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The present study works on opportunities in improving the design of micro-channel 
heatsink (MCHS). The present study focuses on investigating numerically the effects of 
adding grooves at the MCHS which subject to jet impingement cooling. Commercial 
software ANSYS Fluent is used and realizable k-epsilon model is adopted to conduct a 
parametric study on the width and depth of rectangular longitudinal grooves at a 
constant heat flux of 250 W/cm2 applied at the base of MCHS.  Two type of channel 
designs with grooves i.e. center-groove and side-groove were created and investigated 
numerically.  Results show that addition of grooves generally give improvements in 
cooling performance and reducing the pressure drop.  Some designs of side-grooved 
channels and center-grooved channels improve the temperature uniformity.  The size 
of the groove affects the flow within the grooves and therefore affect the cooling 
performance. 
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1. Introduction 

 
As electronics develop, their size decreases significantly overtime which leads to thermal issues 

such as overheating. Overheating is detrimental to the function of electronics as they often cause 
premature failure. Hence, this causes cooling systems to be heavily researched to match the pace of 
the advances of electronics. 

An important breakthrough for small cooling systems happened with the proposal of the 
microchannel heat sink (MCHS) concept [1], capable of removing high heat flux while maintaining a 
small size.  

This concept is simple in which multiple microchannels are machined onto a substrate. Coolant is 
then pumped through the channels which will absorb heat from the substrate. The concept pairs well 
with small electronics because it was found that its heat transfer coefficient (HTC) varies inversely 
with the width of each channel for laminar flow. This means that narrower channels could potentially 
perform better than wider ones, allowing this technology to be scaled down. When using water as a 
coolant, they were able to dissipate up to 790W/cm2 while having temperature rise of 71oC. 

In 1997, it is shown that MCHS has 2 major disadvantages which is high pressure drop due to 
narrow channel width causing high pumping power to be required [2].  Furthermore, the increasing 
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fluid temperature and developing thermal boundary layer results in a high temperature difference 
between inlet and outlet. Therefore, they introduced the concept of manifold MCHS to decrease 
pressure drop. This was later studied in which the concept is found to decrease pressure drop by 35% 
[3].  However, the concept requires dividers which are bigger than the microchannel.  

Over the years, a common approach to improve heat transfer is to introduce obstacles into the 
channel such as ribs which encourage hot and fluid mixing. However, ribs increase the pressure drop 
sharply due to their high intensity of flow disturbances [4]. Due to this, grooves have become widely 
used because they can disrupt and redevelop thermal boundary layers while minimising pressure 
drop [5]. 

Besides MCHS, grooves also provide benefits to jet impingement cooling which is a popular 
cooling method which dates back to before 1976 [6].  It cools a target by striking jets of high velocity 
fluid at the surface. In 2012, Liu et al., [7] studied the effects of using a grooved plate for multi-jet 
impingement. The results showed that adding grooves can enhance the heat transfer up to 15% when 
compared to a flat plate. 

In 2003, Jang et al., [8] introduced a new concept where MCHS is subjected to an impinging air 
jet. The concept was found to have significantly reduced thermal resistance and pressure drop with 
improved temperature uniformity, minimizing the 2 main disadvantages of MCHS. Sung and 
Mudawar [9] later expanded upon the concept in 2006 and the single-phase heat transfer of a MCHS 
combined with slot jet impingement. However, MCHS with no fins (side walls) was used, causing a 
smaller contact area between solid and fluid regions and lower heat removal capability. Their 
numerical results obtained through k-Ɛ model agreed well with their experimental measurements. 
The accuracy of the model is supported by Baydar and Ozemen [10] where they proved the model is 
capable of predicting flow characteristics of confined jet impingement accurately. 

In 2008, Sung and Mudawar [11] proceeded to investigate the heat transfer of the hybrid scheme 
with added fins. The sidewalls were found to improve heat removal significantly. While using coolant 
HFE-7100, the hybrid module is also found to maintain a highly uniform temperature and able to 
dissipate heat flux of 305.9W/cm2 under jet velocity of 7.37m/s. In their subsequent study of 2008 
[12], the slot jet impingement was changed to a circular jet array. Having multiple jets allowed higher 
temperature uniformity than that of the slot jet. However, multiple jets also introduced crossflow 
which interferes with the heat transfer of downstream jets. The improvement brought by side walls 
was later confirmed by Kim et al., [13].  They compared the thermal performance between finned 
and finless hybrid schemes. Adding fins to the MCHS base were found to improve both heat transfer 
and temperature uniformity.  

