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Abstract 

The purpose of this paper is to numerically investigate the heat transfer and pressure drop characteristics of a microchannel 

sawtooth cooling device for Al₂O₃-water, CuO-water, and TiO₂-water nanofluid coolants. Results are compared with 

rectangular single-layer microchannel heat sinks (SL-MCHS) and double-layer microchannel heat sinks (DL-MCHS) of the 

same geometrical features. Numerical simulation has been carried out by the commercial software FLUENT 14.5 release. 

Governing equations are solved by the finite volume method. The pressure-velocity coupling equation is solved using the 

Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm. The thermal resistance of the microchannel 

sawtooth cooling device is lower than SL-MCHS and DL-MCHS. Thermal resistance of the heat sink is influenced by the 

volume fraction of nanoparticles, geometrical parameters, and pumping power. 
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I. Introduction 

Thermal control of microelectronic devices and MEMS is 

one of the requirements for their reliability. Therefore, 

microscale heat transfer from tiny electrical and 

electromechanical devices is a cutting-edge research area.  

Tuckerman and Peace
1
 created microchannel heat sinks to 

dissipate large amount heat encrgy integrated circuits. 

Dickey and Lam
2
 introduced a sawtooth cooling system that 

consists of alternating isosceles triangular microchannels. 

Fluid flow and heat transfer were simulated in a variety of 

microchannels by Gunnasegaran et al.
3
. They discovered 

that triangular microchannel heat sinks exhibit inferior 

performance when contrasted with rectangular and 

trapezoidal ones. Nevertheless, Asgari and Saidi
4
 have 

determined that triangular microchannels exhibit a higher 

dimensionless heat transfer rate than other geometries. Xia 

et al.
5
 accelerated fluid mixing and perturbed the boundary 

layer in microchannels to enhance heat transfer by 

incorporating triangular cavities. Kim et al.
6
 developed an 

analytical model to determine heat transfer rates for 

rectangular, trapezoidal, triangular, and diamond channels 

by analyzing fin efficacy. 

Microchannel heat sinks contain a minimal liquid 

refrigerant. The minimal quantity of fluid is incapable of 

withstanding elevated surface temperatures. This results in 

an increase in the temperature of the fluid in the direction of 

flow. Consequently, the surface temperature increases in a 

streamwise manner as the fluid-surface temperature 

differential decreases. For this reason, Vafai and Zhu
7
 

developed the double-layered microchannel heat sink (DL-

MCHS) to enhance the flow of fluid in the upper layer, 

thereby facilitating uniform surface heating. Hazli et al.
8
 

and Seder et al.
9
 conducted research on triangular double-

layer microchannels. Hung and Yan
10

 compared DL-MCHS 

to a single-layer channel. They discovered that the 

temperature difference between the fluid surface and the 

exit region of the DL-MCHS falls, while the temperature 

difference between the countercurrent flow and the exit 

region of the SL-MCHS increases. In double-layer 

microchannels, Wong and Muezzin
11

 investigated the 

transmission of heat in parallel and counterflow mode. 

Chong et al.
12

 and Shao et al.
13

 optimized DL-MCHS to 

decrease heat resistance and pumping power. To enhance 

thermal performance, Hung et al.
14

 enhanced the 

geometrical parameters of DL-MCHS. 

In this paper, a microchannel sawtooth cooling device is 

compared to a DL-MCHS by simulation. A complete 

mathematical model is provided. Aluminum is considered 

as the channel material. As coolants, Al₂O₃-water, CuO-

water, and TiO₂-water nanofluids are considered. 

Nanoparticle volume fraction, channel width and height 

ratio, and pumping power are considered variables, while 

the size of nanoparticles is fixed at 0.02 mm. The total 

thermal resistance of the heat sink has been calculated. 

