 Outlet 

𝜌𝑠 Density of solid  𝑘𝑔𝑚−3  𝑠 Solid 

𝜌𝑣 Density of vapor  𝑘𝑔𝑚−3  𝑠𝑎𝑡 Saturation 

𝜐 Condensation coefficient 𝑠𝑢𝑏 Subcooled 

Subscripts  𝑡𝑝 Two-phase 

𝑏 

𝑐 

𝑐 

Base 

Coolant 
Channel 

𝑣 

𝜎 

Vapor 

Surface tension 

𝑐𝑠 Cross-section   

𝑒𝑓𝑓 Effective   
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Fig. 1: Double-layer microchannel heat sink (Vafai and Zhu, 1999) 

 

 From above literature review, it is observed that flow boiling has not been analyzed yet in double-layer 

microchannel heat sink. In this paper, a mathematical model has been developed to predict two-phase heat 

transfer coefficient in DL-MCHS. Flow boiling in DL-MCHS is simulated by FLUENT ver. 14.5. Two-phase 

heat transfer coefficient and heat transfer rate is calculated from surface temperature distribution. 

 

2. Mathematical Model: 

 A complete mathematical model of flow boiling in the system has been developed. Mixture model is used 

to obtain governing equations. A equation for two-phase heat transfer coefficient has been developed based on 

fin efficiency, channel dimensions, average surface temperature and saturation temperature of fluid. 

 The continuity equation is the following: 
𝜕𝜌𝑚

𝜕𝑡
+ ∇ 𝜌𝑚𝑣 𝑚  = 0             (1) 

 Here, 𝜌𝑚  is the density of the mixture, which is obtained by following formula: 

𝜌𝑚 = 𝜌𝑣𝛼 + 𝜌𝑙 1 − 𝛼              (2) 

𝜌𝑣  and 𝜌𝑙  are vapor and liquid density respectively and 𝛼 is the void fraction. 

 The conservation of momentum equation takes the following form: 
𝜕 𝜌𝑚 𝑣  𝑚  

𝜕𝑡
+ 𝛻 𝜌𝑚𝑣 𝑚𝑣 𝑚  =  −𝛻𝑃 + ∇ 𝜇𝑚  ∇𝑣 𝑚 + 𝑣 𝑚

𝑇   + 𝜌𝑚𝑔 + 𝐹 𝜎         (3) 

 The conservation of energy equation for vapor phase: 
𝜕 𝛼𝜌𝑣𝐸𝑣 

𝜕𝑡
+ 𝛻 𝛼𝜌𝑣𝐸𝑣𝑣 𝑣 = 𝛻 𝑘𝑒𝑓𝑓 𝛻𝜃𝑣 − 𝑚 𝑣→𝑙𝑙𝑣           (4) 

 Surface temperature distribution is obtained by solving the energy equation for the solid domain, whichhas 

the following form: 

𝛻 𝑘𝑠𝛻𝜃 =
𝜕 𝜌𝑠𝑐𝑝 ,𝑠𝜃 

𝜕𝑡
             (6)  

 Void fraction distribution in the entire region is obtained by solving following void fraction equation: 
𝜕 𝛼𝜌𝑣 

𝜕𝑡
+ ∇ 𝛼𝜌𝑣𝑣 𝑚  = 𝑚 𝑙→𝑣 − 𝑚 𝑣→𝑙            (7) 

 Evaporation-condensation model is used to simulate mass transfer between two phases. Following 

equations are used: 

𝑚 𝑙→𝑣 = 휀 ∗  1 − 𝛼 𝜌𝑙
 𝑇𝑙−𝑇𝑠𝑎𝑡  

𝑇𝑠𝑎𝑡
            (8) 

𝑚 𝑣→𝑙 = 𝜐 ∗ 𝛼𝜌𝑣
 𝑇𝑣−𝑇𝑠𝑎𝑡  

𝑇𝑠𝑎𝑡
             (9) 

 Here, 휀 and 𝜐 are evaporation and condensation coefficients respectively. 

 Proper boundary conditions are applied in the domain to solve the governing equations numerically. 

 Fluid enters into the channel in liquid state with a specific temperature and mass flow rate and leaves with 

atmospheric pressure. A uniform heat flux is applied at the bottom of the heat sink. Other channel walls are 

considered as insulated. Heat transfer is conduction-convection controlled. Heat is transferred from bottom wall 

to solid domain by conduction and from solid surface to fluid by convection. Following boundary conditions are 

applied: 

Inlet: 𝑇𝑓 = 𝑇𝑖𝑛 , 𝑚 = 𝑚 𝑖𝑛 , 𝛼 = 0. 

Outlet: 𝑃 = 𝑃𝑜𝑢𝑡 . 

Solid-fluid interface:𝑞𝑒𝑓𝑓 =  𝜃 − 𝜃𝑐 . 

Channel bottom wall: 𝑞 = −𝑘𝑠
𝜕𝜃

𝜕𝑛
. 

