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This paper demonstrates a numerical study of heat transfer characteristics of laminar 
flow in oblique finned microchannel heat sink using nanofluid with Al2O3 
nanoparticles added to various base fluids including water, ethylene glycol and turbine 
oil as coolant fluid. The width of the primary channel was 0.5 mm and the secondary 
channel was less than 0.15 mm in the oblique finned microchannel heat sink with an 
aspect ratio of 3. ANSYS Fluent was employed to model the flow in the geometry of 
microchannel. Single phase model and constant heat flux boundary condition were 
used in this numerical study. The modeling was validated by comparing the published 
data for conventional and enhanced microchannel heat sink. The base fluid acted as a 
comparison baseline to the nanofluid with volume fraction of 1.0% and 4.0%. Besides, 
the study was carried out in laminar flow regime, whereby the Reynold number ranged 
between 320 to 700. It was found that turbine oil based nanofluid had the highest 
Nusselt number among all fluids, followed by ethylene glycol and water to be the least. 
However, the heat transfer coefficient among all fluids were contrary to the Nusselt 
number where water achieved the highest heat transfer coefficient. The addition of 
nanoparticles increased the heat transfer coefficient of all fluids but it did not enhance 
their Nusselt number except water. 
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1. Introduction 
 

Heat removal is a key factor in nearly all industrial applications. In twenty first century, 
applications such as nuclear reactors, machinery, automobile, high performance computer chips and 
etc., generate high heat intensity which require effective and capable heat removal solutions to 
maintain their daily operations and performance. Due to the high surface to volume ratio, small-scale 
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microchannel heat sinks are thus extensively used in these applications to remove high power 
densities. 

Microchannel heat sink was first introduced by Tuckerman and Pease [1] in 1981. The 
microchannel heat sink was made using silicon which is capable of removing power density of 790 
𝑊/𝑚2. There are several recent studies using numerical and experimental works available in the 
literature that investigate the forced convective heat transfer in different design parameters of 
microchannel heat sink [2-8]. The effects of using different shapes of cross section of microchannel 
heat sinks including circular, hexagon, rectangular, straight slot and triangular shapes were examined 
[6]. Although there are a lot of available studies on microchannel heat sink design, rectangular cross-
section shape is more commonly utilized due to the ease of fabrication and its comparable heat 
transfer capability to other designs. In recent study, there is a breakthrough on heat transfer 
enhancement using the heat sink design having breakages of continuous fin into oblique shape 
sections [9]. 

Apart from having plain working base fluid, adding nanoparticles to the coolant fluid to enhance 
the properties of the coolant fluid which is known as nanofluid has been extensively studied [10]. 
There are plenty of experimental and numerical studies performed on heat transfer enhancement of 
nanofluids compared to its base fluid [11-14]. Single-phase method is a common method used as a 
prediction of thermal properties of nanofluid in simulation. Higher accuracy results can be obtained 
by using two-phase method but it is costlier due to the high computing power requirement [15]. 

In this study, heat transfer study was carried out in oblique finned microchannel heat sink using 
water, ethylene glycol and turbine oil as well as their respective nanofluid with added aluminium 
oxide (Al2O3 ) nanoparticles at 1.0% and 4.0% volume fraction concentration. The results were 
computed using ANSYS Fluent and validated with the existing numerical and experimental works 
carried out by Lee et al., [8,9]. 
 
2. Mathematical Model 
2.1 Geometrical Configuration 
 

Both conventional microchannel heat sink and oblique finned microchannel heat sink with 500 
𝜇𝑚 were simulated and validated with that of Lee et al., [8,9]. The details of the heat sink geometry 
are as shown in Table 1. Once the base case simulation was validated, the effects of nanofluid with 
different base fluids at oblique finned microchannel heat sink were explored. 
 

