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Abstract 

Wavy microchannels have been shown to enhance the heat transfer performance of microchannel 
heat sinks compared to straight microchannels. The present study introduces a bidirectional curved 
wavy microchannel design aimed at enhancing performance. Numerical simulations are conducted 
to investigate the thermo-hydraulic behavior of bidirectional curved and ordinary wavy 
microchannel under constant heat flux conditions, with Reynolds numbers ranging from 300 to 800. 
The results indicate that the bidirectional curved microchannel achieves optimal performance at an 
inlet velocity of 0.6 m/s. Compared with the ordinary wavy microchannel, the Nusselt number of the 
bidirectional curved wavy microchannel increases by 95.3%. The average secondary flow intensity in 
bidirectional curved wavy microchannels with A2 = 2 mm and λ2 = 12 mm is enhanced by 153%. The 
enhanced heat transfer is attributed to the increased main flow velocity and the secondary flow 
intensity due to the bidirectional curved, which promote coolant mixing. 

Keywords: bidirectional curved wavy microchannel; thermo-hydraulic performance; secondary flow 
 

1. Introduction 

In recent years, advancements in technology and increasing demand have placed greater 
emphasis on high-performance and safe thermal solutions. This demand is particularly prominent in 
the fields of electronic equipment cooling [1] and power battery thermal management [2]. The concept 
of microchannels was first proposed by Tuckerman and Pease [3]. Microchannel heat sinks are valued 
for their superior heat dissipation capabilities, withstanding heat fluxes of up to approximately 100 
W/cm2, and offering advantages such as small size, light weight, compactness, and low coolant 
requirements [4]. In traditional straight microchannels, heat transfer performance diminishes over 
time due to the thickening of the flow boundary layer, leading to a larger temperature gradient across 
the channels, especially under high heat fluxes. When fluid flows through a curved pipe at sufficient 
velocity, centrifugal force generates secondary vortices in the transverse plane. These vortices 
enhance fluid mixing and heat transfer. Inspired by these vortices, researchers have explored various 
types of curved microchannels. 

Sui et al. [5] proposed a sinusoidal wavy microchannel and compared it with the conjugate heat 
transfer simulation of ordinary straight microchannel under constant heat flux and constant wall 
temperature conditions. Later, Sui et al. [6] experimentally investigated the flow friction and heat 
transfer in rectangular sinusoidal microchannels, and verified the comprehensive enhancement effect 
of sinusoidal microchannels. Moreover, the results also indicated that the quantity and the location 
of the vortices may change along the flow direction, leading to chaotic advection, which significantly 
enhances the convective fluid mixing. It was also suggested that the relative wave amplitude of the 
microchannel along the flow direction could be adjusted based on actual heat dissipation needs, 
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effectively addressing local overheating issues. Similarly, M. Khoshvaght-Aliabadi et al. [7] 
experimentally evaluated the performance of wavy microchannel heat sinks. Their results showed 
that the heat dissipation capability of wavy microchannel heat sinks is superior to that of straight 
microchannel heat sinks. M. Khoshvaght-Aliabadi et al. [8] and Lin et al. [9] further proposed a wavy 
channel design in which the wavelength decreases or amplitude increases along the flow direction. 
This design exhibited lower thermal resistance and more uniform bottom wall temperature 
distribution. Some studies have also proved the influence of wavelength and amplitude on the wave 
shape performance [10–13]. Various channel shapes, including zigzag, curvy, and step, have been 
investigated to identify the optimal heat sink design [14,15]. Among these, zigzag channels 
consistently demonstrate superior heat transfer performance compared to other tortuous shapes. 
Sharma and Khan [16] compared the thermo-hydraulic performance of elliptical-wavy and 
sinusoidal-wavy microchannels and found that elliptical-wavy microchannels generally exhibit 
better thermo-hydraulic performance than sinusoidal-wavy microchannels across most models. In 
addition to parallel wavy walls, microchannels can also be designed with converging–diverging 
symmetric wavy walls [17–19]. However, symmetric wavy ones appear to have worse thermal 
performance than parallel wavy ones. Then, Zhu et al. [20] integrated symmetrical sinusoidal 
sidewalls and rectangular rib prisms in microchannels. Hasis et al. [13] proposed a twisted sinusoidal 
wavy microchannel. To address the limitations of wavy microchannels in compact structures, Zhang 
et al. [21] proposed a curved-wavy channel.  

In addition to studies focusing on the structural characteristics of wavy microchannels 
themselves, there has also been extensive research on wavy microchannel heat sinks. Numerical 
studies conducted by Hung et al. [22] demonstrated that the thermal performance of the double-
layered microchannel heat sink is better than that of the single-layered one, by an average of 6.3%. 
Xie et al. [23] pointed out that the double-layer wavy microchannel heat sink not only improves the 
heat transfer, but also reduces the pressure drop loss compared with the single-layer wavy 
microchannel heat sink. Moreover, double-layered microchannel heat sinks with a counter-flow 
configuration show a better cooling uniformity than those with a parallel-flow configuration [24]. 
Additionally, to address the design challenges of using either the upper-lower or left-right wave 
shapes in microchannel heat sinks, Zhu et al. [25] investigated the overall thermal resistance and 
maximum bottom wall temperature variations of these two wavy microchannel designs under the 
constant pumping power. The differences in heat transfer performance between the two designs at 
small wavelengths are attributed to the distinct positions of the generated Dean vortices. 

