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ABSTRACT: Forced convective heat transfer in a solar water collector channel 
with three metal-foam blocks attached on the inside wall, is studied numerically. 
Darcy equation with the Brinkman and Forchheimer terms is used to analyze the 
flow in the porous section; and Local thermal equilibrium (LTE) is considered 
between the working fluid and the porous region. The fluid flow in the channel 
and the thermal behavior of the system are analyzed considering various 
parameters such as Darcy number, thermal conductivity ratio, porosity and 
Reynolds number. The results prevail that the generated recirculation zones 
between blocks will significantly improve the heat transfer rate from the heated 
surface; and metallic porous material can perform as effective heat exchangers in 
thermal applications such as electronic cooling and solar heat collectors. 
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Nomenclature   

A   aspect ratio, 
mA= H / H   T  temperature [ ]K  

C   inertia coefficient  U  dimensionless axial velocity 

pc  specific heat [ ]J / kg K   u  axial velocity [ / ]m s   

Da   Darcy number V  dimensionless transverse velocity 

hD  hydraulic diameter [ ]m   v  transverse velocity [ / ]m s   

fd  fiber diameter [ ]m  W  width [ ]m  

pd  mean pore diameter [ ]m  X  dimensionless axial coordinate 

F   Forchheimer coefficient x  axial coordinate [ ]m  

G  shape function Y  dimensionless transverse coordinate 

H   channel height [ ]m  y  transverse coordinate [ ]m  

h   
local heat transfer coefficient 

2[ / ]W m K    
  

K   
permeability of the porous blocks 

2[ ]m  
Greek symbols 
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k   fluid thermal conductivity [ / ]W mK  ε  porosity 

L   total length [ ]m  μ  dynamic viscosity [ ]Pa s  

hL   
length of absorber plate under 
solar energy [ ]m  

θ  
dimensionless 
temperature 

Nu   Nusselt number ε  porosity 

P   dimensionless pressure ρ  density 3[ / ]kg m  

p   pressure 2[ / ]N m    

Pr   Prandtl number Subscripts 
q   solar heat flux 2[ / ]W m  e   outlet conditions 

cR   thermal conductivity ratio eff  effective 

Re   Reynolds number f  fluid 

xR   length ratio, 
m m m/ ( )xR W W S   m   metal foam 

yR   height ratio, /y mR H H       inlet conditions 

S  spacing [ ]m  s  solid 

 
* Corresponding author (Address all correspondence to: 
ahaghighi@email.ucr.edu) 
 
 
INTRODUCTION 
 
Thermal efficiency enhancement of heat exchanger has received significant 
attention by the researchers in order to meet the increasing demand to design and 
implement compact heat exchangers. Different techniques are utilized by the 
researchers presented in (Albojamal and Vafai, 2017; Wang and Chen, 2002; 
Chabane, 2014 and Lee and Vafai, 1999) for heat transfer enhancement. Some of 
them increase the overall thermal conductivity of the working fluid by dispersing 
small colloidal solid particles, 1-100 nm in diameter. While others worked on 
altering the surface geometry by using special channel wall shapes such as wavy 
or corrugated walls. 
Direct solar radiation is one of the promising sources of renewable energy. Solar 
thermal collectors are a special type of heat exchangers that absorb the incoming 
solar radiation energy, and transfer it to the internal transport medium (Kalogirou, 
2004). Flat-plate collectors are the most common type used in residential 
structures, space heating, and commercial or industrial applications where the 
demand for hot water has a large impact on energy costs (Kudish, 2002). There is a 
lot of effort focused on optimizing the flat-plate solar collector by means of 
reducing their size and increasing the fluid temperature at the outlet. With this 
goal, various different techniques has been introduced (Bashria et al., 2007; 
Chabane, 2014; Reddy and Satyanarayana, 2008). Despite the attractive thermal 
performance of these techniques, heat transfer in flat plate solar collectors still 
needs further development to reach higher heat transfer rates between heated 
surface and the fluid.  
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Metallic porous material has emerged over the past decade as a promising new 
technology for a wide range of applications, such as in compact heat sinks in 
electronic devices, chemical reformers, combustors and solar thermal collectors. 
This is due to the attractive thermo-mechanical features of metal-foams including 
high solid thermal conductivity, lightweight with high strength and rigidity, 
enhanced flow mixing capabilities of porous matrix and large surface area per unit 
volume (Lu et al., 1998; Banhart, 2001 and Zhao, 2012). Numerous studies have 
been carried out on forced convection with steady state flow through a channel 
partially or fully filled with a metal foam (Qu et al., 2012 and Lu et al., 2017). 
Angirasa (2002) presented a numerical study for heat transfer in a channel 
completely filled with rigid metallic materials with high porosity. Lu et al. (2006) 
analytically investigated the open-cell metal foam fully filled heat exchanger 
pipes. Their results confirmed that the use of metal-foam can dramatically enhance 
the heat transfer, but at the expense of a significant increase in the pressure drop. 
They showed that the pressure loss is three to four times higher than that of an 
empty channel. This situation impairs the application of metal foams for most 
engineering cases requiring low pressure drop. Also, for fully filled channel LTNE 
model is more accurate and should be used for the flow analysis according to Lee 
and Vafai (1999). While for partially filled duct, due to the relatively low velocity 
in the foam region, the temperature difference between solid and fluid phases is 
minimal and the LTE model may be employed (Xu et al., 2015). 
Present study aims to numerically investigate the characteristics of fluid flow and 
heat transfer through a parallel flat-plate channel solar water collector with 
multiple metal-foam blocks mounted on the inside wall and by considering Local 
Thermal Equilibrium (LTE) in the solid-fluid interface. The essential heat and flow 
interaction between the metal-foam porous block and the working fluid, as well as 
the methodology of improving the rate of heat transfer near the heated surface 
and reduced the pressure drop are analyzed and discussed in this work. Our 
results were compared and validated with the numerical work of (Chikh et al. 
1998).  
 