Using the finned hybrid scheme by Sung and Mudawar [12], Zhang et al., [14] numerically studied 
the effects of channel shapes on the cooling performance of the hybrid scheme in 2017.  Their results 
showed that the cooling performance of a trapezoid channel is higher compared to those of 
rectangular and circular channels. Later in 2018, Zhang et al., [15] reused the trapezoid channel and 
numerically studied the effect of slot jet position on its cooling performance. They found out that the 
distance between the slot jet and the symmetry axis has a significant impact on maximum surface 
temperature and temperature uniformity. 

Darwish et al., [16] performed an experimental and numerical investigation on heat transfer 
enhancement and fluid flow characteristics of multiple free surface jet impingement using water and 
Al2O3-water nanofluid as coolants.  They proposed correlation equations to calculate Nusselt 
number for both inline and staggered jets cooling system 

During recent years, new hybrid scheme concepts are suggested by researchers. Barrau et al., 
[17, 18] suggested a new hybrid scheme where the middle section of the channel is changed to an 
open plate.  Results show that the concept improves temperature uniformity but sacrifices cooling 
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performance.  In 2018, another concept is suggested by Robinson et al., [19] in which the jet nozzles 
are extended into the channel.  Numerical results showed that this hybrid module can dissipate heat 
flux up to 1000 W/cm2 when using water as coolant. However, its complex geometry requires 
additive manufacturing for fabrication. It was then extended with experiments [20] and 
demonstrated one of the most effective thermal conductance levels at moderate pressure drop and 
flow rate.  

Despite studies showing the benefits brought by grooves to MCHS and jet impingement, no 
studies have considered adding grooves to the hybrid scheme. Hence, the present study aims to 
numerically investigate the cooling effects of adding grooves with different geometric parameters to 
the base of channel for a MCHS subjected to jet impingement. 
 
2. Methodology  
 

Figure 1 shows the schematic of a hybrid cooling module of MCHS.  Vertical slot jet impinges 
vertically at the top and exits the module from both ends horizontally. The substrate is made of 
copper with thermal conductivity, ks of 387.6 Wm-1. The coolant used is pure water. The module can 
be divided into many repeated sections of single channel as can be seen in Figure 1.  The present 
study considers a quarter symmetry of a repeated section/ single channel as the computational 
domain as shown in Figure 2.  The domain is divided into multiple rectangular blocks to allow ease of 
mesh refinement.   

 

 
Fig. 1. Schematic of hybrid cooling module of 
slot jet impingement on MCHS 

 

 
Fig. 2. Computational domain and boundary 
conditions on a quarter symmetry channel 
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ANSYS Fluent is used for the numerical simulation. 3D conjugate heat transfer analysis is carried 
out.  The realizable k-epsilon model is applied in the present study as it is proven to be capable of 
accurately predicting turbulent flow and the vortices. The flow is assumed to be steady, single phase, 
turbulent and incompressible. Based on the above, the governing equations of continuity, 
momentum, energy are: 
 

Continuity equation:  

 

  ∇ ∙ V⃗⃗ = 0                                                                              (1) 

 

Momentum equation:  

 

ρf(V⃗⃗ ∙ ∇)V⃗⃗ = −∇p + (μf + μt)∇
2V⃗⃗                                          (2) 

 

Energy equation for fluid:  

 

ρfcp,f(V⃗⃗ ∙ ∇)Tf = (kf +
cpμt

Prt
)∇2Tf                                             (3) 

 

Energy equation for solid:  

 

ks∇
2Ts = 0                                                                         (4) 

 

The symbols ρf, μf, Tf , cp,  kf and V⃗⃗   denotes the fluid properties of density, viscosity, and specific 

heat, thermal conductivity, and velocity vector, respectively.  The symbols ks and Ts are the solid 

thermal conductivity and temperature, respectively.  The turbulence parameters, Prt and μt are the 

turbulent Prandtl number and turbulent viscosity, respectively. 

 

The boundary conditions applied are as follows: 
 

i. Constant heat flux 𝑞 of 250 W/cm2 is applied to the bottom surface of the unit cell. 
ii. At the solid-liquid interface, fluid and solid are thermally coupled so that temperature and heat 

flux are preserved over the interface. 
  

𝑇𝑠 = 𝑇𝑓, 𝑘𝑠
𝜕𝑇𝑠

𝜕𝑛
= 𝑘𝑓

𝜕𝑇𝑓

𝜕𝑛
                                                  (5) 

 
iii. No slip is assumed at the solid-liquid interface. 

 
𝑢 = 𝑣 = 𝑤 = 0                                                        (6) 

 
iv. At the jet inlet. 

 
𝑢 = 𝑤 = 0, 𝑣 = −𝑢𝑗𝑒𝑡, 𝑇 = 𝑇𝑖𝑛                               (7) 
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v. Pressure outlet boundary condition is used at the outlet with zero gauge pressure. 
vi. Other surfaces are assumed to be adiabatic. 

