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Abstract 
Microchannel heat sink is an effective way to solve the problem of heat dissipation for 
microelectronic systems. However, it remains unclear what form of channels will be 
most effective in improving the overall performance of microchannel heat sinks.The 
effect of channel geometry on overall performance was studied using computational 
fluid dynamics to understand the heat transfer and fluid flow characteristics of 
microchannel heat sinks with different shaped grooves in sidewalls and rectangular ribs 
in the center core flow. Three different shapes of grooves of silicon-based microchannel 
heat sinks were designed, including rectangle, trapezoid and triangle. In order to fully 
understand the design and operation of microchannel heat sinks, the overall 
performance of microchannel heat sink was analyzed and evaluated in detail from the 
aspects of relative Nusselt number, relative fanning friction factor and thermal 
enhancement efficiency. The enhancement mechanism of fluid flow and heat transfer is 
discussed to determine the optimal structure. The results indicated that the overall 
performance can be greatly improved by the combination of grooves on the channel 
sidewalls and rectangle ribs on the channel bottom walls. This combination can make 
full use of the advantages of grooves to increase flow area and to reduce pressure drop, 
and the advantages of ribs to increase flow disturbance and to enhance heat transfer. 
When the Reynolds number falls within the range from 100 to 900, rectangular grooves 
and rectangular ribs are the optimum structure in terms of the level of the maximum 
heat transfer performance improvement, even at low inlet Reynolds number, it can still 
maintain high performance. 
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1. Introduction 

With the rapid development of Micro-Electro-Mechanical System (MEMS) and Very Large Scale 
Integration Circuit (VLSI), rapidly decreasing features sizes and increasing power density in 
microelectronic devices. Heat dissipation has become one of the main problems of electronic devices. 
Therefore, it is necessary to propose effective cooling technology to remove the heat load of these 
electronic devices, so as to achieve high heat dissipation rate and maintain the performance of devices. 
Since Tuckerman and Pease [1] first proposed a high performance water cooled microchannel heat 
sink for VLSI in the early 1980s, a lot of researches have been carried out on microchannel heat sinks 
with various designs and geometric configurations. 

For the design of the working medium of the microchannel heat sink, due to the excellent 
thermophysical properties of nanofluids, many researchers have designed and studied the use of 
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nanofluids in the microchannel heat sink to improve performance. Adding metal or metal oxide 
nanoparticles to the base fluid increases the thermal conductivity, which can further increase the 
cooling rate of the microchannel heat exchanger [2]. Although implanting nanoparticles in liquids 
can increase the effective thermal conductivity and density, it may increase the effective viscosity of 
nanofluids and reduce the effective specific heat capacity [3-5]. Maher et al. [6] developed a 
computational fluid dynamics (CFD) non-isothermal three-dimensional model to simulate and 
analyze fluid flow and heat transfer characteristics. Their research shows that nanofluid is not a 
practical choice for the microchannel heat sink, while water is more practical because it is cheaper 
and safer than nanofluid. 

Another important method to enhance heat transfer in microchannels is to modify the geometry of 
microchannels, including complex microchannel structures [7-9], double-layer microchannels [10-
13], ribs [14-19], segmented fins [20-22], grooves or cavities [23-27], and the combination of ribs 
and grooves [28-33]. Mohammed et al. [34] pointed out that the wave-shaped microchannel heat sink 
with rectangular cross-section has better thermal performance than the straight channel. The increase 
in pressure drop of the wave shaped channel is less than the increase in heat transfer. Xia et al. [35] 
numerically studied the influence of geometric parameters of the microchannel heat sink with a 
triangular cavity on heat transfer and flow. They found that, compared with a straight channel, a 
triangular cavity enhances heat transfer by interrupting the thermal boundary layer and the hydraulic 
boundary layer. They obtained an optimized design by changing the geometric parameters of the 
cavity. Chai et al. [36] conducted numerical and experimental studies on the enhanced heat transfer 
of microchannel heat sinks with periodic expansion and contraction cross-sections. The heat transfer 
effect of their newly proposed heat sink with periodic expansion and contraction cross-section is 
remarkable, and the average Nusselt number can be increased by about 1.8 times. Sui et al. [37] 
studied the thermal performance of wavy rectangular microchannels and found that it is superior to 
straight microchannels. Wang et al. [38] conducted numerical studies on microchannels with 
rectangular, trapezoidal and triangular cross-sectional shapes. They concluded that rectangular 
microchannels have the lowest thermal resistance, followed by trapezoid and triangular shapes. 
Alfaryjat et al. [39] found that hexagonal, circular, and rhombic microchannel heat sinks have better 
heat transfer performance, the friction coefficient and thermal resistance of the rhombic cross section 
are the highest. Ahmed et al. [40] defined four geometric parameters to accurately describe the change 
of groove shape from triangle to trapezoid, and then to rectangle. The influence of geometric 
parameters on the overall performance was evaluated, and the best design was determined based on 
the increase in the Nusselt number and friction coefficient. Ghani et al. [41] proposed that there are 
sinusoidal cavities and rectangular ribs on the side walls of the channel. Larger flow area and 
turbulence can achieve better performance. In the following work, Ghani et al. [42] carried out a 
numerical study on the interconnection channel with rectangular ribs. It was found that in addition to 
increasing the flow area, the presence of ribs allowed the coolant to flow through the secondary flow 
channel, resulting in flow mixing and increased heat transfer. 

