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Abstract 

The problem of a steady, two-dimensional, laminar forced flow and heat transfer 
of a nanofluid, Water-Al2O3 mixture, circulating inside a microchannel, 0.1mm 
thickness by 25mm length, was numerically studied. The nanofluid considered is 
composed of saturated water and alumina metallic particles with different 
average diameters, 36nm and 47nm. All fluid properties are assumed 
temperature-dependent and evaluated using classical two-phase mixtures 
formulas, while for thermal conductivity and dynamic viscosity, recent in-house 
experimental data were used. The particle diffusion constant due to Brownian 
motion was estimated using the Einstein’s relation. The fluid exhibits a parabolic 
axial velocity, uniform temperature and particle concentration profiles at the 
inlet; the usual non-slip and uniform wall temperature conditions prevail on both 
walls; at the exit, the ‘outflow boundary’ condition is imposed. The system of 
governing equations (conservation of mass, momentum, energy, and species) 
was successfully solved using a FEM imbedded within a commercial powerful 
code and a 28558-cell non-uniform grid. Results obtained for the Reynolds range 
of 200-2500 clearly show the beneficial effects due to the use of nanofluids on 
the heat transfer coefficient. Results using the two-phase model show that the 
spatial distribution of particle concentration is highly non uniform; it has been 
found to vary considerably in the vicinity of the heated walls while remains 
nearly uniform in a large central region of the channel. The effects due to the 
particle concentration and size were also studied. A ‘single-phase fluid v/s two-
phase fluid model’ comparison has clearly shown a certain discrepancy among 
the results obtained. 
Keywords: microchannel, laminar forced flow, heat transfer, nanofluids, 
alumina-water nanofluid, two-phase fluid model, single-phase fluid model. 
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1 Introduction 

Recent advances in manufacturing processes have permitted the fabrication of 
nanometre-scale solid particles, which, in turn, have created a new class of very 
special fluids, called ‘nanofluids’. The latter refers to a two-phase composed of a 
continuous phase, most often a saturated liquid and suspended ‘nanoparticles’. In 
spite of a striking lack of data, nanofluids appear to constitute a very interesting 
alternative for various thermal applications, especially those where high heat 
transfer rates are required. In fact, the capability of nanofluids for the heat 
transfer enhancement purpose has clearly been established for internal flow 
configurations - see in particular Pak and Cho [1], Li and Xuan [2], Wen and 
Ding [3], Yang et al. [4], Maïga et al. [5, 6]. A similar heat transfer enhancement 
was also observed experimentally for a closed-liquid system destined for cooling 
of high-powered electronic components, Roy et al. [7] and Nguyen et al. [8], as 
well as in cases of free convection (Polidori et al. [9]) and laminar mixed 
convection flow (Ben Mansour et al. [10–12] and Popa et al. [13]). 
     With regard to the fluid flow and heat transfer in microchannel, it is worth 
mentioning that such a topic has received in the past decades a special attention 
from researchers (reviews of relevant works may be found in Garimella and 
Sobhan [14], Morini [15], Steinke and Kandlikar [16] and Chen [18]). 
Unfortunately, there are few studies/data regarding nanofluid flow and heat 
transfer in microchannel. Faulkner et al. [19–20] were likely the first who 
experimentally found that surface heat fluxes in excess of 275 W/cm2 may be 
achieved using ceramic-based nanoparticles in water. Koo and Kleinstreuer [21], 
in their numerical study, have observed that a combination of high-Pr fluid/high 
channel aspect ratio/high particle thermal conductivity would maximize the heat 
transfer rate. Chein and Huang [22], considering Cu-nanoparticles-water, have 
clearly shown an improvement of heat transfer. Jang and Choi [23], taken into 
account the Brownian motion effect for 6nm copper-in-water and 2nm diamond-
in-water nanofluids, have shown that nanofluids reduce both the thermal 
resistance and temperature difference between the heated walls and the coolant. 
Tsai and Chein [24] performed an optimization study of a microchannel heat sink 
performance using copper-water and carbon-nanotube-water nanofluids. Chein 
and Chuang [25] studied experimentally CuO-water nanofluid in a trapezoidal-
cross-section microchannel. They found that more heat can be absorbed using 
nanofluids for low flow rates, while for high flow rates, nanoparticles did not 
contribute to extra heat absorption. In a recent numerical study performed for a 
3D-rectangular-cross-section microchannel, heat transfer enhancement was again 
observed for Al2O3-water and CuO-water nanofluids (Nguyen et al. [26]). 
     In this work, we have numerically studied the problem of a forced laminar 
flow and heat transfer of Al2O3-water nanofluid, with two different particle sizes, 
36nm and 47 nm, inside a two-dimensional flat microchannel. Both the single-
phase fluid and two-phase fluid models were used. Some significant results 
showing the effects due to the use of nanofluid on the heat transfer coefficient as 
well as the comparison of between the two models are presented and discussed. 
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2 Mathematical formulation and numerical method 

