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This study investigates the thermal and fluid-flow performance of three microchannel heat-sink configurations: simple rectangular (plain), 
triangular edge-plate, and zigzag edge-plate. This study aims to cool high-power-density processors, specifically the Intel Core i5-7600K. The 
processor has a thermal design power of 91 W and a compact die size of about 100 mm². These conditions create significant thermal challenges, 
requiring efficient and compact cooling strategies. The study uses numerical simulations across a range of Reynolds numbers. It evaluates key 
performance parameters such as the Nusselt number and the convective heat transfer coefficient. Pressure drop and the thermal performance 
factor are also analyzed. The results indicate that the plain microchannel has the lowest pressure drop but the poorest thermal performance 
due to limited boundary-layer disturbance. The triangular edge-plate configuration enhances heat transfer through secondary flow generation, 
achieving a moderate thermal performance factor of 1.15. In contrast, the zigzag edge-plate design delivers the highest thermal performance 
factor of 1.20, with heat transfer coefficients increasing by 32.01%–38.21% relative to the plain configuration. Although this improvement incurs 
a pressure-drop penalty, the zigzag channel still consistently outperforms the other designs, achieving up to 11.77% better performance than 
that of the triangular geometry at low Reynolds numbers. This study presents a novel geometric approach to MCHS optimization through in-
ternal plate integration, offering valuable insights into developing compact, high-efficiency thermal management solutions for next-generation 
electronic systems.
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1. Introduction

The fast-paced growth of microelectronics has increased the 
demand for compact thermal management systems. Excessive 
heat reduces performance and shortens the lifespan of compo-
nents. Hanafi et al. [1] identified overheating as a major cause 
of electronic failure. V. Lakshminarayanan et al. [2] discussed 
its impact on reliability and suggested strategies to reduce ther-
mal stress. Momen S. M. Saleh et al. [3] also reported that high 
operating temperatures hinder CPU performance. The con-
cept of microchannel heat sinks (MCHS) was first introduced 

by Tuckerman and Pease [4] for VLSI cooling. Since then, nu-
merous improvements have been made through advances in 
geometry and materials. Dwight Cooke et al. [5] demonstrated 
that structured microchannels enhance pool boiling by a fac-
tor of 3.4. Robert Kaniowski et al. [6] highlighted the impor-
tance of channel depth in nucleate boiling. Arvind Jaikumar 
et al. [7] achieved high performance with selectively sintered 
microchannels, reporting a CHF of 420 W/cm² and an HTC 
of 2.9 MW/m²°C. Apart from geometric considerations, re-
searchers have focused on advanced coolants. Y. Khan et al. 
[8] demonstrated that GaIn–CNT nanofluids improve thermal 
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performance more than 3.4 times compared to water-based nano-
fluids. B. Jalili et al. [9] combined Al₂O₃ nanofluids with curved fins 
and achieved higher heat transfer efficiency. Chunyang Li et al. [10] 
studied hybrid nanofluids (Al₂O₃ + Cu + H₂O) and reported better 
flow velocity and heat distribution. A. Belhadj et al. [11] confirmed 
that water/Al₂O₃ nanofluids improve both thermal transport and 
frictional behaviour, especially at higher concentrations and Reyn-
olds numbers.

Comparative designs have also been explored to improve the per-
formance of microchannel heat sinks. H.A. Mohammed et al. [12] 
studied zigzag channels and found superior heat transfer but with 
high pressure drops. Ankur Sharma et al. [13] showed that ellipti-
cal-wavy channels generally perform better than sinusoidal ones. El-
taweel et al. [14] further demonstrated that optimized wavy-tapered 
channels reduce thermal resistance by up to 15%. M. Zunaid et al. 
[15] numerically analyzed rectangular and semi-cylindrical chan-
nels and reported better performance for semi-cylindrical designs. 
These studies demonstrate that both geometry and coolant selection 
are crucial for enhancing the thermal-hydrodynamic performance 
of microchannel heat sinks in high-performance electronics.

Recent advancements in microchannel heat sink (MCHS) design 
have emphasized improving thermal performance by incorporat-
ing ribs, grooves, and fins that induce flow obstruction. B. Jalili et 
al. [16] reported that obstruction enhances turbulence and vortex 
energy storage, while D. Salehipour et al. [17] examined spiral ge-
ometries, showing their role in improving heat transfer. Similarly, P. 
Jalili and B. Jalili [18] introduced turbulators to intensify turbulence, 
thereby increasing efficiency. Lei Chai et al. [19] developed a 3D 
optimization model for rib size and placement, generating perfor-
mance maps to balance pressure drop and heat transfer. Building 
on this, Ihsan Ali Ghani et al. [20] showed that the MC-SOCRR 
design with oblique secondary channels (k=0.666, b=0.5, θ=45°) 
yields optimal thermal-hydraulic performance, while Guilian Wang 
et al. [21] demonstrated that bidirectional ribs enhance heat transfer 
1.2–2 times, albeit with added pressure drop. V. P. Gaikwad et al. 
[22] proposed secondary channels, reporting a performance factor 
of 1.4–1.85. Qifeng Zhu et al. [23] achieved a fourfold enhancement 
via wavy microchannels with ribs, highlighting synergy from com-
bined geometries. Liang Du et al. [24] showed square orthogonal 
ribs in diamond channels increased heat transfer by 182.8% at PEC 
= 1.92, while Alişan and Abdulkerim [25] achieved up to 230% 
improvement using vortex generators (JF = 1.38). Complementary 
studies by Naushad Ali et al. [26] on V-ribs (35°) and Fadi Alnaimat 
et al. [27] on triangular ribs (71% thermal resistance reduction) 
confirmed that rib-based designs significantly improve thermal per-
formance but require careful optimization due to pumping power 
penalties.

