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Abstract 

In this work, ANSYS FLUENT software was employed to conduct a numerical analysis of the heat transfer 

characteristics and entropy generation rate of a TiO2 nanofluid in a novel M-like structure microchannel 

heat sink (MCHS) which was subjected to a steady-state flow and constant heat flux. The three-

dimensional simulation was carried out for various Reynolds numbers (100–750) and nanoparticle 

concentrations (0.25% to 2%) for a varied microchannel height of 200 𝜇m to 500 𝜇m. The effects of heat 

transfer characteristics (Nusselt number), entropy generation rate (thermal, S’
gen th and frictional, S’

gen fr), 

and entropy generation number ratios (𝑁𝑠,𝑛𝑓/𝑁𝑠,𝑓) of nanofluids on MCHS were investigated. From the 

results, it was reported that increasing microchannel height (H) from 200 𝜇m to 500 𝜇m yielded an 

increase in Nusselt number of about 6.77%-57% and a reduction of about 99%-75% for frictional entropy 

generation rate. Meanwhile, a decrease in microchannel height from 500 𝜇m to 200 𝜇m caused a 

reduction of about 77.5%-26.8% for thermal entropy generation rate. It was also observed that 

augmenting the volume fraction of TiO2 nanoparticles from 0.25% to 2% caused an enhancement in heat 

transfer from 30% to 98.9%, a decrease of 33.3%-1.85% for thermal entropy generation rate, and an 

increment of 2.22%–26.5% for frictional entropy generation rate. Furthermore, the results revealed that it 

is not thermodynamically advisable to employ nanofluids at H=200 𝜇m because it is dominated by 

pressure drop, whereas at H=500 𝜇m and at Re≤400, the heat sink will perform better under this 

condition. 
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1. Introduction 

It is widely known that microelectronic 

technologies make electronic devices less bulky 

and compact. However, the increased overall 

density of chips and miniaturization of electronic 

packages poses a danger of lower efficiency and 

high heat accumulation within an electronic device. 

Therefore, thermal management is critical for 

maximizing efficiency and extending the lifespan 

of microelectronic devices. During the last few 

years, many cooling strategies have been on how to 

fulfil the high heat dissipation rate requirements 

while maintaining a low junction temperature. The 

use of a microchannel heat sink (MCHS) is one of 

these attempts due to its capacity to create a high 

heat transfer coefficient, compact dimension and 

volume per heat load, and low coolant needs.  

The cooling concept of MCHS was first 

propounded by Tuckerman and Pease (1981). Since 

then, the performance of MCHS with various 

nanoparticle materials and geometry parameters 

has been intensively researched over the last two 

decades. A study on the development of MCHS 

was conducted by Kandlikar et al. (2003). The 

MCHS has a vast number of parallel microchannels 

varying in hydraulic diameter from 10 to 1000 𝜇m 

to cool the heated medium, and a coolant was 

applied through the entry region of the channels. 

Although the MCHS can enhance thermal 

performance, additional advancements are required 

to fulfil the growing needs of diverse electronic 

device applications.  From the thermal engineering 

perspective, the heat transfer properties of the 

MCHS are improved by increasing its thermal 

performance. Hence, improving heat transfer 

performance requires strategies for enhancing 
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MCHS heat transfer efficiency. This goal can be 

accomplished in a variety of ways. 

Firstly, it is required to increase the 

thermophysical characteristics of the working fluid, 

which may be done by adding nanofluids to the 

base fluid. This involves introducing specific 

amounts of nanoparticles with better thermal 

conductivity into the base fluid. Choi and Eastman 

(1995) from Argonne National Laboratory were the 

first to suggest nanofluids by employing nanofluid 

as a suspension. They discovered that the thermal 

conductivity of nanofluids improved substantially. 

Lee et al. (1999) showed that an ethylene glycol 

containing 4.0 percent of CuO particles increases 

thermal conductivity by 20%.  (Koo et al., 2005; 

Jang and Choi, 2006) used several models for the 

effective thermal conductivity of nanofluids to 

investigate the performance of MCHS numerically. 

Chein and Hunag (2005) adopted a macro-scale 

heat transfer coefficient correlation to predict the 

performance of a microchannel heat sink. Chein 

and Chuang (2007) experimentally investigated the 

influence of nanofluid on the performance of 

MCHS. They concluded that the thermal 

conductivity of the nanoparticles might improve 

the heat transfer coefficient in a laminar flow 

situation.  Das et al. (2003) examined the influence 

of thermal conductivity of nanofluids on MCHS. 

