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1. Introduction 

Hot-surface temperature and heat-distribution 

uniformity are key factors that determine the 

thermal performance and service life of heat sinks 

used in modern power and electronic equipment. 

Large temperature variations can cause thermal 

stresses, uneven material expansion, and localized 

corrosion, negatively affecting the reliability of 

thermal systems in both small- and large-scale 

industrial applications [1]. These phenomena are 

typically associated with poor flow uniformity 

within conduits, inconsistent heat transfer, or 

localized heat sources. Therefore, achieving better 

thermal uniformity and minimizing hot-surface 

temperature variations is a primary objective in 

designing heat sinks for cooling high-temperature 

electronic components. 

The scientific literature has focused on this topic 

by studying and optimizing integrated thermal 

systems, such as microchannel cooling systems and 

high-surface-area structures. These systems include 

microchannel heat sinks [2] and [3], reactive heat 

exchangers [4] and [5], plate heat exchangers [6] 

and [7], and fuel-cell cooling systems [8, 9]. 

Uniform flow distribution within parallel channels 

can reduce the temperature difference at the hot 

surface, improve the heat transfer coefficient, and 

minimize pressure loss. 

Flow maldistribution is a major engineering 

challenge in multichannel heat sinks, and 

researchers have studied this phenomenon 
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extensively in recent years [10–12]. Liu et al. [10] 

showed that flow maldistribution in plate-based 

cooling systems leads to significant temperature 

variation in fuel cells. Wang et al. [11] analyzed 

how inlet and outlet collector design affects fluid 

pressure and distribution within the cooled plates. In 

his research, Wang [12] improved the flow fields in 

single-channel cooling systems by using geometric 

coefficients as optimization variables. 

The literature has described several strategies 

for improving fluid distribution using two-

dimensional diffusers and geometrically modified 

structures [13–15]. Lu et al. [13] proposed a 

structural approach that integrates heat exchangers 

and microreactors to improve inlet fluid distribution 

and reduce flow concentration in certain paths. Fan 

et al. [14] tested a plate diffuser to measure flow 

homogeneity, showing the potential to achieve a 

more balanced distribution with significantly 

reduced energy loss.  

Liu et al. [15] investigated geometric channel 

branching and the effect of dividing a single channel 

into two sub-channels, finding that appropriate 

branching patterns can mitigate thermal differentials 

between channels and improve cooling performance 

in parallel-channel systems. Other studies have 

focused on the effects of collector shape, orifice 

distribution, and variations in inlet/outlet position. 

Zhang et al. [16] showed that modifying the 

collector shape reduces flow variability and 

improves thermal distribution. Cyril et al. [17] 

demonstrated that using stepped or tapered diffusers 

can achieve uniform distribution in low-velocity 

flows.  

Kumaran et al. [18] presented a numerical 

comparison of various collector shapes, including I, 

C, V, Z, and U, showing that some shapes offer 

better thermal performance under different operating 

conditions. Wang et al. [19] observed that a U-

shaped arrangement in heat exchangers achieves 

greater uniformity compared to a Z-shaped 

arrangement under single-phase flow, and Zhang et 

al. [20] experimentally confirmed these results 

under various operating conditions. 

In addition to modifying collectors, researchers 

have used baffles to redirect flow and reduce 

velocity-distribution variations within channels. Liu 

et al. [21] showed that incorporating small baffles 

into cooling channels improves thermal uniformity 

and redirects fluid toward terminal channels that 

often suffer from poor cooling. 

 Ahmed et al. [22] showed that branch channels 

reduce hot spots in liquid-cooled systems, while 

Wen et al. [23] demonstrated improved distribution 

by incorporating perforated baffles into collectors. 

Other studies have demonstrated the effectiveness of 

porous baffles [24] and cylindrical inserts [25] in 

improving flow distribution without a significant 

increase in pressure loss, while Lu et al. [26] 

developed geometric design algorithms to select the 

optimal baffle arrangement. Chai et al. [27] and [28] 

investigated the effect of internal ribs on thermal-

hydraulic performance, and their results showed that 

the ribs prevent a decrease in the heat transfer 

coefficient along the flow direction. 

Despite advances in this field, achieving optimal 

thermal homogeneity in parallel-channel heat sinks 

remains a significant engineering challenge, 

particularly in laminar-flow systems, where mixing 

enhancement is relatively limited. Common metrics 

for evaluating heat sink performance include 

temperature difference (ΔT), pressure loss (ΔP), heat 

transfer coefficient (h), and Nusselt number (Nu), 

which together provide a comprehensive picture of 

heat removal efficiency and flow rate. Achieving a 

suitable balance between optimizing thermal 

performance and minimizing pressure loss is 

essential for electronics cooling applications. 