Parallel research has focused on grooves to enhance conduction. 
Navin Raja Kuppusamy et al. [28] and Hamdi E. Ahmed et al. [29] 
demonstrated that trapezoidal grooves with Al₂O₃-H₂O nanofluids 
optimize performance. Extending this, P. Jalili et al. [30] employed 

alumina-Cu-water hybrid nanofluids, reporting 84% heat transfer 
enhancement, while S. L. Sun et al. [31] showed Fe₃O₄ suspensions 
under magnetic fields further improved heat transfer, revealing 
a controllable pathway. Qifeng Zhu et al. [32] found triangular 
grooves most effective, while water-droplet grooves delivered opti-
mum overall efficiency. Pankaj Kumar et al. [33] noted the minimal 
effect of groove offset but developed an empirical prediction correla-
tion. Qinghua Wang et al. [34] combined fan-shaped grooves with 
truncated triangular ribs, achieving a performance factor of 1.081. 
Lin Liu et al. [35] reported staggered triangular grooves with PEC 
= 1.61, while Bin Li et al. [36] studied a slant rib-elliptical groove–
quatrefoil rib structure, achieving 52.3% temperature reduction and 
131% higher Nusselt number at Re = 696. Finally, Yifan Li et al. [37] 
optimized offset grooves, achieving a 10.52× improvement in heat 
transport and 71.47% pumping power reduction. Collectively, these 
studies underscore that ribs and grooves are versatile design strate-
gies for advanced MCHS, with performance dictated by geometry, 
orientation, and integration.

Several studies have focused on optimizing fins and ribs as extended 
surfaces to improve heat conduction efficiency in microchannel heat 
sinks (MCHSs). V. P. Gaikwad and S. S. Mohite [38] investigated 
pin-enhanced MCHSs and reported optimal performance with 0.2 
mm pins, achieving an average enhancement factor of 1.24. Liu et al. 
[39] showed that square pin fins enable up to 2.83 MW/m² cooling 
capacity, with Nusselt number and pressure drop rising as Reynolds 
number increases. Jani and Saeid [40] further confirmed that in-fin 
microchannels deliver superior heat dissipation at higher Reynolds 
numbers. O. O. Adewumi et al. [41] optimized 3D pin-fin MCHSs 
and identified peak thermal performance with 3–6 fin rows, ow-
ing to minimized wall temperatures and maximized conductance. 
Turker et al. [42] revealed that rectangular pin fins provide the 
highest heat transfer, whereas cone-shaped fins offer better overall 
thermal-hydraulic performance. Similarly, Yu et al. [43] introduced 
Piranha Pin Fin (PPF) microchannels, achieving 676 W/cm² critical 
heat flux, demonstrating effective cooling with manageable pressure 
drop in flow boiling. Yuting Jia et al. [44] found that uniformly 
distributed cone-shaped fins yield balanced thermal and hydraulic 
performance.

Jingzhe Xie et al. [45] highlighted the importance of fin spacing, re-
porting that a gap-to-diameter ratio (G/D) of 1.0 enhances thermal 
performance by 10–13.5% while preserving hydraulic efficiency. M. 
O. Qidwai et al. [46] demonstrated that combining microjet im-
pingement with pin fins further enhances cooling. Saqib Ali et al. 
[47] showed that fan-cavity microchannels with front-and-back ribs 
increase heat transfer by 19% compared to center-ribbed designs. 
Mukhtar et al. [48] reported that reduced-height pin fins in open 
channels increase heat conduction by 16.8% and lower pressure 
losses by 7.3% compared to closed counterparts. M. N. Khan et al. 
[49][50] studied perforated pin fins (α = 0.33), where α = D_per-
f/D_fin, and revealed that perforation location critically affects per-
formance. Nanofluids have also been incorporated into fin-based 
MCHSs. Tehmina Ambreen et al. [51] showed that circular pin fins 
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combined with nanofluids yield the best thermal performance due 
to smoother flow and delayed separation. Shuo-Lin Wang et al. [52] 
demonstrated that porous fins in double-layered channels reduce 
pumping power through coolant slip effects. Subhash V. Jadhav et al. 
[53] reported that square fins of 700 µm height achieve the highest 
Nusselt numbers, while Shuja et al. [54] observed that hydrophilic 
fins enhance heat transfer, whereas hydrophobic fins lower pres-
sure drop by 6–16%, with performance varying across Reynolds 
numbers. Prabhakar Bhandari et al. [55] found that 1.5 mm fins in 
open MCHSs balance heat conduction and pressure drop. Similarly, 
Omar A. Ismail et al. [56] optimized tapered square fins, achieving 
an effective balance between resistance and pressure losses.