 
MATHEMATICAL FORMULATION 
 
The schematic for flat-plate solar collector for forced convection water flow is 
shown in figure 1 for current study. The water flow through a horizontal parallel-
plate channel with three separate metal-foam porous blocks with height Hm and 
width Wm. The channel height is H and the total length is L. Constant heat flux q” 
is imposed along the length of  the absorber plate of length Lh. The remaining 
walls are insulated. The height (Ry) and length (Rx) ratios of the channel are set 
equal to 0.5 and 0.25 respectively. While the block width (Wm) and the spacing 
between them (Sm) set equal to each other. Furthermore, the fluid enters the 
channel with uniform inlet temperature To and parabolic fully developed velocity 
profile. A two-dimensional, laminar, incompressible and steady flow with 
constant thermophysical properties for both the fluid and metal-foam are 
considered. The buoyancy and radiation effects are neglected. Also, the porous 
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metals are considered as homogenous and isotropic. The area after the last block is 
chosen to be long enough to ensure fully developed conditions at the channel exit.  
 
 
 

 
Figure 1. Configuration Under Current Study. 

 
The momentum equations includes both Brinkman and Forchheimer terms to 
incorporate the viscous and inertial effects in the porous matrix, while Navier–
Stokes is the governing equation in the fluid domain. For simplification, the angle 
brackets representing volume-averaged variables are dropped in equation 
pertaining to the porous domain, for example u  in the porous region is equivalent 
to uá ñ. Continuity in the fluid region: 

0
u v

+ =
x y

 

 
                                                                                                     (1) 

Continuity in the porous region: 

0
u v

+ =
x y

 

 
                                                                                                    (2) 

Momentum equation in the Fluid region: 
2 2

2 2

u u p u u
ρ u +v μ +

x y x x y

      
     

       
                                                          (3) 

2 2

2 2

v v p v v
ρ u +v μ +

x y y x y

      
     

       
                                                                  (4) 

Momentum equation in the Porous region: 
2 2

2 22

ρ u u p μ u u μ ρFε
u +v + u u u

x y x ε Kε x y K

      
      

       
                                                (5) 

2 2

2 22

ρ v v p μ v v μ ρFε
u +v + v u v

x y y ε Kε x y K

      
      

       
                                                  (6) 

where 2 2u u +v   

The properties of porous matrix of metal foam, K and F, for momentum equation 
are taken from Calmidi, (1998). These empirical correlations are shown as follows: 

 

-1.63

-0.132
0.00212 1-

f

p

d
F

d


 
  

 
 

                                                                               (7) 
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 

1.11

0.224

2
0.00073 1

f

pp

dK

dd




  
   