Other channel walls: 
𝜕𝜃

𝜕𝑛
= 0. 
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 Total footprint area of the heat sink,𝐴 = 𝐿 × 𝑊. Channel height, width, fin and substrate thicknesses are 

𝐻𝑐 ,𝑊𝑐 , 𝑊𝑓  and 𝛿 respectively. A uniform heat flux 𝑞 is applied at the bottom. Some amount of heat is 

absorbed by fluid, which is denoted by𝑞𝑒𝑓𝑓  and rest of the applied heat is lost to the environment or absorbed by 

channel material itself. From energy balance, the following equation is written: 

𝑞𝑒𝑓𝑓 = 𝑞 − 𝑞𝑙𝑜𝑠𝑠             (10) 

 From Figure 2., Heat transfer to a single section, 

𝑄𝑒𝑓𝑓 = 𝑞𝑒𝑓𝑓  𝑊𝑐 + 𝑊𝑓 𝐿           (11) 

 Fluid enters into the channel in liquid state and receives heat from solid surfaces. Evaporation starts when it 

achieves saturation temperature. Hence, total length of the channel is divided into two regions, downstream 

subcooled length and upstream saturation length. Subcooled length is calculated from following formula: 

𝐿𝑠𝑢𝑏 =
𝑚 𝑐𝑝  𝑇𝑠𝑎𝑡 −𝑇𝑓 ,𝑖𝑛  

𝑞𝑒𝑓𝑓  𝑊𝑐 +𝑊𝑓 
           (12) 

 Saturation length, 𝐿𝑠𝑎𝑡 = 𝐿 − 𝐿𝑠𝑢𝑏 . 

 Heat is transferred to the fluid from base and fin surfaces. There are two available base surfaces in upper 

and lower channels.  

Flow boiling heat transfer from base, 𝑄𝑏 = 2𝑡𝑝𝐿𝑠𝑎𝑡 𝑊𝑐 (𝑇𝑏 − 𝑇𝑠𝑎𝑡 ). 

 Where 𝑡𝑝  is the heat transfer coefficient for two-phase flow and 𝑇𝑏  is the average base temperature, 

𝑇𝑏 =
 𝜃𝑏 ,𝑛

𝑁
𝑛 =1

𝑁
.  

 

 
 

Fig. 2: Nomenclature of double-layer microchannel heat sink (cross-sectional view) 

 

 Available fin surfaces in upper and lower channels, 𝐴𝑓 = 4𝐻𝑐𝐿𝑠𝑎𝑡 + 2𝑊𝑐𝐿𝑠𝑎𝑡  

 Two phase heat transfer from fins, 𝑄𝑓 = 2𝜂𝑓𝑡𝑝𝐿𝑠𝑎𝑡  2𝐻𝑐 + 𝑊𝑐  𝑇𝑏 − 𝑇𝑠𝑎𝑡     

  

 Total two-phase heat transfer to the fluid,  𝑄𝑡𝑝 = 𝑄𝑏 + 𝑄𝑓  

   

∴ 𝑄𝑡𝑝 = 2𝑡𝑝𝐿𝑠𝑎𝑡  𝑊𝑐 + 𝜂
𝑓
 2𝐻𝑐 + 𝑊𝑐   𝑇𝑏 − 𝑇𝑠𝑎𝑡        (13) 

 Where, 𝑄𝑡𝑝 = 𝑞𝑒𝑓𝑓  𝑊𝑐 + 𝑊𝑓 𝐿𝑠𝑎𝑡  

Two-phase heat transfer coefficient, 𝑡𝑝 =
𝑞𝑒𝑓𝑓  𝑊𝑐 +𝑊𝑓 

2 𝑊𝑐 +𝜂𝑓 2𝐻𝑐 +𝑊𝑐    𝑇𝑏−𝑇𝑠𝑎𝑡  
                   (14) 

Fin efficiency of rectangular fins, 𝜂𝑓 =
tanh (𝑚𝐻 )

𝑚𝐻
        (15) 

Here, Fin factor, 𝑚 =  
𝑃

𝑘𝑠𝐴𝑐𝑠
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𝑃, 𝑘𝑠 and 𝐴𝑐𝑠  are perimeter of fin surface, thermal conductivity of solid and cross-sectional area of fin 

respectively. 

 
Table 1: Channel Dimensions. 

Parameters Dimension (mm) 

Channel length  𝐿  10 

Channel width  𝑊𝑐  0.4 

Upper channel height 𝐻𝑐_𝑢𝑝   0.4 

Lower channel height 𝐻𝑐_𝑙𝑜𝑤   

Substrate thickness  𝛿  

0.5 

2 

Fin thickness  𝑊𝑓  0.2 

 

Table 2: Properties of solid (at 25℃). 
 

