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Abstract 

In this study, thermal and flow behavior models for circular microchannel using 

water and its nanofluids with alumina as a coolant fluid in single phase flow 

have been developed. A finite volume-based CFD technique is used and models 

are solved by using Fluent Solver. The 2D axis symmetric geometry with 

structured mesh and 100 x 18 nodes are used for single phase flow with Al2O3 

nanoparticles of 23 nm average diameter. Viscous laminar and standard k-ε 

models are used to predict the steady temperature in laminar and turbulent zone. 

The heat transfer enhancement upto 83% in laminar and turbulent zones are 

obtained with the Re ranging from 5 to 11980 and particle volume 

concentration from 0 to 5%. Even though the pressure drop increases with 

increase in Re, it is comparatively less compared to the corresponding decrease 

in temperature. The increase in temperature depends on Re and Pe; but the 

temperature distribution is found to be independent of radial position even for 

very low Pe. Comparison with analytical results both in laminar and turbulent 

zone is provided to justify the assumptions introduced in the models and very 

close agreement is observed statistically. Nusselt number can well predict the 

analytical data.  

Keywords: Circular microchannels, Nanofluids, Computational fluid dynamics, 

                   Heat transfer coefficient, Pressure drop. 

 

1.  Introduction 

In recent years the research in the field of single- and two-phase flow heat transfer 

at a micro scale level has been constantly increasing due to the rapid growth of 

the technology applications that require the transfer of high heat rates in a 

relatively small space and volume. Such applications span from compact heat 

exchangers to cooling systems for computer CPU to microfluidic devices.  The 
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Nomenclatures 
 

Cp Specific heat, kJ/kg K 

D Diameter, Dimensional, m 

F External body force, N 

h Heat transfer coefficient, W/m
2
K 

k  Thermal conductivity, W/mK 
 

L Length, m 

m Mass, kg 

Nu Nusselt number 

p Pressure, kPa 

Pe Peclet number 

Pr Prandtl number 

Re Reynolds number 

t Time, s 

T Temperature, °C 

Tref Reference temperature, 25°C 

u Mean fluid velocity, m/s 

x Axial distance, m 

y               Radial distance, m 

 

Greek Symbols 

 

τ̿ Stress tensor 

µ Volumetric concentration, molecular/turbulent viscosity, kg/m.s 

ε  Rate of dissipation, J/kg.s 

ν  Kinematic viscosity, m
2
/s 

ρ  Density, kg/m
3
 

ϕ  Volume concentration 

Subscripts 

f   Fluid 

in Channel inlet 

nf Nanofluid 

out 

r 

Channel outlet 

Radial 

conductivity of the suspended nanoparticles in a conventional fluid is found 

greater than conventional fluid motivates many researchers of their application in 

Heat exchanger. The large surface area of nanoparticles allows for more heat 

transfer. Another advantage is the mobility of the particles, attribute to the tiny 

size, which may bring about micro-convection of fluid and increased heat 

transfer. Because of the small particles, they weigh less and the chances of 

sedimentation are also less. This will make the nanofluids more stable. Large 

enhancement of conductivity was achieved with a very small concentration of 

particles that completely maintained the Newtonian behaviour of the fluid. The rise 

in viscosity was nominal; hence, pressure drop as increased only marginally. Unlike 

the situation with micro- slurries, the enhancement of conductivity was found to 

depend not only on particle concentration but also on particle size. In general, with 

decreasing particle size, an increase in enhancement was observed [1-5]. 
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Very good and updated reviews of these aspects are given [6-7]. Scaling effects 

which play a relevant role in micro scale single-phase flow heat transfer are viscous 

heating, thermal entrance length and axial conduction (conjugate heat transfer). The 

most recent works, where scaling effects above described in detail are properly 

accounted for, have shown how micro scale heat transfer in liquid single-phase 

flow, both for laminar and turbulent flow, can be well predicted using what is 

known from the knowledge of heat transfer in macro scale, i.e., Nu = 4.36 for 

laminar flow and a correlation [8] for turbulent flow. With 1–5 volume % 

nanoparticles concentrations, the thermal conductivity of the suspensions can 

increase more than 20% [9]. 40% heat transfer enhancement was found with Al2O3 

particles [10]. The heat transfer enhancement increases with particle volume 

concentration [11]. Convective heat transfer coefficient for nanofluids with a 

volume fraction of 0.03 was found to be 12% lower than that of pure water [12]. 

