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Abstract: Mixed convection heat transfer and fluid flow around circular cylinder surface placed in an open-cell aluminium 
foam subjected to a constant heat flux inside a horizontal channel, filled with nanofluid is numerically studied. The open-cell 
aluminium foam is made of alloy 6101-T6 with porosity of 0.93, and pore densities of (10, 40) PPI. Nanofluid with three 
different types of nanoparticles, aluminium oxide (Al2O3), copper oxide (CuO) and silicon dioxide (SiO2) with volume 
fraction of 4% and nanoparticle diameter of (25nm) dispersed in water are used. Three models have been employed in this 
paper as test sections: model (A) the aluminium foam is around one circular cylinder heat source, model (B) the aluminium 
foam is around two circular cylinders heat source and model (C) the aluminium foam is around three circular cylinders heat 
source. In each model, the heat flux is maintained at 3000W/m2, circular cylinder diameter is (1cm) and the aluminium foam 
length is (5cm). The governing equations continuity, momentum and energy are solved by using the Finite-Volume Method 
(FVM). The effects of aluminium foam and nanofluid properties on mixed convection heat transfer with three models in a 
rectangular horizontal channel are investigated. The results have shown that higher average Nusselt number is obtained when 
using nanofluid (SiO2-water) and 40PPI aluminium foam pore density at higher Reynolds number value with model C. 
 
Keywords: Mixed convection, open cell-aluminium foam, nanofluid, cross flow around circular cylinder. 
 
I. INTRODUCTION 
 
Any material which is consisted of solid matrix with 
an-inter connected void is called porous media such 
as rocks and open-cell aluminium foams[1]. Porous 
media has two specifications: (i) It has a larger 
dissipation area than the conventional fins, so heat 
transfer will be enhanced. (ii) The irregular structure 
of the porous media, at sufficient large velocities, is 
responsible for the irregular motion of the fluid flow, 
thus the flow separates around the individual beads, 
mixing the fluid more effectively[2]. Therefore, the 
thermal dispersion conductivity greatly exceeds the 
fluid thermal conductivity and conventional heat 
convection fluids have low thermal conductivity [1]. 
A wide application of porous media can be found in 
many practical applications, such as thermal 
management applications of aluminium foams that 
include compact heat exchangers for airborne 
equipment, air-cooled condenser towers, both the 
regenerative and the dissipative type, and compact 
heat sinks for power electronics[3]. One of the ways 
to enhance the heat transfer is to employ nanofluids. 
Nanofluids are fluids that contain suspended 
nanoparticles such as metals and dioxides in the base 
fluid. Thus, it does not cause an increase in pressure 
drop in the flow field. Past studies showed that 
nanofluids exhibit enhanced thermal properties, such 
as higher thermal conductivity and convective heat 
transfer coefficients compared to the base fluid[4]. 
Many studies have been done on heat transfer in 
porous media with nanofluid[5]. Sun and Pop[6]were 
founded the results have revealed that the maximum 

value of average Nusselt number was obtained by 
decreasing the enclosure aspect ratio and lowering the 
heater position with the highest value of Rayleigh 
number and the largest size of heater. Chamkha et 
al.[7]were observed the results indicated that as 
buoyancy ratio and thermophoresis parameter 
increased, the friction factor increased, whereas the 
heat transfer rate and mass transfer rate decreased. 
Bhadauria et al.[8]were showed the results revealed 
that when horizontal wave numberwas small, onset of 
convection was obtained through oscillatory mode. 
On increasing horizontal wave number, the mode of 
convection for onset of thermal instability became 
stationary. Also that nonlinear finite amplitude was 
the preferred mode of convection earlier to oscillatory 
mode. Hady et al.[9]were founded the results 
indicated that the reduced Nusselt and Sherwood 
numbers were decreasing functions of the higher 
yield stress parameter for each dimensionless 
numbers, power index of non-Newtonian fluidand 
Lewis number, except the reduced Sherwood number 
was an increasing function of higher Brownian 
parameterfor different values of yield stress 
parameter.Rashad et al.[10]were observed the results 
have shown that the values of viscosity index increase 
led to an increase in both the local Nusselt and 
Sherwood numbers. On the other hand as the 
buoyancy ratio increased, both the local Nusselt and 
Sherwood numbers decreased. Cheng[11] were 
showed the results showed that an increase in the 
thermophoresis parameter or the Brownian parameter 
tended to decrease the local Nusselt number.  The 
local Nusselt number increased as the buoyancy ratio 
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or the Lewis number decreased. Raed et al.[12]were 
founded the results have shown that higher average 
Nusselt number is obtained with the use of nanofluid 
and 40PPI aluminiumfoam pore density. Average 
Nusselt number decreases with aluminium foam 
angle decreases with increased aluminium pore 
density. Average Nusselt number increased with 
nanoparticle volume fraction and mixed convection 
parameter increased.  
 