They revealed that a temperature range of 21–51°C 

improves the thermal conductivity of nanofluid by 

2-4 times.  Yang et al. (2005) experimentally 

studied the heat transfer characteristics of 

nanofluids in a microchannel under a laminar flow 

condition. They concluded that the heat transfer 

coefficient for the nanofluid flow had a smaller 

increase than obtained by either the conventional 

heat transfer correlation for the homogeneous or 

particle-suspended fluid.  

The second way to achieve a better-performed 

MCHS is to reduce the irreversibility of the system 

Ibáñez et al. (2013). The measured degree of 

irreversibility in a thermal system is known as 

entropy generation, and it helps determine the 

efficacy of the thermal system. In a thermal system, 

entropy generation can be employed as an 

optimization method if the objective is directed 

towards effective minimization. Yang et al. (2015) 

studied the entropy generation optimization of a 

nanofluid flowing through a trapezoidal 

microchannel using numerical simulations. 

Because the temperature difference between the 

fluid and the wall was substantial and the 

trapezoidal microchannel generated a thermal 

entropy nearly three times greater than the 

frictional effects, the maximum thermal entropy 

generation rate was attained towards the bottom 

and side walls. Shalchi et al. (2012) numerically 

investigated the entropy generation and convective 

heat transfer of Al2O3 nanofluid flowing 

tangentially in a microchannel heat sink. They 

discovered that when the particle volume fraction 

and Reynolds number of nanoparticles increased, 

the entropy generation rate decreased.  Hassan et 

al. (2013) used a numerical approach to examine 

the entropy generation of flowing nanofluids in 

mini and microchannels, utilizing two different 

thermal conductivity and viscosity models. They 

concluded that in a laminar flow regime, Al2O3 

nanoparticles enhanced the overall entropy 

generation rate at a significantly higher rate than 

the base fluid. Thus, Al2O3 nanofluids were 

reported to be unsuitable for microchannels usage; 

nevertheless, a small increase in entropy production 

rate over the base fluid was obtained for mini-

channels.  Bianco et al. (2014) examined the 

turbulent convective heat transfer in a mini-channel 

at constant wall temperature. Nanofluids were 

found to transfer heat more efficiently than pure 

water while also causing a slight pressure decrease.  

Ebrahimi et al. (2016) researched entropy 

generation using Al2O3 and CuO water nanofluid 

in a microchannel incorporated with vortex 

generators. When compared to the base fluid, they 

reported that nanofluids reduced irreversibility.  

Ting et al. (2016) looked into the impacts of 

dissipation on the entropy generation of Al2O3-

water nanofluids in a microchannel heat sink and 

revealed that the rise in frictional irreversibility was 

responsible for the relatively high entropy 

generation rate.  

The third approach to obtaining better MCHS 

performance is either by increasing the flow 

velocity or enlarging the contact area of the 

channel. The microchannel's geometry greatly 

influences the fluid's velocity and the contact area. 

Chen et al. (2007) demonstrated that channel aspect 

ratios are responsible for velocity and fluid 

temperature distribution. Therefore, numerous 

researchers have looked into various areas of 

microchannel shape to improve the heat transfer 

rate in microchannel heat sinks. Zhao and Lu 

(2002) used numerical and analytical methods to 

investigate the thermal performance of forced 

convection through a microchannel heat sink. They 
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determined that when the channel aspect ratio 

grows, the Nusselt number rises. Ryu et al. (2003) 

devised a three-dimensional numerical study for 

improving the thermal performance of an MCHS. 

They showed that even when the channel number 

varies significantly, the optimum shape of the 

geometry remains largely constant.  Lee and 

Garimella (2006) examined convective heat 

transfer characteristics in microchannels with 

rectangular cross-sections having different aspect 

ratios under a constant wall temperature and 

uniform wall heat flux. They showed that the 

Nusselt numbers are greatly determined by the 

axial distance and aspect ratio. Kou et al. (2008) 

examined the 3D model of MCHS performance 

numerically by varying the aspect ratio of the 

channel. They concluded that the optimum width is 

attained by reducing the height of the channel, 

which is heavily impacted by the flow velocity. 

McHale and Garimella (2010) presented thermal 

characteristics in the trapezoidal microchannels 

under laminar flow. They reported that altering the 

channel's aspect ratio influenced the Nusselt 

number and friction factor. Gunnasegaran et al. 

(2010) studied the influence of geometry 

parameters on the thermal performance of 

microchannels of different shapes. They 

established that in microchannels with the smallest 

hydraulic diameter, a high heat transfer coefficient 

could be achieved.  

This paper builds upon the work of Manay et al. 