But, opposite conclusions have also been reported [9, 13-14].  

An extensive study on fluid flow and heat transfer in the microchannel heat 

transfer was proposed by Tuckerman and Pease [15]. Besides, turbulent 

convection in microchannels is believed as an effective cooling mechanism for 

high power density systems [16, 17]. Besides, [18] and [19] stated that 

microchannel provides a very high surface area to volume ratio, small coolant 

requirement, large heat transfer coefficient, as well as very small mass and 

volume per heat load. It is numerically confirmed that the nanofluids can bring 

heat transfer enhancement by increasing the volume of concentration [20]. 

The experimental study of microchannel heat sink performance using CuO-

H2O in the range of volume fraction between 0.2 and 0.4% indicated that the 

nanofluids could absorb more heat and attained lower wall temperatures than 

pure liquid [21]. There was also a slight effect in the increase in pressure drop 

compared to pure liquid cooled. About 32% of increase of heat transfer 

coefficient of Al2O3 at a diameter of 170 nm compared to distilled water at 

1.8% of volume fraction in laminar regime was obtained [22]. They also 

discovered an increment in the Nusselt numbers with the increase in Reynold 

numbers. Meanwhile, Lee and Mudawar [23] experimentally conducted the 

effectiveness of Al2O3-water for single-phase and two-phase heat transfer. For 

single-phase, heat transfer coefficient was increased because of the high thermal 

conductivity of nanofluids. The enhancement was quite weak in the fully 

developed region because of the effect of thermal boundary layer development. 

Besides, they found that the two-phase cannot be applied to microchannel 

because of catastrophic failure. 

The results displayed an increase in Reynolds number and volume 

concentrations, as well as an increase in the Nusselt number, with the variation 

pressure saw dropped for inlet, whereas an increase in the outlet section [24]. A 

heat removal rate of 0.79×10
4
 kW/m

2 
with single phase flow was demonstrated 

[25]. Computer chips currently require cooling rates up to approximately 1×10
4
 

kW/m
2
 [26], meaning new solutions need to be found for the next generation of 

devices that maximize heat transfer rates with minimal pressure drops. 

Microchannels, with their large heat transfer surface to volume ratio, cooled with 

gas or liquid coolant, have shown some potential to provide adequate cooling 

necessary to maintain temperature values low enough for the electronic 

components to operate [27]. The experimental results of pressure drop and heat 

transfer confirm that including the entrance effects, the conventional theory is 
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applicable for water flow through micro-channels [28]. Heat transfer in 

microchannels can be described by standard theory and correlations, but scaling 

effects (entrance effects, conjugate heat transfer, viscous heating, electric double 

layer effects, temperature dependent properties, surface roughness, rarefaction 

and compressibility effects), often negligible in macro-channels, have significant 

influence [29]. 

The heat transfer performance of silicon microchannels improved when 

nanofluids were used as coolants [30]. Enhancement of connective heat transfer 

was observed when the Al2O3 nanofluids were used through a copper tube and 

proposed that nanoparticle migration and the resulting boundary layer disturbance 

were the main reasons for the enhancement [31]. Microchannel performance 

could be improved by using fluids having high Prandtl numbers, high volume 

concentrations of nanoparticles and microchannels with high aspect ratios [32]. 

Carbon nanotube-H2O and Cu-H2O nanofluid in a microchannel reduced the 

temperature difference between the bulk nanofluid and bottom-heated wall [33]. 