Table 1  
Dimension details for microchannel heat sinks used in simulation 
Characteristic Conventional microchannel Oblique finned microchannel 

Material Copper 
Footprint, width × length (mm) 25×25 
Main channel width (𝝁m) 500 
Fin width (𝝁m) 500 
Channel depth (𝝁m) 1500 
Aspect ratio  3 
Number of fins per row - 12 
Oblique finned channel width (𝝁m) - 250 
Fin pitch (𝝁m) - 2000 
Fin length (𝝁m) - 1450 
Oblique finned angle (deg) - 27 
Hydraulic diameter (𝝁m) 750 786 
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A single section of heat sink with periodic boundary condition imposed at the side boundaries is 
employed to mimic the repetitive pattern of the heat sink problem, as illustrated in Figure 1. This 
reduces the size of the computation domain needed for both conventional and oblique finned 
microchannel. For oblique finned microchannel, the entrance of the inlet was extended to ensure the 
flow is fully developed before entering the microchannel. An extended length is also applied at the 
outlet, to prevent reverse flow occurred while fluid exiting the microchannel, as shown in Figure 1. 
 

 
Fig. 1. Computational domain for oblique finned microchannel 
heat sink 

 
2.2 Governing Equations and Boundary Condition 
 

Single-phase method in simulating nanofluids was employed in this study. The following 
governing equations were used for the single-phase model [16]. 
 
Conservation of mass: 
 

∇ ∙ (𝜌�⃗� ) = 0               (1) 

 
Conservation of momentum: 
 

∇ ∙ (𝜌�⃗� �⃗� ) = −∇𝑃 + ∇ ∙ (𝜇∇�⃗� )           (2) 

 
Energy equation: 
 

∇ ∙ (𝜌�⃗� 𝑐𝑇) = ∇ ∙ (𝑘∇𝑇)            (3) 

  

The density, pressure and dynamic viscosity are denoted by 𝜌, 𝑃 and 𝜇, respectively. The �⃗�  is the 
velocity field. Meanwhile, the temperature, specific heat capacity and thermal conductivity are 
represented by 𝑇, 𝑐 and 𝑘, respectively.  

The model was assumed to be incompressible and viscous dissipation was negligible in energy 
equation. The integrated effects of momentum and energy exchange with base fluid was neglected. 
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Constant inlet velocity and pressure outlet boundary condition were applied, constant wall heat flux 
boundary condition (65 𝑊/𝑐𝑚2) at base heat sink was considered, except for the top surfaces that 
employed adiabatic condition. 
 
2.3 Thermo-Physical Properties of Fluid 
 

The thermophysical properties of the base fluids and nanoparticles were shown in Table 2. These 
properties were adopted from Ramirez-Tijerina et al., [17]. 
 

Table 2 
Thermophysical properties of base fluid and nanoparticles 
Material Density, 𝜌 

(𝑘𝑔/𝑚3) 
Specific Heat, 𝑐 (𝐽/
𝑘𝑔 ∙ 𝐾) 

Dynamic 
Viscosity, 𝜇 (𝑘𝑔/
𝑚 ∙ 𝑠) 

Thermal 
Conductivity, 𝑘 (𝑊/
𝑚 ∙ 𝐾) 

Water 997 4170 1.00 × 10−3 0.606 
Ethylene-Glycol 1111 2415 1.57 × 10−2 0.252 
Turbine Oil 868 2000 2.70 × 10−2 0.120 
Al2O3 nanoparticles 3970 791 - 40.00 

 
(i) Density 
 

The density of nanofluids (𝜌𝑛𝑓) was computed using mixture rule as follows [18]. 

 
𝜌𝑛𝑓 = 𝜌𝑏𝑓(1 − 𝜙) + 𝜌𝑝𝜙             (4) 

  
where 𝜙 is the volume fraction of nanoparticles. The subscript 𝑛𝑝, 𝑏𝑓 and 𝑝 represent the nanofluid, 
base fluid and nanoparticle. 
 
(ii) Specific Heat 
 

The effective specific heat of the nanofluid (𝑐𝑛𝑓) was calculated using the following equation, 

assuming thermal equilibrium between base fluid and nanoparticles [18]. 
 