2.1 Governing equations and boundary conditions 

The problem under study consists of a steady, forced and laminar flow of a 
nanofluid flowing in a straight rectangular cross-section microchannel, Fig. 1, 
with dimensions, a=65mm, e=0.1mm and length L=25mm. The nanofluid is 
assumed incompressible with temperature-dependent properties. The 
compression work is negligible, but both viscous dissipation as well as axial heat 
diffusion were considered. Because of the channel geometry and in order to 
reducing the computing times, it has been decided to consider a 2D-
microchannel of 0.1mm thickness and 25mm of length. The general conservation 
equations of mass, momentum, energy and species are as follows (Eckert and 
Drake [26]): 

∇⋅(ρV) = 0                                                               (1) 
∇⋅(ρV Vi) = -∇P + ∇⋅(µ∇Vi)                                                   (2) 
∇⋅(ρV CpT) = ∇⋅ (k∇T) + Φ                                                (3) 

∇⋅(V c) = ∇⋅(D∇c)                                                       (4) 
V, P, T are fluid velocity vector, pressure and temperature; Vi is a velocity 
component; c and D are particle mass fraction and diffusion coefficient; Φ is the 
dissipation function; ρ, µ, k, Cp are, respectively, fluid density, dynamic viscosity, 
thermal conductivity and specific heat, all properties are temperature-dependent. 
 

 

Figure 1: Geometry of the microchannel considered. 

     The non-linear and highly coupled governing equations (1-4) must 
appropriately be solved subject to the following boundary conditions: at the 
channel inlet, the fluid possesses a parabolic axial velocity profile, a uniform 
temperature and particle concentration profiles; at the outlet, the ‘outflow 
boundary’ condition (i.e. ∂2/∂x2=0 for all variables) is assumed. On the solid 
walls, a usual no-slip and uniform wall temperature conditions are specified. 

2.2 Nanofluid thermo-physical properties 

For the nanofluid considered, water-Al2O3 with 36 nm and 47 nm average 
particle-sizes, effective thermal and physical properties can be evaluated using 
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classical formulas already derived and known for a two-phase fluid (subscripts p, 
bf and nf refer, respectively, to the particles, the base fluid and the nanofluid): 

ρnf = (1 – φ)·ρbf + φρp                                                                           (5) 
(ρ·Cp)nf = (1 – φ)· (ρ·Cp)bf + φ(ρ·Cp)p                                 (6) 

For Al2O3 particles, the following data are used: Cp=773 J/kg K and ρ=3600 and 
3880 kg/m3 for 36nm and 47nm sizes. For nanofluid thermal conductivity and 
dynamic viscosity, in-house experimental data, Angue Mintsa et al. [28] and 
Nguyen et al. [29], were used. These data are specific to the nanofluids studied. 
The diffusion coefficient D due to the particle Brownian motion was estimated 
using the following formula, often referred as the ‘Einstein’s relation’, which 
relates the particle diffusion coefficient to the drag coefficient (see Berg [30] and 
Einstein [31]): 

D (T) = kBT /kdrag = kBT /(6πµRp)                                (7) 
where kB is the Boltzmann constant, kB=1.3806504 x10-23 m2kg/s2K, µ the 
mixture dynamic viscosity and Rp the particle radius. Typical values of the 
coefficient D are ranging from 4 to 6x 10-12 m2/s for considered particles under 
ambient condition. 

2.3 Numerical method and code validation 

The system of governing equations (1)-(4) was successfully solved by using a 
‘finite-element’ method embedded within a powerful commercial code named 
COMSOL Multiphysics. The matrixes resulting from the spatial discretization 
process have been solved using an efficient and iterative matrix decomposition 
technique. In order to ensure the accuracy and independence of results with 
respect to the number of elements used, several non-uniform grids were 
thoroughly probed and a 28558-quadratic-triangular-elements grid system was 
adopted. It covers the space of a half of the channel thickness and possesses very 
fine and highly packed elements near boundaries. The convergence was based on 
the verification of variables variation between iterations; and also on the global 
mass and energy balance over the domain, which was kept as low as 0.01%. 

Table 1:  Summary of the cases studied. 

 Particle 
fraction φ Flow Reynolds number 

9% 
6% 36nm 

3.1% 
200 500 1000 

9% 
6% 

Single-phase 
fluid model 

47nm 
3.1% 

1500 2000 2500 

9% 
6% 36nm 

3.1% 
200 500 1000 

9% 
6% 

Two-phase 
fluid model 

47nm 
3.1% 

1500 2000 2500 

200 500 1000 Water 0% 1500 2000 2500 
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     The computer model was successfully validated by comparing numerical 
results obtained for the axial velocity profile and pressure gradient to the well-
known and theoretical results for a classic case of a 2D-laminar forced Poiseuille 
flow in a channel (Le Menn [32]). The code was then used to perform nearly 
seventy-two cases for distilled water and the two nanofluids considered 
(Table 1). 
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Figure 2: Spatial distribution of particle volume fraction (Re=200). 

 

Figure 3: Effect of wall temperature on particle volume fraction profile. 