Properties Aluminum 

Density  𝜌𝑠  

Thermal conductivity  𝑘𝑠  

Specific heat  𝑐𝑝 ,𝑠  

2702 𝑘𝑔𝑚−3 

237 𝑊𝑚−1𝐾−1 

9030 𝐽𝑘𝑔−1𝐾−1 

 

3. Numerical Analysis: 

 Simulation of flow boiling in double-layer microchannel heat sink has been performed by commercial 

software FLUENT ver. 14.5. Pressure-velocity coupling equation is solved numerically by Semi-Implicit 

Method for Pressure Linked Equations (SIMPLE) algorithm. Second Order Upwind scheme is used for spatial 

discretization of the governing equations except void fraction equation, which is discretized by Quadratic 

Upstream Interpolation for Convective Kinetics (QUICK) method.  

 Channel dimensions are provided in Table 1. Aluminum is considered as the channel material due to its 

high thermal conductivity. Properties of aluminum are given in Table 2. These properties are considered 

unchangeable with change of temperature and pressure. Water is used as the coolant. Properties of liquid water 

and vapor are considered functions of temperature. Polynomial equations, derived from data tables provided in 

Cengel and Ghajar (2011), are used to calculate density, viscosity, specific heat capacity and thermal 

conductivity of fluids. 

 Following assumptions are made: 

 Flow is assumed to be steady state and fully developed. 

 Gravitational force is neglected due to small amount of coolant inside the channel.  

 Heat transfer by radiation is also considered negligible. 

 No velocity slip between liquid and vapor phase is assumed 

 

RESULTS AND DISCUSSIONS 

 

4.1 Heat loss: 

 Heat loss is calculated by heating the system without any fluid flow and average surface temperature is 

recorded for different heat flux applied. Fig. 3 shows the temperature vs. heat flux correlation. A linear 

relationship, 𝑦 = 1.0751𝑥 − 315.17 is obtained. As there is no fluid in the system, all the applied heat flux is 

lost. Hence, from the correlation, we get heat loss from the system for various surface temperatures.   

 

4.2 Surface temperature distribution: 

 Surface temperature distribution is obtained from numerical solution of conservation of energy equation. 

From Fig. 5, it is perceived that, surface temperature increases along the channel length.  

 

4.3 Two-phase heat transfer coefficient: 

 From Fig. 5, it is obtained that for 400 × 104𝑊𝑚−2 bottom wall heat flux, average wall temperature  𝑇𝑏  

is 389.5 𝐾. From heat loss characterization equation, 𝑞𝑙𝑜𝑠𝑠 = 103.58 × 104𝑊𝑚−2. Now from equation (10), 

𝑞𝑒𝑓𝑓 = 296.42 × 104𝑊𝑚−2. For fluid inlet temperature, 𝑇𝑖𝑛 = 370 𝐾 and mass flow rate, 𝑚 𝑖𝑛 = 0.001 𝑘𝑔𝑠−1, 

sub-cooled length is calculated from equation (12), 𝐿𝑠𝑢𝑏 = 7.08 𝑚𝑚. From Fig. 4, It is observed that in 

simulation, evaporation starts at 7.8𝑚𝑚 distance, which is very near to calculated result. Saturation length, 

𝐿𝑠𝑎𝑡 = 2.92 𝑚𝑚. 

 Heat absorption rate by fluid during boiling, 𝑄𝑡𝑝 = 5.19 𝑊.  

 Two-phase heat transfer coefficient is calculated from equation (14), 𝑡𝑝 = 22.63 × 103𝑊𝑚−2𝐾−1. 
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4.4 Effect of heat flux: 
 From Fig. 6, it is noticeable that two phase heat transfer coefficient increases with increasing heat flux. 

However, a decreasing trend is observed after 550 × 104𝑊𝑚−2. This is due to exceeding critical heat flux 

(CHF), for which direct liquid-vapor phase change takes place. This phenomena is known as dry out. As heat 

transfer coefficient of vapor is less than phase transition mode, the overall heat transfer coefficient decreases 

after achieving critical heat flux.    

 

4.5 Heat transfer rate: 

 Two-phase heat transfer rate  is plotted against wall temperature rise above saturation temperature in Fig. 7. 

As expected, heat absorption rate by fluid augments almost linearly with wall temperature rise until obtaining 

critical heat flux.  

 

 
 

Fig. 3: Heat loss characterization curve. 

 

 
 

Fig. 4: Void fraction distribution along the length of the channel for 400 ×〖10〗^4 Wm^(-2) uniform bottom wall  

heat flux 

 

 
 

Fig. 5: Surface temperature distribution of lower channel for 400 × 104𝑊𝑚−2 uniform bottom wall heat flux. 
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Fig. 6: Two-phase heat transfer coefficient vs. heat flux 

 

 
 

Fig. 7: Two-phase heat transfer rate vs. wall temperature rise above saturation temperature. 

 

 

Conclusion: 

 Flow boiling in double-layer microchannel heat sink has been simulated. From results, following 

conclusions can be drawn: 

(1) Two-phase heat transfer coefficient augments with applied heat flux. However, a decreasing trend has been 

observed after achieving critical heat flux (CHF). For the considered channel, it is observed that CHF is 

550 × 104𝑊𝑚−2. 

(2) Two-phase heat transfer rate also increases with wall temperature rise until CHF is achieved. Highest heat 

transfer rate is 6.4 W. 
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