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Microchannel heat sinks have advantages such as a high surface area-to-vol-

ume ratio, a large heat transfer coefficient, and lightweight design, making 

them crucial for microelectronics and aerospace applications. Numerical sim-

ulation was conducted to analyze the fluid flow and heat transfer characteris-

tics in the newly designed heat sink at Reynolds number ranging from 147 to 

736. The symmetric wavy microchannel heat sinks were compared with the 

parallel wavy microchannel heat sinks based on friction coefficient, Nusselt 

number, and comprehensive performance factor. The results indicate that pe-

riodic variation in the cross-sectional area of the symmetric wavy microchan-

nels generates vortices at the valleys, enhancing fluid mixing. In contrast, the 

fluid in the parallel wavy microchannels exhibits a wave-type flow pattern, 

where the wavy structure disrupts the flow boundary layer. The fluid flows 

along the streamlined boundary with less flow friction. This enables heat 

transfer enhancement under lower pressure drop conditions. The geometrical 

parameters for optimal heat transfer performance are obtained by adjusting 

the amplitude ratio (α). The comprehensive performance factor for the paral-

lel wavy microchannels, with a Reynolds number of 736 and a value of α = 4, 

is 1.64. 

Key words: microchannel heat sink, heat transfer enhancement, wavy micro-

channel, numerical simulation 

1. Introduction 

As electronic devices improve in performance and become more compact, thermal management 

has taken over as a major issue. MCHS provides a solution for chip heat dissipation with high efficiency, 

compactness, and coolant savings. Tuckerman and Pease began working on MCHS cooling technology 

in 1981 [1]. In a conventional straight rectangular microchannel, the fluid flows almost steadily. During 

the flow process, the thermal boundary layer becomes progressively thicker. The convective heat trans-

fer between the fluid and the microchannel's inner surface will be weakened [2]-[4].  

Cavities are an effective way to enhance heat transfer by interrupting the flow boundary layer. 

Kumar et al. [5] studied the effect of cavity depth on fluid flow and heat transfer behavior of rectangular 

MCHSs. Cavities in the sidewalls of the channel result in a 119% increase in the Nusselt number. Zhu 

et al. [6] investigated the influence of geometrical parameters of trapezoidal cavities in the side walls of 

microchannels on the fluid flow and heat transfer characteristics. It was found that the denser the distri-

bution of cavities, the lower the bottom wall temperature. The effect of trapezoidal cavity depth on the 

overall performance is greater than the relative cavity spacing. Yan Hao SOO et al. [7] investigated the 
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heat transfer performance of microchannels with staggered water droplet cavities. It was found that the 

reason for the enhanced heat transfer was the formation of vortices in water droplet cavities and the 

increase in heat transfer area between the fluid and the solid. 

Ribs can alter the velocity distribution of fluid within the microchannels, enhancing the disturb-

ance to the fluid[8]-[10]. Based on this concept, the effects of slant rectangular ribs on straight and wavy 

MCHSs were investigated by Wang et al. [11]. The findings indicate that the fluid thermal boundary 

was interrupted, and the heat transfer area of the heat sink was increased. Khoshvaght-Aliabadi et al. 

[12] consider the influence of pin-fin on heat sinks in straight and wavy microchannels. The results 

showed that pin-fin can hinder the development of the flow boundary layer. Venkiteswaran et al. [13] 

investigated the fluid flow characteristics in parallel and staggered rectangular rib microchannel heat 

sinks. They found that the staggered rib arrangement induces periodic changes in the flow direction, 

leading to local recirculation and enhanced mixing of the hot fluid near the channel walls with the colder 

fluid at the center. 