(2018) where experimental analysis was carried out 

on entropy generation of nanofluid in M-shape 

micro-channel. The current work aim is to conduct 

three-dimensional numerical analysis on the same 

microchannel geometry and nanofluid. The 

objective is to study the influence of geometry and 

nanfluid, on the heat transfer, fluid flow and 

entropy generation performance in the M structure 

microchannel. This micro channel heat sink is 

novel in the sense that it takes into consideration 

the pressure losses by chamfering the edges at the 

inlet as the chamfered edges reduces the pressure 

losses at the inlet. The results show how the 

thermal and frictional entropy generation, as well 

as the entropy generation number ratio, are affected 

by nanoparticle particle volume fraction and 

MCHS microchannel height. 

2. Materials and methods 

2.1 Geometry 

The three-dimensional geometry with specified 

dimensions for the simulation is shown in Fig. 1. 

The Design Modeler of ANSYS software package 

was used to create the geometry. The MCHS with a 

cross-section of length (𝐿), breath (𝐵), and height 

(𝑡) has a microchannel width 𝐵𝑐ℎ and microchannel 

height 𝐻. The four edges at one end of the 

microchannel heat sink are chamfered with fillet 

radius (𝑅𝐵) to reduce the pressure loss that arises at 

the entrance of the microchannel. The bottom part 

of the MCHS has three circular slots of radius 𝑅𝑐 

and length 𝐿𝑐 to generate a constant heat flux. The 

details of the dimensions are shown in Table 1. 

 

2.2 Grid generation (mesh) 

The geometry was meshed using ANSYS Mesh. 

A multi-block mesh generation approach was used, 

which is based on structured hexahedral meshes 

(see Fig. 2). The crucial aspect of this study was to 

monitor as closely as possible the flow and thermal 

profile around the microchannel; hence, a detailed 

surface mesh was created for the microchannel 

region. Further mesh refinement of the geometry 

was carried out at the model edges and the faces to 

grasp the flow and thermal field and to ensure 

accurate results were obtained at the model’s 

periphery and the contact region between the 

nanofluid and the microchannel. The mesh quality 

was confirmed by comparing the parameters such 

as orthogonality, skewness, and aspect ratio to 

standard values. 
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Fig. 1:  Geometry of MCHS 

 

Table 1: Geometry parameters 

Geometry Parameter Dimension 

MCHS 𝐿 55mm 

𝐵 40mm 

𝑡 20mm 

𝑑 10mm 

𝑅𝐵 8mm 

Microchannel 𝐵𝑐ℎ 32mm 

𝐻 200𝜇𝑚-500𝜇𝑚 

Circular slot 𝑅𝑐 3mm 

𝐿𝑐 47mm 

 

 

 
Fig. 2: Multi-block structured grids for the heat sink 
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2.3 Assumption and governing equations 

The assumptions made to simplify the analysis 

are listed below: 

(1) The flow is 3D, incompressible, steady, 

and laminar. 

(2) No-slip at the solid-fluid interface. 

(3) The flow is fully developed thermally and 

hydraulically. 

(4) Gravitational, radiation, and magnetic 

effect are neglected. 

(5) Both the fluid and the solid have constant 

thermophysical characteristics.  

The governing equations used in the problem are as 

follows: 

Continuity equation 

∇. �⃑� = 0    (1) 

Momentum equation 

𝜌𝑛𝑓(�⃑� . ∇)�⃑� = −∇𝑃 + 𝜇𝑛𝑓∇
2�⃑�   (2) 

Energy equation 

𝜌𝑛𝑓𝐶𝑝𝑛𝑓(�⃑� . ∇T) = 𝑘𝑛𝑓∇
2  (3) 

2.4 Boundary conditions 

The boundary conditions used in the problem are 

shown in Table 2. 

Table 2: Boundary condition 

Boundary Location Condition 

 Fluid/solid interface 𝑢 = 𝑣 = 𝑤 = 0 

Hydrodynamic Inlet (MCHS) 

 

Outlet (MCHS) 

𝑢 = 𝑈 

 

𝑃𝑓=1𝑎𝑡𝑚 

Thermal  

Fluid/Interface 

 

Inlet (MCHS) 

 

 

Outlet (MCHS) 

 

 

 

Circular walls 

 

 

Top wall (MCHS) 

 

 

Bottom wall (MCHS) 

 

Side Walls (MCHS) 

−𝑘𝑠 (
𝜕𝑇𝑠

𝜕𝑛
) = −𝑘𝑓 (

𝜕𝑇𝑠

𝜕𝑛
) 

 

𝑇𝑓=300𝐾, −𝑘𝑠 (
𝜕𝑇𝑠

𝜕𝑦
) = 0 

 

−𝑘𝑓 (
𝜕𝑇𝑠

𝜕𝑦
) = 0,−𝑘𝑠 (

𝜕𝑇𝑠

𝜕𝑦
)