In the field of thermal management for cylindrical lithium-ion batteries, wavy microchannels 
have attracted considerable attention due to their ability to conform to battery curvature, increase 
contact area, and enhance heat transfer efficiency. Key research parameters include contact angle, 
contact height, channel inner diameter, fluid inlet velocity, channel quantity, channel height, and flow 
direction. Guo et al. [26] systematically compared three wavy-tube configurations through three-
dimensional transient simulations, demonstrating that replacing a single long tube with parallel dual 
tubes in counter-flow arrangement could maintain the maximum temperature difference within 4.2–
4.4 °C at flow rates above 0.006 kg/s, thereby validating the significant improvement in temperature 
uniformity achieved by the ʺchannel segmentation and counter-flowʺ strategy. Tang et al. [27] 
experimentally verified the efficacy of ̋ multi-channel wavy tubesʺ in an 18650-cell module (256 cells), 
revealing that increasing the corrugation contact angle (α ≥ 40°) and mass flow rate (≥ 3.5×10-3 kg/s) 
could limit the maximum temperature below 40 °C with ΔT < 5 °C. However, existing wavy 
microchannels predominantly adopt unidirectional bending configurations (single sinusoidal or 
serpentine), wherein the coolant exhibits unidirectional flow with monotonically increasing 
temperature along the path, resulting in progressive cooling capacity deterioration downstream. 
Notably, Yogeshwar et al. [28] proposed a novel double-serpentine channel cold plate, demonstrating 
that compared to conventional single-serpentine designs, their configuration achieved additional 
reductions in both peak temperature and thermal inhomogeneity across battery modules, while 
simultaneously decreasing thermal gradients. 
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Building upon previous research, the present study developed a bidirectional wavy 
microchannel heat sink with similar configuration to Yogeshwar et al.�s [28] design for enhanced 
thermal management of battery modules. Compared to existing solutions, the proposed structure 
exhibits significant advantages including simplified architecture, enhanced design flexibility, and 
improved manufacturability. To conduct preliminary evaluation of the heat sink�s comprehensive 
performance, this work primarily focuses on investigating the thermal-hydraulic characteristics of 
individual bidirectional undulating microchannels within the cooling system. 

2. Numerical Methodology 

2.1. Physical Model 

The microchannel heat sink under investigation (Figure 1(b)) is created by rolling a flat plate 
heat sink containing an embedded up-down wavy flow channel (Figure 1(a)). Cylindrical lithium 
batteries can be placed on both sides of the heat sink, as shown in Figure 1(c). For this heat sink, it is 
assumed that the heat dissipation performance of each flow channel is consistent, and the structure 
of the flow channel has the greatest influence on its performance. Studying the performance of the 
flow channel micro-element can provide reference value for the form design of the entire heat sink. 

(a) (b) (c) 

Figure 1. (a) Ordinary wavy microchannel plate heat sink; (b) Bidirectional curved wavy microchannel plate 
heat sink; (c) Bidirectional curved wavy microchannel plate heat sink combined with cylindrical lithium battery. 

In addition, considering the geometric periodic arrangement of the channel elements, only one 
unit is modeled as the computational domain and the upper and lower walls are periodic boundary 
conditions. Figure 2(a) and 2(b) show the physical models of a single ordinary wavy microchannel 
and a bidirectional curved wavy microchannel (BCWM), respectively. As shown in Figure 2(b), 
bidirectional curved wavy microchannel feature waveform fluctuations in both the horizontal and 
vertical directions simultaneously, whereas ordinary wavy microchannel typically exhibit 
fluctuations only in the horizontal direction. The solid substrate of the microchannel is made of 
aluminum. The walls of the wavy section in the middle of the microchannel are heated on both sides. 
The x-z planes of both channels are shown in Figure 2(c). The channel consists of a straight segment 
of 8 mm at both ends and a wavy segment of 96 mm in the middle. The straight channel enhances 
calculation accuracy and helps prevent backflow during the simulation process. The wavelength (λ1) 
and amplitude (A1) of the bidirectional curved wavy microchannel in the horizontal direction are 24 
mm and 3.22 mm (According to the 21700 lithium-ion battery size design), respectively. The vertical 
fluctuation of the bidirectional curved wavy microchannel is illustrated in Figure 2(d). The 
wavelength (λ2), amplitude (A2), and wavelength-to-amplitude ratio (γ2) in the vertical direction are 
12 mm, 2 mm, and 6, respectively. The inlet section of the channel is depicted in Figure 2(e). The fluid 
flow channel measures 1 mm × 1 mm, with wall thicknesses of 1 mm on the left and right sides, and 
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0.5 mm on the top and bottom surfaces. Additionally, this study focuses exclusively on the thermo-
hydraulic performance of the intermediate heated section. 

 
(a) (b) 

(c) 

(d) (e) 

Figure 2. (a) Ordinary wavy microchannel; (b) Bidirectional curved wavy microchannel; (c) x-z plane diagram 
of ordinary wavy microchannel and bidirectional curved wavy microchannels; (d) x-y plane diagram of 
bidirectional curved wavy microchannel with A2 = 2 mm and λ2 = 12 mm; (e) Inlet cross section. 