 
The effects of adding microgrooves are investigated by conducting a parametric analysis of 

grooves configurations as shown in Figure 3. Figure 3 shows the cross-sectional view of a vertical 
plane crossing inlet.  In Figure 3, the left figure illustrates the plain flat channel, while the center 
figure illustrates the side-grooved channel which groove is added at the bottom corner of the 
channel, and the right one illustrates the center-grooved channel which groove is added at the center 
near the base of channel.  The grooves added have a width of 𝑊𝑔, and a depth of 𝐷𝑔.  Note that, for 

plain flat channel (left figure), 𝑊𝑔 = 𝐷𝑔 = 0.  

The variables in this study are 𝑊𝑔 and 𝐷𝑔, representing the width and depth of the groove, 

respectively. Note that each center-grooved channel has a groove width of 2𝑊𝑔 while each side-
grooved channel has 2 grooves with a width of 𝑊𝑔 each.  Other parameters are constant with values 

of 𝐻𝑗et=1𝑚𝑚, 𝐻𝑐ℎ =1.5𝑚𝑚, 𝐻𝑏ot=1𝑚𝑚, 𝑊𝑓in=0.4𝑚𝑚𝑚𝑚 and 𝑊𝑡op=0.3𝑚𝑚.  
 

 
Fig. 3. Cross-section of domain for illustration of plain 
channel (left), side-grooved channel (center) and center-
grooved channel (right) 

 

The model is solved using SIMPLE algorithm [21] for pressure-velocity coupling.  The convection-

diffusion formulation of the momentum and energy equation of fluid are solved using second-order 

upwind scheme. A convergence criteria was set below 10-5 for the residuals.  The parameters used to 

evaluate the performance of MCHS are described as follows: 

 

Average base temperature: 

 

�̅�𝑏 =
1

𝐴
∫𝑇𝑏 𝑑𝐴                                                                       (8) 

 
where 𝑇𝑏 is the local base temperature. 
 
Pressure Drop: 
 
 ∆𝑃 = �̅�𝑖𝑛𝑙𝑒𝑡 − �̅�𝑜𝑢𝑡𝑙𝑒𝑡                                                        (9) 
 
where the pressure drop is mass-averaged. 
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Temperature uniformity is evaluated based on the maximum base temperature difference which 
is defined as:  
 
∆𝑇 = 𝑇𝑏,𝑚𝑎𝑥 − 𝑇𝑏,𝑚𝑖𝑛                                                          (10)  

                                                                    
where 𝑇𝑏,𝑚𝑎𝑥 and 𝑇𝑏,𝑚𝑖𝑛 are maximum and minimum temperatures at bottom surface of the hybrid 
module, respectively. 
 
The jet Reynolds number is defined as: 
 

𝑅𝑒 =
𝜌𝑢𝑗𝑒𝑡𝐷𝑗𝑒𝑡

𝜇
                                                                        (11) 

 
where the 𝑢𝑗𝑒𝑡 is the inlet jet velocity while hydraulic dynamic 𝐷𝑗𝑒𝑡 is: 

 

𝐷𝑗𝑒𝑡 =
2𝐿𝑗𝑒𝑡𝑊𝑗𝑒𝑡

𝐿𝑗𝑒𝑡+𝑊𝑗𝑒𝑡
                                                                  (12) 

 

3. Results  
 

The numerical model of the plain channel configuration is validated against the experimental 

results of Sung and Mudawar [11].  The results agree well with a maximum discrepancy of 5.31% for 

local base temperature as shown in Figure 4. A grid independence study is carried out on the grooved 

configurations. Mesh sizes of 1029600, 1360800 and 1646100 elements have been tested for the 

grooved configurations. Between the 2 finer meshes, the center-grooved and side-grooved channels 

have 0.26% and 0.37% change in average temperature while also having a 0.63% and 0.54% change 

in pressure drop respectively. Hence, the mesh size with 1360800 elements is chosen to generate 

results hereafter. 

Numerical simulations have been conducted for various groove width.  The results of �̅�𝑏 and Δ𝑃 

for plain, center-grooved and side-grooved channels across different 𝑊𝑔 are shown in Figure 5 for 

fixed values of 𝐷𝑔=0.2mm and Re=6341. The ranges of groove widths presented in Figure 5 are 𝑊𝑔 = 