The provision of ribs in the microchannel will produce high flow disturbances and block flow effects 
[43], which enhances heat transfer but also increases pressure drop. Compared with ribs, the 
arrangement of grooves effectively enhances heat transfer while maintaining a relatively small 
pressure drop [44-51]. In order to take advantage of the strong turbulence capability of the ribs and 
the lower pressure drop of the grooves, the researchers found that the combination of ribs and grooves 
can effectively enhance heat transfer while minimizing the pressure drop [52-56]. The optimal design 
of microchannel heat sink should be for the purpose of removing waste heat. There is still a lack of 
systematic comparison on the performance of the combination of ribs and grooves with different 
shapes, especially for the research on the combination of ribs and grooves with optimal shapes. 
Therefore, further research should be carried out to determine what shape of groove combination with 
ribs will most effectively improve the overall performance. In this study, the CFD method was used 
to numerically simulate the heat transfer characteristics of microchannel heat sink with rectangular 
ribs and grooves of different shapes.Three different shapes of grooves are considered, including 
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rectangular, trapezoidal and triangular. Since the use of grooves may play an important role in 
disrupting the flow structure, reducing pressure drop and enhancing heat transfer, the effect of 
different groove shapes on the overall performance was evaluated in order to fully understand the 
design and operation of these heat exchange systems. The purpose is to study the heat transfer 
characteristics of the microchannel heat sink combined with rectangular ribs and different groove 
shapes, so as to determine the optimal groove structure. The emphasis is on comparing the 
performance of microchannel heat sinks with a combination of rectangular ribs and different groove 
shapes to understand the enhancement mechanism of fluid flow and heat transfer in the microchannel 
heat sink. 

2. The Theoretical Model 

2.1 The Model of the Microchannel Heat Sink 

Since the microchannel heat sink is composed of multiple parallel channels and has symmetry, only 
the smallest unit of each microchannel heat sink is considered, which can significantly reduce the 
calculation cost. Fig. 1 shows the corresponding calculation domain, which includes various 
geometric parameters. Silicon and deionized water are used as solid and fluid materials, respectively. 
The bottom wall is designed with rectangular ribs, and the side walls are designed with rectangular, 
trapezoidal, and triangular grooves to enhance heat transfer and reduce pressure drop and flow 
resistance. All the ribs are located in the central core flow, the grooves have the same length, depth 
and height on the opposite side walls, and the length, depth and height of all grooves remain 
unchanged. The total length L of the entire calculation domain is 10.5 mm, the width W is 0.3 mm, 
and the height H is 0.4 mm. The length of the microchannel is also 10.5 mm, the width Wc is 0.15 
mm, and the height Hc is 0.3 mm. The height of the bottom wall of the substrate is 0.1 mm. All 
geometric parameters used in the microchannel heat sink model are shown in Table 1. 

 

Table 1. Geometric parameters used for the microchannel heat sinks considered in this study 

Geometrical parameters L W H Wc Hc Lg Wg La Lb Lc Lr Wr 

Value (mm) 10.5 0.3 0.4 0.15 0.3 0.5 0.05 1.0 0.125 0.25 0.2 0.07 

 

 
(a) 
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(b) 

 
(c) 

Figure 1. Schematic illustration of the microchannel heat sinks modelled in this study. (a) 
Computational domain that is employed for the smooth rectangular microchannel heat sink 

considered. (b) Computational domain that is employed for the rectangular groove rectangular rib 
rectangular microchannel heat sink considered. (c) Schematic illustration of the structure of the 

microchannels considered. The geometric parameters used for the channels are indicated. 
Rectangular microchannel (RM), rectangular microchannel with rectangular ribs (RR-RM), 

rectangular microchannel with rectangular grooves and rectangular ribs (RG-RR-RM), rectangular 
microchannel with trapezoidal grooves and rectangular ribs (AG-RR-RM), rectangular 

microchannel with triangular grooves and rectangular ribs (IG-RR-RM). 

 

In order to fully understand the design and operation of the microchannel heat sinks, the overall 
performance of the heat sinks will be analyzed in detail. It is assumed that there is no heat loss at the 
boundary and a uniform heat flow boundary condition is applied to the bottom wall. 

2.2 Mathematical Model 

The following assumptions are made for the model: (a) a continuous and Newtonian incompressible 
fluid, the non-slip boundary condition; (b) laminar flow and steady flow; (c) the radiation heat transfer, 
surface tension and gravity are ignored; (d) the properties of solid materials are regarded as constants, 
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and the parameter settings are shown in Table 2. The properties of fluid materials change with 
temperature, and the parameters are shown in formula (9) - (12); (e) viscous dissipation cannot be 
ignored. 