 
 

                                                                          (8) 

 
where /f pd d is also given as a function of the porosity: 

 

 1 1
1.18

3

f

p

d

d G






                                                                                            (9) 

 
where G is the shape function: 

 1 /0.04
1G e

 
                                                                                                   (10)                                                                                                       

 
It should be noted that different values of   were chosen in this study which 
correspond to 

fd  and 
pd  values as shown in Table 1. F and K  values which were 

calculated from equations (7) and (8) respectively which also are presented in 
Table 1. Corresponding fluid flow boundary conditions: 

inlet at 0x  :    ( ) ( )6 / 1 /ou u y H y Hé ù= -ë û    0v    (fully developed flow)                                  

(11a) 
 
lower plate at 0y = :    0u       0v     (no-slip condition)                                                              

(11b) 
                                                                                                         
upper plate at y = H :   0u       0v    (no-slip condition)                                                              

(11c)                                                                 

exit at x L :   0
u

x





 , 0v =   (fully developed flow)                                                                    

(11d)  
                                                                                                          
Matching conditions are applied at the fluid-porous interface, (i.e. the continuity 
of velocity components and stresses are invoked). The governing energy equations 
are written for the metal-foam and fluid phase based on the local thermal 
equilibrium between them: 
Energy equation in the fluid region: 

2 2

2 2

p

T T k T T
u v

x y ρc x y

    
   

    
                                                        (12) 

Energy equation porous region: 
2 2

2 2

p

eff
kT T T T

u v
x y ρc x y

    
   

    
                                                                    (13) 

where ( )ε 1 εeff f sk k k= + - . Corresponding energy boundary conditions: 

inlet ( 0x  ): 
o

T T=                                                                                                                            

(14a)                       
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lower plate ( 0y  ): 
0

0

y

T

y






                                                                                                    

(14b) 

upper plate ( y H ): 

0 insulated walls

horizontal walls adjecent to blocks

horizontal walls adjecent to fluid

effy H

T q

y k

q

k




 
















                    

(14c) 

exit ( x = L ): 0
T

x





                                                                                                                         

(14d)  
                                                                                                                          

 
Continuity of temperatures and heat flux are also invoked at fluid-porous 
interface regions. 
 
Nondimensional Form 
 
The governing equations and closure conditions are normalized, utilizing the 
following parameters: 
 

x
X =

H
, y

Y =
H

     

°

u
U =

u
, 

°

v
V =

u
, 

2
°

p
P =

ρu
, 

 
°

eff

T T
θ =

q H / k


   

k
eff

R =
c k

, Da
2

K
=

H
, C = F ε , Re °ρu H

=
μ

, Pr
pμc

=
k

 

Again, for simplification, the angle brackets representing volume-averaged 
variables are dropped in equation pertaining to the porous domain. Therefore, the 
normalized governing equations are as follows, continuity: 

 

0
U V

+ =
X Y

 

                                                                                                     (15)                                           

 
Equations (2–5) may be combined in a single form for both fluid and porous 
domains and then written in a dimensionless form as:  
 
Momentum:

  
2 21 1 1

Re Da Re Da
2 2 2

U U P U U C
U V U U U

X Y X εε X Y

      
         

        
                                (16) 

2 21 1 1

Re Da Re Da
2 2 2

V V P V V C
U V V U V

X Y Y εε X Y

      
         

        
                                  (17) 
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In fluid region, the porosity   and the Darcy number Da are respectively set equal 
to unity and infinity.  Boundary conditions are: 
inlet at 0X  :  ( )[ ]6 1U Y Y= -          0V                                                                                      

(18a) 
 
lower plate at 0Y  :  0U          0V                                                                                              
(18b) 
 
upper plate at 1/ 2Y  :  0U          0V                                                                                          
(18c) 
 

exit at 
hX = L / D :   0

U

X





    0V                                                                                                

(18d) 
Similar to the flow field, the governing Eqs. (11) and (12) for the thermal field are 
combined into a single equation as follows: 
 

2 2

Re  Pr

c

2 2

Rθ θ θ θ
U V

X Y X Y

    
   

    
                                                   (19) 

 
where 

cR  is set to unity in the fluid region. Non-dimensional boundary conditions 

are: 
inlet at 0X  :  0θ =                                                                                                                         
(20a) 
 

lower plate at 0Y  :    
0

0
Y

θ

Y 





                                                                                                    

