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Abstract: 
Microchannel heat dissipation devices are advanced cooling systems utilizing miniature channels to enhance heat transfer efficiency, making them ideal for high-performance electronics. These devices feature high heat transfer coefficients and compact sizes, allowing superior cooling performance in space-constrained applications. This work presents 3D numerical investigations on the effects of width, height and both simultaneously tapered microchannels for thermo-hydraulic performance enhancement within the range of 100-300 Reynolds number (𝑅𝑒). All the tapered cases show better thermal performance compared to conventional microchannel. The maximum thermal performance enhancement of 30% is found for highest both tapered case at 𝑅𝑒=300. All the cases show higher relative pressure drop than conventional microchannel at all 𝑅𝑒, which shows poor hydraulic performance. According to this study, only width tapering in microchannels is suggested for thermo-hydraulic performance enhancement in microchannel based heat dissipation devices.
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Introduction
Microelectronic chips [1], aircraft systems [2], and batteries [3] are among the high heat flux thermal management applications where the constant rise in heat dissipation has become a major concern in recent years. Microchannel heat sinks (MCHSs), which are extensively used in industries to drain heat from high-power density units, have garnered significant interest from academics owing to their several benefits, including large specific surface area and reduced coolant flow rate requirements. Heat transfer techniques are characterised as passive or active based on their external energy needs [4]. Active approaches rely on external energy sources to boost coolant heat exchange potential, whereas passive techniques do not require an external power source. Passive approaches entail modifying the MCHS structural design, such as curved channels, adding dimples, ribs, baffles, etc. [5–8]. to the channel surface, in order to generate chaotic advection in the laminar flow. Similarly, the active technique disturbs the flow by applying external time-constant/time-varying energy such as pulsing flow, fluid vibration, etc. [9, 10]. 
One of the aspects in enhancing the thermo-hydraulic performance of MCHS is varying the cross-section of microchannel in the direction of fluid flow. Hung and Yan [11] numerically compared width tapered MCHS with conventional rectangular microchannel heat sink (CRMCHS). They have found the maximum thermal performance enhancement of 16.7% compared to CRMCHS. Dehghan et al. [12] numerically investigated width tapered MCHS. They have found optimum thermal performance for width tapered ratio equal to 0.5. 
In this study, the effect of tapered microchannels for thermo-hydraulic enhancement of MCHS is numerically analysed in 3D. Three types of tapering effects with two levels are considered and their performances are compared with the conventional rectangular microchannel (CRMC) at varying Reynolds number (𝑅𝑒). The thermal and hydraulic characteristics are analysed and discussed which will paves the way for design and fabrication of enhanced MCHS for cooling of electronic devices
.
Geometric models
Four types of geometries are selected for this investigation, only width tapered (𝑊𝑇), only height tapered (𝐻𝑇), both (width and height) simultaneously tapered and CRMC for comparison of performances. All the models are shown in Fig. 1 with their geometric parameters. Copper and water are chosen as solid and fluid domain materials, respectively. The length (𝐿), width (𝑊) and height (𝐻) of all geometries are 10 mm, 0.7 mm and 0.7 mm, respectively. The height (𝐻𝐶) and width (𝑊𝐶) of CRMC are same as 0.5 mm. They form hydraulic diameter (𝐷ℎ) as 0.5 mm and aspect ratio (𝐴𝑅) as 1. 
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Figure 1: Schematic diagrams of computational domains (a) CRMC, (b) width tapered, (c) height tapered, and (d) both tapered.

All the tapered variations have two levels comprising total six cases excluding CRMC case which are tabulated in Table 1 with their tapering values.
Table 1: Cases with geometric parameters.
	Cases
	Tapered microchannels

	CRMC
	No taper

	Case-1
	Width tapered (0.5 - 0.4 mm)

	Case-2
	Width tapered (0.5 - 0.3 mm)

	Case-3
	Height tapered (0.5 - 0.4 mm)

	Case-4
	Height tapered (0.5 - 0.3 mm)

	Case-5
	Both tapered (0.5 - 0.4 mm)

	Case-6
	Both tapered (0.5 - 0.3 mm)



Governing equations and boundary conditions
Governing equations are solved, using FLUENT tool of ANSYS 2022R1® computational fluid dynamics (CFD) software, for all flows. The equations are known as the N-S equations, which are as follows:
Continuity equation:
	
	(1)


Momentum equation:
	
	(2)


Continuity equation:
	
	(3)

	
	(4)


Velocity-inlet boundary condition is applied at the inlet. The velocities taken are 0.201, 0.301, 0.402, 0.502 and 0.603 m/s, corresponding to 𝑅𝑒 value of 100, 150, 200, 250 and 300, respectively. The inlet water temperature is 300 K. At the outlet, pressure-outlet condition is applied. Uniform heat flux of 80 W/cm2 is applied at the bottom surface of computational domain. Coupled walls are applied to solid-fluid interfaces. Adiabatic boundaries are applied to top and side walls.