 

Table 2. Physical parameters of silicon 

Material 

Properties 

Density 

ρ (kg/m3) 

Specific heat capacity 

cp (J/(kg∙K)) 

Thermal conductivity 

λ (W/(m∙K)) 

Silicon 2329 700 148 

 

Based on the above assumption, the conservation equation in the fluid region is solved to describe 
the transport process involved in the microchannel heat sink. The governing equations of the model 
can be simplified as follows: 

The continuity equation of fluid flow in microchannel is as follows: 

 

∇V = 0                                  (1) 

 

The momentum equation of fluid flow in microchannel is as follows: 

 

ρ (V · ∇V) = −∇P + ∇(μ · ∇V)                        (2) 

 

Energy equation describing the state of fluid substance: 

 

ρ c , V · ∇T = ∇(λ  · ∇T )                          (3) 

 

The energy equation describing the state of solid matter is as follows: 

 

∇(λ  · ∇T ) = 0                              (4) 

 

The various boundary conditions are discussed as follows: 

(1) Velocity inlet boundary conditions are used to define the velocity at the inlet. When the inlet 
velocity is 0.703, 1.406, 2.109, 2.812, 3.515, 4.218, 4.921, 5.624 and 6.327m/s, the corresponding 
Reynolds numbers are 100, 200, 300, 400, 500, 600, 700, 800 and 900, respectively. The fluid 
temperature at the inlet is 293 K. 

(2) The pressure outlet boundary condition is used to define the fluid pressure at the outlet. 

(3) At the fluid solid interface, the non-slip and conjugate heat transfer boundary conditions are 
applied: 

 

u = u = u = 0, T = T , −λ = −λ                  (5) 

 

For the bottom surface, the uniform heat flux boundary condition is adopted: 
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−λ = q                                (6) 

 

In this study, the heat flux is 106 W/m2. 

Symmetrical boundary conditions are applied on both sides of the computational domain: 

 

−λ = 0                                (7) 

 

For other surfaces, the adiabatic boundary condition is used: 

 

= 0, = 0                             (8) 

 

The density, dynamic viscosity, specific heat capacity and thermal conductivity of fluid materials are 
defined as functions of temperature[58]: 

 

ρ = (999.84 + 18.225T − 7.92 × 10 T − 5.545 × 10 T + 1.498 × 10 T −

3.933 × 10 T ) ∙ (1 + 1.816 × 10 T )                   (9) 

 

μ = 2.414 × 10 × 10 . ( )                     (10) 

 

c , = 8958.9 − 40.535T + 0.11243T − 1.014 × 10 T              (11) 

 

λ = −0.58166 + 6.3556 × 10 T − 7.964 × 10 T                 (12) 

 

The commercial computational fluid dynamics software FLUENT 19.0 was used for the simulation. 

2.3 Grid Independence Test 

 
Figure 2. Typical meshes for smooth rectangular microchannel (RM), rectangular microchannel 

with rectangular ribs (RR-RM), rectangular microchannel with rectangular grooves and rectangular 
ribs (RG-RR-RM), rectangular microchannel with trapezoidal grooves and rectangular ribs  (AG-

RR-RM), rectangular microchannel with triangular grooves and rectangular ribs (IG-RR-RM). Only 
the meshes created in the x-y plane are shown here 
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Typical meshes for smooth rectangular microchannel (RM), rectangular microchannel with 
rectangular ribs (RR-RM), rectangular microchannel with rectangular grooves and rectangular ribs 
(RG-RR-RM), rectangular microchannel with trapezoidal grooves and rectangular ribs (AG-RR-RM), 
rectangular microchannel with triangular grooves and rectangular ribs (IG-RR-RM) are shown in Fig. 
2. For clarity, only the meshes created in the x-y plane are shown here.  

Before the simulation, the grid independence test is carried out to ensure that the solution is 
independent of the grid resolution. When the inlet Reynolds number is 600, the total number of grid 
nodes is between 0.16 million and 1.32 million. Calculate the accuracy and relative error with the 
following formula: 

 

                  e =
| |

∙ 100%                             (13) 

 

Where e is the relative error, a is any parameter, A1 is the parameter value obtained from the thinnest 
grid, and A2 is the parameter value obtained from other grids. Compared with the finest mesh of the 
total number of mesh nodes, Table 3 lists the total relative error of the pressure drop Δp and the 
highest temperature Tmax under different total mesh nodes.The total number of nodes used in the 
corresponding the RM, the RR-RM, the RG-RR-RM, the AG-RR-RM and the IG-RR-RM are 647808, 
656806, 649386, 659771 and 648981 respectively. 

 

Table 3. Pressure drop and maximum temperature with different number of grid nodes and their 
total relative errors 

 Number of grid nodes 
Δp 

(kPa) 

e 

(%) 

Tmax 

(K) 

e 

(%) 

RM 

172888 32.990 2.577 320.146 0.232 

357144 33.410 1.335 320.537 0.111 

647808 33.660 0.599 320.769 0.038 

1264454 33.863 - 320.892 - 

RG-RR-RM 

164860 93.244 5.718 309.486 0.826 

378704 95.291 3.648 307.828 0.286 

649386 97.513 1.402 307.100 0.049 

1291412 98.899 - 306.951 - 

 

The finite volume method is used to discretize the governing equations, and the SIMPLEC algorithm 
is used to decouple the pressure-velocity relationship. Second order upwind scheme is used to 
discretize momentum and energy equations. In order to ensure the convergence, the residual criterion 
of energy equation is set to be less than 10-8, and the residual criterion of other variables is less than 
10-6. 
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2.4 Validation of the Model 

The validity of the model is verified by comparing with the existing experimental data [58]. In order 
to verify the accuracy and reliability of the model, the heat transfer characteristics of rectangular 
microchannel were verified by comparing the numerical results with the experimental data. Under 
the same conditions, the numerical results are compared with the experimental data of Chai et al. [59], 
and the results are shown in Fig. 3, where the average Nusselt number, the product of the average 
Fanning friction factor and the Reynolds number are expressed as functions of the Reynolds number. 
The numerical results are in good agreement with the experimental data. 