Numerical simulations based on computational 

fluid dynamics (CFD) have significantly contributed 

to the study of these phenomena, as they can analyze 

complex channels and evaluate the impact of 

geometric modifications at lower cost than 

experimental testing [29, 30]. Water is typically 

used as the coolant in these applications because of 

its high thermal properties, and aluminium is often 

used as the heat sink material due to its high thermal 

conductivity and fabricability. Furthermore, the 

system in this study operates in a low Reynolds 

number (R) range of laminar flow, making the role 

of baffles in flow redistribution more critical than in 

turbulent or high-flow systems. 
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 In this context, this research presents a 

numerical study using ANSYS Fluent v.15 to 

analyze the effect of baffles on the thermal 

performance of a heat sink designed to cool 

electronic components. The analysis used laminar 

water flow within parallel aluminium channels, 

applied a uniform heat flux at the hot surface, and 

examined geometric models of the graded baffles. 

Performance was evaluated using the variables 

temperature difference (ΔT), pressure loss (ΔP), heat 

transfer coefficient (h), and Nusselt number (Nu) to 

clarify the relationship between improved flow 

distribution and reduced temperature difference. The 

results of this work also aim to contribute to the 

field of thermal design for integrated heat sinks with 

digital outputs that can be used both technically and 

engineering-wise in high-temperature devices such 

as modern electronic processing units [31–34]. 

2. Problem Description 

2.1 Geometric Configurations  

This research uses numerical analysis to study the 

flow behavior and heat transfer within a multi-

barrier heat sink. All simulations were performed 

using ANSYS Fluent v.15 software, given its high 

accuracy and reliability in modelling electronic 

cooling problems. 

A three-dimensional geometric model of the 

heat sink was constructed to represent the channels 

and barriers fully. We assumed three-dimensional, 

laminar, incompressible flow, with constant fluid 

and solid physical and thermal properties within the 

studied temperature range. Fig. 1 shows the 

geometric configurations of the four heat sink 

models, and Table 1 lists all dimensions of the M1, 

M2, M3, and M4 used in this study. 

  

(a) M1 (b) M2

 
 

(c) M3 (d) M4. 

Fig. 1. Geometric configurations of the four heat sink models. 
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2.2 Mathematical Model 

Water was used as the cooling fluid, with an inlet 

temperature of 298 K and an inlet velocity range of 

0.06 - 0.28m/s. At the outlet, we applied a pressure 

condition of 0 Pa to allow the flow to exit without 

further restrictions. We applied a constant heat flux 

of 58,000 W/m² to the heat sink's bottom surface. In 

contrast, we considered the remaining surfaces 

thermally insulated, a common practice in electronic 

device cooling studies. Table 2 lists the entry 

velocities and Reynolds numbers used in the 

numerical simulation. 

Table 2: Reynolds numbers corresponding to the 

heat sink inlet fluid velocities (u). 

 

 

 

 

establish the solution's 

independence. Table 3 verifies grid independence. 

To reduce computational costs and save time, we 

adopted a grid system of 3451233 grids for 
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subsequent calculations. Fig. 2 shows the final 

computational mesh corresponding to this selected 

grid. 

Table 3. Grid Independence Test Results 

Grid 

number 
∆P(Pa) 

Relative 

error 
∆T(K) 

Relative 

error 

1509480 141.29 16.96 % 71.42 14 % 

2803109 167.37 1.63 % 61.97 0.820 % 

3451233 170.14  62.48   

4152708 170.46 0.18 % 62.49 0.016 % 

5600456 170.00 0.11 % 62.60 0.19 % 

After determining the appropriate grid through 

grid-independence testing, we created an irregular 

grid with elements concentrated near walls and 

barriers to capture steep velocity and temperature 

gradients more accurately.  

 
Fig. 2 The final computational mesh for the heat 

sink M4 after checking the mesh independence. 

4. Results and Discussion  

4.1 Velocity distribution maps at the midplane of 

the heat sink at Re = 1600  

Fig. 3 shows velocity distribution maps at the mid-

plane of the heat sink for four different geometries 

at Reynolds number 1600. In model M1 (a), the 

flow is mainly concentrated in the mid-channels, 

with higher velocities than in the lateral channels. 

This indicates an uneven fluid distribution due to the 

lower mid-channel resistance. Model M2 (b) shows 

a relative improvement in the velocity distribution 

across the channels, as the geometric modification 

of the flow paths directs a larger proportion of the 

4.2 Pressure distribution maps at the mid-plane 

of the heat sink at Re=1600 

Fig. 4 shows the pressure distribution maps at the 

mid-plane of the heat sink for the four models at 

Re=1600. The figure illustrates how geometric 

design differences between the models affect the 

pressure distribution within the channels, showing 

clear differences between the inlet areas and the rest 

of the heat sink. This reflects the difference in flow 

resistance between the studied designs. 

4.3 Temperature distribution maps at the mid-

plane of the heat sink at Re=1600 

Fig. 5 shows the temperature distribution maps at 

the mid-plane of the heat sink for the four models at 

Reynolds number 1600. Fig. 5 illustrates how 

channel and barrier geometry affect heat distribution 

within the heat sink, revealing clear differences in 

temperature uniformity among the studied models.  