𝑐𝑛𝑓 =
(1−𝜙)(𝜌𝑐)𝑏𝑓+𝜙(𝜌𝑐)𝑝

𝜌𝑛𝑓
             (5) 

 
(iii) Thermal conductivity and viscosity 
 

The thermal conductivity of alumina-water nanofluid was calculated using the equation proposed 
by Heyhat’s experimental work where the equation fit the experimental results with a correlation 
coefficient of 0.95 [19]. At the same time, Heyhat formulated the dynamic viscosity equation of 
alumina-water nanofluids by converting the measured kinematic viscosities to dynamic viscosity. A 
study by Ma𝑖̈ga et al., [20] justified the use of Eq. (8) and Eq. (9) for calculating the thermal 
conductivity and viscosity of alumina-ethylene-glycol nanofluid. The thermal conductivity of alumina-
turbine oil nanofluid was formulated using Eq. (10) as proposed by Yu and Choi [21], which the 
experimental thermal conductivity of the oil-based nanofluid was close to the results obtained from 
the correlations, whereas the effective viscosity of turbine oil based nanofluid was evaluated using 
the correlation of Wang et al., [22] as stated in Eq. (11). 
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For Al2O3-water nanofluid, 
 

𝑘𝑛𝑓 = (1 + 8.733𝜙𝑝)𝑘𝑏𝑓             (6) 

 

𝜇𝑛𝑓 = 𝜇𝑏𝑓𝑒
5.989𝜙

0.278−𝜙              (7) 

  
For Al2O3-ethylene-glycol nanofluid, 

 
𝑘𝑛𝑓 = 𝑘𝑏𝑓(28.905𝜙

2 + 2.8273𝜙 + 1)          (8) 

 
𝜇𝑛𝑓 = 𝜇𝑏𝑓(306𝜙

2 − 0.19𝜙 + 1)           (9) 

 
For Al2O3-turbine oil nanofluid, 

 

𝑘𝑛𝑓 =
𝑘𝑏𝑓{𝑘𝑝+2𝑘𝑏𝑓+2(𝑘𝑝−𝑘𝑏𝑓)(1.1)3𝜙}

𝑘𝑝+2𝑘𝑏𝑓−(𝑘𝑝−𝑘𝑏𝑓)(1.1)3𝜙
                     (10) 

 
𝜇𝑛𝑓 = 𝜇𝑏𝑓(1 + 7.3𝜙 + 123𝜙2)                     (11) 

  
The governing equations of mass, momentum and energy were solved using finite volume 

method via ANSYS Fluent. Second-order upwind scheme was employed for computing the 
parameters. Thus, the average heat transfer coefficient (ℎ𝑎𝑣𝑔)  was calculated using Eq. (13) as 

follows. 
 

ℎ𝑥 =
𝑞′′

𝑇𝑤(𝑥)−𝑇𝑚(𝑥)
            (12) 

 

ℎ𝑎𝑣𝑔 =
1

𝐿
∫ ℎ(𝑥)𝑑𝑥

𝐿

0
            (13) 

 
The Nusselt number (𝑁𝑢) was defined as 
 

𝑁𝑢 =
ℎ𝑎𝑣𝑔𝐷ℎ

𝑘𝑛𝑓
                        (14) 

 
where 𝐷ℎ is the hydraulic diameter.  
 
3. Results and Discussion 

 
The numerical simulations of both conventional microchannel heat sink (MCHS) and oblique 

finned microchannel heat sink (OFMCHS) were conducted in ANSYS Fluent. The present study 
focused in laminar flow regime with Reynold number ranging between 320 to 700. This research 
emphasized the understanding of the effect of heat transfer enhancement and wall shear stress with 
nanoparticles addition into the base coolant fluid. Grid independence test was first conducted using 
five different grid resolutions which were applied on both simulations having MCHS and OFMCHS. As 
illustrated in Figure 2, the Nusselt number and pressure drop converged when fine mesh is used. To 
ascertain the accuracy of the simulation results, the second finest mesh sizing (46,760 and 99,080 
element counts for MCHS and OFMCHS, respectively) were used in this study. 
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(a) (b) 