2.2. Numerical Simulation and Boundary Conditions 

The fluid considered in this study is water, flowing in a stable laminar state within the 
microchannel. Natural convection and radiation heat transfer within the channel are neglected. Based 
on these assumptions, the governing equations for flow and heat transfer are formulated as follows: 

Continuity equation: ∇𝑈 = 0 ሺ1ሻ 
Momentum equation: 𝜌ሺ𝑈 ⋅ ∇𝑈ሻ = −∇𝑝 + ∇ ⋅ ሺ𝜇 ⋅ ∇𝑈ሻ ሺ2ሻ 
Energy equation in flow domain: 𝜌𝑐௣൫𝑈 ⋅ ∇𝑇௙൯ = 𝜆௙∇ଶ𝑇௙ ሺ3ሻ 
Energy equation in the solid domain: 𝜆௦∇ଶ𝑇௦ = 0 ሺ4ሻ 

In Equations of (1)-(4), subscripts 𝑓 and 𝑠 represent the fluid and solid, respectively, 𝑈 is the fluid 
velocity vector in unit of m/s, 𝑇 is temperature in unit of K, 𝜇 is the viscosity in unit of Pa·s, 𝜌 is 
the density in unit of kg/m3, 𝑐௣ is the specific heat capacity in unit of J/(kg·K). 

The boundary conditions are as follows. 
For the entire channel inlet: 
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𝑢 = 𝑈௜௡;  𝑣 = 𝑤 = 0;  𝑇௙ = 𝑇௜௡ = 293.15 K ሺ5ሻ 
For the entire channel outlet: 𝑃௢௨௧ = 1 atm ሺ6ሻ 
All contact surfaces between fluid and solid are defined as nonslip and thermal coupling walls. 
When the battery is used in conjunction with the heat sink, the heat flux of the actual heated wall 

is non-uniform. The objective of this study is to compare the characteristics of microchannels with 
varying structures, hence simplifying to the case of uniform heat flux. It is assumed that there are 
two rows of batteries on both sides of the radiator for heat dissipation. The calorific value of a 21700 
lithium-ion battery is approximately 4 W, the heated power of four batteries is 16 W. The effective 
heat dissipation area on one side of the radiator measures approximately 0.00754 m2. Based on these 
parameters, the estimated heat flux density across the wall surface is calculated to be 2500 W/m2.The 
wall of the middle-heated section has a constant heat flux: 𝑞௪ = 2500 W mଶ⁄ ሺ7ሻ 

Adiabatic boundaries are applied to other surfaces. 
The following variables are presented in order to comprehensively evaluate the thermo-

hydraulic performance of the microchannel. 
The Reynolds number is expressed as: 𝑅𝑒 = 𝜌௙𝑈𝐷𝜇 ሺ8ሻ 

where 𝐷 represents the hydraulic diameter of the channel inlet cross section, and it is given by: 𝐷 = 2𝑊𝐻(𝑊 + 𝐻) (9) 

The average velocity of the fluid in the heated section: 𝑈 = (𝑈୧୬ + 𝑈୭୳୲)2 (10) 
where 𝑈୧୬ and 𝑈୭୳୲ are the area-weighted average velocity at the inlet and outlet of the channel in 
the heated section, respectively. 

Nusselt number (Nu) is a dimensionless number describing the convective heat transfer intensity 
and an index to evaluate the heat transfer performance of fluid, and it is given by: 𝑁𝑢 = ℎ𝐷𝜆௙ (11) 
where ℎ is the average convective heat transfer coefficient, 𝜆௙  is the thermal conductivity of the 
fluid. 

For the constant heat flux condition case, the average heat transfer coefficient is given by: ℎ =  𝑞௪𝐴୵𝐴௖௢௡൫𝑇௖௢௡,௔௩௘ − 𝑇௙,௔௩௘൯ (12) 
where 𝐴୵ is the heated surface area of computational model; 𝐴ୡ୭୬ is the area of the interfaces that 
coupling the fluid domain and solid domain in the heated section; 𝑇௖௢௡,௔௩௘  is the average 
temperature of these interfaces in the heated section; 𝑇௙,௔௩௘  is the average temperature of fluid 
domain in the heated section, and it is given by: 𝑇௙,௔௩௘ = 𝑇௙,௜௡ + 𝑇௙,௢௨௧2 (13) 

Logarithmic mean temperature difference (LMTD) is given by: Δ𝑇௠ = ൫𝑇௖௢௡,௜௡ − 𝑇௙,௜௡൯ − ൫𝑇௖௢௡,௢௨௧ − 𝑇௙,௢௨௧൯ln ൤ (𝑇௖௢௡,௜௡ − 𝑇௙,௜௡)(𝑇௖௢௡,௢௨௧ − 𝑇௙,௢௨௧)൨ (14)
 

where 𝑇௙,௜௡ and 𝑇௙,௢௨௧ are the mass-weighted average temperature of the fluid flow at the inlet and 
outlet of the heated section channel, 𝑇௖௢௡,௜௡ and 𝑇௖௢௡,௢௨௧ are the average temperature of the fluid-
solid coupling wall at the inlet and outlet of the heated section, respectively. 𝑞௠ is the mass flow rate of the channel, which is defined as: 𝑞௠ = 𝐴𝑈𝜌௙ (15) 
where 𝐴 is the channel cross-section area. 