0.0625—0.4375mm for center-grooved channels and 𝑊𝑔=0.1125—0.4785mm for side-grooved 

channels.  In Figure 5, the result of plain flat channel (𝑊𝑔 = 𝐷𝑔 = 0) is included as constant value for 

comparison.  It can be observed in Figure 5(a) that, the side-grooved channels show relatively lower 

mean base temperature with the lowest mean temperature about 49oC at 𝑊𝑔 = 0.3 mm, which is 

about 5.5 oC lower as compared to the plain channel.  The effect of 𝑊𝑔 on center-groove channel is 

relatively small, exhibiting value of between the plain flat channel and side-groove channels.  This 

means both type of grooved channels give better cooling effect as compared to the plain channel, 

with side-grooved channel as the most superior. In Figure 5(b), the grooved channels also exhibit 

relatively lower ∆𝑃 as compared to the plain flat channel.  In terms of pressure drop, center-grooved 

channels have the lowest pressure drop, but differences in ∆𝑃 are becoming smaller between both 

type of grooved channels for large values of 𝑊𝑔 (𝑊𝑔 >0.35 mm). 
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Fig. 4. Comparison of experimental results [11] and present numerical results obtained. T represents the 
temperature of the jet at the inlet. 

 

  
(a) (b) 

Fig. 5. Variation of (a) �̅�𝑏 (left figure) and (b) Δ𝑃 with (𝐷𝑔 = 0.2mm fixed) 

 

The effect of the depth of the grooves on �̅�𝑏 and Δ𝑃 have also been investigated.  The results of 

�̅�𝑏 and Δ𝑃 for center-grooved and side-grooved channels for different 𝐷𝑔 are shown in Figure 6 for 

fixed values of 𝑊𝑔= 0.3 mm and Re = 6341.   

Figure 6(a) and Figure 6(b) clearly show that the increase in 𝐷𝑔 reduces the value of �̅�𝑏 and Δ𝑃 

for both type of grooves. This could be due to the larger flow passage when depth of groove become 

larger and enhances the heat transfer area. It can also be observed that the side-grooved channels 

give lower value of �̅�𝑏 as compared to the center-grooved channels but the other way round for the 

pressure drop as shown in Figure 6b.  This mean the variation in mean temperature is in the reverse 

trend as the pressure drop.  Further analysis on the flow is conducted to analyze this.   
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                       (a)     (b)     

Fig. 6. Variation of (a) �̅�𝑏 (left figure) and (b) Δ𝑃 with 𝐷𝑔 (𝑊𝑔 = 0.3mm fixed) 

 
The streamlines of various flow configurations are presented in Figure 7.  The upper 5 figures in 

Figure 7(a) represents the flows for center-grooved channels for different 𝑊𝑔, whereas the lower 5 

figures in Figure 7(b) represents the flows for side-grooved channels. From the streamlines, the 
figures show that, the flow slows down when reaches the grooves.   
 

 
Fig. 7. Streamline plots of (a) Center-grooved Channels, (b) Side-grooved Channels 

 
Generally, the grooves provide additional heat transfer area which contributes to better heat 

transfer regardless of the velocities of fluid within the grooves, however flow in the grooves affect 
how efficient heat can be transferred.  For 𝑊𝑔 = 0.3 mm in Figure 7(b), it can be seen that the fluid 

flow in the groove becomes strongest in which the circulation within the groove appears to be 
smooth and strong, and that explains why this figuration of side-grooved channel gives the best 
cooling.  Note that the flow presented is at the mid vertical plane of the hybrid module.  The flow at 
the mid plane affects the fluid mixing at the downstream along the channel.   The flow patterns in 
Figure 7(a) generally show similar strength around the grooves among the center-grooved channels.   
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The temperature uniformity is also an important aspect of the cooling performance.  In this study, 
the difference between the maximum and minimum temperature at the base of heatsink is evaluated 
as a measure of temperature uniformity.  The smaller the difference, the better the temperature 
uniformity.  The results are presented in Figure 8 for different value of 𝑊𝑔 for both type of grooved-

channels.  The result for plain flat channel is also included for comparison.  It can be seen in Figure 8 
that, both the grooved channels exhibit value of ∆𝑇𝑏 lower than plain flat channel only at certain 
values of 𝑊𝑔.  The results discussed implies that certain design of grooved channels are able to enhance 

the cooling effect in terms of mean temperature and temperature uniformity as well as reducing 

pressure drop relative to a plain flat channel. 

 

 
Fig. 8. Variation of ∆𝑇𝑏 with 𝑊𝑔 at fixed 𝐷𝑔 = 0.2 mm 

 
4. Conclusions 
 

The study on MCHS with different geometry of grooved channels subjected to jet impingement 
and a constant heat flux has been conducted numerically. The numerical model has been validated 
with a maximum discrepancy of 5.31% when compared to the experimental results in the literature. 
The present study numerically proved that adding grooves to the base of the channel generally 
improve cooling performance, and reduce pressure drop simultaneously when compared to a plain 
channel. MCHS with certain designs of grooved channels give better temperature uniformity as well.  
An optimal groove width of 0.3 mm of side-grooved channel was found to give lowest mean 
temperature at the heat sink base, and the streamlines of the fluid flow shows strong circulation 
within the groove.    
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