II. Materials and Methods 

Physical description 

In Fig. 1, three-dimensional views of the microchannel 

sawtooth cooling device and the rectangular double-layer 

microchannel heat sink are shown. However, for 

comparison purposes, it is necessary to consider equal 

cross-sections of both of the channels. For this reason, four 

rectangular double-layer microchannels are considered in 

the simulation (Fig. 1). The fin width, Wf is double the gap 

between upper and lower channels (Fig. 1a). Two single-

layer channels are formed by joining one upper and lower 

channel of height Hch_up and Hch_low respectively (Fig. 1b). 
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Again, a half-triangular and half-inverted-triangular shape 

is formed by intersecting one single-layer channel 

diagonally (Fig. 1c). Then two half-triangular channels are 

joined to form one complete triangular channel with two 

half-inverted triangular channels on both sides of height Hch 

(Fig. 1d). By this transformation, it is verified that the 

considered heat sinks, DL-MCHS, SL-MCHS, and 

microchannel sawtooth devices, have the same cross-

sectional area although the surface area is different. Hence, 

it can be predicted that differences in heat transfer 

characteristics of these heat sinks originate from their 

variable surface area while operated under the same 

boundary conditions.  

 

 

Fig. 1. (a) DL-MCHS (cross-sectional view) (b) Joining upper and lower layer. Two single layer channels are formed  

(c) intersecting channels diagonally (d) Microchannel sawtooth cooling device (cross-sectional view). 
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Mathematical modeling 

Nanofluids are homogeneous mixtures of water and 

nanoparticles. Water is the base fluid in which 

nanoparticles are suspended. Steady-state governing 

equations for fluid flow and heat transfer are given below 

[15]. The continuity equation is the following: 

   ⃗                                                                                                                                                                 (1) 

Here,  ⃗⃗ is the mass average velocity.  

The conservation of momentum equation is given below: 

   ⃗⃗  ⃗⃗            ⃗⃗   ⃗⃗                                                                     (2) 

In Eq. 2,    is the pressure gradient,    is the shear stress 

gradient,  ⃗⃗ is the gravitational acceleration, and  ⃗⃗  is the 

surface tension force. For Newtonian fluids, the gradient of 

wall shear stress,            ⃗⃗   ⃗⃗  . Here,      is the 

effective dynamic viscosity of the nanofluid.  

For the fluid domain, the conservation of energy equation is 

expressed as follows: 

     ⃗⃗            (3) 

In this equation,   is the temperature, and      is the 

effective thermal conductivity of nanofluids.  

For the solid domain, the energy balance equation is written 

as follows: 

           (4) 

Boundary Conditions 

Boundary conditions in the computational domain are 

shown in Fig. 2. 

Inlet:      ,  ̇   ̇   

Outlet:        

Solid-fluid interface: A laminar sublayer is considered at 

the solid-fluid interface. Hence, heat is transferred from 

channel walls to the fluid by conduction. After achieving 

steady-state condition, fluid temperature at the laminar 

sublayer is the same as the adjacent wall temperature. 

Hence, the applied conditions are the following: 

𝑢       ,     , |    |  |      |  

Channel bottom wall: A uniform heat flux is applied at the 

bottom of the heat sink. Heat is transferred through the 

solid wall by conduction to the normal direction of the 

bottom surface. The heat transfer rate is calculated using the 

following equation: 

       𝑞     
   

  
 (5) 

Other channel walls: Other channel walls are considered 

insulated. Hence, heat loss from channel walls,        .  

 

 

Fig. 2. Fluid flow and heat transfer in (a) double layer microchannel heat sink (b) microchannel sawtooth cooling device. 

(a) 

(b) 
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Effective Thermophysical Properties of Nanofluids 

Effective dynamic viscosity is determined by the empirical 

correlation developed by Corcione 16, as given below: 

    

  
 

 

       (
  

  
)         

  (6) 

Here,    is the dynamic viscosity of the base fluid,    is the 

volume fraction of nano particles in the coolant,    is the 

particle diameter, and    is the equivalent molecular 

diameter of the base fluid.     is obtained from the 

following formula: 

   
  

    
  (7) 

In this equation,   represents the molecular weight of the 

base fluid,   is the Avogadro number, which is a constant 

and    is the density of the base fluid.  

 
Table I. Thermophysical properties of materials at 298 K temperature 

   Nano-particles 

Properties (unit) Aluminum Water Al2O3 CuO TiO2 

Density, 𝜌( 𝑔/ 3) 

Thermal conductivity, 

 (𝑊/ . 𝐾) 

Specific heat capacity, 

𝑐𝑝 (𝐽/ 𝑔. 𝐾) 

2702 

 

 

273 

 

9030 

997 3970 6320 4157 

0.607 36 76.5 8.4 

4180 765 6.27 710 

Dynamic viscosity, 

𝜇( 𝑎. 𝑠) 

_ 890.3 _ _ _ 

 
Effective density is obtained from the following equation 

[16]:  

𝜌     𝜌       𝜌  (8) 

Specific heat capacity is calculated from the following 

correlation [16]: 

𝑐      
     (      )  (      )

           
 (9) 

Effective thermal conductivity of the nanofluid is 

determined from the correlation developed by Chon et al. 