Due to the large pressure drop caused by the addition of ribs to the microchannels, combinations 

of cavities and ribs can be added to microchannels to minimize pressure drop[14][15]. Datta et al. [16] 

studied heat transfer performance of MCHSs with trapezoidal cavities and ribs combinations. The results 

showed that the combination of trapezoidal cavities and diamond ribs were optimal structures for heat 

dissipation. This structure has the potential to significantly enhance the comprehensive performance 

coefficient of MCHS. Zhu et al. [17] studied the heat transfer performance of MCHSs with water droplet 

cavities combined with different ribs. Microchannels with rectangular ribs exhibit the highest pressure 

drop and Nusselt number. The microchannels combining teardrop cavities and elliptical ribs achieve the 

highest comprehensive performance factor of 1.51. Jiang et al. [18] designed a microchannel heat sink 

with trapezoidal cavities and elliptical ribs. The optimized microchannel heat sinks exhibit a 14.86% 

reduction in pressure drop compared to the original design. This lower pressure drop decreases both 

pump power consumption and the risk of leakage. 

MCHS with cavities and ribs are used to achieve heat transfer enhancement by increasing the heat 

transfer area and disturbing the boundary layer. The goal of an increase in heat transfer area and disturb-

ance of the boundary layer can now also be achieved by changing the shape of the channel. Wavy mi-

crochannels have the potential to enhance heat transfer performance by inducing vortex formation in 

fluids as they flow through the peaks and valleys of the channel. Sui et al. [19][21] conducted studies 

on wavy microchannels with rectangular cross-sections and observed that an increase in the Reynolds 

number significantly enhances fluid mixing. Xie et al. [22] optimized the geometry of the asymmetric 

wavy MCHS to reduce the global thermal resistance by changing the wavelength ratio and amplitude 

ratio. The wavy microchannels had the minimum thermal resistance at Re = 200, with a wavelength ratio 

of 0.8, and an amplitude ratio of 1. Zhou et al. [23] investigated MCHS with a sinusoidal wave structure 

and found that the highest heat transfer performance was achieved at an amplitude of 0.04 mm and a 

wavelength of 0.1 mm by adjusting the amplitude and wavelength of the wavy microchannels. Ali et al. 

[24] designed a convergent-divergent MCHS for high concentrator photovoltaic modules. The findings 

indicated that the new MCHS exhibited a higher heat transfer rate and could reduce the average temper-

ature of the cell by 11.4% compared to the straight rectangular MCHS. Wang et al. [25] experimentally 

examined the hydrothermal characteristics of semi-sinusoidal corrugated copper microchannels. They 

discovered that an increase in wave amplitude and a decrease in wavelength led to an increase in the 

heat transfer area of the microchannels. However, the increase in wave number also leads to an increase 
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of flow friction. Fang et al. [26] investigated the effect of an S-shaped channel on flow and heat transfer 

characteristics. The results show that compared with smooth microchannels, the pressure drop of S-

shaped microchannels increases by 234.6% - 774.3%, the average Nusselt number increases by 11.1% 

- 98.6%, and the total thermal resistance decreases by 10.08% - 50.15%.  

Based on the above study, it has been found that wavy microchannels exhibit superior heat trans-

fer performance compared to straight rectangular microchannels with the same hydraulic diameter. Stud-

ies also indicate that wavy channels can achieve higher heat transfer efficiency under lower pressure 

drop conditions. The curved walls of wavy microchannels generate vortices that enhance fluid mixing. 

Existing research has primarily focused on sinusoidal or fixed-amplitude wavy channels, whereas this 

study pioneers the investigation of parallel and symmetric wavy microchannels with variable amplitude 

ratios (α). The newly designed waveform boundaries are generated by superimposing two sinusoidal 

functions, allowing the adjustment of waveform geometry to optimize vortex formation and boundary 

layer disruption—a feature not previously explored in the literature. This paper proposes a novel varia-

ble-amplitude wavy microchannel heat sink and examines the effects of different geometric parameters 

in parallel and symmetric configurations on fluid flow and heat transfer performance. Compared to the 

symmetric design, the parallel configuration reduces flow pressure drop, thereby enabling efficient heat 

transfer at lower pumping power. 

2. Mathematical model of microchannel heat sink 

The MCHS consists of 10 aluminum mi-

crochannels. Based on geometric symmetry, one 

microchannel is used as a computational domain. 