More innovative approaches include Yunfei Yan et al. [57], who de-
veloped the DP-MCHS-PS, reducing pressure drop by 56.3% while 
improving heat dissipation. M. Alam et al. [58] examined rib–fin 
integration and reported that two ribs deliver maximum heat trans-
fer, with wider ribs boosting performance up to 25%. Aditya Manoj 
et al. [59] explored alternative geometries, such as plate structures, 
enhancing heat transfer through combined convection and con-
duction. Beyond geometry, the optimization of flow processes has 
received increasing attention. S. L. Sun et al. [60] applied a GA-as-
sisted BPNN model to predict Taylor–Couette flow, achieving 
a 16.35% improvement in heat transfer. Likewise, S. Nekahi et al. 
[61] enhanced finned MCHS performance using coupled numerical 
simulation, artificial neural networks, and multi-objective optimi-
zation. Finally, A. Rabiee et al. [62] applied the NSGA-II algorithm 
to optimize rectangular MCHSs, reducing entropy generation while 
improving hydrothermal efficiency. Together, these studies high-
light the importance of geometric refinement, material integration, 
and intelligent optimization in advancing the design of high-perfor-
mance fin- and rib-enhanced MCHSs.

Many efforts have been made to improve the thermal performance 
of microchannel heat sinks (MCHSs); common strategies include 
adding ribs, grooves, and fins, and using nanofluids. However, the 
role of plate shape variations as internal flow modifiers has not been 
adequately explored. Prior studies have largely concentrated on con-
ventional geometries and simulation-based optimization, without 
fully addressing how alternative plate designs can alter flow paths, 
generate localized turbulence, and disrupt boundary layers. This 
knowledge gap limits the development of innovative MCHS designs 
that simultaneously enhance conduction and convection. In this 
work, we address this gap by introducing plate-shaped microplate 
designs within a microchannel heat sink. The proposed design is 
applied to address the overheating of an Intel Core i5-7600K proces-
sor. By integrating plates, the heat sink achieves more uniform heat 
transfer, improved cooling efficiency, and reduced processor tem-
peratures. This not only maintains system reliability and prevents 
thermal throttling but also extends the processor’s lifespan. The 
novelty of this approach lies in its ability to provide a balanced im-
provement in thermal performance while incurring lower hydraulic 
penalties compared with rib-based, groove-based, or wavy-based 
designs. Furthermore, the plate-integration method is versatile and 

can be extended to applications in high-performance computing, 
gaming systems, and other compact electronic devices that require 
efficient cooling.

2. Physical model illustrating the heat sink geometry and 
structure

To conduct the simulation study, a unit cell of a 10 mm-long micro-
channel was isolated from a compact heat sink module (10 mm × 
10 mm) composed of 50 parallel channels, as illustrated in Figure 1. 
The selected microchannel served as the computational model for 
the analysis. The micro channel was formed within a silicon base 
block shaped in a rectangular form, with substrate dimensions of 
the width (Wsb) and height (Hsb) are 500 μm and 700 μm, respec-
tively. The channel itself has a cross-section 250 μm wide (Wch) and 
500 μm deep (Hch). Purified water free of ions was employed as 
the working fluid for cooling. Inside the channel, three plates are 
evenly spaced along their length, and their geometry is reinforced to 
enhance performance. 

In addition to the plain microchannel, we explored two other de-
signs to assess the heat sink’s performance: one comprising a plain 
channel fitted with triangular-edged plates, and the other featuring 
zigzag-edged plates. These variations were simulated to assess how 
they compare with the basic design. The dimensions of the plates are 
outlined in Table 1.

Zigzag edge plate

Triangular plate

Channel base wall

Flow in

Flow out

Lsb

Channel top wall

Heat sink
CPU Processor

Unit cell Constant heat flux

Hch

Wch

Wsb

Hsb

Channel cross section

MCHS Integrated with Tr iangular  Plate

MCHS Integrated with Zigzag edge Plate

0.24 mm
0.21 mm

1.45 mm

1.40 mm2.85 mm

2.85 mm

1.45 mm

0.18mm

0.068mmR= 0.47 mm

0.18mm

R= 0.85 mm

Figure 1. Physical model of computational domain
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Table 1. Dimensions of plates integrated with plain channel

Plate design Height(μm) Width (μm) Length (μm) Surface area
(μm2)

Total Interface area 
of Plate (μm2)

Triangular Plate 210 120 1410 960 2850

Zigzag edge 210 120 1410 960 2850

3. Numerical methodology

3.1. Assumptions and core equations for modelling 
thermofluids analysis

To keep the numerical simulation manageable, the study relies on 
these assumptions: 

1.	 We applied a stationary-fluid boundary condition at 
the wall where the fluid contacts solid surfaces, mean-
ing the fluid velocity is zero relative to the wall.

2.	 The thermophysical properties of the substrate materi-
al remain constant, although most coolant properties 
do not vary with temperature, and viscosity does.

