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Abstract. Porous foam metal has great application prospects in the field of compact heat 
exchangers. The characteristics of heat transfer and resistance for foam metal with random 
structure and different porosities (30%, 50%, 70% and 90%) were studied by finite element 
method in this study. The generated foam structures can be considered as homogeneous model 
and has better heat exchange capacity at higher inlet flow rate, and the boundary layer can 
develop well along the flow direction. The open-cell foam metal structure has a uniform heat 
transfer perpendicular to the flow direction. The bottom plate temperature of the low-porosity 
structure is more uniform at low flow rates. The intermediate porosities (50% and 70%) at 
high flow rates has a higher uniformity. As the porosity decreases, the internal pressure 
increases significantly and the pressure loss also becomes significantly larger. The 
corresponding optimal porosity is 57%, 66% and 76% at inlet flow rates of 0.001 m/s, 0.01 
m/s and 0.1 m/s, respectively.

1 Introduction 
It is important to improve the efficiency of heat 
exchangers and to reduce costs of equipment maintenance 
by enhancing heat transfer. Methods to achieve this 
purpose can be divided into passive technologies [1] and 
active technologies [2]. The most common is rectangular 
straight rib, which has arealy been difficult to achieve 
greater heat transfer efficiency. 

Metal foam can significantly reduce the volume and 
mass of heat exchange equipments and has great 
application prospects in many areas, such as multi-
functional heat exchangers[3-5], cooling systems[6], 
high-power batteries[7], compact electronic radiators 
[8][9, 10]. There are many parameters affecting the flow 
and heat transfer inside metal foam, so it is important to 
understand the mechanism of heat transfer enhancement 
and to balance the resistance and heat exchange capability.  

Medraj, et al [11] carried on some experiments using 
foam metals with simple or complex structure, and found 
that the permeability is inversely proportional to the pore 
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size for foam metal with complex structure, but it is 
opposite for foam metal with simple structure. Wang H. et 
al [12] presented some results about the air flow and heat 
transfer through tubes filled with stainless steel foam, 
based on which they developed two new correlations for 
the pressure drop through metal foams under high velocity 
and for Nusselt number under convective boundary 
condition, respectively. Bamorovat A G, et al [13] 
investigated the two-phase flow inside a circular copper 
mini tube filled with foam metal, and successfully gave 
new correlations of both the heat transfer coefficient and 
pressure drop with good agreement. Metal foam produces 
greater resistance to internal fluid flow, which is related 
with not only their characteristic parameters [14], but also 
the nature and phase change of the fluid[15, 16]. 

The heat transfer characteristics are mainly reflected 
by the convective heat transfer within the foam metal. 
Nazari et al. [17] investigated experimentally the forced 
convective heat transfer of Al2O3/Water nanofluid through 
a circular tube filled with a metal foam, and shown a direct 
relationship between the Nusselt number and the volume 
fraction of Al2O3. The data also indicate a significant 
improvement in the heat transfer rate at the cost of a 
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pressure drop increase. Mancin et al [18, 19] studied the 
heat transfer and pressure drop inside aluminum foam 
with different parameters, and the results show that heat 
transfer coefficient increases as the pore density increases. 
Al-Athel, et al. [20] gave a detailed approach to create a 
detailed and accurate 3D metal foam model, and then 
provided more insight into the coupled behavior of metal 
foam heat sinks. 

Lu, et al. [21] presented an analytical study on the 
forced convection heat transfer characteristics in pipes 
filled high porosity open-cell metal-foam. The results 
show that the pore size and porosity of metal-foams play 
important roles on overall heat transfer performance and 
the metal-foam can dramatically enhance the heat transfer 
at the expense of higher pressure drop. Mahjoob et al [22] 
found that the performance will be improved substantially 
when a metal foam is inserted in the tube/channel, and 
introduced a performance factor including the effects of 
both heat transfer rate and pressure drop. Some other 
studies also proved that foam material has better heat 
transfer performance than conventional fin arrays [23, 24]. 

There are two main concerns on the convective heat 
transfer inside metal foam: resistance characteristics and 
heat transfer characteristics. Foam metal with low porosity 
can improve the convective heat transfer coefficient, but 
internal resistance increase observably. In this study, we 
generated a porous model with random structure and 
conducted a simulation with COMSOL on the forced 
convection heat transfer inside. The optimal solutions 
were obtained in the simulation range by focusing on the 
heat transfer capacity, the temperature of base plate and 
resistance characteristics. 