Figure 1 shows schematic diagrams of four types 

of MCHSs. The main dimensions of the MCHS, 

including the length L, width W, and height H of 

the computational domain, are 10 mm, 0.3 mm, 

and 0.35 mm, respectively. The height of the 

channel Hc is 0.2 mm, and the width of channel 

Wc is 0.1 mm. Table 1 lists all the geometric pa-

rameters. 

The two wavy boundaries 𝑦 =

𝐴 𝑠𝑖𝑛( 5𝜋𝑥) + 𝐵 𝑠𝑖𝑛( 10𝜋𝑥) for the parallel con-

figuration microchannel ; 𝑦 = 𝐴 𝑠𝑖𝑛( 5𝜋𝑥) +

𝐵 𝑠𝑖𝑛( 10𝜋𝑥)  ,and 𝑦 = −𝐴 𝑠𝑖𝑛( 5𝜋𝑥) −

𝐵 𝑠𝑖𝑛( 10𝜋𝑥)  for the symmetric configuration 

microchannel. Amplitude ratio 𝛼 = 𝐵/𝐴. When 

B = 0.005 mm, A ranges from 0.005 to 0.06 mm; 

When B = 0.01 mm, A ranges from 0.005 to 0.02 

mm; When B = 0.015 mm, A ranges from 0.005 

to 0.01 mm; When B = 0.04 mm, A = 0.01 mm; When B = 0.05 mm, A = 0.005 mm, and amplitude A, B 

take the value of Table 2. 

Figure 1. Schematic diagrams of physical mod-

els; (a) Straight rectangular microchannel (MC-

RC), (b) Symmetric wavy microchannel (MC-

SW), (c) Parallel wavy microchannel (MC-PW) 
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Table 1. The geometric parameters of MC-PWRR MCHS 

Geometric 

parameters 

H [mm] W [mm] L [mm] Hc [mm] Wc [mm] l [mm] 

Value 0.35 0.3 10 0.2 0.1 0.6 

 

Table 2. Values of the amplitudes A, B 

B/mm 0.005 0.01 0.015 0.04 0.05 

A/mm 0.005-0.06 0.005-0.02 0.005-0.01 0.01 0.005 

 

3. Numerical method 

Ansys fluent 15.0 was used as the solver, and the solution was based on the following reasonable 

assumptions. (1) The fluid is Newtonian and incompressible. (2) The fluid flow and heat transfer are in 

a steady state. (3) The thermophysical properties of the material remain unchanged. (4) Neglect viscous 

dissipation and gravity. (5) Neglect radiative heat transfer. 

3.1. Governing equations 

Based on the previous assumptions, the governing equations are as follows. 

Continuity equation: 

 

 𝛻 ⋅ (𝜌f�⃗� ) = 0 (1) 

 

Where U is the fluid velocity vector and ρf is the fluid density. 

Momentum equations: 

 

 𝛻 ⋅ (𝜌f�⃗� ⋅ 𝛻�⃗� ) = −𝛻𝑝 + 𝛻 ⋅ 𝜇f[(𝛻�⃗� + 𝛻�⃗� ) − 2/3𝛻 ⋅ �⃗� ] + 𝜌f𝑔  (2) 

 

Where μf is the fluid dynamic viscosity and P is the fluid pressure. 

Energy equation: 

 

 𝛻 ⋅ [𝜌f𝑐p,f (�⃗� 𝛻𝑇)] = 𝛻 ⋅ (𝑘f𝛻𝑇) (3) 

 

Where Cp,f is the specific heat of the fluid, Tf is the temperature of the fluid, and λf is the thermal 

conductivity of the fluid. 

In this paper, the finite volume method was employed to discretize the governing equations with 

second order upwind scheme. Pressure-velocity coupling was accomplished using the SIMPLIC algo-

rithm. To maintain the convergence of numerical simulations, the residual criterions were set to be 10–6 

for all variables. Boundary conditions are set as follows. The inlet velocity condition is applied with 

different uniform values (Vin = 1–5 ms-1) and inlet constant temperature (Tin = 293 K). The outlet is set 

to a pressure outlet (p = 1.013 × 105 Pa). A constant wall heat flux is applied to the surface of the heated 
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substrate (qw = 106 Wm-2). Use symmetric boundary conditions on both sidewalls. Other external sur-

faces are set to be adiabatic walls. 