 

 
Figure 3. The average Nusselt number and the product of apparent friction coefficient and 

Reynolds number are functions of Reynolds number. Under the same conditions, the numerical 
results are compared with the experimental data of Chai et al. [59]. 

2.5 Data Reduction 

The inlet Reynolds number is defined as: 

 

 Re =                                (14) 

 

The hydraulic diameter of the channel is calculated by the following formula: 

 

  D =                                (15) 

 

For channel with grooves, the hydraulic diameter and the properties of the fluid material, such as 
temperature, velocity, density and viscosity, vary along the length of the channel. For the smooth 
channel, the hydraulic diameter remains the same, but the properties of the fluid material still change 
along the length of the channel. For comparison and simplicity, the hydraulic diameters and Reynolds 
numbers of all channels are calculated according to the conditions at the inlet. 

The Fanning friction factor can be expressed as: 

 

 f =                                 (16) 

 

             Δp = p − p                              (17) 
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The heat transfer factor is as follows: 

 

 h =
( )

                              (18) 

 

 

The Nusselt number is defined as: 

 

        Nu =                                  (19) 

 

The thermal enhancement efficiency η, also known as heat enhancement factor, is defined as the ratio 
of the total heat transfer coefficient of grooved channel to that of smooth channel under constant 
pumping power. The calculation formula of heat enhancement efficiency must be based on the same 
reference standard, and the same pumping power is used in this study. The concept of the performance 
evaluation criterion was first proposed by Webb [60], which aims to determine the thermal and 
hydraulic performance of the heat sink at the same time, and can be used under the same pressure 
drop and flow conditions. The expression is as follows: 

 

 η = ( )( )                                 (20) 

 

The relative Fanning friction factor ξf and the relative Nusselt number ξNu is expressed as: 

 

 ξ =                                  (21) 

 

ξ =                                 (22) 

3. Results and Discussion 

3.1 Flow Characteristics 

To evaluate the effect of the combination of rectangular ribs and different groove types on the overall 
performance of the microchannel heat sinks, it is necessary to compare different combination forms, 
and study the influence of rectangular ribs and different groove types on the fluid flow performance 
in the flow channels. In order to facilitate the comparison of different microchannel heat sink designs, 
the same reference Reynolds number was selected. When the inlet Reynolds number is 700 and the 
height from the bottom surface is 0.25 mm, the contours of the streamlines and flow direction velocity 
in the x-y plane in the channel are shown in Fig. 4. When the inlet Reynolds number is 700 and the 
distance from the flow inlet is 4.75 mm, the contours of the streamlines and flow direction velocity 
in the y-z plane in the channel are shown in Fig. 5. As shown in Fig. 4 and Fig. 5, the presence of ribs 
and grooves makes the flow characteristics in the microchannels very different from the flow 
characteristics in the smooth channels. The streamlines in the RM are parallel to each other in the 
flow direction, while in the RR-RM, the fluid is blocked and divided into two parts due to the 
existence of the ribs, and The streamlines are offset, and there will be backflow at the front of ribs in 
the flow direction, forming a stagnant flow area. When the grooves and ribs are combined on the two 
side walls, the stagnant area of the flow in front of the ribs will be significantly improved. The 
streamlines are slightly offset along the channels direction, the fluid will be separated when passing 
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through the grooves, and the fluid velocity of is lower than the fluid velocity of other regions, because 
the cross-sectional area of the groove is much larger than that of other areas, which will instantly 
change the pressure distribution and form a clockwise vortex in the groove. Different from the smooth 
RM, the mainstream fluid slides on the vortex. The vortex acts as a bearing in the groove, converting 
sliding friction into rolling friction, reducing the viscous resistance of the fluid, and the fluid scouring 
the hot wall of the groove. The heat is taken away from the hot wall, mixed with another part of the 
fluid, flows through the vortex, and enters the main flow channel. Due to the vortex formed in the 
groove area and the low flow velocity in these areas, a small flow stagnation area is formed, which 
makes the heat dissipation at the bottom of the groove worsen. At the same time, the hot fluid of the 
vortex mixes with the main cold fluid near the front edge of the groove. 

 

 
Figure 4. When the inlet Reynolds number is 700 and the height from the bottom is 0.25 mm, the 

equivalent nephogram of flow velocity and streamline in the x-y plane in the channel 

 

As shown in Fig. 4 and Fig. 5, the combination of ribs and grooves has a significant effect on the flow 
structure in the channel. The fluid is divided into two parts by the ribs and enters the grooves at a high 
velocity. The fluid decomposes the vortex into two small vortices at the corners of the bottom surface 
of the groove, which reduces the area of the flow stagnation zone. Due to the sudden expansion of 
the cross-section of the groove region, the fluid velocity in the channel is smaller than that in the 
smooth RM. The results show that the fluid velocity of the combination of rectangular ribs and 
grooves is much lower than that of the smooth RM. The periodic variation of the velocity component 
in the flow direction will destroy the flow boundary layer, increase the mixing of stratified fluid and 
improve the heat transfer performance. The most significant characteristics of the flow structure for 
the grooved-channels include interruption and redevelopment of boundary layer, the formation of 
vortices, and periodic spaying and throttling phenomenon, which can increase the intensity of fluid 
mixing and enhance heat transfer. The fluids with high velocity flow through the bottom of the groove 
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to enhance the heat transfer between the fluids and walls. In addition, two stable symmetrical vortices 
are formed in front of the rectangular ribs along the flow direction, the vorticity formed by the AG-
RR-RM and the IG-RR-RM is smaller. 