= 0 

 

80𝐾/𝑊𝑚2 

 

−𝑘𝑠 (
𝜕𝑇𝑠

𝜕𝑦
) = 0 

 

−𝑘𝑠 (
𝜕𝑇𝑠

𝜕𝑦
) = 0 

 
𝜕

𝜕𝑧
= 0 (symmetry) 

 

2.5 Nanofluid thermophysical properties 

The nanofluid utilized in the studies is TiO2–

water, with a volume fraction of nanoparticles 

ranging from 0.25 to 2%. The nanofluid 

thermophysical properties equations are described 

in Equations (4)-(11) and the computed 

thermophysical properties of TiO2-water nanofluid 

are as shown in Table 3. 

Density correlation (Manca et al. 2012) 

𝜌𝑛𝑓=(1 − ∅)𝜌𝑓 + ∅𝜌𝑛𝑝               (4)                                                     

Specific heat correlation (Masoumi et al. 2009) 

𝜌𝑛𝑓𝐶𝑝𝑛𝑓 = (1 − ∅)𝐶𝑝𝑓 + ∅𝐶𝑝𝑛𝑝             (5) 

Dynamic viscosity  

Masoumi et al. (2009) correlation is employed for 

the effective viscosity, which is a function of the 

working fluid and nanofluid physical properties. 

𝜇𝑛𝑓 = 𝜇𝑓 +
𝜌𝑛𝑝𝑉𝐵𝑑𝑛𝑝

2

72𝐶𝛿
               (6)

                                                          

where 𝛿 is the boundary layer thickness and 𝑉𝐵 is 

Brownian velocity; both could be defined as 

shown: 

𝑉𝐵 =
1

𝑑𝑛𝑝
√

18𝐾𝐵𝑇

𝜋𝜌𝑛𝑝𝑑𝑛𝑝
,      𝛿 = √

𝜋

6∅

3
𝑑𝑛𝑝             (7)

                          

𝐶 = 𝜇𝑓
−1[(𝑐1𝑑𝑛𝑝 + 𝑐2)∅ + (𝑐3𝑑𝑛𝑝 + 𝑐4)]     (8)
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where the mean diameter of nanoparticles (𝑑𝑛𝑝) is 

expressed in nanometer, and the constant values 

(𝑐1, 𝑐2, 𝑐3, 𝑎𝑛𝑑 𝑐4 ) in Equation (8) are defined as: 

𝑐1 = −0.000001133, 𝑐2 = −0.000002771 

𝑐3 = 0.00000009, 𝑐4 = −0.000000393           (9) 

Thermal conductivity  

The Brownian motion and mean diameter of the 

nanoparticles are utilized to determine the 

nanofluid effective thermal conductivity, as 

described by Chon et al. (2005)  

𝑘𝑛𝑓 =

 𝑘𝑓 [164∅0.746 (
𝑑𝑓

𝑑𝑝
)
0.369

(
𝑘𝑝

𝑘𝑓
)
0.746

𝑃𝑟𝑛𝑓
0.9955𝑅𝑒𝑛𝑓

1.2321]

                                                                (10) 

where 𝑃𝑟𝑛𝑓 and 𝑅𝑒𝑛𝑓 are expressed as: 

𝑃𝑟𝑛𝑓 =
𝜇𝑛𝑓

𝜌𝑛𝑓𝛼𝑛𝑓
,  𝑅𝑒𝑛𝑓 =

𝜌𝑛𝑓 𝑘𝐵𝑇

3𝜋𝜇𝑛𝑓
2 𝑙𝑚𝑓

, 𝐾𝐵 =

1.3807𝑒−23                                       (11) 

 𝑙𝑚𝑓 represents the mean free path of the base fluid, 

𝐾𝐵 denotes Boltzmann constant. 

Table 2: The computed Thermo-physical properties of TiO2-water nanofluid from the above-mentioned 

equations based on the mean diameter of 5nm 

∅(%) 𝝆(𝒌𝒈/𝒎𝟑) 𝝁(𝑷𝒂. 𝒔) 𝑪𝒑(J/𝒌𝒈𝑲) 𝒌(𝑾/𝒎𝒌) 

0 997 0.001003 4182.00 0.600000 

0.25 1004.258 0.001016 4173.32 0.627962 

0.5 1011.515 0.001023 4164.64 0.626457 

1.0 1026.030 0.001038 4147.28 0.625007 

1.5 1040.545 0.001053 4129.92 0.624198 

2.0 1055.060 0.001067 4112.56 0.623651 

 