The local Nusselt number is defined as: 
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𝑁𝑢௫ = ℎ௫𝐷𝜆௙ (16) 
For the constant heat flux condition case, the local heat transfer coefficient of heated section is 

given by: ℎ௫ = 𝑞௪𝐴୵𝐴ୡ୭୬൫𝑇௖௢௡,௫ − 𝑇௙,௫൯ (17) 
where 𝑇௖௢௡,௫ is the perimeter averaged wall surface temperature, 𝑇௙,௫ represents the mass-weighted 
average temperature of local cross-section fluid. 

For Equations (11) and (12), achieving a constant heat flux-based Nusselt number (Nu) in 
practical applications poses significant challenges, primarily due to the difficulty in obtaining the 
average wall temperature at the fluid-solid coupling interface. Some researchers have suggested 
dividing the flow channel into several sections and using the global average of local 𝑁𝑢 values to 
estimate the overall average Nu. However, from a practical engineering design perspective, this 
method is both complex and cost-prohibitive. Moreover, in the simulation process, due to the three-
dimensional distortion characteristics of the bidirectional curved wavy microchannel studied, 
establishing multiple cross-sections perpendicular to the flow axis is inherently challenging. To 
address these issues, the Log Mean Temperature Difference (LMTD) method is proposed for 
calculating the (Nu) under constant heat flux conditions. The Nusselt number obtained via the LMTD 
method is defined as 𝑁𝑢∗: 𝑁𝑢∗ = 𝑞௪𝐴୵𝐷𝐴ୡ୭୬Δ𝑇௠𝜆௙ (18) 

The advantage of using the LMTD method to calculate the Nusselt number is that it only requires 
knowledge of the fluid temperatures at the inlet and outlet, as well as the coupling surface 
temperatures at these locations. This makes it relatively easy to implement in practical applications. 
However, there exists a certain deviation between the calculated Nu* and the actual Nu. The 
relationship between Nu and Nu* is defined by the correction coefficient 𝛼: 𝛼 = 𝑁𝑢𝑁𝑢∗ (19) 

The Darcy friction coefficient (f) is a dimensionless index used to evaluate the pressure loss, 
defined as: 𝑓 = 2Δ𝑝𝐷𝜌௙𝑈ଶ𝐿 (20) 

The pressure drop loss of the fluid is defined as: Δ𝑝 = 𝑝୧୬ − 𝑝୭୳୲ (21) 
where 𝑝୧୬ and 𝑝୭୳୲ are the area-weighted average pressure at the inlet and outlet of the heated 
section of the channel, 𝐿 is the length of the flow channel in the heated section. 

To evaluate the comprehensive performance of the heat transfer enhancement and increased 
flow resistance in bidirectional curved wavy microchannels, the performance evaluation criteria 
proposed by Webb [29] are employed to represent the comprehensive performance of the heated 
section of the bidirectional curved wavy microchannel under constant pumping power conditions. 
The criteria are defined as follows: 𝜂 = 𝑁𝑢 𝑁𝑢଴⁄(𝑓 𝑓଴)⁄ (ଵ ଷ⁄ ) (22) 
where subscript 0 represents the ordinary wavy microchannel in this study. 

2.3. Grid Independency Test 

In this study, the commercial software ANSYS FLUENT 2020R1 was used to solve the control 
equation. The SIMPLE algorithm is used to solve the velocity and pressure of the fluid flow field in 
the microchannel. The standard scheme is used for pressure discretization, and the momentum and 
energy equations are solved using a second-order up-wind scheme. The computations are considered 
to have converged when the residues for continuity and energy are less than 1×10-8 and 1×10-10, 
respectively. 
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Taking the bidirectional curved wavy microchannel with A2 = 2 mm and λ2 = 12 mm as an 
example, under the constant heat flux boundary condition with an inlet velocity of 0.8 m/s, an inlet 
fluid temperature of 293.15 K, and a heat flux density of 2500 W/m², the variation of the Nusselt 
number with the number of grids obtained from numerical simulation is shown in Figure 3. The 
results indicate that when the grid number reaches 1.72 million, the relative error of the Nusselt 
number compared to that obtained with 2.54 million grids is only 0.18%, satisfying the grid 
independence requirement.  

 

Figure 3. Grid independence test. 

2.4. Model Validation 

Currently, although there are numerous experimental results on the thermo-hydraulic 
performance of straight channels and ordinary wavy microchannel, no experimental studies have 
been conducted on bidirectional curved wavy microchannels. Hasis et al. [13] proposed a twisted 
wavy microchannel, and due to the similarity in flow dynamics between their study and the current 
research, the experimental data from Sui et al. [6] on sinusoidal microchannels with rectangular cross-
sections were selected for validation. Given the resemblance between the model in this study and the 
flow characteristics of twisted wavy microchannels and sinusoidal microchannels, the experimental 
data for sinusoidal microchannels with rectangular cross-sections are also used to validate the model. 