Numerical investigation of water–diamond nanofluid cooled microchannel 

enhanced the performance by about 11% compared with pure water [34]. The 

nanofluid measurably enhanced the thermal performance of microchannel flow 

with the expense of more pumping power [35]. The heat transfer coefficient 

increased with the nanofluids particle concentration and Peclet number [36] in a 

circular tube under constant surface temperature. The heat transfer performance of 

water-based nanofluids can be increased in a microchannel heat sink having a 

steel substrate [37, 38].  

The importance of nanofluids in electronics cooling is increasing due to 

miniaturization and safe working [39]. There is limited research related to 

performance study of microchannel heat exchangers using Computational Fluid 

Dynamics models. The strength of numerical simulations is the possibility to 

investigate small details that are impossible to observe in experiments. 

Computational Fluid Dynamics modeling and simulation of single phase circular 

micro channel flow and conjugate heat transfer were not studied at wide range of 

Re. In this work, Nusselt number and pressure drop of water based nanofluids of 

Al2O3 with 23 nm average diameter have been characterized in a circular 

microchannel of 0.1 m length and diameter of 0.5 mm. Water base nanofluid 

properties with different concentration of alumina nanoparticles [40] at 30
o
C 

temperature and 100 kPa pressure are used in this investigation. The simulations 

have been performed for different nanoparticle volume concentrations (0-5%) and 

flow rates (5< Re <11980). The nanofluid temperatures have also been specifically 

analyzed and discussed.  

 

2. Specification of Problem, Simulation and Validation 

The geometry of circular micro channel and structured mesh is shown in Figs. 1 

and 2. Based on Re = Duρ/µ, either viscous laminar model at Re < 2000 or 

standard k-ε model at Re > 2000 is used for laminar and turbulent flow.  

The specified solver in Fluent uses a pressure correction based iterative SIMPLE 

algorithm with 1
st
 order upwind scheme for discretizing the convective transport 

terms. A no slip boundary condition for non-porous wall surfaces and 2 D axis 

symmetry at centerline were assigned. 
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Fig. 1. Fluid flow through a circular micro channel. 

 

 

Fig. 2. Geometry with structured mesh. 

 

The equation for conservation of mass, or continuity equation, can be written 

as follows:  

𝜕𝜌

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑣⃗) = 𝑆𝑚                      (1) 

Equation (1) is the general form of the mass conservation equation, and is 

valid for both incompressible compressible flows. The source Sm is the mass 

added to the continuous phase from the dispersed second phase (e.g., due to 

vaporization of liquid droplets) and any user defined sources. 

Conservation of momentum in an inertial (non-accelerating) reference frame 

is described by 

𝜕

𝜕𝑡
(𝜌𝑣⃗) + 𝛻 ∙ (𝜌𝑣⃗𝑣⃗) = −𝛻𝑝 + 𝛻 ∙ (𝜏̿) + 𝜌𝑔⃗ + 𝐹⃗                  (2) 

where p is the static pressure, 𝜏̿ is the stress tensor (described below), and 𝜌𝑔⃗ and 

𝐹⃗ are the gravitational body force and external body forces (e.g., that arise from 

interaction with the dispersed phase), respectively. 𝐹⃗ also contains other model 

dependent source terms such as porous-media and user-defined sources. 

The stress tensor 𝜏̿ is given by 

𝜏̿ = 𝜇 ((𝛻𝑣⃗ + 𝛻𝑣⃗𝑇) −
2

3
∙ 𝑣⃗𝐼)                     (3) 

where 𝜇 is the molecular viscosity, I is the unit tensor, and the second term on the 

right hand side is the effect of volume dilation. 