3.2. Grid independence test 

Figure 2 shows the grid structure of MC-

SW and MC-PW when, Re = 441, α = 2, grid in-

dependence test is carried out for MC-PW as an 

example, and the microchannel is numerically 

studied using the grid numbers 407772, 1063956, 

1273467, 1625980, and 2032541, respectively, 

and the results of the grid independence validation 

are shown in Table 3.  

Compared with the numerical simulation results obtained when the grid number is 2032541, the 

relative errors of the overall pressure drop of the microchannel and the average temperature of the sub-

strate when the grid number is 1625980 are 0.361% and 0.021%, respectively. Selecting the number of 

grids in the computational domain of 1625980 can satisfy the computational accuracy. The relative error 

(e) can be defined as: 

 

 𝑒% = |
𝐽2−𝐽1

𝐽1
| × 100 (4) 

 

J1 is the physical quantity at grid number 2032541 and J2 is the physical quantity at other grid 

numbers. 

 

Table 3. Grid independence verification results of microchannels 

Grid number Pressure 

drop [Pa] 

Relative error 

[e％] 

Temperature of the 

substrate [K] 

Relative error 

[e％] 

407772 268952 9.473 307.882 0.285 

1063956 242546 1.275 308.155 0.053 

1273467 248522 1.158 307.882 0.036 

1625980 246565 0.361 307.927 0.021 

2032541 245678 0 307.992 0 

 

3.3. Data acquisition 

To calculate the fluid flow and heat transfer characteristics within the microchannel, the corre-

sponding analytical expressions are given.  

The Reynolds number (Re) can be expressed as follows: 

 

 Re =
𝜌𝑢𝐷h

𝜇
 (5) 

 

The hydraulic diameter (𝐷h) can be expressed as follows: 

 

Figure 2. (a) Schematic diagram of MC-PW 

grid, (b) Schematic diagram of MC-SW grid 
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 𝐷h =
2𝐻c𝑊c

𝐻c+𝑊c
 (6) 

 

The friction factor ( f ) can be expressed as follows: 

 

 𝑓 =
2𝛥𝑝𝐷ℎ

𝐿𝜌𝑢𝑚
2  (7) 

 

The average heat transfer coefficient (hm) and Nusselt number (Nu) are calculated as: 

 

 ℎm =
𝑞w𝐴q

𝐴con(𝑇w−𝑇f)
 (8) 

 

 Nu =
ℎm𝐷h

𝑘f
 (9) 

 

3.4. Data acquisition Validation of numerical simulation 

To verify the accuracy of available numerical simulations, the pressure drop (Δp) and friction 

factor ( f ) of MC-RC were theoretically verified. Under laminar flow conditions, the pressure drop and 

friction factor can be calculated by the following equations[27][28]. 

 

 𝛥𝑝 =
(𝑓 Re)𝜇𝑢m𝐿

2𝐷h
2 +

𝐾𝜌𝑢m
2

2
 (10) 

 

 𝑓Re = √[
0.8

𝐿/Re𝐷h
]2 + (𝑃o)2 (11) 

 

 𝑃o = 24 [
1 − 1.3553(𝛼c) + 1.9467(𝛼c)

2 − 1.7012(𝛼c)
3

+0.9564(𝛼c)
4 − 0.2537(𝛼c)

5 ] (12) 

 

 𝐾 = 0.6796 + 1.2197(𝛼c) + 3.3089(𝛼c)
2 − 9.5921(𝛼c)

3 + 8.9089(𝛼c)
4 − 2.9959(𝛼c)

5  (13) 

 

 𝛼c = 𝑊c/𝐻c (14) 

 

Figure 3 illustrates the comparison between numerical simulation and theoretical results for dif-

ferent Re. The pressure drop (𝛥𝑝 ) and friction factor ( f ) can be obtained from Eqs. (10) and (11). 