(20b) 

upper plate at 1/ 2Y  :   

0 insulation walls

1
horizontal walls adjesent to blocks

1 horizontal walls adjesent to fluid

y 1/ 2 c

θ

Y R




 
 

 
 

              (20c) 

exit at hX = L / D :     0
θ

X





                                                                                                           

(20d)
                                                                                                                   

 
 
 
NUMERICAL METHOD 
 
The governing equations and the boundary conditions are numerically solved 
using the commercial software COMSOL Multiphysics 5.2a which utilizes finite 
element method (FEM). The temperature, fluid velocity and the heat flux at the 
solid-fluid interface were coupled using multiphysics module. Triangular 
elements with minimum size of 4x10-4 are considered for meshing. Furthermore, 
highly packed mesh near the metal foam blocks and walls are utilized to capture 
the interface condition, wall temperature and heat flux.  
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RESULTS AND DISCUSSION 
 
Results from our computational model were first compared with the numerical 
data from Chikh et al. (1998) for validation purposes. They studied an electronic 
cooling system using three regular, not metallic, porous blocks mounted on the 
lower plate of channel which is also heated through the lower plate (Figure 2). 
Comparison of streamlines with their work for Re = 500, A = 4, Ry=0.25, Rx=0.5, H 
= 0.5,   = 0.6, Pr = 0.7 and two Darcy numbers are presented in Figure 2. As the 
permeability of the porous medium increases (i.e.Da =10-3) more fluid penetrates 
into the blocks. Additionally, the flow rate that goes into the first block is bigger 
compared to the flow rate passing through the other ones leading to enhancement 
of heat transfer as shown in figure 2(a). However, for low Darcy number (Da ≤ 10-

5), the higher pressure of the flow in the area closer to the center of the channel 
compared to the area between the blocks results in recirculation of the fluid in 
these zones as shown in figure 2 (b). The resulting vortices prevents the fluid from 
flowing through the next porous block and as a result from the second block 
onwards, the metal foams tend to act relatively as solid non-permeable slabs. 

 
 
 
 
 
 
 

 
 

(a) 
 

 
(b) 

 
Figure 2. Streamlines Validation with Chikh et al. (1998) Results for The Same 

Stream Function Values at Re = 500, Rx = 0.5 and A= 4: (a) Da = 10-3, (b) Da=10-5. 
 
 
Figure 3 (a) shows the comparison of the dimensionless wall temperature profile 
for Re = 500 and A = 4 with Chikh et al. (1998) for thermal conductivity ratios as 
high as Rc = 100. It is clearly shown that the presence of the porous blocks will 
reduce the wall temperature as the Da increases compared to the pure fluid case. 
For example, when Da = 10-3 and Da = 10-5 the average decrement in the wall 
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temperature was found to be 56% and 18% respectively compared to the case 
without any blocks.  

 
(a)                                                                                              (b) 

 

 
(c)                                                                                             (d) 

 
Figure 3. (a) Comparison of Dimensionless Wall Temperature with Those of Chikh 
et al. (1998) Results, (b) Dimensionless Wall Temperature Profile for Water Flow, 
(c and d) Local Nusselt Number Along The Axial Direction for Re=500 and A=4. 

 

Pr=0.7 Pr=7 

Pr=0.7 Pr=7 
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We increased Prandlt number from 0.7 (air) to 7 (water) (Figure 3 (b)); which leads 
to  increase  in the thermal entrance length and substantially decreases the wall 
temperature; which ultimately increases the Nusselt number, particularly in the 
first block as shown in figures 3 (c and d). When air is used, the average rate of 
heat transfer enhancement through the first block (compared to the case without 
porous blocks) is found to be 278% and 135%, for Da = 10-3 and Da = 10-5 
respectively. Since using multiple blocks results in a considerable pressure drop 
penalty, it restricts their implementation for practical purposes. In other words, 
applying one porous block seems to be desirable for further energy efficiency in 
certain thermal applications with limitations on the pumping power, such as 
electronic cooling. Nevertheless our results are in very good agreement with 
Chikh et al. (1998) numerical results, which establishes our computational model 
as robust and reliable to study the setting at hand. 
 