As shown in Figure 4(a), there is a relatively large discrepancy between the simulated Nusselt 
number and the experimental results at high Reynolds number (Re). This can be attributed to the 
uncertainties in measuring wall and fluid temperatures as well as the dimensions of the 
microchannel. At high Re, a more significant temperature gradient develops within the fluid. On the 
other hand, as Re increases during the experiment, the average fluid temperature decreases, leading 
to changes in the fluid�s physical properties. However, in this verification, the fluid�s physical 
properties are assumed to remain constant. The discrepancy in friction factor (f) at low Re, as shown 
in Figure 4(b), can be explained by the greater influence of pipe roughness at low Re compared to 
high Re. Additionally, at low Re, the inlet region may exert a stronger influence because the fluid flow 
has not yet fully developed in this region. Overall, the simulation results align well with the 
experimental data, indicating that the numerical model demonstrates a certain degree of accuracy for 
studying the thermal-hydraulic performance of microchannels. 
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(a) Nu (b) f 

Figure 4. Comparison of present computational model with Sui et al. [6] experimental results (a) Nusselt number 
and (b) friction factor. 

3. Results and Discussion 

3.1. Global and Local Heat Transfer and Flow Characteristics 

3.1.1. Local Heat Transfer and Flow Characteristics 

To investigate the differences in flow characteristics between the two types of channels, the 
variation of velocity and static pressure difference at each vertical crest and trough along the flow 
direction was studied for both the conventional wavy channel and the bidirectional curved wavy 
microchannel with A2 = 2 mm and λ2 = 12 mm at an inlet velocity of 0.6 m/s, as shown in Figure 5. 
The cross-sectional positions considered are illustrated in Figure 6. The velocity variation trends of 
the two channels are generally similar, with velocity peaks occurring at positions such as x=12,24,36 
mm, etc. For the conventional wavy channel, these positions correspond to the horizontal crests and 
troughs, where the flow velocity at the throat sections (sections B and D) between adjacent horizontal 
crests is lower than that at the crest and trough locations. For the bidirectional curved wavy 
microchannel, however, these positions correspond not only to the horizontal crests and troughs but 
also to the superimposed vertical troughs. As the fluid flows from the vertical crest to the vertical 
trough, the flow velocity increases significantly. Along the flow direction, the static pressure 
difference in both channels increases continuously, and the static pressure difference in the 
bidirectional curved wavy microchannel is consistently higher, with a faster rate of increase. The top-
view pressure contours of the two channels are shown in Figure 7. 

  
(a) Flow velocity (b) Static pressure difference 

Figure 5. The distributions of flow velocity and static pressure difference in the two channels are illustrated. 
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(a) Front view of the bidirectional curved wavy microchannel 

 
(b) Top views of the two microchannels 

Figure 6. Schematic diagram of the cross-sectional positions. 

 

 
(a) OWM 

 
(b) BCWM 

Figure 7. Pressure contours of the two channels. 

To investigate the differences in heat transfer characteristics between the two types of channels, 
the fluid temperature, coupled wall temperature, and Nusselt number at each vertical crest and 
trough along the flow direction were examined, as shown in Figure 8. The variation trends of fluid 
temperature in the two channels are generally consistent. The coupled wall temperature increases 
rapidly in the inlet section due to the inlet effect. Subsequently, in the middle heating section, the 
temperature rises in a fluctuating manner. In the outlet section, the wall temperature gradually 
decreases as heat is conducted through the wall to the downstream unheated low-temperature 
straight channel region. The coupled wall temperature of the ordinary wavy microchannel (OWM) 
is significantly higher than that of the bidirectional curved wavy microchannel (BCWM). The 
temperature contours of the two channels presented in Figure 9 clearly corroborates this finding. The 
Nusselt number of the bidirectional curved wavy microchannel at different cross-sections is higher 
than that of the ordinary wavy microchannel. For the ordinary wavy microchannel, the Nusselt 
number at the horizontal crest and trough sections (sections A, C, and E) is lower than that at the 
throat sections between the horizontal crests and troughs (sections B and D), which is opposite to the 
variation pattern of flow velocity. In contrast, the Nusselt number of the bidirectional curved wavy 
microchannel exhibits more pronounced fluctuations at the selected cross-sections, and its variation 
trend is consistent with that of the flow velocity. 
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(a) Temperature (b) Nusselt number 

Figure 8. Distributions of fluid temperature, wall temperature, and Nusselt number for the two channels. 

 

 
(a) OWM 

 
(b) BCWM 

Figure 9. Coupled wall temperature contours of the two channels. 

3.1.2. Global Heat Transfer and Flow Characteristics 

To investigate the effect of λ2 on the heat transfer and flow characteristics of bidirectional curved 
wavy microchannels, microchannels with A2 = 2 mm and λ2 values of 8 mm, 12 mm, 16 mm, and 24 
mm were constructed. Their front views are shown in Figure 10.  

 
(a) A2 = 2 mm，λ2 = 8 mm 

 
(b) A2 = 2 mm，λ2 = 12 mm 

 
(c) A2 = 2 mm，λ2 = 16 mm 

 
(d) A2 = 2 mm，λ2 = 24 mm 

Figure 10. Front views of the fluid domains of the bidirectional curved wavy microchannels with different 
wavelengths λ2. 
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From Figure 11(a) and 11(b), it can be observed that both the Nusselt number and the friction 
factor of the bidirectional curved wavy microchannels are higher than those of ordinary wavy 
microchannel. Additionally, as λ2 increases, both Nu and f decrease. Figure 11(c) presents the 
variation of the comprehensive performance factor (η) with the inlet velocity. The η values for all 
bidirectional curved wavy microchannels are greater than 1, indicating enhanced performance, but η 
decreases as λ2 increases. For the microchannels with λ2 = 8 mm, 12 mm, and 16 mm, η first increases 
and then decreases with increasing inlet velocity, reaching a maximum at an inlet velocity of 0.6 m/s. 
For the microchannels with λ2 = 24 mm, η reaches its peak at an inlet velocity of 0.8 m/s. 