3.	 The coolant remains in a single phase throughout the 
flow.

4.	 Heat transfer by radiation is sufficiently small so we 
can neglect it.

5.	 The flow is laminar, steady, and incompressible, ensur-
ing stable flow conditions.

6.	 Thermal contact resistance at the solid–fluid interface 
is neglected, and perfect bonding is assumed for heat 
transfer.

Based on these assumptions, we developed the core equations for 
modelling thermal energy transfer and fluid motion.

The fluid flow has been modelled using the continuity equation, 
with plain water as the working coolant.
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In this case, the density is denoted by wft  and dynamic viscosity is 
represented by where the viscosity varies according to temperature, 
and is expressed as

. ( )2 414 10 10wf
T
.05 140
247 8

# #n = - -^ _h i7 A 		                     (5)

This equation defines the temperature-dependent viscosity of wfn  
the working fluid. It is an empirical correlation used to evaluate the 
temperature dependence of viscosity and is essential for accurately 
predicting fluid flow and heat transfer in microchannels.
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This equation represents the energy balance for the working-fluid 
domain. It accounts for both conduction (left-hand side) and con-
vection (right-hand side) within the flowing coolant. In this case, 
Twf  refers to the working fluid temperature, Cpwf  represents work-
ing fluid specific heat and Kwf  denotes the working fluid thermal 
conductivity.

The energy equation can be applied and modified to describe heat 
transfer within the silicon wafer.
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This equation describes heat conduction in the silicon substrate. 
Since silicon is solid and stationary, there is no convection term. 
Here, Tsb represents the substrate temperature, and Ksb is its thermal 
conductivity. This equation models heat spreading within the solid 
wafer, which interacts thermally with the working fluid domain.

3.2. Specified condition at the boundary

A microchannel has been set up for simulation purposes, with a fixed 
thermal flux of 1,000,000 W/m² applied to its base and cool water 
at 289 K flowing in at a steady speed. At the outlet, we maintained 
a neutral pressure of 0 pascal to mimic real-world fluid behavior 
and treated the solid-fluid interfaces as coupled walls to reflect 
their interplay. For the solid part, symmetric boundary conditions 
were applied to the side walls, and the remaining walls were set as 
adiabatic to minimize heat loss. We performed all simulations with 
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Ansys Fluent, a commercial computational fluid dynamics solver 
that employs the finite volume method. To maintain precision, we 
discretized the equations with a second-order upwind method, 
linked pressure and velocity using a simple algorithm, and solved 
the equations using the Gauss-Seidel iterative approach. To ensure 
the accuracy of our results, we set strict convergence criteria: resid-
uals for the velocity and energy equations were below 10⁻⁶ and the 
residual for the continuity equation was below 10⁻⁴.

3.3. Flow and thermal analysis

To analyze the flow behavior, we calculated the Reynolds number 
using the inlet velocity Vin of the employed liquid and its associated 
characteristics, like density (ρwf) and dynamic viscosity of the fluid 
(μwf). The following equation was used for this calculation.

Reynolds’ number.

Re
V D
wf

wf in hyd

n
t= 					                       (8)

In this context, Dhyd ​represents the hydraulic diameter for analysing 
the characteristics of fluid flow in channels that are not perfectly 
circular.  The equation below defines the same:

D P
A4

hyd
ch

ch= 					                        (9)

where Ach​ is the cross-sectional area of the channel, and Pch​ is its 
perimeter.

In this study, the hydraulic diameter is kept constant across all con-
figurations. The Nusselt number is calculated using

Nu K
hD

wf

hyd= 					                        (10)

Here, kwf​ denotes the thermal conductivity of the coolant fluid, while 
h represents the average heat transfer coefficient, which is calculated 
using the following relation:

h T T
q
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, ,
= -- 				                       (11)

Here, Tmean, s−l​ is the average temperature occurring at the interface 
between the solid and liquid; it can be calculated using an ar-
ea-weighted method, while Tmean, wf​ is the mean temperature of the 
working fluid, determined using a volume-average approach. 

The effective heat flux qeff​ represents the average heat load per unit 
wetted interface area of the channel, obtained by redistributing the 
applied base heat flux over the total fluid–solid contact surface. The 
effective heat flux qeff​  [58]is given by:

q A
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where Ahb, wall​  is the constant heated base wall area, and Aintf​  is the 
total interface area of the channel.

To compare the thermal and hydrodynamic performance of differ-
ent pin-fin microchannel designs with that of plain channels, the 
performance factor (PF)(1) is used:

/
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P
P
Nu Nu
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D
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Here,Nupl and PplD represent the plain microchannel’s Nusselt 
number and pressure drop, respectively.

The performance factor (PF) compares the thermo-hydraulic effi-
ciency of a microchannel configuration to that of a plain channel. 
The numeratorNu Nu/ pl represents the relative heat transfer en-
hancement, while the denominator P

P
pl

3
1

D
D
c m accounts for the increase 

in pressure drop, with the 1/3 exponent reflecting the pumping 
power relationship. A PF greater than 1 implies improved overall 
thermal performance compared with a plain channel. Table 2 pres-
ents the thermophysical parameters of the working fluid and solid 
material utilised in this study.