Solution methods and data reduction
For this numerical study, steady-state pressure-based solver is opted. Energy and laminar models are used for determining the thermal and hydraulic characteristics. Semi-Implicit Method for Pressure Linked Equations-Consistent (SIMPLEC) algorithm is employed. The convergence stop criteria are set as 10−6 for all variables. The following equations are used for data reduction in the present research:
1. Reynolds number (𝑅𝑒):
	
	(5)


where 𝜌𝑓, 𝑉𝑖𝑛, 𝜇𝑓, and 𝐷ℎ are fluid density, inlet velocity, fluid dynamic viscosity and hydraulic diameter, respectively.
2. Hydraulic diameter (𝐷ℎ):
	
	(6)


where 𝑊𝑐 and 𝐻𝑐 are microchannel width and height, respectively.
3. Average Nusselt number (𝑁𝑢𝑎𝑣𝑔):
	
	(7)


where ℎ𝑎𝑣𝑔 and 𝑘𝑓 are average heat transfer coefficient and thermal conductivity of fluid, respectively.
4. Pressure drop (Δ𝑃):
	
	(8)


where 𝑃𝑎𝑣𝑔, 𝑖 and 𝑃𝑎𝑣𝑔, 𝑜 are average pressures at inlet and outlet faces, respectively.
Results and discussion
5.1 Grid convergence and validation
Grid convergence is studied by using ANSYS Fluent software. Three different poly-hexcore mesh element numbers are taken as 0.3, 0.6 and 1.2 million. The Δ𝑃 variations are calculated for CRMC case at 𝑅𝑒=100. The results of grid convergence study are shown in Table 2. This clearly shows that the 1.2 million cell numbers utilized in the current investigation have an acceptable degree of precision with the relative error of only 0.37%.
Table 2: Grid convergence study.
	Cell numbers (million)
	Δ𝑃 (Pa)
	Relative error (%)

	0.3
	268
	-

	0.6
	266
	0.75

	1.2
	265
	0.37



Current numerical study is compared with analytical findings by Steinke and Kandlikar [13] for the Δ𝑃 and by Shah and London [14] for the 𝑁𝑢𝑎𝑣𝑔. Results of the comparisons with varying 𝑅𝑒 are shown in Fig. 2. Both parameters of current and analytical studies have shown almost similar trends. So, the present numerical findings are in good agreement with the analytical and can be further utilized to examine the thermal performance of all considered cases.
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Figure 2: Validations of current study.


[bookmark: _GoBack]5.2 Thermo-hydraulic performance
The thermal performance of all the tapered cases in terms of 𝑁𝑢𝑎𝑣𝑔 relative to CRMC are shown in Fig. 3. The 𝑁𝑢𝑎𝑣𝑔 for all cases are calculated by using Eq. (7). All the tapered cases have 𝑁𝑢𝑎𝑣𝑔/𝑁𝑢𝑎𝑣𝑔,𝑀𝐶 > 1. This shows better thermal performance compared to CRMC. The performance increases on increasing 𝑅𝑒 for all the cases. The maximum thermal performance enhancement of 30% is found for Case-6, which is highest both tapered case, at 𝑅𝑒=300 compared to CRMC.
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Figure 3: Thermal performance of tapered microchannels.
The hydraulic performances of all cases in terms of relative Δ𝑃 between inlet and outlet faces of microchannels are shown in Fig. 4. The Δ𝑃 for all cases are calculated by using Eq. (8). All the cases show higher relative Δ𝑃 than CRMC at all 𝑅𝑒. This shows poor hydraulic performance compared to CRMC. Among all the tapered cases, Case-1 and Case-3 which are lowest width and height tapered cases respectively, show equal and least relative Δ𝑃.
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Figure 4: Hydraulic performance of tapered microchannels.

Fig. 5 shows the temperature contours of CRMC and Case-6 at 𝑅𝑒=300. It clearly shows the improvement in thermal performance along the flow for Case-6 compared to CRMC. The maximum temperature of microchannel substrate for CRMC is 346 K and for Case-6 is 340 K. The improvement in thermal performance for Case-6 is due to increasing velocity of fluid along the flow. This is because the microchannel’s cross-sectional area keeps decreasing due to the highest both tapering effect along the flow. 
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Figure 5: Temperature contours of (a) CRMC and (b) Case-6 at 𝑅𝑒=300.
Maximum velocity of fluid for CRMC and Case-6 are 1.2 and 3 m/s, respectively as shown in Fig. 6.
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Figure 6: Velocity contours of (a) CRMC and (c) Case-6 at 𝑅𝑒=300.

Conclusions
This work numerically investigates the effects of width, height and both simultaneously tapered microchannels for thermo-hydraulic performance enhancement in MCHS. The performances of six different cases of tapered microchannel geometries are compared with CRMC, using FLUENT tool of ANSYS 2022R1® CFD software. The effects of tapering are analysed for 𝑅𝑒 from 100 to 300. In this investigation, the materials are water as coolant and copper as substrate. Only single-phase flow of coolant is considered. The performed work can lead to the following conclusions :-

1. All the tapered cases have 𝑁𝑢𝑎𝑣𝑔/𝑁𝑢𝑎𝑣𝑔,𝑀𝐶 > 1, which shows better thermal performance compared to CRMC. 
2. The maximum thermal performance enhancement of 30% is found for Case-6, which is highest both tapered case, at 𝑅𝑒=300 compared to CRMC. 
3. All the cases show higher relative Δ𝑃 than CRMC at all 𝑅𝑒, which shows poor hydraulic performance compared to CRMC. 
4. Among all the tapered cases, Case-1 and Case-3 which are lowest width and height tapered cases respectively, show equal and least relative Δ𝑃. 
5. According to this study, only width tapering in microchannels is suggested for thermo-hydraulic performance enhancement in microchannel based heat dissipation devices.
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