2.6 Entropy generation analysis  

Entropy generation analysis was incorporated to 

account for fluid flow and heat transfer 

irreversibility in the heat sink, and the 

irreversibility is a result of �̇�𝑔𝑒𝑛 𝑡ℎ
′  and �̇�𝑔𝑒𝑛 𝑓𝑟

′ . The 

total entropy generation rate is expressed as: 

 �̇�𝑔𝑒𝑛 
′ = �̇�𝑔𝑒𝑛 𝑡ℎ

′ + �̇�𝑔𝑒𝑛 𝑓𝑟
′             (12) 

where �̇�𝑔𝑒𝑛 𝑡ℎ
′  and �̇�𝑔𝑒𝑛 𝑡ℎ

′  are solved by Equations 

(13) and (14), respectively: 

�̇�𝑔𝑒𝑛 𝑡ℎ
′ =

𝜆𝑓

𝑇𝑓
2 [(

𝜕𝑇

𝜕𝑥
)
2
+ (

𝜕𝑇

𝜕𝑦
)
2
+ (

𝜕𝑇

𝜕𝑧
)
2
]              (13) 

�̇�𝑔𝑒𝑛 𝑓𝑟
′ =

𝜇

𝑇𝑓
{2 [(

𝜕𝑢

𝜕𝑥
)
2
+ (

𝜕𝑣

𝜕𝑦
)
2
+ (

𝜕𝑤

𝜕𝑧
)
2
] +

(
𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
)
2
+ (

𝜕𝑢

𝜕𝑧
+

𝜕𝑤

𝜕𝑥
)
2
+ (

𝜕𝑣

𝜕𝑧
+

𝜕𝑤

𝜕𝑦
)
2
}         (14) 

                                                     

The velocity components in the x, y, and z 

directions are denoted by u, v, and w, respectively.  

Equations (13) and (14) were integrated to obtain: 

�̇�𝑔𝑒𝑛 𝑡ℎ
′ =

𝑞′2𝜋𝐷ℎ
2

𝐾𝑇2𝑁𝑢
                                                (15) 

�̇�𝑔𝑒𝑛 𝑡ℎ
′ =

8�̇�3𝑓

𝜋2𝜌2𝑇𝐷ℎ
5                                             (16) 

𝑅𝑒 =
𝜌𝑛𝑓𝑈𝐷ℎ

𝜇𝑛𝑓
                                                     (17) 

𝑓 =
∇𝑃𝐷ℎ

2𝜌𝑈2𝑙
                                                          (18) 

The entropy generation number (𝑁𝑠)  is represented 

as:  

       𝑁𝑠 =
�̇�𝑔𝑒𝑛 

′

�̇�𝑔𝑒𝑛 𝑜 
′                                                    (19) 

where �̇�𝑔𝑒𝑛 𝑜 
′ denotes the baseline total entropy 

generation rate.   

2.7 Numerical procedure 

 All the equations, including the continuity, 

Navier-Stokes, heat transfer equations, and the 

respective boundary conditions were solved using 

ANSYS (FLUENT) commercial code based on the 

finite volume method.  The SIMPLEC (Semi-

Implicit Method for Pressure Linked Equations-

Consistent) algorithm was selected for pressure-

velocity coupling.  For the discretization scheme, 

the Least Squares Cell-based was chosen for the 

gradient and Second-Order Upwind was set for 

pressure, momentum, and energy equation.   

However, the convergence tolerance of  10−6  was 

set for all the equations. 

3. Results and discussion 

3.1 Grid independence test and validation 

A grid sensitivity analysis has been conducted 

to effectively optimize the number of grids and 

save computational costs. Seven different mesh 
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sizes (Table 4), represented by M1, M2, M3, M4, M5, 

M6, and M7 arranged according to their increasing 

number of elements and nodes, have been 

considered. Fig. 3 shows the grid independence 

test; it compares the 𝑁𝑢 at different mesh sizes for 

the case of microchannel height of 0.5mm and 2% 

volume of nanoparticles at Reynold number of 800. 

It was observed that refining the grid from M5 to 

M7 does not change the results (considering four 

decimal digits) in any of the cases. Therefore, the 

M5 grid was used to simulate all other results. 

 
Fig. 3: Grid independence test 

Table 4: Mesh Independence test result comparing Nusselt Number for different meshes for 𝐻=0.5mm, 

∅ = 2%,𝑅𝑒 = 800 

Mesh No of Elements No of Nodes Nusselt 

Number 

Mesh 1 850012 196003 15.55050 

Mesh 2 973874 198132 15.55300 

Mesh 3 1002403 199725 15.55700 

Mesh 5 1024610 201432 15.58500 

Mesh 5 1039937 202483 15.60000 

Mesh 6 1186421 204311 15.60008 

Mesh 7 1487901 205342 15.60008 

 

3.2 Validation and verification 

The numerical results of this study were verified 

with correlations published in the literature.  A 

geometry similar to the one used for the 

experimental work of Manay et al. (2018) was 

considered for the validation as shown in Fig. 4. 