ANSYS FLUENT solves the energy equation in the following form: 

𝜕

𝜕𝑡
(𝜌𝐸) + 𝛻 ∙ (𝑣⃗(𝜌𝐸 + 𝑝)) = 𝛻 ∙ (𝐾𝑒𝑓𝑓𝛻𝑇 − ∑ ℎ𝑗𝐽𝑗

⃗⃗⃗
𝑗 + (𝜏𝑒̿𝑓𝑓 ∙ 𝑣⃗)) + 𝑆ℎ           (4) 

where Keff is the effective conductivity (K + Kt, where Kt is the turbulent thermal 

conductivity, defined according to the turbulence model being used), and 𝐽𝑗
⃗⃗⃗ is the 
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diffusion flux of species  j. The first three terms on the right-hand side of 

Equation represent energy transfer due to conduction, species diffusion, and 

viscous dissipation, respectively. Sh includes the heat of chemical reaction, and 

any other volumetric heat sources.  

𝐸 = ℎ −
𝑝

𝜌
+

𝑣2

2
                            (5) 

where sensible enthalpy h is defined as 

ℎ = ∑ 𝑌𝑗ℎ𝑗𝑗                    (6) 

Yj is the mass fraction of species j. 

ℎ𝑗 = ∫ 𝑐𝑝,𝑗𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓
                              (7) 

Tref is used as 298.15 K. 

As fluid flows through in a pipe at both hydraulic and thermally fully 

developed condition, the Nusselt number is constant for laminar flow and it 

follows the Dittius-Boelter equation for turbulent flow. 

ℎ𝐷

𝑘
= 4.36 ⇒ ℎ ≈ 𝐾 for laminar flow                 (8)

  
ℎ𝐷

𝑘
= 0.023 (

𝐷𝜈𝜌

𝜇
)

0.8

(
𝐶𝑝𝜇

𝑘
)

0.4

⇒ ℎ ≈ 𝐾0.6𝜐0.8𝜇−0.4 for turbulent flow            (9) 

From Eq. 8 and Eq. 9, it is clear that thermal conductivity has greater effect on 

heat transfer coefficient for laminar flow as compared to turbulent flow. This 

implies the enhancement effect due to the increased thermal conductivity of 

nanofluids is significantly weaker for turbulent flow than for laminar. The 

enhancement in turbulent flow is also dependent on flow rate in addition to 

viscosity and specific heat. Since h ≈ K
0.6 

µ
-0.4

 Cp
0.4 

and because increased 

nanoparticle concentration enhances viscosity and degrades specific heat, the 

enhancement effect of nanoparticles in turbulent flow is further reduced compared 

to thermal conductivity alone. 

For 2D axis symmetric geometries, the continuity equation is given by 

𝜕𝑝

𝜕𝑡
+

𝜕

𝜕𝑥
(𝜌𝑣𝑥) +

𝜕

𝜕𝑟
(𝜌𝑣𝑟) +

𝑝𝑣𝑟

𝑟
= 0                        (10) 

where x represents axial coordinate in the direction of flow, r is the radial 

coordinate i.e. transverse direction, υx is the axial velocity, and υr is the radial 

velocity components. For 2D axis symmetric geometries, the axial and radial 

momentum conservation equations are given by 

𝜕

𝜕𝑡
(𝜌𝑣𝑥) +

1

𝑟

𝜕

𝜕𝑥
(𝑟𝜌𝑣𝑥𝑣𝑥) +

1

𝑟

𝜕

𝜕𝑟
(𝑟𝜌𝑣𝑟𝑣𝑥) =

−𝜕𝑝

𝜕𝑥
+

1

𝑟

𝜕

𝜕𝑥
[𝑟𝜇 (2

𝜕𝑣𝑥

𝜕𝑥
−

2

3
(𝛻 ∙ 𝑣⃗))] +

1

𝑟

𝜕

𝜕𝑟
[𝑟𝜇 (

𝜕𝑣𝑥

𝜕𝑟
+

𝜕𝑣𝑟

𝜕𝑣𝑥
)] + 𝐹𝑥   

and 

𝜕

𝜕𝑡
(𝜌𝑣𝑟) +

1

𝑟

𝜕

𝜕𝑥
(𝑟𝑣𝑥𝑣𝑟) +

1

𝑟

𝜕

𝜕𝑟
(𝑟𝑣𝑟𝑣𝑟)                                                                 (11) 
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=
−𝜕𝜌