Figure 3(a) compares the simulated pressure drop with the theoretical value. The two curves exhibit a 

similar trend, and the maximum error between them is less than 8.6%. Figure 3(b) compares the simu-

lated friction factor with the theoretical value, showing that the maximum error between the two is less 

than 7.71%. Therefore, the numerical methods can effectively predict the flow characteristics of 

MCHSs. 
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Figure 3. Comparison of numerical simulation results of MC-RC in this paper with results of ex-

isting studies; (a) Pressure drop (b) Friction factor 

4. Results and discussions 

4.1. Effects of amplitude ratio α on velocity distribution and 

streamlines in microchannels 

As shown in Fig. 4, in MC-RC, when the fluid flows along the 

straight wall, the flow boundary layer is fully developed, which in-

creases the fluid velocity in the center region of the microchannel 

and decreases the fluid velocity close to the sidewalls. In MC-SW, 

the microchannel features a notch that expands and then contracts, 

the velocity along the flow direction shows a periodic increase and 

decrease, with the maximum velocity at the narrowest section. Due 

to a change in the direction of fluid flow, flow recirculation occurs 

at the troughs, generating vortices and forming large recirculation 

zones. These vortices enhance fluid mixing, thereby improving heat 

transfer performance. In MC-PW, the fluid flow is influenced by the 

curved wall surfaces, resulting in a distinct velocity distribution. 

Near the crest regions, the velocity is higher, driving the fluid to-

wards the troughs, while at the trough regions, the velocity de-

creases, causing the fluid to shift back towards the crests. This cre-

ates an uneven velocity distribution across the entire fluid domain. Significant velocity variations are 

concentrated near the crests and troughs, whereas the velocity remains relatively stable in the middle 

flat regions. Multiple vortex regions form due to velocity gradients and uneven pressure distribution. 

These vortices disrupt flow stability and enhance fluid mixing, thereby improving heat transfer perfor-

mance. 

4.2. Effects of amplitude ratio α on temperature distribution 

 As shown in Figure 5, the temperature boundary layer in MC-RC thickens progressively along 

the flow direction, resulting in a larger temperature gradient in the z-direction. The temperature within 

the microchannel increases gradually from the central region toward the sidewalls, with the highest 

temperature observed near the side walls. In MC-SW, the temperature in the expansion region of the 

channel is slightly higher than in the contraction region, with the highest temperature occurring near the 

troughs. Due to fluid viscosity, the change in flow direction reduces water velocity, inducing recircula-

tion and forming stagnation zones near the troughs. These stagnation zones result in localized high-

Figure 4. Velocity and stream-

line distribution in x-z plane (y = 

0.25 mm) at Re = 441; (a) MC-

RC, (b) MC-SW (α = 0.125), (c) 

MC-PW (α = 4) 
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temperature regions in the expansion sections of the cavities. In 

MC-PW, the periodically distributed wavy structure causes the 

fluid to interrupt the boundary layer at each wave crest position, 

after which it will redevelop, and the periodic interruption and de-

velopment of the boundary layer can enhance heat transfer perfor-

mance. Localized high-temperature zones appear at a wall of mi-

crochannel between a crest and the trough, due to the return flow 

of the fluid through the trough. This results in the formation of a 

stagnation zone, which is not conducive to the removal of heat 

from the wall by fluid, resulting in an increase in the temperature 

at this location. 

4.3. Effects of amplitude ratio α on pressure distribution 

As shown in Figure 6, the pressure in the microchannel de-

creases approximately linearly along the flow direction due to fric-

tional losses, in MC-RC. In MC-SW, in the expansion section of 

the cavities, the fluid moves away from the microchannel walls, 

creating low-pressure regions. In the contraction section of the cav-

ities, the fluid impacts the microchannel walls, creating high-pres-

sure regions. The parallel structured wavy microchannel and rec-

tangular straight microchannel have the same cross-sectional area 

of the fluid domain. However, the presence of crests and troughs 

increases frictional losses, leading to a significantly higher overall 

pressure drop in the wavy microchannel than in the rectangular 

straight microchannel. In MC-PW, pressure is lower in crest re-

gions and higher in the trough regions, with pressure gradually in-

creasing between the crests and troughs. 