 

 
Figure 5. Contour plots of fluid velocity in the channels in the transverse direction when the 

Reynolds number is 700 at the flow inlet. The distance from the flow inlet is 4.75 mm 

 

The influence of the groove shape on the average Fanning friction factor of microchannel was studied. 
The results are shown in Fig. 6, where the average Fanning friction factor is expressed as a function 
of Reynolds number at the inlet of the channel. When the inlet Reynolds number goes from low to 
high, the average Fanning friction factor first decreases rapidly, and then tends to be stable in the 
range of high Reynolds number. The average Fanning friction factor of the RR-RM is the largest, 
followed by rectangular microchannels combined with rectangular ribs and grooves, and that of 
smooth RM is the smallest. The smooth RM has the minimum average Fanning friction factor and 
allows the minimum pressure drop configuration. For the arrangement of the grooves, the sudden 
widening of the cross-sectional area and the flow rate decreases, which reduces the flow resistance. 
In addition, due to the vortex formed in the groove, the fluid is simultaneously affected by rolling 
friction and sliding friction, which also reduces the flow resistance of the fluid flowing in the flow 
channel.  Compared with the RM, the channel with ribs and grooves has higher flow resistance, 
because the ribs block the high-speed linear fluid flow, the grooves generate flow vortices and 
enhance the fluid disturbance. The RR-RM has the largest flow resistance, because the backflow 
stagnation area formed in front of the ribs is large, as shown in Figure 4, which increases the flow 
resistance. Due to the existence of periodic ribs and grooves, the velocity of the fluid fluctuates 
periodically, resulting in periodic splashing and throttling. The flow characteristics of rectangular 
microchannels with rectangular ribs and grooves are generally better than those of the RR-RM. The 
flow characteristics of the RG-RR-RM and the AG-RR-RM are better than those of the IG-RR-RM; 
When the Reynolds number is less than 500, there is little difference between the RG-RR-RM and 
the AG-RR-RM; When the Reynolds number is greater than 500, the flow characteristics of the AG-
RR-RM are better. 
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Figure 6. The average Fanning friction factor is a function of inlet Reynolds number 

3.2 Pressure Drop Characteristics 

 
Figure 7. When the Reynolds number of the flow inlet is 700 and the height from the bottom is 

0.25 mm, the equivalent nephogram of the fluid pressure in the x-y plane 
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When the Reynolds number of the flow inlet is 700 and the height from the bottom is 0.25 mm, the 
equivalent nephogram of the fluid pressure in the x-y plane is shown in Fig. 7. Due to friction loss, 
the fluid pressure in the smooth RM decreases linearly along the fluid flow direction, while the RR-
RM and the rectangular microchannel using a combination of grooves and rectangular ribs will lead 
to complex pressure distribution. It can be seen from Fig. 7 that the pressure in the RR-RM is 
obviously higher than that in the smooth RM, and the pressure in the RR-RM is obviously lower than 
that in the rectangular microchannel with the combination of grooves and rectangular ribs. With the 
development of the flow in the channel, the peak pressure is higher than that in the smooth RM, 
resulting in a decrease in pressure drop, but the pressure distribution in the smooth RM is the lowest 
in general. For the rectangular microchannel combined with grooves and rectangular ribs, the fluid 
pressure distribution changes sharply near the ribs, forming a high pressure zone behind the ribs along 
the flow direction, which increases the local pressure resistance. The pressure drop between the ribs 
behind and in front of each rectangular rib is the largest, but after the grooves are set, the pressure 
distribution will decrease because the increase of the hydraulic diameter of the channel. A high 
pressure zone will be formed in the front corner of the rectangular groove along the flow direction, 
which will be improved because the corner of the trapezoidal groove becomes larger, while the 
pressure of triangular groove when the fluid flows to the bottom of the triangular groove will be 
higher than that of the rectangular groove and the trapezoidal groove, and the overall pressure drop 
will be larger after the fluid flows through the channel. This is because the hydraulic diameter of the 
triangular groove is smaller than that of the rectangular groove and the trapezoidal groove, and the 
pressure difference acts on the whole cross section, which indirectly leads to the increase of pressure 
drop. 

When the inlet Reynolds number is between 100 and 900, the pressure drop through the flow channel 
is shown in Fig. 8. The total pressure drop gradually increases with the increase of the Reynolds 
numbers. The design with high Reynolds number usually has an unacceptable high pressure drop. 
The generation of these high pressure drops will increase energy costs and limit the overall efficiency 
of the heat sink. It can be seen from Fig. 8 that the setting of rectangular ribs will greatly increase the 
pressure drop, while the setting of grooves after the setting of rectangular ribs will greatly reduce the 
pressure drop, and the shape of the grooves has little effect on the pressure drop. As the increase of 
the hydraulic diameter of the groove, the pressure drop of the groove will decrease in most cases. The 
total pressure drop is the highest through the IG-RR-RM; when the Reynolds number is less than 500, 
the total pressure drop through the RG-RR-RM is almost the same as that through the AG-RR-RM; 
when the Reynolds number is greater than 500, the total pressure drop through RG-RR-RM is higher 
than that through AG-RR-RM. Under such conditions, the AG-RR-RM has the best configuration to 
minimize the pressure drop. 