𝜕𝑟
+

1

𝑟

𝜕

𝜕𝑥
[𝑟𝜇 (

𝜕𝑣𝑟

𝜕𝑥
+

𝜕𝑣𝑥

𝜕𝑟
)]                          (12) 

+
1

𝑟

𝜕

𝜕𝑟
[𝑟𝜇 (2

𝜕𝑣𝑟

𝜕𝑟
−

2

3
(𝛻 ∙ 𝑣⃗))] − 2𝜇

𝑣𝑟

𝑟2  

+
2

3

𝜇

𝑟
(𝛻 ∙ 𝑣⃗) + 𝜌

𝑣𝑟
2

𝑟
+ 𝐹𝑟  

where 

𝛻 ∙ 𝑣⃗ =
𝜕𝑣𝑥

𝜕𝑥
+

𝜕𝑣𝑟

𝜕𝑟
+

𝑣𝑟

𝑟
                 (13) 

Since the microchannel with small radial thickness is horizontally placed, the 

external body force F is taken as zero. 

The turbulence kinetic energy, k, and its rate of dissipation, ε, are obtained 

solving the following transport equations: 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑣𝑖)  

=
𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘             (14) 

and 

𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑖

(𝜌𝜀𝑣𝑖) =
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝜀

)
𝜕𝜀

𝜕𝑥𝑗

] 

+𝐶1𝜀
𝜀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌

𝜀2

𝑘
+ 𝑆𝜀                                                                  (15) 

In these equations, Gk represents the generation of turbulence kinetic energy 

due to the mean velocity gradients. Gb is the generation of turbulence kinetic 

energy due to buoyancy. YM represents the contribution of the fluctuating 

dilatation in compressible turbulence to the overall dissipation rate. C1ε, C2ε and 

C3ε are constants. σk and σε are the turbulent Prandtl numbers for k and ε , 

respectively. Sk and Sε are user-defined source terms. 

The turbulent (or eddy) viscosity µt is computed by combining k and ε as follows: 

𝜇𝑡 = 𝜌𝐶𝜇 ∙
𝑘2

𝜀
                                                                                                       (16) 

The model constant C1ε, C2ε, Cµ, σk and σε have the default values of 1.44, 1. 

92, 2.1, 0.09, 1 and 1.3 respectively. C3ε has values 1 (along) or 0 (perpendicular) 

for flow direction with gravity. The governing equation for energy is same as 

represented in Eq. 4. The bulk mean temperature, Tm, x and wall temperature, Tw, x 

with distance x from the microchannel entrance can be obtained by doing the 

thermal energy balance around the microchannel as shown in the following 

equations. 

𝑇𝑚,𝑥 = 𝑇𝑖𝑛 +
𝑞"𝜋𝐷𝑥

𝑚𝐶𝑝,𝑛𝑓
                                                                                             (17) 

𝑇𝑤,𝑥 = 𝑇𝑚,𝑥 +
𝑞"

ℎ
                   (18) 

where, Tin (303.15 K), is the specified inlet temperature. q" and h are the heat flux 

and heat transfer coefficient respectively. 
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To characterize the effect of fluid flow on the thermal behaviour of the 

microchannel heat exchanger, Peclet number Pe is defined as 

𝑃𝑒 =
𝜌𝑓𝐶𝑝,𝑓𝑢

(𝑘 𝐿⁄ )
                   (19) 

Three different mesh sizes with rectangular elements are applied in the grid 

test, to use wall y+ as the appropriate near-wall treatment (wall functions 

modeling as k-ε model is used). This is achieved by refining the mesh, with 

particular attention to the near-wall region so as to achieve the desired wall y+, i.e. 

the distance from the wall to the centroid of the wall-adjacent cells. 