The aluminum foam heat sinks are employed in the present study as shown in 
figure 1. The solid materials are made of aluminum-alloy and its corresponding 
properties are shown in table 1. Water is used as the working fluid (ρ=998.2 kg/m3 
and k=0.6 W/m K). The effect of some important parameters such as porosity 
(0.85≤   ≤0.95), Darcy number (1.72x10-5 ≤ Da ≤ 4.58x10-5) and Reynolds number 
(250 ≤ Re ≤ 1000) on the hydrodynamic and thermal behavior of the model is 
explored. Furthermore, the fluid enters the channel with uniform temperature and 
parabolic velocity profile representing fully developed conditions. To illustrate the 
effect of the aforementioned physical parameters, results (Nu and the flow) are 
only presented in the area with the blocks and the heat source as well as their 
vicinity. 
 
Table 1. Properties of Metal-Foams for Various Porosities. Calmidi et al. (2000) 

metal-foam df (mm) dp (mm) Da F ρ (kg/m
3
) k (W/m K)

0.85 0.4 2.62 1.72E-05 0.058

0.90 0.4 3.02 2.92E-05 0.078

0.95 0.4 3.32 4.58E-05 0.099

2690 218
aluminum-alloy 

T6201



 
 
 
Figure 4 shows the local Nusselt number along the heated wall for aluminum-
alloy T6201. As Darcy number increases the heat exchange rate between the solid 
and the fluid phases inside the porous metal-foam region becomes more 
considerable. It can be seen from figure 4 that the Darcy number has a significant 
impact on the local Nusselt number distribution, especially inside the first metal-
foam block. As porosity increases to 0.95 and subsequently Da increases to 
4.58x10-5, the average rate of increment in the Nusselt number was found to be 
13%. Therefore, it can be concluded that Darcy number plays a prominent role in 
heat transfer enhancement of the porous metal foam compared to lower porosity 
cases.  
 
Figure 4 (b) shows the local Nusselt number for =0.95 and Da=4.58x10-5 at 
different Reynolds numbers. It is clear that the Nusselt number is directly 
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proportional to the Re. The maximum enhancement (Nu Re=1000/Nu Re=250) in this 
study was found to be 301% at   =0.95. 

 
(a) 

 

 
(b) 

 
Figure 4. Local Nusselt Number Along The Channel Axis for Aluminum-Alloy 
T6201 at: (a) Re=250 and Different Porosities, (b) ε  =0.95, Da=4.58x10-5, F=0.099 

and Different Reynolds Number. 
 
Figure 5 shows the streamlines and dimensionless temperature contours for 
different Reynolds numbers. At high Reynolds numbers (i.e. Re=1000), the size of 
recirculation zones between the blocks increases and their center is pushed 
towards channel central region. From the isotherm contours, highest values of 
isothermal lines are localized near the heated wall and gradually fading towards 
the core region, due to the fact that the conduction heat transfer is more dominant 
in this part. As such, the temperature gradient and isothermal density near the 
wall increases when Reynolds number increases.  
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(a) 

 

 
(b) 

 
Figure 5. Streamlines and Dimensionless Temperature Contours Respectively for 

ε =0.95, Da=4.58x10-5 and F=0.099 at: (a) Re=250, (b) Re=1000. 
 
 
CONCLUSION  
 
Heat transfer in a parallel-plate solar water channel with integrated aluminum-
alloy metal foam blocks has been studied numerically. For the porous region, the 
Brinkman-Forchheimer extension of the Darcy law was applied while Local 
thermal equilibrium was assumed between water, as the working fluid and the 
metallic porous section. Our results show that Darcy number plays a significant 
role in heat transfer enhancement compared to parameters such as porosity or the 
inertial coefficient of the blocks. Moreover, it is observed that most of the 
enhancement is resulted from the interactions between the fluid and the first 
porous block. Therefore, one block would be a better choice in certain applications 
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with pumping power limitations. The maximum thermal enhancement for the 
studied configurations shows 3 times increase in Nusselt number compared to the 
case with no blocks. Based on the results, metal foam heat exchangers can be 
considered as a promising solution to increase heat transfer enhancement in 
applications such as solar collectors and electronic cooling applications.  
 
 
RECOMMENDATIONS 
 
Nanofluids flow such as Al2O3 can be considered as an extra type of heat transfer 
enhancement coupled with metal-foam blocks. 
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