Table 2. Thermophysical properties of the working fluid and solid 
material

Property Symbol Deionized Water 
(300 K) Silicon

Density (kg/m³) ρ 997 2330
Specific heat (J/kg·K) Cp 4181 700

Thermal conductivity 
(W/m·K)

k 0.6 131

Dynamic viscosity (Pa·s) μ 0.00114 -
Prandtl number (–) Pr 6.99 -

3.4. Discretization error assessment

In this simulation study, we employed a hybrid meshing strategy 
that combined structured and unstructured regions to efficiently 
discretize the computational domain. To preserve uniformity and 
improve precision, the microchannel heat sink without a plate 
was designed using a homogeneous structured mesh.  In contrast, 
plates with complex geometries were meshed using a non-uniform 
unstructured grid. This approach helped resolve intricate flow pat-
terns and heat-transfer phenomena more effectively. The zigzag and 
triangular plate regions were refined with a finer mesh near the sol-
id–fluid interface. This refinement was necessary to capture sharp 
gradients and vortex formation. Mesh-independence testing was 
also conducted to verify the reliability of the results. 

Figure 2 illustrates the solid and fluid domains with the meshed 
solid–fluid interface for the zigzag and triangular configurations. 
To assess how mesh resolution affects the present results, a grid-in-
dependence study using three mesh densities was conducted. The 
sizes of 5.03 million, 7.1 million, and 13.5 million elements have 
been detailed in Table 3. As anticipated, finer meshes reduced nu-
merical errors, but this came at the cost of significantly increased 
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computational time. After analyzing the results, we observed that 
the pressure drops and Nusselt number differed by only 0.79% and 
0.11%, respectively, between the 7.1-million-element and 13.5-mil-
lion-element grids. These minimal variations suggest that further 
mesh refinement yields negligible benefits. Based on this, we chose 
the 5.03-million-element grid for the remaining simulations, as it 
strikes an appropriate balance between numerical accuracy and 
simulation speed.

Table 3. Comparison of different mesh densities

Element 
Quantity Nu e% Drop in 

Pressure (Pa) e%

5032165 10.34 2.17391 8486.952 1.163752

7165301 10.12 0.79681 8586.882 0.117135

13525325 10.04 - 8596.952 -

Figure 2. Solid and fluid domains with meshed solid–fluid interface 
for (a) zigzag edge plate microchannel and (b) triangular edge plate 
microchannel

3.5. Comparison between numerical and reference results

The numerical results were corroborated by the experimental data 
of Qu et al. (2) to ensure model accuracy. Our analysis focuses on 
a representative microchannel heat sink unit from their study. The 

comparison illustrated in Figure 3 shows alignment between sim-
ulation results and experimental measurements of pressure loss 
and the thermal profile along the microchannel, confirming their 
agreement. Figure 3(a) shows a detailed comparison of pressure 
loss in the microchannel across a range of Reynolds numbers and 
at heat fluxes of 100 and 200 W/cm². Meanwhile, Figure 3(b)depicts 
the temperature distribution at four distinct locations within the 
channel at a heat flux of 100 W/cm².The numerical results show 
excellent agreement with the experimental data, with discrepancies 
typically within 3-6%(3), which falls well inside the acceptable range 
reported in literature for the examination of heat transport and fluid 
dynamics.

Figure 3. Numerical vs. experimental (a) Pressure variation and (b)
temperature distribution across four positions in the channel (L₁ = 
0.01 m, L₂ = 0.02 m, L₃ = 0.03 m, L₄ = 0.04 m from inlet) under 
a heat flux of 100 W/cm², comparing simulation and experimental 
results

4. Findings and analysis

4.1. Thermal–hydraulic performance evaluation of different 
MCHS configurations

Figure 4 examines the performance of three microchannel heat 
sink designs: plain channels, triangular edge plates, and zigzag edge 
plates. The comparison includes the maximum base temperature, 
thermal resistance, Nusselt number, heat transfer coefficient, pres-
sure drop, and thermal performance factor. The plain channel, with 
streamlined laminar flow, as shown in Figure 6, exhibits the lowest 
pressure drop but restricted heat transfers due to an undisturbed 
thermal boundary layer, resulting in the lowest Nusselt number. The 
triangular design introduces flow asymmetry, leading to intensified 
secondary circulation and mixing, thereby balancing thermal and 
hydraulic performance while improving Nusselt numbers. The zig-
zag design, despite incurring the highest pressure drop due to sharp 
flow changes, offers the best thermal performance through vigorous 
mixing and disturbance of the boundary layer, leading to the maxi-
mum Nusselt number and heat transfer coefficient. 