 

3.  Results and Discussion 

The solution is tested for 100 x 12 (Nu = 175.862) and 100 x 24 (Nu = 175.948) 

grid sizes and it was noted that decreasing the 100 x 18 (Nu = 175.949) does not 

result in any considerable difference in Nu for Re = 11980 and hence chosen as 

the optimal size. The different mesh configurations and corresponding wall y+ 

had a significant influence on the computed Nusselt number results. Mesh 

configurations of 100 x 18 in the x and y directions have wall y+ values resolved 

in the region, 7 < y+ < 8 and ensured grid independence. Values close to y+ ≈ 8 

are found most desirable. Extensive validations of our flow solver are performed 

with available analytical solutions of [41] in terms of fully developed Nusselt 

numbers for water. 

Nusselt numbers and pressure drop with nanofluid concentrations 0 to 5% at 

Re 5 to 50 and Re 1198 and 11980 are shown in Fig. 3 and 4 respectively. As Re 

and φ increases, Nu and pressure drop increases. Variation of wall temperature 

were evident using Alumina/water nanofluid in circular micro channel for 

different values of Re. The effect of Re on the variation of nanofluid temperature 

with axial position showed that there is less variation in nanofluid temperature 

with axial distance at Re 5 and no change at still higher Re. The Pe increases with 

increase in Re and thus the contribution of convective heat flux dominates over 

conductive heat flux at higher Re and inlet temperature of fluid penetrates more 

towards the outlet at higher Pe.   

The variation of nanofluid temperature with radial position at different values 

of x and at different values of Re shows that there is no variation of temperature 

in y direction as convective heat transfer rate dominates over conductive heat 

transfer rate even at Re = 5 for which also Pe >> 1. But at very low value of Re, 

the Pe is much less than 1, conductive heat transport dominates over convective 

heat transfer and variation of temperature of nanofluid is very high, but still there 

is no temperature distribution observed with radial position, as the diameter of the 

channel is very less compared to the length. A large axial temperature rise could 

be attributed with the decreased specific heat for the nanofluid compared to the 

base fluid with higher enhancement in the entrance region and weaker 

enhancement in the fully developed region with higher concentrations produced 

greater sensitivity to heat flux as reported earlier [40]. Temperature contour plots 

support profile differences towards exit as Re increases. This also show that there 

is no variation of temperature in the radial direction.  
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Fig. 3. Nu and pressure drop at lower Re and nanofluid concentrations. 

The pressure drop of Al2O3-water nanofluids are approximately the same as 

those of water in the given conditions and implies that the nanofluid incurs no 

penalty of pump power and may be suitable for practical application. This 

observation is in accordance with the pumping power requirement of the 

Alumina/water nanofluid as nearly equal to that of water for the same Pe [42] and 

pressure loss increases only slightly with increase in volume concentration of 

nanofluids [43]. The entrance effect is much shorter in turbulent flow and 

negligible in present case since pipe length is much shorter than 10 diameters and 

further, its dependence on Re is weaker. The average ratio of friction factor of 

nanofluid to that of base fluid was 1.10 for 1% volume concentration. There is no 

friction, since the surface of the wall being smooth and as the Pr is higher than 

unity for water and nanofluids at all volume concentrations; velocity diffusivity 

dominates in comparison to thermal diffusivity. It is observed that as Re 

increases, pressure drop increases linearly with axial distance at all Re for all 

nanofluid volume concentrations. The low amounts of pressure drop in this study 

might be due to the fact that the flow was not simulated as two phase and not 

including effects such as Brownian motion etc. Even though axial velocity 

decrease with increase in nanofluid concentration for laminar and turbulent zones, 

no variation is found at a particular concentration except for the entrance length. 

Velocity profile is flat at very low Re and parabolic at higher Re. 
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Fig. 4. Nu and pressure drop at higher Re and nanofluid concentrations. 