4.4 Temperature distribution maps of the bottom 

plate of the heat sink at Re=1600 

Fig. 6 shows the temperature distribution maps on 

the bottom base of the heat sink for the four models 

at Reynolds number 1600. Fig. 6 illustrates how 

different channel and barrier designs affect base-

temperature uniformity, with color differences 

indicating clear variations across the studied models. 

https://doi.org/10.56990/bajest/2026.050101
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(a) M1, Re=1600 (b) M2, Re=1600 

  

(c) M3, Re=1600 (d) M4, Re=1600 

Fig. 3. Velocity at the middle level of the heat sink for the four models at Re = 1600. 

  
(a) M1, Re=1600 (b) M2, Re=1600 

  
(c) M3, Re=1600 (d) M4, Re=1600 

Fig. 4 Pressure contour at the mid-plane of the heat sink at Re = 1600. 
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(a) M1, Re=1600 (b) M2, Re=1600 

  

(c) M3, Re=1600 (d) M4, Re=1600 

Fig. 5 Temperature contours at the mid-plane of the heat sink at Re=1600. 

 
 

(a)M1 (b)M2 

  
(c) M3 (d) M4 

Fig. 6 Temperature contour of the bottom plate of the heat sink at Re=1600. 

To evaluate the heat sink's thermal performance, 

we calculated the heat transfer coefficient and 

Nusselt number from the surface and fluid 

temperatures. These indices were used to compare 

different configurations and determine the effect of 

barriers on cooling efficiency and flow uniformity. 

Table 4 lists ΔP, ΔT, the heat transfer coefficient h, 
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and the Nusselt number for models M1–M4 at Re = 

1600. 

Table 4: Comparison of thermal performance 

parameters for the four heat sink models at Re = 

1600. 

Model 
∆𝐏 

(Pa) 

∆𝐓 

(K) 
h(w/𝐦𝟐 . 𝐤) Nu 

M1 170.37 78.50 738.85 6.33 

M2 222.54 75.67 766.49 6.57 

M3 139.05 75.80 765.17 6.55 

M4 165.8 51 1057.24 9.06 

The analysis results showed that model M4 was 

the most efficient and best-performing of the four 

models. This model showed the smallest 

temperature difference, directly indicating its higher 

efficiency in removing heat from the base surface 

compared to the other designs. M4 also achieved the 

highest heat transfer coefficient and the largest 

Nusselt number, reflecting its engineering design's 

ability to enhance turbulence within the passages 

and intensify convection. Despite a relatively high 

pressure loss, these significant heat gains make 

model M4 the best and most efficient choice among 

the models studied. 

6. Model Comparison 

6.1 The temperatures in the four models 

Fig. 7 shows a comparison of the change in 

temperature difference Td  With the Reynolds 

number for the four heat sink models. The results 

show a gradual decrease in Td  As the Reynolds 

number increases for all models, it reflects improved 

heat transfer efficiency due to enhanced convection 

at higher flow rates. Model M4 exhibits the smallest 

temperature difference across the studied range, 

indicating better thermal performance than the other 

models. 

  

Fig. 7 The temperature difference between the 

maximum and minimum temperatures in the four 

models. 

6.2 The heat- transfer performance for the four 

models 

Fig. 8 (a) and 8 (b) illustrate the comparison of the 

heat-transfer coefficient and Nusselt number for the 

four models in the simulation. As the Reynolds 

number increases, both the heat-transfer coefficient 

and the Nusselt number increase. For all Reynolds 

numbers, the heat-transfer coefficient and Nusselt 

number of M4 are the largest, which indicates the 

acceptable heat-transfer performance of M4 due to 

the lower temperature of the heating surface.  

The maximum convective heat transfer for M4 

is 1057.24 W/m2·K, and the Nusselt number is 9.06, 

obtained at the highest evaluated flow rate (Re = 

1600). These values are the lowest for M1, with a 

heat-transfer coefficient of 738.85 W/m2·K and a 

corresponding Nusselt number of 6.33, as 

summarized  in Table 4 

  

(a) The heat-transfer coefficient (b) The Nusselt number. 

Fig. 8 The heat-transfer performance for the four models. 
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5. Conclusions 

In this paper, we present a novel type of multi-

barrier heat sink. We investigated the flow and heat-

transfer characteristics of this sink at different inlet 

velocities through numerical simulations. The 

results indicate that the heat transfer coefficient of 

the M4 sink is 1057.24 W/m²·K, the temperature 

difference between the highest and lowest heating 

surface temperatures is 51 K, and the pressure drop 

is 165.8 Pa at a Reynolds number of 1600. The 

simulation results show that the M4 sink exhibits 

superior heat transfer and flow uniformity compared 

to the other models studied in this research. 
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