The present friction factor results are consistent 

with the experimental results of Manay et al. 

(2018) but have lower values than the experimental 

results of Kandlikar and Grande (2004).  The 

Nusselt number results of our investigation, as 

shown in Fig. 4, are extremely close to the 

experimental results of Manay et al. (2018) and 

Shah and London (1978). Nonetheless, they show a 

substantial difference from the experimental work 

of Teng et al. (2010). This favourable comparison 

confirms that the current numerical model is 

accurate.  
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Fig. 5: Comparison of Nusselt number against Reynold number for (a). ∅=0.25% (b). ∅=2.0% (c). 

𝐻=200 𝜇m (d). 𝐻=500 𝜇m 

0

2

4

6

8

10

12

14

16

0 200 400 600 800

N
u

Re

0.25% vol

H=500um

H=400um

H=300um

H=200um
0

2

4

6

8

10

12

14

16

0 100 200 300 400 500 600 700 800

N
u

Re

2.0% vol

H=500um

H=400um

H=300um

H=200um

0

2

4

6

8

10

12

14

16

0 100 200 300 400 500 600 700 800

N
u

Re

H=200𝜇m

pure water

0.50%

0.25%

1.0%

1.50%

2.0%
0

2

4

6

8

10

12

14

16

0 100 200 300 400 500 600 700 800

N
u

Re

H=500𝜇m

Pure Water

0.25%

0.50%

1.00%

1.50%

2.00%

 

 

(a) 

 

 

(b) 

Fig. 4: The comparison of present study (a). friction factor and (b). Nusselt number results with the 

existing experimental correlations in the literature 
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Fig. 6:   �̇�′
𝑔𝑒𝑛,𝑡ℎ vs. 𝑅𝑒 for (a). ∅=0.25% (b). ∅=2.0% (c). 𝐻=200𝜇m (d). 𝐻=500 𝜇m 
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Fig. 7:   �̇�𝑔𝑒𝑛,𝑓𝑟 vs. 𝑅𝑒 for (a). ∅=0.25% (b). ∅=2.0% (c). 𝐻=200𝜇m (d). 𝐻=500 𝜇m 
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Fig. 8:  �̇�𝑔𝑒𝑛
′  vs. 𝑅𝑒 for (a). ∅=0.25% (b). ∅=2.0% (c). 𝐻= 200𝜇m (d). 𝐻= 500 𝜇m 
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Fig. 9: 𝑁𝑠,𝑛𝑓 𝑁𝑠,𝑓⁄  vs 𝑅𝑒 for (a). 𝐻= 200𝜇m (b). 𝐻= 500 𝜇m 
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Fig. 5a through Fig. 5d illustrate the variations 

of the 𝑁𝑢 against the 𝑅𝑒 for the nanoparticle 

volume fraction (∅) of 0.25% and 2%, and 

microchannel height (𝐻) of 200𝜇𝑚 and 500𝜇𝑚. It 

was observed that as the 𝑁𝑢 increases, the 𝑅𝑒 

increases for all the cases studied. For all ∅, it was 

revealed that 𝑁𝑢 increases with increases in ∅, but 

lower 𝑁𝑢 was recorded for pure water. This is 

because an increase in ∅ enhances the thermal 

conductivity of nanofluid while dynamic viscosity 

increases and specific heat decreases. However, the 

higher value of the 𝑁𝑢 is obtained as 𝐻 is 

increased. Increasing 𝐻 from 200𝜇m to 500 𝜇m 

yields an increase in 𝑁𝑢 of about 6.77%-57%, and 

increasing the ∅ of nanoparticles from 0.25% to 2% 

causes an enhancement in heat transfer from 30%-

98.9%. 

Fig. 6a through Fig. 6d demonstrate the 

relationship between the 𝑆′
𝑔𝑒𝑛,𝑡ℎ and the 𝑅𝑒 for ∅  

ranging from 0.25% to 2% and 𝐻 ranging from 

200𝜇𝑚 to 500𝜇𝑚. As shown in Fig. 6a–b, the 

thermal entropy generation rate reduces as the 

Reynolds number increases. More so, a 0.25%–

2.0% increment in the nanoparticles volume 

fraction reduces the thermal entropy generation rate 

value by 1.85%-33.3% as compared to pure water. 