 

 
Figure 8. The pressure drop across the channel is a function of Reynolds number 
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3.3 Heat Transfer Characteristics 

When the Reynolds number of the flow inlet is 700 and the height from the bottom is 0.25 mm, the 
temperature equivalent nephogram of the x-y plane in the channel is shown in Fig. 9. The smooth 
RM has a wide continuous thermal boundary layer in the direction of fluid flow, which makes the 
temperature much higher than other channels. However, the lowest overall temperature distribution 
is the RR-RM, and the temperature distribution of the combination of grooves and rectangular ribs is 
slightly higher than that of the RR-RM, which is due to the increase of hydraulic diameter after setting 
grooves, which makes the fluid velocity decrease and the convective heat transfer weaken. For the 
RR-RM, the existence of ribs forces the cold fluid to separate to both sides, which enhances the 
convective heat transfer between the fluid and the side wall. For the rectangular microchannel with 
the combination of grooves and rectangular ribs, the periodic heat exchange formed near the grooves 
can greatly enhance the heat exchange of fluid in the microchannel, and the grooves can introduce 
disturbances to increase fluid mixing, interrupt and re-develop the thermal boundary layer, and further 
lead to temperature reduction. In the direction of fluid flow, the separated cold fluid enters the groove 
from the end of the groove, then absorbs heat from the bottom surface of the groove, flows out at high 
temperature at the front of the groove, and then mixes with the main stream. The temperature of the 
fluid at the rear of the groove is lower than that at the front. The rectangular ribs force the cold fluid 
to separate into  grooves, so as to enhance the heat transfer with the grooves wall and enhance the 
mixing of hot fluid and cold fluid. It can be seen from Fig. 9 that the temperature distribution in the 
groove is stratified. More specifically, the temperature of the upstream region near the grooves 
sidewall is higher than that in the downstream region near the groove sidewall, and becomes lower 
along the streamline. Combined with the analysis of fluid velocity distribution and flow structure, the 
temperature distribution shows that the efficiency of fluid mixing is improved due to the destruction 
of flow boundary layer, as shown in Fig. 9 and Fig. 4. 

 

 
Figure 9. When the Reynolds number of the flow inlet is 700 and the height from the bottom is 

0.25 mm, the temperature equivalent nephogram of the x-y plane in the channel 
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With the increase of the inlet Reynolds number of rectangular microchannel combined with grooves 
and rectangular ribs, the wake vortex intensity increases, and the thickness of the thermal boundary 
layer increases along the direction of fluid flow. On the contrary, with the decrease of the inlet 
Reynolds number, the number of wake vortices near the cavity increases and the intensity of wake 
vortices decreases. Therefore, it is necessary to evaluate the influence of the inlet Reynolds number 
on the heat transfer process. By calculating the influence of the inlet Reynolds number change on the 
average temperature of the bottom surface and the average Nusselt number in the microchannel, the 
influence of different groove shapes and rectangular ribs combinations on the heat transfer 
performance of the microchannel heat sink can be deeply understood. In this study, the inlet Reynolds 
number varies from 100 to 900. The functional relationship between the average temperature of the 
bottom heating surface and the inlet Reynolds number is shown in Fig. 10, and Fig. 11 shows the 
average Nusselt number as a function of Reynolds number. The Nusselt number of laminar flow 
through the channel is the ratio of convective heat transfer and heat conduction at the fluid boundary. 
The Nusselt number is a dimensionless number, which gives a measure of the ratio of total heat 
transfer to conduction heat. With the increase of the Reynolds number, the bottom surface 
temperature decreases, while the Nusselt number of laminar flow through the microchannel increases. 
Under laminar flow conditions, the operation of the heat sink requires a sufficiently high Reynolds 
number to reduce the thickness of thermal boundary layer and laminar boundary layer in the channel, 
so as to enhance heat transfer. Therefore, it is beneficial to operate the heat sink at high Reynolds 
number to enhance heat transfer and provide a better cooling effect. It can be seen from Fig. 10 that 
with the increase of the inlet Reynolds number from low level to high level, the average temperature 
of bottom heating surface decreases rapidly at first, and then decreases gently, which indicates that 
when the Reynolds number rises to a certain level, increasing the flow velocity is not an effective 
method to reduce the temperature of heating surface.The average temperature of the heating surface 
at the bottom of the smooth RM is the highest, followed by the rectangular microchannel combined 
with grooves and rectangular ribs, and the average temperature of the heating surface at the bottom 
of the RR-RM is the lowest. For the rectangular microchannel combined with grooves and rectangular 
ribs, when the inlet Reynolds number is less than 300, the average temperature of the bottom heating 
surface of the RG-RR-RM is higher than that of the AG-RR-RM, and the IG-RR-RM is the lowest; 
when the inlet Reynolds number is greater than 300, the average temperature of the bottom heating 
surface of the IG-RR-RM is higher than that of the AG-RR-RM, and the RG-RR-RM is the lowest. 