The velocity and streamline contours presented in Figures 5 and 6 
together illustrate the distinct flow physics of the three microchannel 
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configurations. In the plain channel, the velocity field remains near-
ly parallel, and the streamlines are smooth with little disturbance. 
This results in a continuously thickening boundary layer, reduced 
wall-temperature gradients, and limited heat transfer. In contrast, 
the triangular edge plates induce local flow separation and reattach-
ment which periodically thin the boundary layer and enhance heat 
transfer, as observed in both velocity and streamline contours; how-
ever, this effect remains spatially confined. The zigzag-edge plates 
exhibit the most significant improvement, with their wavy geometry 
repeatedly disrupting and reinitiating the boundary layer. The ve-
locity contours in Figure 5 reveal alternating streaks of high and low 
velocity whereas the streamline contours in Figure 6 indicate repeat-
ed vortex formation. These vortices enhance cross-stream mixing, 
maintain high wall shear, and sustain steep temperature gradients 
along the channel walls. Thus, the zigzag configuration achieves op-
timal values of the heat transfer coefficient and the Nusselt number. 
Although accompanied by an increased pressure drop, the design’s 
overall balance confirms its superior thermal performance com-
pared with the other designs.

Collectively, Figures 5 and 6 highlight the enhanced flow and ther-
mal behaviors of the triangular and zigzag designs relative to the 
plain channel. In the triangular configuration, sharp edges generate 
recirculation zones immediately downstream of the plate, where the 
local velocity drops below 0.5 m/s, compared with the core flow ve-
locity of about 3.5–4.0 m/s. The size of these recirculation zones ex-
tends to roughly 0.5–0.7 times the channel height, which promotes 
moderate mixing and a corresponding increase in pressure loss. 
In contrast, the zigzag design induces stronger and more complex 
flow dynamics. The sudden contractions and expansions accelerate 
the fluid locally to 3.8–4.0 m/s, while vortex structures form in the 
cavities where velocities drop below 0.3 m/s. These vortices occupy 
nearly the entire channel height and extend longitudinally about 
1.0–1.2 times that height, as shown in Figure 6. The strong velocity 
gradients between accelerated jet-like regions and low-velocity re-
circulation zones cause significant boundary-layer disruption, lead-
ing to enhanced heat-transfer performance, but requiring greater 
pumping power.

The outcomes of this study have important implications for thermal 
management system design. The plain microchannel configuration 
is advantageous in applications where minimal pumping power is 
prioritized, whereas the triangular geometry offers a compromise 
between enhanced heat transfer and moderate pressure loss. The 
zigzag configuration, despite its higher hydraulic penalty, demon-
strates superior heat dissipation capacity and is therefore most 
suitable for high heat flux applications. Collectively, these insights 
establish a direct link between flow physics and application-specific 
requirements, offering a rational basis for the selection and optimi-
zation of microchannel geometries in advanced cooling systems.

Figure 4. Thermo-hydraulic performance of plain, triangular, and 
zigzag microchannel heat sinks at Re = 250

Figure 5. Velocity contours in microchannel heat sinks at Re = 250, 
demonstrating the role of geometry in flow behavior, acceleration, 
and overall fluid dynamics
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Figure 6. Streamline contours in microchannel heat sinks at Re 
= 250, showing the influence of geometry on flow behaviour and 
distribution

Figure 7. Pressure drops and thermal performance vs. Reynolds 
number for different microchannel configurations

4.2. Zigzag edge plate microchannel: enhanced cooling with 
higher pressure loss

Figure 7 compares the thermal performance factor (TPF), and the 
pressure drop for plain, triangular, and zigzag microchannels. The 
results are presented with different Reynolds numbers. The plots 
highlight the thermo-hydraulic trade-offs of each design. In Figure 
7(a), pressure loss increases with Reynolds number for all designs. 
The plain microchannel exhibits the lowest pressure drop. The tri-
angular design exhibits a moderate rise due to vortex formation. The 
zigzag configuration exhibits the greatest loss which results from 
strong secondary flows and sharp directional changes. Figure 7(b) 
shows that the zigzag design achieves the highest TPF, reaching 1.20 

at Re = 350. This is due to enhanced mixing and repeated boundary 
layer disruption. Although it requires higher pumping power, the 
zigzag design remains the most efficient for cooling, particularly at 
higher Reynolds numbers. 

Compared with the triangular design, the zigzag design thermally 
outperforms it by 11.77% at Re=100, 10.19% at Re=150, 8.49% at 
Re=200, 6.70% at Re=250, 4.97% at Re=300, and 3.29% at Re=350 
the improvement decreases as the flow rate increases. At higher 
Reynolds numbers, the thermal boundary layer becomes thinner. 
Fluid mixing also increases at higher flow rates. Therefore, the ad-
ditional benefit provided by vortices generated at the zigzag edges 
is reduced. The zigzag design still performs better than the other 
geometries. However, its advantage diminishes as the Reynolds 
number increases.

The results in Figure 7(b) show that the zigzag edge configuration 
achieves the highest TPF (1.20 at Re = 350). This advantage is offset 
by higher pressure losses. The plain channel remains hydraulical-
ly efficient but is thermally weak. The triangular channel provides 
an intermediate balance. Similar thermo-hydraulic trade-offs have 
been reported in wavy and ribbed microchannels [11, 12, 21]. In 
those cases, enhanced mixing improved heat transfer but also in-
creased pressure loss.