The reason for this is that the thermal conductivity 

of pure water is greatly influenced by the addition 

of nanoparticles. Thus, thermal performance is 

improved at the larger nanoparticle volume 

fraction, and flow resistance is decreased, which in 

turn reduces the thermally generated entropy. It 

was found that the �̇�𝑔𝑒𝑛 𝑡ℎ
′  for 𝐻= 500𝜇𝑚 is about 

4.5 times higher than that of 𝐻= 200𝜇𝑚. As seen in 

Figure 6c-d, �̇�𝑔𝑒𝑛 𝑡ℎ
′  declines as microchannel 

height reduces. By reducing 𝐻 from 500𝜇𝑚 to 

200𝜇𝑚, �̇�𝑔𝑒𝑛 𝑡ℎ
′  reduces by 77.5%-26.8% and vice-

versa. However, the �̇�𝑔𝑒𝑛 𝑡ℎ
′  for ∅=0.25% is 

approximately 1.5 times that of ∅=2%. 

Fig. 7a through 7d present the relationship 

between the �̇�𝑔𝑒𝑛 𝑓𝑟
′  and 𝑅𝑒 for the ∅ ranging from 

0.25% to 2%, and 𝐻 ranging from 200𝜇𝑚 to 

500𝜇𝑚. As demonstrated in Fig. 7a-b, considering 

the 𝐻, �̇�𝑔𝑒𝑛
′  due to friction factor increases with 𝑅𝑒. 

The highest value of �̇�𝑔𝑒𝑛 𝑓𝑟
′  was obtained when 

𝐻 =200𝜇𝑚 while the least was obtained when 

𝐻 =500𝜇𝑚. Decreasing the 𝐻 of a heat sink 

increases the degree of irreversibility since pressure 

drop in the microchannel increased with 𝑅𝑒 due to 

the blockage effect. Under a varied 𝐻 both volume 

fractions of 0.25% and 2% show a similar behavior 

across all microchannel heights. A more 

remarkable change in �̇�𝑔𝑒𝑛 𝑓𝑟
′  occurs by reducing 𝐻 

from 300𝜇𝑚 to 200𝜇𝑚. Overall, reducing the 𝐻 

from 500𝜇𝑚 to 200𝜇𝑚 causes a 75%-99% 

increment in the �̇�𝑔𝑒𝑛 𝑓𝑟
′ . The results show that 

�̇�𝑔𝑒𝑛 𝑓𝑟
′  for  ∅=0.25% is approximately 1.5 times 

that of ∅=2%. 

From Fig. 7c-d, at a fixed  ∅, �̇�𝑔𝑒𝑛 𝑓𝑟
′  increases 

with an increase in 𝑅𝑒. As the ∅ rises, the rate of 

�̇�𝑔𝑒𝑛 𝑓𝑟
′  increases. The highest value of �̇�𝑔𝑒𝑛 𝑓𝑟

′  was 

obtained when the volume fraction is 2.0%, while 

the lowest �̇�𝑔𝑒𝑛 𝑓𝑟
′  value occurred in pure water. 

This is because nanofluid becomes more viscous by 

adding nanoparticles. No significant change in the 

rate of �̇�𝑔𝑒𝑛 𝑓𝑟
′  was observed in all volume fractions 

at 𝑅𝑒 < 280, which implies no appreciable 

pressure drop is evident. As 𝑅𝑒 increases from 280, 

the difference in �̇�𝑔𝑒𝑛 𝑓𝑟
′  in all the ∅ becomes more 

and more significant. �̇�𝑔𝑒𝑛 𝑓𝑟
′  for 𝐻 = 500𝜇𝑚 is 

approximately 103 times that of 𝐻 =  200𝜇𝑚. By 

increasing ∅ from 0.25%-2%, frictional entropy 

increased in value by 2.22%–26.5% as compared to 

pure water. 

Fig. 8a-d presents the comparison of the total 

entropy generation rate (�̇�𝑔𝑒𝑛
′ ) with 𝑅𝑒 for ∅ 

ranging from 0.25% to 2%, and 𝐻 ranging from 

200𝜇𝑚 to 500𝜇𝑚. The �̇�𝑔𝑒𝑛
′   increases as 𝐻𝑐ℎ 

decreases, and both 𝑅𝑒 and volume fraction 

increase. As illustrated in Figure 8c-d, increasing ∅ 

from 0.25% to 2% causes the �̇�𝑔𝑒𝑛
′  to increase from 

5% to 26%.  More so, the �̇�𝑔𝑒𝑛
′  for H=200𝜇𝑚 is 

approximately 96 times that of H=500𝜇𝑚. As 

presented in Figure 8a-b, for ∅=0.25% and ∅=2%, 

the �̇�𝑔𝑒𝑛
′  increases from 58% to 97% as 𝐻 

decreases from 500𝜇𝑚 to 200𝜇𝑚. In addition, �̇�𝑔𝑒𝑛
′  

for ∅=2% is approximately 1.3 times higher than 

∅=0.25%. 