(a) Nu (b) f (c) η 

Figure 11. Thermo-hydraulic performance of bidirectional curved wavy microchannels with the same 𝐴ଶ: (a) 
Nusselt number, (b) friction factor and (c) comprehensive performance factor. 

To study the heat transfer and flow characteristics of bidirectional curved wavy microchannels 
with the same γ2 but different A2 and λ2, four sets of microchannels were added with γ2 = 4 for the 
following combinations: A2 = 2 mm, λ2 = 8 mm; A2 = 3 mm, λ2 = 12 mm; A2 = 4 mm, λ2 = 16 mm; A2 = 6 
mm, λ2 = 24 mm; and A2 = 8 mm, λ2 = 32 mm. Their front views are shown in Figure 12. 

 
(a) A2 = 3 mm，λ2 = 12 mm 

 
(b) A2 =4 mm，λ2 = 16 mm 

 
(c) A2 = 6 mm，λ2 = 24 mm 

 
(d) A2 = 8 mm，λ2 = 32 mm 

Figure 12. Front views of the fluid domains of the bidirectional curved wavy microchannels with the same 
wavelength-to-amplitude ratio γ2. 

From Figure 13(a) and 13(b), it can be observed that the bidirectional curved wavy microchannel 
with A2 = 2 mm and λ2 = 8 mm has the highest heat transfer performance and flow resistance, while 
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the microchannel with A2 = 6 mm and λ2 = 24 mm exhibits the lowest heat transfer performance and 
flow resistance. Notably, heat transfer performance and flow resistance do not always decrease as A2 
or λ2 increase under the same γ2. For instance, the heat transfer performance and flow resistance of 
the microchannel with A2 = 6 mm，λ2 = 24 mm increase when A2 is further increased to 8 mm and λ2 
to 32 mm. From Fig. 13(c), the bidirectional curved wavy microchannel with A2 = 2 mm and λ2 = 8 
mm demonstrates the best comprehensive performance, with a maximum value achieved at an inlet 
velocity of 0.6 m/s. 

These results indicate that the heat transfer and flow characteristics of bidirectional curved wavy 
microchannels with varying A2 and λ2 do not follow a simple geometric variation pattern for a 
constant γ2. Zhu et al. [25] also mentioned that the amplitude ratio has not been proven to satisfy the 
similarity criterion. In other words, for a fixed amplitude ratio, different combinations of wavelength 
and amplitude can lead to distinct flow and heat transfer characteristics. 

 
 

 
(a) Nu (b) f (c) η 

Figure 13. Thermo-hydraulic performance of bidirectional curved wavy microchannels with the same γ2: (a) 
Nusselt number, (b) friction factor and (c) comprehensive performance factor. 

Additionally, the heat transfer and flow characteristics of bidirectional curved wavy 
microchannels with the same λ2 but different A2 are shown in Figure 14(a) and 14(b), respectively, 
while the comprehensive performance is illustrated in Figure 14(c). It is observed that for the same 
λ2, both the Nusselt number and friction factor the increase as A2 increases, leading to improved 
comprehensive performance. 

  
 

(a) Nu (b) f (c) η 

Figure 14. Thermo-hydraulic performance of bidirectional curved wavy microchannels with the same λ2: (a) 
Nusselt number, (b) friction factor and (c) comprehensive performance factor. 

The effects of λ2, A2, and γ2 on the heat transfer and flow characteristics of the bidirectional 
curved wavy microchannels were analyzed. The results indicate that Nu, f, and η are inversely 
proportional to γ2, whether λ2 or A2 is varied to change γ2. However, for the same γ2, the values of 
Nu, f, and η do not show a direct correlation with λ2 or A2. Among the studied configurations, the 
bidirectional curved wavy microchannel with A2 = 2 mm and λ2 = 8 mm exhibits the best 
comprehensive performance at an inlet velocity of 0.6 m/s, achieving a 95.3% increase in Nu compared 
to the ordinary wavy microchannel. Table 1 presents the comprehensive performance factors of the 
studied bidirectional curved wavy microchannels. 
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Table 1. Comprehensive performance factors (η) of different bidirectional curved wavy microchannels at 
different inlet velocities. 𝐴2/mm 2 2 2 2 3 4 6 8 𝜆2/mm 8 12 16 24 12 16 24 32 

0.3 m/s 1.36 1.33 1.29 1.02 1.36 1.30 1.10 1.21 
0.4 m/s 1.41 1.35 1.31 1.01 1.39 1.33 1.09 1.23 
0.5 m/s 1.51 1.38 1.32 1.06 1.41 1.34 1.11 1.24 
0.6 m/s 1.46 1.39 1.33 1.06 1.42 1.36 1.15 1.25 
0.7 m/s 1.47 1.39 1.32 1.10 1.41 1.35 1.19 1.27 
0.8 m/s 1.44 1.38 1.30 1.10 1.39 1.33 1.18 1.21 

The variation of Nusselt number with Reynolds number for both microchannels, obtained using 
different methods, is shown in Figure 15. A discrepancy between Nu and Nu* is observed, as the 
calculation of Nu* assumes that the heat transfer coefficient on the heat transfer surface remains 
constant. However, in the ordinary wavy and bidirectional curved wavy microchannels studied, the 
heat transfer coefficients vary along the flow direction, which does not strictly meet this assumption. 
In this study, the average correction coefficient between Nu and Nu*for the microchannels at different 
Re is approximately 0.6. 