 

 
Figure 10. The average temperature of the bottom heating surface is a function of the inlet 

Reynolds number 
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Figure 11. The average Nusselt number is a function of the inlet Reynolds number 

 

As shown in Fig. 10 and Fig. 11, the average temperature of the bottom surface of the smooth RM is 
the highest and the average Nusselt number is the smallest. In contrast, the average temperature of 
the bottom surface of RR-RM is the lowest and the average Nusselt number is the largest. Compared 
with the smooth RM, the average bottom temperature of other rectangular microchannels combined 
with grooves and rectangular ribs is lower, and the average Nusselt number is larger. Therefore, the 
rectangular microchannel combined with rectangular, trapezoidal and triangular groove shapes and 
rectangular ribs can achieve higher heat transfer efficiency than the smooth RM, thereby increasing 
the overall heat dissipation rate of the heat sink in a more effective manner. Generally speaking, 
compared with the smooth RM, the rectangular microchannel combined with rectangular, trapezoidal 
and triangular groove shapes and rectangular ribs are beneficial to increasing the total heat transfer 
rate. It can be seen from Fig. 11 that with the increase of the inlet Reynolds number, the average 
Nusselt number also increases. The average Nusselt number of the RR-RM is the largest, followed 
by rectangular microchannel combined with grooves and rectangular ribs, and the average Nusselt 
number of the smooth RM is the smallest.For the rectangular microchannel combined with grooves 
and rectangular ribs, when the inlet Reynolds number is less than 200, the average Nusselt number 
of the RG-RR-RM is larger than that of the AG-RR-RM, the IG-RR-RM are the largest. When the 
inlet Reynolds number is greater than 200, the average Nusselt number of the IG-RR-RM is smaller 
than that of the AG-RR-RM, and the RG-RR-RM is the largest. 

For the rectangular microchannel combined with grooves and rectangular ribs, the cold fluid is forced 
to flow into grooves through rectangular ribs, thus enhancing the heat transfer with the grooves wall 
and mixing with the hot fluid. Fig. 12 shows the convective heat transfer area of liquid-solid contact 
in five types of microchannels studied, and the fluid-solid coupling area of the RG-RR-RM is the 
largest, which greatly improves the heat transfer performance. Although the rectangular microchannel 
combined with grooves and rectangular ribs has larger fluid-structure coupling area than the RR-RM, 
it has higher average bottom temperature, which indicates that convective heat transfer area is not the 
only factor affecting heat transfer performance. 

 

 
Figure 12. Liquid-solid contact area of all types of microchannels 
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3.4 Comprehensive Performance 

In order to further evaluate the overall performance of the rectangular microchannel combined with 
grooves and rectangular ribs, compared with the smooth RM, the fluid flow and heat transfer of the 
rectangular microchannel combined with grooves and ribs were comprehensively analyzed. When 
Reynolds number is between 100 and 900, the relative Nusselt number as a function of the inlet 
Reynolds number is shown in Fig. 13, while the relative Fanning friction factor as a function of the 
inlet Reynolds number is shown in Fig. 14. Fig. 15 shows the results of thermal enhancement 
efficiency varying with the Reynolds number. It can be seen from Fig. 13 that the relative Nusselt 
number of the RR-RM is the highest, which is due to the enhanced flow mixing and the smallest 
hydraulic diameter. When the inlet Reynolds number is less than 190, the relative Nusselt number of 
the IG-RR-RM is the highest, followed by the AG-RR-RM, and the RG-RR-RM is the lowest; when 
the inlet Reynolds number is greater than 190, the relative Nusselt number of the RG-RR-RM is the 
highest, followed by the AG-RR-RM,and the IG-RR-RM is the lowest. The results show that all 
rectangular microchannel combined with grooves and rectangular ribs can obtain higher heat transfer 
efficiency than the smooth RM. It can be seen from Fig. 14 that the relative Fanning friction factor 
of the RR-RM is the largest, followed by the IG-RR-RM, then the RG-RR-RM and the AG-RR-RM. 
When the inlet Reynolds number is less than 300, the relative Fanning friction factor of the RG-RR-
RM and the AG-RR-RM is not much different; when the inlet Reynolds number is greater than 300, 
the relative Fanning friction factor of the RG-RR-RM is greater than that of the the AG-RR-RM. This 
shows that the relative Fanning friction factor can be reduced by setting grooves on the side wall. 

 

 
Figure 13. The relative Nusselt number is a function of the inlet Reynolds number 

 

The thermal enhancement efficiency can be used to determine the relationship between heat transfer 
enhancement and pressure drop loss. When the thermal enhancement efficiency is greater than 100%, 
the effect of heat transfer enhancement is more significant than that of pressure drop loss. When the 
inlet Reynolds number changes from 100 to 900, the thermal enhancement efficiency changes 
significantly, as shown in Fig. 15. The inlet Reynolds number has different effects on the thermal 
enhancement efficiency of the IG-RR-RM and other microchannels. With the increase of the inlet 
Reynolds number, the thermal enhancement efficiency of the rectangular microchannels combined 
with grooves and rectangular ribs will increase accordingly, but the increasing trend of the IG-RR-
RM is more gentle than that of other three types of rectangular microchannels. Compared with the 
smooth RM, the thermal enhancement efficiency of the RR-RM is the smallest, followed by the IG-
RR-RM. When the inlet Reynolds number is less than 150, the thermal enhancement efficiency of 
the AG-RR-RM is slightly higher than that of the RG-RR-RM. When the inlet Reynolds number is 
greater than 150, the thermal enhancement efficiency of the AG-RR-RM is smaller, and the RG-RR-
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RM is the largest. In general, the thermal enhancement effect of the RG-RR-RM is the best, and even 
at a lower inlet Reynolds number, it can still maintain a higher performance. 