Fig. 9a-b reveals the entropy generation number 

ratio (𝑁𝑠,𝑛𝑓 𝑁𝑠,𝑓⁄ ) as a function of 𝑅𝑒 for ∅ ranging 

from 0.25% to 2% and 𝐻 ranging from 200𝜇𝑚 to 

500𝜇𝑚. The 𝑁𝑠,𝑛𝑓 𝑁𝑠,𝑓⁄  is one of the yardsticks to 

measure the optimum overall performance of the 

microchannel. When 𝑁𝑠,𝑛𝑓 𝑁𝑠,𝑓⁄   is smaller than 1, 

it means that the heat sink has a better overall 

performance. As illustrated in Fig. 9a, considering 

the impact of nanoparticle volume fraction (∅), 

𝑁𝑠,𝑛𝑓 𝑁𝑠,𝑓⁄   rises with volume fraction for 𝐻 of 

200𝜇𝑚. The highest value of 𝑁𝑠,𝑛𝑓 𝑁𝑠,𝑓⁄  was 

obtained in the 2% volume fraction nanofluid, 

while the lowest value was obtained in the 0.25% 

volume fraction nanofluid. In addition, all volume 
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fractions (0.25%-2%) exhibit 𝑁𝑠,𝑛𝑓 𝑁𝑠,𝑓⁄  greater 

than unity. As shown in Fig. 9b, considering 

𝐻 =500𝜇𝑚, for 0≤ 𝑅𝑒 ≤ 400, each ∅ depicts 

𝑁𝑠,𝑛𝑓 𝑁𝑠,𝑓⁄  less than unity. For 400 < 𝑅𝑒 ≤ 750, 

all ∅ exhibit an 𝑁𝑠,𝑛𝑓 𝑁𝑠,𝑓⁄  greater than unity, 

which means that adopting a nanofluid at this range 

of 𝑅𝑒 is not advisable. 

4. Conclusion  

In the present work, heat transfer improvement 

of M-like structured MCHS due to entropy 

generation of TiO2 nanofluid at various ∅ and 𝐻 

was numerically examined. The objectives of this 

paper are mainly threefold which are: first, to 

investigate the effects of ∅ on 𝑁𝑢, �̇�𝑔𝑒𝑛 𝑡ℎ
′  and 

�̇�𝑔𝑒𝑛 𝑓𝑟
′ . Second, to investigate the effects of 𝐻 on 

𝑁𝑢, �̇�𝑔𝑒𝑛 𝑡ℎ
′  and �̇�𝑔𝑒𝑛 𝑓𝑟

′ . Lastly, to determine the 

influence of ∅ and 𝐻  on 𝑁𝑠,𝑛𝑓 𝑁𝑠,𝑓⁄ . The findings 

for the present work are summarized as follows: 

1. As 𝑅𝑒 increased, 𝑁𝑢, �̇�𝑔𝑒𝑛 𝑓𝑟
′ , and �̇�𝑔𝑒𝑛

′  

increased, whereas �̇�𝑔𝑒𝑛 𝑓𝑟
′  dropped.  

2. For all 𝐻 increasing ∅ caused the 𝑁𝑢, 

�̇�𝑔𝑒𝑛 𝑓𝑟
′ , and �̇�𝑔𝑒𝑛

′  to rise, and thermal 

irreversibility decreased. The highest values 

of �̇�𝑔𝑒𝑛 𝑓𝑟
′ , �̇�𝑔𝑒𝑛

′  and 𝑁𝑢 were achieved at 

∅=2%, while the reverse was the case of 

thermal irreversibility. Therefore, 

incorporating TiO2 nanoparticles into the 

pure water or an existing nanofluid improved 

the thermal performance of the MCHS.  

3. For all ∅, the 𝑁𝑢 and rate of the entropy 

production increased, whereas frictional and 

total entropy production rate decreased with 

increasing microchannel height. At 𝐻 =
500𝜇𝑚, the maximum Nusselt number and 

rate of thermal entropy generation were 

obtained, but the reverse was the case for the 

frictional and rate of total entropy 

generation.  

4. For 𝐻 = 200𝜇𝑚, the 𝑁𝑠,𝑛𝑓 𝑁𝑠,𝑓⁄  was greater 

than unity at all given 𝑅𝑒. For the case of 

𝐻 =500𝜇𝑚, the 𝑁𝑠,𝑛𝑓 𝑁𝑠,𝑓⁄  was less than one 

when 𝑅𝑒 ≤ 400.  
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