 

Figure 15. The discrepancy of Nu and Nu* for the bidirectional curved wavy microchannel with A2 = 2 mm and 
λ2 = 12 mm and the ordinary wavy microchannel. 

3.2. Mechanistic Analysis of Secondary Flow Effects on Heat Transfer and Flow Characteristics 

To better understand the local characteristics of microchannels, the concept of secondary flow is 
introduced. Secondary flow refers to the transverse flow of fluid in a direction perpendicular to the 
main flow, caused by centrifugal forces during fluid motion. The most typical example of secondary 
flow is the rotational motion of fluid around an axis, known as a vortex. The fundamental physical 
quantity underlying various forms of vortices is vorticity, as all types of vortices are essentially 
collections of vorticities. The vorticity field 𝜔 is defined as the curl of the fluid velocity 𝑈 (𝑢, 𝑣, 𝑤): 

𝜔 = ∇ × 𝑈 = 𝜔௫𝐢 + 𝜔௬𝐣 + 𝜔௭𝐤 = ተ 𝐢 𝐣 𝐤∂∂𝑥 ∂∂𝑦 ∂∂𝑧𝑢 𝜈 𝑤 ተ (23) 
The vorticity components in different directions are denoted by 𝜔௫, 𝜔௬ and 𝜔௭, respectively: 𝜔௫ = ∂𝑤∂𝑦 − ∂𝜈∂𝑧 ,𝜔௬ = ∂𝑢∂𝑧 − ∂𝑤∂𝑥 ,𝜔௭ = ∂𝜈∂𝑥 − ∂𝑢∂𝑦 (24) 
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If the main flow is along the x direction, the vorticity component in the main flow direction is 
related to the gradients of the velocity components 𝑣 and 𝑤 on the cross-section perpendicular to 
the main flow direction: 𝜔௫ = ∂𝑤∂𝑦 − ∂𝜈∂𝑧 (25) 

In references [32–34], the mean value of the absolute vortex flux in the main flow direction is 
defined to describe the secondary flow intensity induced by the longitudinal vortex: 𝐽୅୆ୗ௡ = 1𝐴න ஺ ∣ 𝜔୬ ∣ 𝑑𝐴 (26) 

Dimensionless number of the secondary flow intensity (𝑆𝑒)[35]: 𝑆𝑒 = 𝜌௙D𝑈ୱ𝜇 ,𝑈ୱ = D𝐽୅୆ୗ୬ (27) 

In the 𝑅𝑒 definition, 𝑈 is the main flow velocity of the fluid, while in the 𝑆𝑒 definition, 𝑈ୱ 
represents the velocity of the secondary flow. 𝑅𝑒 denotes the ratio of inertial force to viscous force 
caused by the main flow, reflecting the behavior of the main flow. 𝑆𝑒 represents the ratio of fluid 
inertial force to viscous force caused by the secondary flow, indicating the characteristics of the 
secondary flow. 

Figure 16 presents the secondary flow intensity at sections A to E for the ordinary wavy 
microchannel and the bidirectional curved wavy microchannel with A2 = 2 mm and λ2 = 12 mm at an 
inlet velocity of 0.6 m/s. Compared with the ordinary wavy microchannel, the secondary flow 
intensity in the bidirectional curved wavy microchannel is significantly higher due to the additional 
vertical undulation imposed on the fluid. At the selected sections, the average secondary flow 
intensity in the bidirectional curved wavy microchannel with A2 = 2 mm and λ2 = 12 mm is increased 
by 153%. In the ordinary wavy microchannel, the secondary flow intensity at the horizontal crest and 
trough sections (sections A, C, and E) is lower than that at the throat sections between the crests and 
troughs (sections B and D), which is consistent with the variation trend of the Nusselt number at 
these sections. However, in the bidirectional curved wavy microchannel with A2 = 2 mm and λ2 = 12 
mm, the secondary flow intensity at sections B and D is slightly higher than that at sections A, C, and 
E, exhibiting an opposite correspondence with the Nusselt number. Combined with the 
aforementioned distributions of cross-sectional velocity and Nusselt number, it can be inferred that 
at certain local positions within the channel, secondary flow is the dominant factor influencing the 
local Nusselt number in the ordinary wavy microchannel, whereas the mainstream velocity governs 
the local Nusselt number in the bidirectional curved wavy microchannel. 

 

Figure 16. Secondary flow intensity distributions of the two channels. 