It is obvious from the above literature review that 
there are very limited data on mixed convection heat 
transfer using aluminium foam with nanofluids.  
Thus, this paper presents numerical simulations of 
mixed convection heat transfer and fluid flow through 
an open-cell aluminium foam around circular cylinder 
surface subjected to constant heat flux placed inside a 
rectangular horizontal channel, filled with nanofluid. 
The purpose of the present study is to study the 
effects of aluminium foam andnanofluid properties on 
mixed convection heat transfer process with three 
models in a rectangular horizontal channel. 

 
II. PHYSICAL DESCRIPTION OF THE 
PROBLEM AND ASSUMPTIONS 
 
A two-dimensional problem of an open-cell 
aluminium foam inserted inside a rectangular 
horizontal channel and surrounded by horizontal 
circular cylinder heat source is used. The fluid enters 
the rectangular horizontal channel with fully 
developed flow velocity (u∞) and temperature 
(T∞=300ο K) and all the channel walls are considered 
thermally insulated. The mixed convective heat 
transfer, and fluid flow through an open-cell 
aluminium foam, filled with nanofluid depends on 
several parameters such as, buoyancy force, 
aluminium foam pore density (PPI), nanoparticles 
type, are investigated in this paper with: 
1. Three test section models A, B and C are used 

having one, two and three horizontal circular 
cylinders with (1cm) diameter for each one and 
generate 3000 W/m2 for each model inside an 
open cell-aluminium foam as shown in Fig. 1.  

2. An open cell-aluminium foam made of alloy 
6101-T6 with pore densities (10, 40) PPI  

3. Nanofluid types (Al2O3-water), (CuO-water) and 
(SiO2-water). 

 
Fig. 1. Test section models    a) model (A)    b) model (B)   c) 

model (C) 

In order to simplify the problem, some assumptions 
are considered: 
The flow is steady state, two-dimensional, 
incompressible and fully developing laminar regime. 
No chemical reactions and internal heat generation 
and neglecting viscous dissipation. The 
thermophysical properties of the fluid are changed 
polynomial with temperature. The aluminium foam is 
considered homogeneous, isotropic and saturated 
with a single phase fluid which is in local equilibrium 
with the solid matrix. The aluminium foam 
permeability and Forchheimer coefficient values are 
considered constant for all fluids used at each (PPI). 
 
2.1. Governing Equations[1] 
The flow is modelled by the Darcy-Forchheimer’s 
model in the porous regions to incorporate the inertia 
effect where: 

 
Continuity: 

 
Momentum equation based Darcy velocity 
formulation 

 
Energy: 

 
 
All governing equations to be solved by ANSYS 
Fluent 14.0[13]: 
The best values for permeability and Forchheimer 
coefficient are obtained from the experimental work 
of Tzeng and Jeng[14], as shown in Table 1. 
 

 
Table1: Permeability and Forchheimer coefficient for 

aluminium foam samples 
2.2. Effectivethermophysical properties for 
nanofluids and Aluminium Foam 6101-T6 
Base nanofluid properties have been published over 
the past few years in literature. However, some data 
on temperature-dependent properties have been 
provided, even though they are only for nanofluid 
effective thermal conductivity and effective absolute 
viscosity. 
Density[15][16] 
ρ = φρ + (1 −φ)ρ     (7) 
Specific heat[17] 
c = ( )( ) ( )

( )     (8) 
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Viscosity[18] 
μ = μ (