In case of laminar flow, Nusselt number increases by 83% from 0 to 5% 

Alumina/water nanofluid and in turbulent flow, the increase was 8%, even though 

the Nusselt number values in turbulent flow are higher in magnitude than laminar 

values. These results were in agreement [44] and contradict [40]; the latter opined 

that heat transfer enhancement was negligible in turbulent Alumina/water 

nanofluid flow in circular microchannel. The present results are in agreement with 

the experimental results of significant increase of the overall heat transfer 

coefficient in a miniature heat sink by dispersion of Al2O3 nanoparticles in water, 

with the decrease of thermal resistance of heat sink [45]. Similar results by use of 

SiO2-water nanofluid [46] and nanofluid-cooled miniature plate fin heat sink [47] 

were also reported. The Nusselt number values are found to be independent of 

axial position which means that circular micro channel is at fully thermal 

developed condition in both laminar and turbulent types of flows. In laminar flow 

Nu = 4.36 (i.e. h ≈ k). To prove it, the ratio of heat transfer coefficients of 

nanofluids to water at different values of Re is found equal to ratio of thermal 

conductivity of nanofluid to water. Analytical and computational Nusselt numbers 

for laminar and turbulent flow of 0 to 5% nanofluids are shown in Fig. 5 that 

proves CFD results well predicted analytical Nusselt numbers.  

The value of Pe for both Re = 1198 and Re = 11980 are much greater than 1, 

and hence temperature at all the points on x axis becomes equal to inlet temperature. 

As Re decreases to low value of 5, the Pe value decreases substantially and also 

residence time of fluid in channel increases due to decrease in inlet velocity of fluid. 

A substantial change in temperature from inlet to outlet is observed at lower Re. It is 
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also noticed that the use of water results in higher wall temperature than its 

nanofluids, and wall temperature at a particular axial position decreases with 

increase in nanoparticle concentrations, which might be due to combined effect of 

density, viscosity and thermal conductivity. This method is highly acceptable since 

excellent agreement between the simulated and experimental data is obtained with 

a Mean Absolute Error of 0.008% for laminar and 0.048% for turbulent flows. 

The present simulated values and experimental results for laminar and turbulent 

flows using Sum of Squares Error showed 99.73 and 100% accuracy in predicting 

analytical values of heat transfer coefficient. A good regression analysis with R
2
 

0.9998*** and 1*** for laminar and turbulent flows between simulated values 

and experimental results were also obtained. 

 

Fig. 5. Validation of Nusselt numbers of water at different Re. 

 

4.  Conclusions 

In this study, the thermal and flow behaviour modelling of circular microchannel 

has been performed. Nusselt number and pressure drop have been formulated. The 

heat transfer during laminar and turbulent regime has been solved using the viscous 

laminar and standard k-ε methods. The predictions have been compared with 

reported analytical data. The results show that: 

 Constant Nusselt numbers were achieved throughout the circular micro 

channel due to its hydrodynamically fully developed, but thermally 

developing conditions for a particular Re and nanofluid concentration with 

higher Nusselt numbers mostly in entrances region of micro channels. As the 

concentration of nanoparticle increases, Nusselt number also increases. With 

increase in Re, Nusselt numbers and pressure drop increases but wall and 

nanofluid temperatures decreases. Wall and nanofluid temperatures increase 

within the flow direction at very low Re, but has negligible variation at 

higher Re due to greater value of Pe. 

 The enhancement of heat transfer in laminar nanofluid flow is greater as 

compared to turbulent nanofluid flow with respect to its base fluid. The 

nanofluid temperature is constant with respect to radial positions even at very 

low value of Pe. Velocity, pressure and temperature contours represent 

successfully the hydrodynamic and thermal behaviour of the microchannel 

system. The entrance length for fully developed flow depends on nanofluid 
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concentrations and Re. Even though axial velocity decrease with increase in 

nanofluid concentration for laminar and turbulent zones, no variation is found 

at a particular concentration except for the entrance length. Velocity profile is 

flat at very low Re and parabolic at higher Re. Wall temperature at an axial 

position decrease with respect to increase in nanofluid concentration. But 

there is no nanofluid temperature variation with radial position. 

 Computed Nusselt numbers were found in close agreement with the 

analytical values statistically. At each Re, ratio of heat transfer coefficient of 

nanofluid to base fluid is found equal to ratio of thermal conductivity of 

nanofluid to base fluid. 
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