3 Results and discussion 

Some significant results as obtained by using the two-phase model are presented 
and discussed first, which is followed by a comparison between the single-phase 
and two-phase model. Figure 2 shows, for example, a (zoom view) typical spatial 
distribution of the particle volume fraction along a vertical distance to the wall 
for the case. It is observed that for a given particle volume fraction specified at 
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the channel inlet, particle concentration clearly exhibits large variation in the 
vicinity of the wall, while in the central region of the channel, it remains almost 
constant. 
     For this case, the spatial variation of particle concentration is approximately 
observed within one-sixth of the channel half-thickness. It is also observed that 
47nm particle-size exhibits a slightly higher concentration gradient in the near 
wall region than particles of 36nm size, which may appear somewhat 
paradoxical. It is worth noting that the particle concentration distribution is 
governed by the convection-diffusion process, hence it depends not only on the 
particle diffusion coefficient but on the local velocities and temperatures. 
Figure 3 also shows that for a given particle-size, higher wall temperatures 
would induce a higher gradient of the particle concentration near the solid wall. 
Such behaviour is obviously due to an increase of the particle diffusion 
coefficient with temperature augmentation. 

3.1 On the nanofluid heat transfer behaviour in a micro-channel 

From the results obtained and shown in Fig. 4, it is clear that the use of a 
nanofluid would produce an appreciable increase of heat transfer in a constant-
wall temperature microchannel heat sink, while compared to that when using 
water. In fact for a given particle-size, the average heat transfer coefficient ratio, 
hnanofluid / hwater, is always higher than unity. This ratio clearly increases with the 
particle volume fraction. Thus, for the particle fractions considered, 3.1%, 6% 
and 9%, this ratio has as values, respectively 1.55, 2.1 and 4.3 for 36nm size and 
1.5, 2.25 and 3.3 for 47nm size. It is interesting to observe that such a ratio 
remains nearly constant for the range of the Reynolds number studied. Such a 
beneficial effect due to nanofluid can also be found on Fig. 5 which shows the 
variation of the average Nusselt number as function of Re, φ and particle-size. 
One can see that the Nusselt number clearly increases with the increase of the 
Reynolds number (the convection effect) and with an increase of particle volume 
fraction. It may be expected that a combination of high Reynolds numbers and a 
high particle volume fraction can produce interesting heat transfer rates. There 
seems to be no clear demarcation between the 36nm and 47nm particle sizes 
regarding the heat transfer behaviour (it is worth noting that the definition of Re 
and Nu number also includes nanofluid properties). It is very interesting to 
mention that the above nanofluid heat transfer performance and behaviour appear 
consistent with that observed by others (see in particular Chen [18], Koo and 
Kleinstreuer [21], Chein and Chuang [25] and Nguyen et al. [26]). 

3.2 On the comparison ‘single-phase v/s two-phase modelling’ 

As mentioned previously, both the two-phase and single-phase fluid models were 
used in the present study. The results obtained from these models were compiled 
and compared in the following. Figure 6 shows, at first, the results for the ratio 
hnanofluid / hwater as function of Re for two particular cases (36nm and φ= 6% and 
47nm and φ=9%) using both models, considering, especially, all temperature-
dependent properties. One can see that for the first case, 36nm-6% particle 
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Figure 4: Variation of hnanofluid / hwater with respect to Re, φ and particle-size. 
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Figure 5: Variation of Nu with respect to Re, φ and particle-size. 

volume fraction, there is a slight difference between the two models. However, 
for the second case, 47nm-9% particle volume fraction, both models predict, 
surprisingly, approximately the same values for the ratio hnanofluid / hwater. 
     Figure 7 shows finally the results for the average Nusselt number as function 
of parameter Re, results that are obtained using the single-phase fluid model 
(constant properties) and the two-phase model (variable properties). These 
results eloquently show that, on the global basis, there is a notable discrepancy 
between the predictions by the two models. Such a discrepancy, which does exist 
for all Reynolds number considered, becomes more pronounced for higher 
values of the latter. For the cases studied, it has been found that such a 
discrepancy appears to be more important for the case 6%-36nm particle-size 
than the one with 9%-47nm-size. Although we may expect that the results 
obtained using the two-phase-variable-properties fluid model would be more 
realistic than the ones using the simple single-phase-constant-properties model, it 
is obvious that more results and experimental data will indeed be needed to 
validate such a result. 
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Figure 6: hnanofluid / hwater function of Re (two-phase vs. single-phase model). 
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Figure 7: Nu function of Re (two-phase vs. single-phase model). 

4 Conclusion 
In this paper, the problem of the laminar forced convection of Al2O3-water 
nanofluids inside a constant-wall-temperature two-dimensional microchannel has 
been numerically investigated. Both the single-phase and two-phase fluid models 
were used. Results have shown that the particle concentration exhibits a large 
spatial variation in the vicinity of solid wall, while it remains almost constant in 
the central area of the channel. The wall heat transfer has been found to increase 
appreciably with an increase of the flow Reynolds number and the particle 
volume fraction. There is a clear discrepancy between results predicted by the 
variable-property-two-phase fluid model and those using the conventional 
constant-property-single-phase fluid model. 
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