The zigzag design outperforms the triangular design by 11.77% at 
Re = 100. This advantage decreases to 3.29% at Re = 350. The added 
benefit of vortices decreases at higher flow rates, where natural mix-
ing is already strong. This trend is consistent with earlier findings 
in wavy-edge and ribbed channels [28, 31, 37]. Overall, the present 
study shows that simple plate-edge modifications can deliver signif-
icant thermal enhancement. They also provide a practical alternative 
to more complex channel inserts. These findings highlight the prac-
tical value of edge-modified microchannels for compact cooling 
solutions. The zigzag design, with a TPF of 1.20 at Re = 350, achieves 
thermal performance up to 11.77% higher than that of the triangu-
lar geometry, making it suitable for use in high-heat-flux devices 
such as microprocessors and laser diodes. The triangular configu-
ration offers a balanced option in which moderate enhancement is 
required and pumping penalties are lower, while the plain channel 
remains efficient in low-power applications. Thus, simple plate-edge 
modifications present a cost-effective and scalable alternative to 
complex inserts for thermal management.

4.3. Triangular plate: moderate heat transfer efficiency with 
balanced pressure drop

The triangular plate-integrated microchannel improves thermal 
performance over the plain channel by periodically disrupting the 
boundary layer. The inclined surfaces of the triangular features 
generate secondary flows that enhance fluid mixing and convective 
heat transport. As shown in Figures 8(a) and 8(b), the triangular 
configuration consistently outperforms the plain channel across 
the entire Reynolds number range. At Re = 100, the triangular plate 
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achieves a heat transfer coefficient of 15,647.76 W/m² K, compared 
with 12,401.62 W/m²K for the plain channel, corresponding to a 
20.75% enhancement. Similarly, at Re = 350, the triangular channel 
reaches 29,245.46 W/m²K, representing a 32.52% improvement over 
the plain value of 19,733.64 W/m²K.

Although the triangular geometry provides substantial improve-
ment, its performance remains consistently below that of the zigzag 
configuration. For instance, at Re = 200, the triangular plate records 
21,800.53 W/m²K, while the zigzag achieves 24,120.47 W/m²K, 
yielding an additional advantage of 10.64%. Across the entire range, 
zigzag enhancement varies between 32.01% and 38.21%, compared 
to 20.75%–32.52% for the triangular plate. However, as shown by 
the pressure-drop curve in Figure 7(a), this thermal gain comes with 
a moderate increase in flow resistance higher than that of the plain 
design but significantly lower than that of the zigzag plate. Thus, 
while the triangular design does not induce as strong a mixing effect 
as the zigzag geometry, it offers a favorable compromise between 
thermal enhancement and hydraulic penalty. Its ability to achieve 
29–32% heat transfer improvement at high Reynolds numbers while 
requiring comparatively lower pumping power makes it a practical 
and efficient choice for compact cooling applications.

The present findings align well with earlier reports on wavy and 
ribbed microchannels [11,12,21,28,31,37], where geometric modi-
fications enhanced fluid mixing and heat transfer but at the cost of 
higher pressure drop. Consistent with those studies, the triangular 
plate exhibits balanced performance, achieving a 20–32% increase 
in the heat transfer coefficient with only a moderate hydraulic 
penalty. While zigzag geometries exhibit stronger augmentation 
(32–38%), the triangular plate offers a more practical trade-off be-
tween thermal efficiency and pumping power, positioning it as an 
effective alternative to more complex channel inserts for compact 
cooling applications.

The results demonstrate that triangular plate-integrated micro-
channels provide a practical balance between enhanced cooling and 
manageable pumping requirements. They deliver heat transfer im-
provements ranging from 20.75% at Re = 100 to 32.52% at Re = 350, 
yielding significant thermal gains over plain channels while avoiding 
the excessive pressure penalties associated with zigzag designs. This 
makes them well-suited for compact electronic and energy systems 
where reliability, efficiency, and manufacturability are critical. This 
study demonstrates that simple plate-edge integration can achieve 
substantial thermal enhancement, providing a cost-effective and 
scalable alternative to more intricate microchannel modifications.

Figure 8. Comparing Heat Transfer capability: (a) 
NusseltaNusseltnd (b)Heat Transfer Coefficient Across Plain, 
Triangular, and Zigzag Configurations with Increasing Reynolds 
Number

4.4. Thermal resistance and base temperature reduction in 
modified microchannel geometries

The base wall temperature contours, as illustrated in Figure 9, 
demonstrate the impact of geometry on cooling effectiveness. The 
plain channel shows a large red zone near the outlet, indicating poor 
heat removal. In contrast, the triangular and zigzag plates display 
cooler regions(green–blue), confirming enhanced wall cooling and 
more uniform heat dissipation.

As depicted in Figure 10(a), the maximum base temperature de-
creases consistently as the Reynolds number increases across all 
configurations. Compared with the plain channel, the zigzag design 
achieves larger reductions of 7.51–9.43 K, whereas the triangular 
plate shows smaller reductions of 2.19–6.91 K. This indicates stron-
ger mixing and improved wall interaction in the zigzag configura-
tion, particularly at lower to moderate Reynolds numbers.