 

 
Figure 14. The relative Fanning friction factor is a function of inlet Reynolds number 

 

 
Figure 15. Functional relationship between heat enhancement efficiency and inlet Reynolds number 

4. Conclusion 

The three-dimensional computational fluid dynamics (CFD) method was used to simulate laminar 
flow and heat transfer of silicon-based rectangular microchannel heat sink with different groove types 
and rectangular ribs combinations. In the Reynolds number range of 100 ~ 900, by comparing with 
the smooth RM, the combined effect of different grooves and rectangular ribs is analyzed, so as to 
evaluate and determine the best geometric conditions of rectangular microchannel and further 
improve the overall performance. According to various standards, the overall performance is analyzed 
and evaluated in detail. The following main conclusions can be drawn from this study: 

(1) The combination of grooves and ribs greatly improves the performance and heat transfer 
efficiency of the microchannel. The internal channel of microchannel heat sink is composed of 
microchannels with grooves and rectangular ribs, which can greatly improve the overall performance. 

(2) Setting grooves on the side walls of the microchannel can significantly reduce the flow resistance, 
because the flow area in the grooves increases and the fluid velocity decreases, and the vortex formed 
in the grooves acts as a rolling bearing for fluid flow, thus reducing the flow resistance and pressure 
drop. The arrangement of grooves causes the interruption and redevelopment of the thermal boundary 
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layer, and the cold fluid in the main flow and the hot fluid from the near-wall region flow through the 
vortex mixing, which is beneficial to enhance the heat transfer. Higher Reynolds numbers will 
produce greater enhancement. 

(3) The combination of grooves and ribs can effectively improve the overall performance by 
enhancing heat transfer and reducing the high pressure drop caused by ribs. This combination can 
make full use of the advantages of ribs to increase flow disturbance and enhance heat transfer, and 
grooves to increase flow area and reduce pressure drop. 

(4) The overall performance of the AG-RR-RM is the best when the inlet Reynolds number is less 
than 150, but it is lower than that of the RG-RR-RM when the inlet Reynolds number is greater than 
150, which indicates that the shape of groove has significant influence on the overall performance. 
When the fluid inlet velocity is 1.406 m/s, compared with the smooth RM, the maximum surface 
temperature of the RG-RR-RM decreases by about 13.16 K, and the heat enhancement efficiency 
reaches 1.97. Through analysis and comparison, it is concluded that the overall performance of the 
RG-RR-RM is the best, and it can still maintain high performance even at low inlet Reynolds number. 
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Nomenclatures 

 

Roman letters 

Aw  Area of the bottom heating surface [m2] 

Acon  Convection heat transfer area [m2] 

cp, f  Specific heat capacity of the fluid at constant pressure [J/(kg∙K)] 

Dh  Hydraulic diameter of channels [m] 

e  Total relative error 

f  Average Fanning friction factor  

f0  Average Fanning friction factor of the smooth straight microchannel heat sink 

h  Average heat transfer coefficient [W/(m2∙K)] 
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H  Height of the computational domain [m] 

Hc  Height of fluid channels [m] 

L  Length of the computational domain [m] 

La  Periodic length of grooves [m] 

Lb  Horizontal length of hypotenuse of trapezoidal grooves [m] 

Lc  Horizontal length of hypotenuse of triangular grooves [m] 

Lg  Length of grooves [m] 

Lr  Length of ribs [m] 

Nu  Average Nusselt number 

Nu0  Average Nusselt number for the smooth microchannel heat sink 

p  Pressure [Pa] 

pin  Inlet volume-based average pressure [Pa] 

pout  Outlet volume-based average pressure [Pa] 

Δp  Pressure drop [Pa] 

q  Heat flux [W/m2] 

Re  Reynolds number 

T  Temperature [K] 

Tf  Temperature of the fluid [K] 

Ts  Temperature of the solid [K] 

Tw  Average temperature of the fluid-solid coupling surface [K] 

u  Fluid velocity [m/s] 

V  Volumetric flow rate [m3/s] 

W  Width of the computational domain [m] 

Wc  Width of fluid channels [m] 

Wg  Depth of grooves [m] 

Wr  Width of ribs [m] 

x, y, z  Cartesian coordinates 

 

Greek letters 

η  Thermal enhancement efficiency 
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λ  Thermal conductivity [W/(m∙K)] 

λf  Thermal conductivity of the fluid [W/(m∙K)] 

λs  Thermal conductivity of the solid [W/(m∙K)] 

ν  Dynamic viscosity [kg/(m∙s2)] 

νf   Dynamic viscosity of the fluid [kg/(m∙s2)] 

ρ  Density [kg/m3] 

ρf  Density of the fluid [kg/m3] 

ξNu  Relative Nusselt number 

ξf  Relative Fanning friction factor 

 

Subscripts 

con  Contact 

f  Fluid 

in  Inlet 

out  Outlet 

s  Solid 

w  Wall 

 

 