( . ( ) . .
) (9)  

d : Equivalent diameter of a base fluid molecule 
= (6M Nπρ⁄ )  
            (10)  
M:  Molecular weight of the base fluid  
N:  Avogadro number = 6.022×1023 1/mol 
ρ : Mass density of the base fluid calculated at 
temperature T =293 K. 
The effective thermal conductivity of a nanofluid is given 
by Vajjha et al.[19] 
k = k + k           (11) 
The static thermal conductivity of a nanofluid is 
given by Maxwell [20] 

k = k   (12)  

The Brownian thermal conductivity of a nanofluid is 
given by Koo and Kleinstreuer[21] 

k = 5 × 10 βφρ c  f(T,φ)(13) 

(ϰ): Boltzmann constant = 1.381 × 10 (J/k) 
β : Modelling function (Fraction of the liquid volume 
which travels with a particle)  
β = 0.0011(100φ) .      (14) 
β = 0.0017(100φ) .   (15)        
β = 1.9526(100φ) .         (16) 
f(T,φ) = (2.8217 × 10 φ + 3.917 × 10 ) +
(−3.0669 × 10 φ− 3.9123 × 10 )(17)                                                                                                                                                                                                                                                         
T  is the Reference temperature = 273.15 K 
Thermophysical properties for nanoparticles material 
are summarized in Table 2. 

 
Table 2.Thermophysical properties for nanoparticles material 

 
Effective thermophysical properties for Aluminium 
Foam 6101-T6are discussed by Gibson and Ashby 
[24] and ERG [25]and the thermophysical properties 
for aluminium metal alloy 6101-T6 are summarized 
in Table3. 

 
Table 3.Thermophysical properties for aluminium alloy 6101-

T6 
 

2.3. Governing Parameters[26]: 
Nu = h . h   (18) 
 
h =

( ∞)
       (19)  

Nu = ∫ Nu  . dθ (20) 
The average Nusselt number for eachmodel is 
calculated as follows: 

Nu = ∑
   (21) 

n   : Number of circular cylinder surface in each 
model. 
 
III. CODE VALIDATION 
 
The present results have been compared with the 
results of Guerroudj and Kahalerras[27]. The 
comparison shows that the present results have 
deviation of 6%, as shown in Fig.2. 

 
 

Fig. 2. Evolution of the global Nusselt number at each porous 
media angle for various Darcy numbers with Re=100 and 

thermal conductivity ratio = 1 
 
IV. RESULTS AND DISCUSSIONS 
 
The effects of aluminium foam and nanofluid 
properties on mixed convection heat transfer, with 
three models in a rectangular horizontal channel are 
presented in this section. Three different types of 
nanoparticles Al2O3, CuO and SiO2 with water as a 
base fluid are used to perform the numerical 
simulations. Results are presented for two different 
aluminium foam pore densities (10, 40) PPI and 
Reynolds numbers is 600 with constant heat flux 
q=3000W/m2 in each model. For evaluation of 
performance of these models, it is necessary to 
understand the flow and heat transfer physics over a 
circular cylinder surface and by analysing the 
streamlines of coolant and heat transfer behaviours. 
Fig. 3shows the cross water flow around circular 
cylinder surface and behaviour of stream line 
contours in the wake region at Re =600 at Ri= 0.0 
(pure forced convection), without an open-cell 
aluminium foam. The upstream and the downstream 
lines are symmetric because there is no buoyancy 
effect[28]. In this paper, mixed convective heat 
transfer and fluid flow through an open - cell 
aluminium foam filled with nanofluids depends on 
several parameters, such as buoyancy force, 
aluminium foam pore density (PPI) and nanoparticles 
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type. These effects are studied separately and 
discussed in the following sections.   

 
Fig. 3. Flow pattern around circular cylinder without 
aluminium foam at Re =600 and Ri =0.0 for all models 

 
4.1. Effect of aluminium foam pore density (PPI) 
on average Nusselt number  
The aluminium foam pore density (PPI) has an 
important effect on the average Nu number value. 
The variation of the average Nu number values for 
(10, 40) PPI aluminium foam pore densities with 
nanofluid (SiO2-water) at Re =600 for all modelsis 
shown in Fig.4. The average Nu number values with 
(SiO2-water) are higher than water only due to the 
enhancement of the thermophysical properties of 
nanofluid. As seen in the same figure, and when 
using aluminium foam, the average Nu number 
values have increased tremendously due to the 
increment of the effective thermal conductivity in 
about ≈160%, (from 0.6103 W/m.k for pure water to 
5.63 W/m.k with aluminium foam and nanofluid) and 
thermal conductivity ration (ke/kf) = 9.23, and these 
results are in a good agreement with the results of 
Guerroudj and Kahalerras[27].  The rate of increase 
in average Nu number values, when using  (SiO2-
water+10PPI), in model (A) is 130.65% and129.36% 
in model (B), while it is 122.77% in model (C), when 
using  (Al2O3–water+10PPI)  in model (A) it is 
126.92%, in model (B) is 126.86%, and in model (C) 
is 118.56%, and when using  (CuO-water+10PPI), in 
model (A) is 127.87%, in model (B) is 126.63%, and 
in model (C) is 120.33%. 