Figure 9. Temperature contours of the base wall for all tested 
geometries at Re = 300
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Figure 10(b) illustrates that higher Reynolds numbers correspond 
to reduced thermal resistance. Within Re = 100–350, the thermal 
resistance of the zigzag plate decreases from 8.4 to 3.8 K/W, while 
that of the triangular plate decreases from 9.5 to 5.0 K/W. Compared 
to the plain channel, the zigzag edge plate achieves a 41.1% reduc-
tion, and the triangular plate achieves 21.41% reduction. The zigzag 
geometry creates stronger vortices yielding improved wall cooling 
and reduced resistance, whereas the triangular design forms stable 
recirculation zones and produces a smaller reduction. Overall, the 
zigzag configuration is more effective in reducing maximum wall 
temperature, while the triangular configuration ensures a significant 
decrease in thermal resistance, especially at higher Reynolds num-
bers.

Figure 10. Variation of (a) maximum base temperature and (b)
thermal resistance with Reynolds number (Re = 100–350)

5. Conclusion

Effective thermal management is essential for the performance and 
endurance of high-power-density electronic equipment. This study 
explored a unique technique to improve microchannel heat sink 
(MCHS)performance by integrating internal plate geometries—
specifically triangular and zigzag edge-plates—within the channel 
structure. The goal was to improve heat dissipation in compact pro-
cessors like the Intel Core i5-7600K.

Three MCHS designs—plain rectangular, triangular edge-plate, and 
zigzag edge-plate—were numerically analyzed for varying Reynolds 
numbers to evaluate the Nusselt number, heat transfer coefficient, 
pressure drop, and thermal performance factor.

•	 The plain channel design provided the lowest pressure 
drop but exhibited limited thermal performance due to 
minimal flow disturbance.

•	 The triangular edge-plate configuration enhanced sec-
ondary flow, achieving a moderate thermal performance 
factor of 1.15.

•	 The zigzag edge-plate design delivered superior results, 
achieving a 38.21% increase in the heat transport coef-
ficient compared to the plain design and a maximum 
thermal performance factor of 1.20. Additionally, it out-
performed the triangular configuration by 11.77% at low 

Reynolds numbers, demonstrating its effectiveness in 
enhancing thermal performance through improved fluid 
mixing and boundary layer disruption.

•	 Despite an increased pressure drop, the zigzag configu-
ration consistently outperformed other configurations 
across all flow regimes.

This study introduces an effective geometric enhancement strategy 
for MCHSs, offering new insights into compact high-efficiency ther-
mal solutions for next-generation electronic cooling systems.

6. Future scope

This study shows that triangular and zigzag edge-plate geometries 
can enhance the thermal performance of microchannel heat sinks. 
However, further work is required to expand the scope. Experi-
mental validation is needed to confirm the numerical results and 
ensure practical reliability. Other geometries, such as wavy ribs, 
pin-fins, or hybrid structures, may provide better performance with 
controlled pressure drops. The use of advanced materials, surface 
coatings, or nanostructured walls could also enhance heat transfer. 
Similarly, nano fluids, dielectric liquids, or phase-change fluids may 
offer additional benefits. Studies under transient and non-uniform 
heat loads are necessary to represent actual processor operating 
conditions. Future work can also combine these designs with hybrid 
cooling methods such as jet impingement or two-phase flow. Final-
ly, the approach should be extended to multi-chip modules, GPUs, 
and server-grade processors to test scalability for next-generation 
systems.
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Nomenclature

Symbols
Ach		  Channel Area
Ahb, wall		  Area of Heated Base Wall
AIntf		  Total Interface Area
Cpwf		  Specific Heat of Working Fluid
Dhyd		  Hydraulic Diameter
h		  Heat Transfer Coefficient
Hch		  Height of Channel
Hsb		  Height of Substrate
Ksb		  Thermal Conductivity of Silicon Substrate
Kwf		  Thermal Conductivity of Working Fluid
Nu		  Nusselt Number
Pch		  Channel Perimeter
qeff		  Effective Heat Flux
Re		  Reynolds Number
Tmean, s-l		  Mean Temperature at Solid–Liquid Interface
Tmean, wf		  Mean Temperature of Working Fluid
Tsb		  Temperature of Silicon Substrate
Twf		  Temperature of Working Fluid
Wch		  Width of Channel
Wsb		  Width of Substrate

Greek Symbols
μwf		  Dynamic Viscosity of Working Fluid
μCf		  Temperature-Dependent Dynamic Viscosity
ρwf		  Density of Working Fluid
α		  Non-dimensional perforation diameter of the 
		  pin fin

Abbreviation
CHF		  Critical Heat Flux
DP-MCHS-PS	 Dual-Passage Microchannel Heat Sink 
		  with Pin Structures
FVM		  Finite Volume Method
G/D		  Gap-to-Diameter Ratio
HTC		  Heat Transfer Coefficient
MCHS		  Microchannel Heat Sink
MC-SOCRR	 Microchannel with Secondary Oblique Cross 
		  Ribs & Ribs
NSGA		  Non-dominated Sorting Genetic Algorithm
PEC		  Performance Evaluation Criterion
PF		  Performance Factor
PPF		  Piranha Pin Fin
TPF		  Thermal Performance Factor
VLSI		  Very Large-Scale Integration

W/cm²		  Watts per Square Centimeter
GA		  Genetic algorithm
BPNN		  Back propagation neural network
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