4.4. Effects of α on thermal-hydraulic performance 

The comprehensive performance factor is defined by com-

paring it with the corresponding MC-RC. The comprehensive per-

formance factor PEC for microchannel heat transfer is calculated 

as[29][30]:  

 

 𝑃𝐸𝐶 =
Nu/Nu0

(𝑓/𝑓0)
1/3 (15) 

 

Where: Nu0 and f0 are the average Nusselt number and friction factor of MC-RC, Nu and f are the 

average Nusselt number and friction factor of wavy microchannel. 

As shown in Figure 7, the α ranges from 0.5 to 0.2, during which the ratio f/f0 increases gradually 

as α decreases. For α below 0.2, the narrowing of the channel in the MC-SW causes f/f0 to rise sharply, 

significantly increasing the flow friction factor within the microchannel. For α ranging from 1 to 5, f/f0 

increases gradually as α increases. This behavior is influenced by the continuous change in the cross-

sectional area of the microchannel along the flow direction in MC-SW. Additionally, the friction factor 

Figure 5. Temperature distribu-

tion in x-z plane (y = 0.25 mm) at 

Re = 441; (a) MC-RC, (b) MC-

SW (α = 0.125), (c) MC-PW (α = 

4) 

Figure 6. Pressure distribution 

in x-z plane (y = 0.25 mm) at Re 

= 441; (a) MC-RC, (b) MC-SW 

(α = 0.125), (c) MC-PW (α = 4) 
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ratio of the symmetric structure is higher than that of the parallel structure. This is due to the flow 

obstruction caused by stagnation zones, which rapidly increases the friction factor. 

 

Figure 7. Variation of friction factor ratio f/f0 of MC-SW with amplitude ratio α at (a) α < 1, (b) 

α ≥ 1 

As shown in Figure 8, for different wavy microchannels, Nu/Nu0 is greater than 1, indicating that 

the heat transfer performance of MC-PW is superior to that of MC-RC. In a range of α from 0.167 to 

0.5, Nu/Nu0 decreases with increasing α. In the range of α from 1 to 5, Nu/Nu0 increases with increasing 

α. For all cases, the Nusselt number increases with the increase of Reynolds number. 

 

Figure 8. Variation of Nusselt number ratio Nu/Nu0 of MC-SW with amplitude ratio α at (a) α < 

1, (b) α ≥ 1 

As shown in Figure 9, PEC decreases with α when Re = 736, 0.25< α < 0.5. This is because the 

low velocity significantly increases the friction factor of the microchannel in MC-SW, resulting in a 

decrease in PEC. Re > 147, 1 < α < 3, PEC increases with increase of α. With increase of α, the friction 

factor increases rapidly, resulting in the slowing down of the increase of PEC, Re = 736, α = 3, PEC 

takes the maximum value of 1.61. When Re = 736, α > 3, the PEC of MC-SW decreases with the increase 

of α. Influenced by the obstruction effect, the pressure drop of the microchannel increases greatly with 

wavy, which makes comprehensive performance factor of microchannel decrease. 

 

Figure 9. Variation of comprehensive performance factor PEC of MC-SW with amplitude ratio 

α at (a) α < 1, (b) α ≥ 1 
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As shown in Figure 10, it can be found from the figure that α ranges from 0.17 to 0.5, and f/f0  

increases gradually as α decreases, and α < 0.17, and f/f0 increases rapidly as α decreases. As α decreases, 

the curvature amplitude of the MC-PW channel increases, causing a rapid increase in flow friction within 

the fluid channel. In the range of α from 1 to 5, f/f0 increases with increasing α. 