[17]. The correlation is given below: 

    

  
              (

  

  
)
      

(
  

  
)
      

 𝑟               (10) 

Various thermophysical properties of solid material, 

nanoparticles and base fluid measured at 293 K temperature 

are given in Table I. 

 

Other equations 

The convective heat transfer coefficient is calculated using 

the following formula: 

𝑕  
     

∑ (     )
 
   

 (11) 

An equal number of nodes are considered on the solid and 

fluid domains to calculate the average temperature.  

Effective heat flux: 𝑞     ̇𝑐                 (12) 

Here  ̇ is the mass flow rate of the fluid.      and     are 

outlet and inlet temperatures, respectively. 

Dimensionless numbers are calculated using the following 

formulas
18

 

Nusselt number,  𝑢  
   

    
 (13) 

Reynolds number,    
       

    
  (14) 

   is the hydraulic diameter of the channel. Hydraulic 

diameters are calculated from the following formula
4
 

Rectangular channel,        
   

   
 (15) 

Triangular channel,       
  

 
  

   

  √            (16) 

Total thermal resistance, the summation of conductive and 

convective thermal resistance, of the channel is considered 

to understand the heat transfer capability of the heat sink 

properly. It is written as follows: 

                
 

    
 

 

   
  

        

    
  (17) 

Here   is the total height of the heat sink, which is the heat 

conduction path in the solid domain. The area for heat 

conduction:    𝑊  𝐿  (18) 

The contact area between solid and fluid:  

   * 𝑊    ,√ 𝐻   
  (

   

 
)
 

-+  𝐿 (19) 
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Due to significant pressure drop, high pumping power is 

required to drive the fluid through microchannels. Pumping 

power:          (20) 

Here   is the number of channels,    represents the cross-

sectional area of a single channel, and    is the pressure 

drop inside the heat sink. Pressure drop is obtained by 

solving the conservation of momentum equation 

numerically. 

Numerical simulation 

Microchannel heat sinks have been simulated using 

commercial software FLUENT 14.5 release. Geometries 

were created by ANSYS Workbench Design Modeler. Heat 

sink and channel dimensions are provided in Table II. 

Governing equations have been solved by the finite volume 

method. The second-order upwind scheme has been used 

for discretization. Semi-Implicit Method for Pressure 

Linked Equations (SIMPLE), developed by Patankar and 

Spalding 19, has been used to solve the pressure-velocity 

coupling equation. Residuals of solutions are monitored in 

FLUENT to ensure convergence. 

Table II. Dimensions of heat sink and channels 

Parameters (unit) Value range 

MCHS length, 𝐿      10 

MCHS width, 𝑊      10 

MCHS Height, 𝐻      1.2 

Substrate thickness,        0.15 

Width ratio,    
  

      
 0.4 - 1 

Height ratio,   
              

 
 0.2 - 1 

 

III. Results and Discussion 

Effect of nano-particle volume fraction 

According to Fig. 3, rectangular single-layer microchannel 

heat sinks have the highest overall thermal resistance, 

followed by rectangular double-layer and microchannel 

sawtooth cooling devices. Eq. 17 shows that system thermal 

resistance depends on conductive and convective thermal 

resistance. All channels have the same fin width and length 

(L), resulting in an identical area for heat conduction. Thus, 

only convection affects overall thermal resistance. 

Microchannel sawtooth cooling devices have more 

convection surface area than rectangular single- and 

double-layer channels. Because of this, its total thermal 

resistance is the lowest. DL-MCHS has lower thermal 

resistance than SL-channel. The thick wall between upper 

and lower channels acts as a fin in DL-MCHS. Convection 

occurs from the fin surface to the fluid. No fin separates 

upper and bottom layers in SL-MCHS. Hence, the 

convective heat transfer area is less than DL-MCHS. 

Fig. 3 shows that total thermal resistance falls and then 

increases with nanoparticle volume fraction. Hung et al. 

[14] also noted this trend. As particle volume fraction 

increases, fluid thermal conductivity    increases. 