3.3. Entropy Generation 

In several studies [16,30,31], the performance of microchannel heat sink is assessed by analyzing 
entropy generation. The convective heat transfer and fluid flow processes in microchannels result in 
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variations in temperature and pressure, leading to entropy generation. Lower entropy generation 
signifies better energy utilization. 𝑆௚௘௡ = 𝑆௚௘௡,௙ + 𝑆௚௘௡.் (28) 
where, 𝑆௚௘௡.் represents the entropy generation due to heat transfer and 𝑆௚௘௡,௙ denotes the entropy 
generation caused by frictional pressure drop, given by the following equations [30]： 𝑆௚௘௡,் = 𝑞௪𝐴௪(𝑇௪ − 𝑇௔)𝑇௪𝑇௔ (29) 𝑆௚௘௡,௙ = 𝑞௠Δ𝑝𝜌𝑇௔ (30) 

where 𝑇௔ represents the ambient temperature, which is assumed to be the inlet fluid temperature in 
this study. For further analysis and comparison, the nondimensional entropy generation rates (𝑆୥ୣ௡,்∗ ), 
(𝑆௚௘௡,௙∗ ), and (𝑆௚௘௡∗ ) were calculated using the following equation: 𝑆୥ୣ௡,்∗ = 𝑆௚௘௡,்𝑞௠𝑐୮ , 𝑆௚௘௡,௙∗ = 𝑆௚௘௡,௙𝑞௠𝑐୮ ，𝑆௚௘௡∗ = 𝑆௚௘௡,௙∗ + 𝑆୥ୣ௡,்∗ (31) 

Figure 17 illustrates the variation of entropy generation rate with Reynolds number. As 𝑅𝑒 
increases, the entropy generation rate from heat transfer decreases because the convective heat 
transfer coefficient rises, reducing thermal resistance, lowering the temperature gradient in the flow 
field, and decreasing the temperature difference between the average temperature of the heated 
surface and the inlet temperature. In comparison to ordinary wavy microchannel, and disregarding 
differences in mass flow and heated surface area, bidirectional curved wavy microchannels exhibit 
smaller temperature differences during the heat transfer process, resulting in less entropy generation 
and a lower entropy generation rate. 

The entropy generation rate due to flow friction in microchannels increases with increasing 𝑅𝑒, 
as both the pressure drop and mass flow rate rise. Compared with ordinary wavy microchannel, the 
fluid in bidirectional curved wavy microchannels experiences greater frictional resistance during 
flow, leading to higher pressure drops, which in turn generates more entropy. This difference 
becomes more pronounced as 𝑅𝑒 increases. The entropy generation rate is directly related to the 
thermohydraulic performance of the microchannels. As shown in Figure 17(a) and 17(b), the entropy 
generation rate due to heat transfer in bidirectional curved wavy microchannels is inversely 
proportional to the heat transfer performance, while the entropy generation rate due to flow friction 
is proportional to the frictional resistance. 

As shown in Figure 17(c), with increasing 𝑅𝑒 , the total entropy production rate of the 
bidirectional curved wavy microchannel initially decreases and then increases, while that of the 
ordinary wavy microchannel decreases. At low 𝑅𝑒 (300 < Re < 400), the total entropy production rate 
of ordinary wavy microchannel is higher than that of bidirectional curved wavy microchannels. At 
high 𝑅𝑒 (Re > 600), the total entropy production rate in the bidirectional curved wavy microchannel 
is higher. 

   
(a) S*(gen,T) (b) S*(gen,f) (c) S*(gen) 

Figure 17. Non-dimensional entropy generation rate analysis of microchannels with different types as a function 
of Reynolds number. (a) heat transfer entropy generation rate, (b) fluid flow entropy generation rate and (c) total 
entropy generation rate. 
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4. Conclusions 

In this study, a novel three-dimensional conjugate heat transfer model for a bidirectional curved 
wavy microchannel (BCWM) was developed to effectively enhance heat transfer performance. The 
local flow and heat transfer characteristics of the BCWM and ordinary wavy microchannel (OWM) 
were first analyzed and compared. A dimensionless parameter, secondary flow intensity, was 
introduced to elucidate the underlying enhancement mechanism. Subsequently, the effects of 
geometric parameters, including amplitude (A2) wavelength (λ2), and wavelength-to-amplitude ratio 
(γ2), on the overall thermo-hydraulic performance were systematically investigated. Finally, entropy 
generation theory was employed to evaluate the energy utilization efficiency of the microchannels. 
The main conclusions are summarized as follows: 

(1) Compared with the OWM, the BCWM significantly enhances heat transfer performance, with 
the Nusselt number increased by up to 95.3%, while also resulting in a higher pressure drop. This 
enhancement is primarily attributed to the bidirectional curvature, which strengthens fluid 
disturbance and mixing. 

(2) The introduction of bidirectional curvature markedly increases the secondary flow intensity, 
with an average enhancement of 153%. The interaction between secondary flow and mainstream 
velocity leads to a distinct heat transfer mechanism, in which the mainstream flow plays a more 
dominant role in BCWM, whereas secondary flow dominates in OWM at certain locations. 

(3) The thermo-hydraulic performance of BCWM is strongly dependent on geometric 
parameters. Both heat transfer and flow resistance decrease with increasing wavelength. For a fixed 
γ2, different combinations of A2 and λ2 result in significantly different performance, indicating that 
geometric similarity is not satisfied. Among all configurations, the BCWM with A2 = 2 mm and λ2 = 8 
mm achieves the best comprehensive performance, with most cases reaching optimal performance at 
an inlet velocity of 0.6 m/s. 

(4) Entropy generation analysis shows that BCWM reduces heat transfer irreversibility due to 
enhanced thermal transport, but increases flow friction irreversibility. The total entropy generation 
first decreases and then increases with Reynolds number, reflecting the trade-off between heat 
transfer enhancement and pressure loss. 
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