 

Figure 10. Variation of friction factor ratio f/f0 of MC- PW with amplitude ratio α at (a) α < 1, 

(b) α ≥ 1 

As shown in Figure 11, the heat transfer performance is better than MC-RC for different wavy 

microchannels. In range of α from 0.25 to 0.5, Nu/Nu0 increases with decreasing α. When α is less than 

0.25, Nu/Nu0 increases rapidly as α decreases. In the range of α from 1 to 5, Nu/Nu0 increases with 

increasing α. 

 

Figure 11. Variation of Nusselt number ratio Nu/Nu0 of MC- PW with amplitude ratio α at (a) α 

< 1, (b) α ≥ 1 

As shown in Figure 12, when 0.125 < α < 0.5, the PEC increases approximately linearly with the 

decrease of α, α = 0.1, and the PEC takes the maximum value of 1.56. When Re = 736, α < 0.125, the 

PEC of MC-PW gradually decreases as α decreases, In the range of 1 < α < 3, the PEC increases with 

the increase of α. When α > 3, the friction factor increases rapidly, which slows down the increase of 

the PEC, α = 4, and the PEC takes the maximum value of 1.64. When Re = 736, α < 4, the PEC of MC-

PW increases with the increase of α. When Re = 736, α > 4, the PEC of MC-PW decreases with increase 

of α. Comprehensive performance factor of the wavy microchannel is affected by the structure of the 

wavy, and the pressure drop of the wavy microchannel increases greatly, which makes comprehensive 

performance factor of the microchannel decrease. 
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Figure 12. Variation of comprehensive performance factor PEC of MC- PW with amplitude ra-

tio α at (a) α < 1, (b) α ≥ 1 

5. Conclusions 

Wavy microchannels achieve better heat transfer performance at relatively low flow friction. At 

α = 0.25, Re = 736, the Nusselt number is improved by 9.48%, while the friction factor is increased by 

56.9% for the symmetric structure compared to the parallel structure. At Re = 736, the Nusselt number 

is improved by 38.9%, while the friction factor is increased by 87.4% for the symmetric structure com-

pared to the parallel structure. 

(1) In MC-SW, the fluid exhibits recirculation at the trough positions, generating vortices and forming 

recirculation zones. These vortices enhance the fluid mixing and thus improve heat transfer. When 

amplitude ratio α is 3, MC-SW has the best comprehensive performance with PEC = 1.61 at Re = 

736. 

(2) The curved walls affect the flow characteristics within the MC-PW. The periodic arrangement of the 

wavy structure causes boundary layer interruption at each wave crest, followed by redevelopment. 

This cyclical disruption and redevelopment of the boundary layer enhance heat transfer. When the 

amplitude ratio α is 4, MC-PW has the best comprehensive performance with PEC = 1.64 at Re = 

736. 
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Nomenclature 

Acon  - convection heat transfer area, [m2] 

Aq - surface areas at the bottoms of a single 

channels, [m2] 

Cp,f - specific heat of the fluid, [Jkg-1K-1] 

Dh- hydraulic diameter, [mm] 

f- friction factor 

H - height of computational domain, [mm] 

Hc - height of channel, [mm] 

hm- average heat transfer coefficient, [Wm-2K-

1] 

K - thermal conductivity 

kf- thermal conductivity of the fluid, [Wm-1K-1] 

L - length of heat sink, [mm] 

Nu - Nusselt number 

PEC - comprehensive performance factor 

Po - Poiseuille number 

qw - heat flux at the bottom of heat sink, [Wm-

2]  

Re - Reynolds number 

T - temperature, [K] 
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u,v,w - velocity components, [m-1] 

um - Average velocity of fluid, [m-1] 

W - width of computational domain, [mm] 

WC - width of channel, [mm] 

Δp - pressure drop, [Pa] 

Greek symbols 

α - amplitude ratio 

αc - aspect ratio 

μ - dynamic viscosity, [m2s-1] 

p - density of fluid, [kgm-3] 

λ- wave length, [mm] 

Subscripts 

f - fluid 

s - solid 

w - wall 

0 - straight rectangular channel 
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