However, nanofluid dynamic viscosity falls, lowering the 

convective heat transfer coefficient   . Thus, convective 

thermal resistance rises and conductive thermal resistance 

decreases. First, conductive heat resistance decreases more 

than convective resistance. As a result total thermal 

resistance falls. Convective thermal resistance dominates 

heat sink thermal resistance for volume fractions over 2%. 

This increases total thermal resistance as the volume 

fraction of nanoparticles rise. 

 

Fig. 3. Variation of total thermal resistance with volume fraction 

of nanoparticles for        ,      ,       and 

               . 

Effect of channel dimensions 

The channel width ratio (β) is calculated as   
  

      
. 

The convection area      decreases with the channel width 

     . Thus, convective thermal resistance rises. However, 

decreasing       increases fin width     . As the fin width 

rises, the area for heat conduction decreases conductive 

thermal resistance. As mentioned, conductive thermal 

resistance dominates, lowering overall thermal resistance. 

At β=0.65, convective thermal resistance dominates, and 

total thermal resistance rises with β. The curves are show in 

Fig. 4. Similar results were found by Hung et al.
14

 

The channel height ratio,   
              

 
. As the height 

ratio increases,     increases and eventually drops (Fig. 5). 

By raising higher and lower channel heights,    rises. This 

lowers convective heat resistance        . Both fin 

thickness         and width      decrease. It reduces the 

conduction area (As). The conductive thermal resistance 

        increases for this reason. Until γ=0.6,       

dominates over      , leading to an increase in    . After 

reaching γ=0.4,       dominates total thermal resistance. 

As the height ratio increases,       drops. 
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Fig. 4. Variation in total thermal resistance with channel width 

ratio for       𝑊,       ,       and  𝑞       
    𝑊   . 

 
Fig. 5. Variation in total thermal resistance with channel height 

ratio for       𝑊,       ,       and  𝑞       
    𝑊   . 

Effect of pumping power 

Fluid velocity at the inlet,     
 ̇  

  
. Velocity as well as 

Reynolds number,    increases with the increment of mass 

flow rate. As a result, convective heat transfer coefficient,   

increases. Hence, in Fig. 6., Nusselt number augments with 

the increment of Reynolds number. However, it is observed 

that the curves are not linear. Increment of Nusselt number 

decreases for higher Reynolds numbers. Due to higher 

surface area, convective heat transfer in microchannel 

sawtooth cooling device is higher than rectangular single 

and double-layer channels. As a result, Nusselt number is 

also found higher in microchannel sawtooth cooling device 

than other two heat sinks. 

As the increment of Nusselt number with Reynolds number 

is not consistent, decrement of total thermal resistance is 

also not steep for the total range of pumping power. In Fig. 

7, total thermal resistance vs. pumping power has been 

plotted for three different types of nanofluids. It is observed 

that total thermal resistance first decreases steeply. 

However, slope of the curve decreases for higher pumping 

powers. Again, among three different nano-fluids,       
      ,           and           ,              

pair has shown the best performance. 

 
Fig. 6. Variation of Nusselt number with Reynolds number for 

      ,      ,       and  𝑞           𝑊   . 

 
Fig. 7. Total thermal resistance vs. pumping power for       , 

     ,       and 𝑞           𝑊   . 

IV. Conclusion 

Double-layer microchannel heat sink has been modified to 

form single-layer microchannel heat sink and microchannel 

sawtooth cooling device. Numerical analysis of heat 

transfer and pressure drop in these heat sinks for three 

distinguished nano-fluids has been carried out. 

Comparisons have been made between these heat sinks. In a 

nutshell, findings are following: 

i. Order of total thermal resistance from higher to lower: 

SL-MCHS > DL-MCHS > microchannel sawtooth 

cooling device. 

ii. Total thermal resistance first decreases and then 

increases with the increment of volume fraction of 

nanoparticles and channel width ratio. On the other 

hand, total thermal resistance first augments and then 

decreases with the increment of channel height ratio. 

These affects are originated from the dominance of 

conductive or convective thermal resistance on total 

thermal resistance. 

iii. Total thermal resistance does not decrease sharply for 

total range of pumping power. Hence, increment of 

pumping power is not always cost effective. 

iv. Heat transfer rate from higher to lower order among 

three different nano-fluids used:              > 

          >           . 
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