  
(c) (d) 

 
Fig. 2. Grid independence test conducted on (a) Nusselt number, and (b) pressure drop for MCHS at Re = 
320 using water. Part (c) and (d) are Nusselt number and pressure drop for OFMCHS, respectively 

 
3.1 Validation of Numerical Simulation 
 

Using the recommended grid resolutions, the numerical model was then validated by comparing 
with the results presented by Lee et al., [8,9] using water as coolant fluid as shown in Figure 3 and 
Figure 4. In all conditions, relatively small deviation had been noticed for average Nusselt number 
and pressure drop against Reynold number between both Lee et al., [8,9] and present numerical 
work. Apparently, Nusselt number of fluid flow in OFMCHS was higher than conventional MCHS at all 
Reynold number which indicates that heat transfer can be enhanced by introducing the breakage of 
fin (oblique fins) in the MCHS. 

In this study, the simulations showed a vast difference between the temperature contour of 
MCHS and OFMCHS as shown in Figure 5. The maximum wall temperature of OFMCHS was 45°C while 
conventional MCHS had maximum wall temperature at 56.2°C. The temperature contour of 
conventional MCHS showed relatively high temperature in the vicinity of the channel wall. For 
OFMCHS, the temperature profile over the fluid domain is more uniform. This can be due to better 
fluid mixing for the OFMCHS as observed in the velocity streamline plot as shown in Figure 6, thus 
reducing the temperature gradient between the fluid and the solid wall, which is highly desirable in 
maintaining low temperature in the cooling system. 
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Apart from the temperature and velocity fields, the local pressure drop profile of conventional 
MCHS and OFMCHS is also illustrated in Figure 7. The periodic dips and spikes of the static pressure 
was observed in OFMCHS which is in agreement with numerical work of Lee et al., [8]. As can be 
observed from this figure, the pressure dropped as the fluid left at each secondary channel outlet 
and the pressure recovered once the secondary flow combined into the adjacent main channel in 
OFMCHS. 

 

 
Fig. 3. Average Nusselt number vs Reynold number comparison for model validation 

 

 
Fig. 4. Pressure drop across the microchannel vs Reynold number comparison for 
model validation 
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Fig. 5. Temperature (K) contour of 
laminar flow of (a) conventional MCHS 
and (b) OFMCHS at Re = 320 

 

 
Fig. 6. Velocity streamline of water flow in OFMCHS at Re = 320 

 

 
Fig. 7. Pressure drop profile of both MCHS and OFMCHS 

 
3.2 Fluid Flow and Heat Transfer Characteristics 

 
As OFMCHS configuration promote better fluid mixing which resulted in a low temperature 

gradient between wall and core fluid temperature, it is thus insightful to investigate the additional of 
nanoparticles for heat transfer in OFMCHS. In this study, Al2O3-nanofluid with three different base 
fluids with volume concentration of nanoparticles at 0%, 1% and 4% have been investigated. The 
average Nusselt numbers against Reynolds numbers for all the nanofluids in OFMCHS were plotted 
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in Figure 8. It appeared that average Nusselt number increased with the increase of Reynolds number 
due to the reduction of thermal boundary layer thickness. Turbine oil based nanofluids recorded the 
highest average Nusselt number among all the fluids followed by Ethylene glycol and water based 
nanofluids. This was due to turbine oil and ethylene glycol had lower thermal boundary layer 
thickness than water, owing to the high Prandtl number of turbine oil and ethylene glycol, which is 
450 and 72.22, respectively. Water only has Prandtl number of 6.88. In contrast, water based 
nanofluids had the highest convective heat transfer coefficient as plotted in Figure 9 although they 
had the lowest average Nusselt numbers compared to all fluids due to higher value of thermal 
conductivity. Nevertheless, it is essential to take into consideration for the higher wall shear stress 
values, in spite of the better Nusselt number observed in both turbine oil and ethylene glycol based 
nanofluid. 
 