 
Fig.4. Effect of aluminium pore density on the average Nusselt 

number at Re =600 

Fig. 5shows the average Nusselt number at Re =600 
with and without nanofluidfor all models. It is 
observed that the higher average Nu number values 
occur at the higher aluminium foam pore density PPI. 
This corresponds with Kurtbas and Celik[29]results, 
because increasing the dissipation area would 
increase the irregular motion of the fluid flow. 
 

 
Fig.5. Average Nusselt number at Re =600 with and without 

nanofluid 
 

4.2. Effect of nanofluid type on the average Nusselt 
number  
Three different types of nanofluids, (Al2O3-water), 
(CuO-water)and (SiO2-water) are considered in this 
paper with nanoparticle volume fraction of (0.04) and 
nanoparticle diameter of (25nm). The two metallic 
particles Al2O3 and CuO have higher density, higher 
thermal conductivity produce more viscous nanofluid, 
compared to the non-metallic SiO2 particle in the 
same volume fraction. Because of the higher values 
of the properties of the Al2O3 andCuO particles, the 
nanofluid (Al2O3-water) and (CuO-water)generate 
higher heat transfer coefficient than the nanofluid 
(SiO2-water). 
The effects of different nanofluids types on the 
average Nu number values are shown in Fig. 6a. At 
Re number of 600, the average Nu number values 
over the base fluid for (SiO2-water) is 10.8% in 
model (A), 12.6% in model (B) and 20.1% in model 
(C), for (Al2O3-water) 6% in model (A), 8.1% in 
model (B) and 15.1% in model (C) and for (CuO-
water)  3.5% in model (A), 5.1% in model (B) and 
11.8% in model (C). The combined effects of these 
nanofluids properties play an important role in 
enhancing the average Nu number values.  Fig. 
6bshows the average Nu number values with 40PPI 
aluminium foam pore density and Re number of 600 
with different nanofluid types.  The best average Nu 
number value is obtained using SiO2-water due to its 
thermophysical properties.  
 
CONCLUSIONS 
 
The problem of steady fully developed mixed 
convection heat transfer and fluid flow through an 
open-cell aluminium foam around  circular cylinder 
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surface source subjected to constant heat flux inside a 
rectangular horizontal channel, filled with three types 
of nanofluids (Cu-water), (Al2O3-water) and (SiO2-
water) in three models is numerically studied. The 
governing equations continuity, momentum and 
energy are solved numerically by Finite Volume 
Method with the aid of commercial CFD package 
ANSYS Fluent 14.0.  

 
Fig.  6. Effect of nanofluid type at Re =600 with a) without 

aluminium foam b) with 40PPI aluminium foam 
 

The effects of aluminium foam and nanofluid 
properties on mixed convection heat transfer with 
three models in a rectangular horizontal channel are 
reported. The results reveal that as the pore density 
for aluminium foam increases, the average Nu 
number increases. Silicon dioxide (SiO2-water) 
nanofluid has the highest Nusselt number among all 
the nanofluids tested. In general, the benefits of 
aluminium foam and nanofluids on the thermal 
performance seem to outweigh the shortcomings 
where the nanofluid and aluminium foam and greatly 
increase the mixed convection heat transfer from 56.4 
(without aluminium foam and nanofluid at Re =200 
with model A) to 515.5 (with 40PPI aluminium foam 
pore density and (SiO2-water) nanofluid at Re =600 
with model C) with q=3000W/m2 heat flux. However, 
in order to qualify the next generation of heat transfer 
in aluminium foam and fluids, many other aspects 
still need to be investigated in detail, including the 
mechanisms involved in the heat transfer. 
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