 
(a) 

 

 
(b) 
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(c) 

 

 
(d) 

Fig. 8. Average Nusselt number for (a) all nanofluids, (b) Al2O3-water nanofluid, (c) Al2O3-
ethylene glycol nanofluid, (d) Al2O3-turbine oil nanofluid, in OFMCHS 

 
Based on the simulation results, the addition of Al2O3  nanoparticles to turbine oil did not 

significantly increase its Nusselt number and there is only marginal increase in Nusselt number 
observed for ethylene glycol as shown in Figure 8(c) and Figure 8(d). Although the addition of 
nanoparticles enhanced the average heat transfer coefficient in turbine oil and ethylene glycol, it did 
not affect the average Nusselt number of the fluid flow. The percentage increase in heat transfer 
coefficient for both nanofluids at 4% volume fraction was remarkably similar, i.e. 16.81% and 16.63% 
for turbine oil and ethylene glycol, respectively. On the other hand, Figure 8(b) showed the Nusselt 
number of water improved by 9.43% after adding Al2O3 nanoparticles to the base fluid; the average 
heat transfer coefficient increased by 10.43% and 46.17% in 1% and 4% volume fraction Al2O3-water 
respectively, as plotted in Figure 9.  
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The present results, as illustrated in Figure 10, clearly demonstrate the effect of Al2O3 
nanoparticles inclusion to the wall shear stress of the fluid flow. The wall shear stress of ethylene 
glycol and turbine oil based nanofluid became 1.5 folded at high volume fraction of Al2O3 
nanoparticles (𝜙 = 4%). The viscosity of ethylene glycol and turbine oil rise with the increasing of 
nanoparticles volume fraction, hence high-volume fraction of ethylene glycol and turbine oil based 
nanofluid were not suitable for improving heat removal system, in correspondence with Ramirez-
Tijerina et al., numerical work [17]. The wall shear stress penalty found in high volume fraction Al2O3-
water was insignificant compared to its base fluid. 
 

 
Fig. 9. Average heat transfer coefficient vs Reynolds number among all nanofluids 
in OFMCHS 

 

 
Fig. 10. Wall shear stress vs Reynolds number among all nanofluids in OFMCHS 
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4. Conclusion 
 

In the present study, heat transfer of nanofluid in laminar flow regime (320 < 𝑅𝑒 < 700) with 
different base fluids was investigated at 0%, 1% and 4% volume fraction of Al2O3 nanoparticles in 
OFMCHS geometry. The study matched with Lee’s research by using water as the coolant fluid in 
conventional MCHS and OFMCHS [8,9]. Turbine oil based nanofluid gave the highest average Nusselt 
number, followed by ethylene glycol and water, though the latter recorded highest average heat 
transfer coefficient, subsequently ethylene glycol and turbine oil. The incorporation of nanoparticles 
led to an increase of 9.43% in Al2O3-water average Nusselt number and 46.17% in average heat 
transfer coefficient with 𝜙 = 4% . Although increasing the volume fraction of nanoparticles 
enhanced the average heat transfer coefficient of turbine oil and ethylene glycol based nanofluid, it 
did not reveal notable effect on their average Nusselt number in view of the thickening of thermal 
boundary layer. 

Despite the higher Nusselt numbers found in Al2O3-ethylene glycol and Al2O3-turbine oil, the 
impact of addition of the nanoparticles to the wall shear stress (1.5 times of the corresponding based 
fluid for both nanofluid at 𝜙 = 4%) shall be reckoned as well since the nanoparticles would govern 
the fluid viscosity. Hence, it is not recommended to improve the heat transfer by mixing nanoparticles 
to ethylene glycol and turbine oil. On the other hand, nanoparticles loadings in water represented 
significant effect in enhancing the average Nusselt number and heat transfer coefficient with 
negligible wall shear stress penalty. 
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