2 Analysis and modelling 

2.1 Generation of metal foam model    

The porous model we used is foam type of voxel structure, 
the pores of which are almost entirely open. It is generated 
as following process: (1) Gaussian random function is 
wrote by MATLAB language with given standard 
deviation, mathematical expectation et al., which obeys a 
normal distribution as we hoped. (2)The data point 
coordinates and function values generated (VTK files) are 
visualized with Paraview (Version 5.5.1, US). (3) Suitable 
porous structures are obtained by adjusting the thresholds 
to filter out some of the data.  

The porosities of cross-sections at different locations 
are verified to ensure the homogeneity of the structure 
(density, thermal conductivity, etc.). Fig. 1 shows the real 
porosity at different sections of two models, the porosity 
of which is setted to 50% and 90%, respectively. It is easy 
to note that the actual value is highly consistent with the 
expected value, so we can regarded the generated structure 
as homogeneous. 
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Fig. 1. Porous structure generation and verification for their 
homogeneity. 

2.2 Geometric model and physics description 

We mainly focus on the heat transfer and flow 
characteristics inside metal foam with random structure in 
this study, therefore, the setting of boundary condition and 
physical property parameter are based on but different 
from what really exists in the real world. The heat flux 
density of heating plate is constant and setted to 5×105 
W/m2. The length of the heating plate is consistent with 
that of the porous foam structure as shown in Fig. 2. The 
parameters of foam metal are shown in Table 1. 

 

Fig. 2. Geometric model and physics configuration. 

Table 1. Geometric parameters of the foam structure. 

Porosity 30% 50% 70% 90% 
Surface area 

(mm2) 17743 21180 20409 12449 

Area in contact 
with plate (mm2) 650.7 481.4 296.7 105.1 

Specific surface 
area (mm2/mm3) 0.94 1.57 2.49 4.53 

Average pore 
diameter (mm) 1.82 2.55 3.68 7.79 

 
To simplify the research, the foam metal and base plate 

share the same material. It is assumed that no phase 
change occurs in the selected liquid and solid, and their 
thermal properties not change with time. The properties of 
fluid and solid are shown in Table 2. 

 

   

Table 2. The properties of fluid and solid 

Material cp 

(J/(kg·ꞏK)) 
ρ 

(kg/m3) 
λ 

(W/m·ꞏK) 
Fluid 4180 1000 0.599 
Foam 900 2700 238 
Plate 900 2700 238 

2.3 Numerical method 

Some assumptions are made as follows: (1) radiative heat 
transfer is ignore throughout the process [25]; (2) the fluid 
is incompressible; (3) the thermal contact resistance 
between the foam metal and the bottom plate is negligible. 
The equations for laminar flow in three-dimensions are 
written according to the following formulation, with 
continuity equation: 

               (1) 
Momentum equation[26, 27]: 

  (2) 
Energy equation: 

     (3) 
The boundary conditions are as follows. 
Inlet boundary: 

        (4) 
Bottom boundary of base plate: 

          (5) 
Outlet boundary: 

            (6) 
Other boundary: 

            (7) 

3 Results and discussion 

3.1 Heat transfer 

Fig. 3 shows the evolutions of average temperatures at 
cross-sections with porosity of 70%, which is 
perpendicular to Z-direction. The average temperatures of 
different sections become smaller gradually with 
increasing height and achieve a relative stable value. The 
Z coordinate of cross-section, where the temperature 
reaches a steady state, raises gradually with the decrease 
of inlet flow rate.  

The coordinates are 21 mm, 12 mm and 3mm, 
respectively, when the inlet flow rate is 0.001 m/s, 0.01 
m/s, and 0.1 m/s. Foam metal has better heat transfer 
capacity at higher inlet flow rate. There is a temperature 
boundary layer existing in the skeleton, and its thickness 
is gradually reduced with increasing inlet flow velocity 
resulting in a better developed boundary layer along the 
flow direction. 
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Fig. 3. Average temperature of Z-direction cross-section 

(Porosity: 70%). 
Fig. 4 shows the average temperatures of different YZ-

sections and XZ-sections of bottom plate taking foam 
metal with a porosity of 70% as an example. The average 
temperature of the bottom plate is 371.51K under the inlet 
flow velocity of 0.01m/s. The average temperatures of 
YZ-sections, which is perpendicular to the flow direction, 
distributed around the average temperature. However, the 
random structure of foam metal lead to remarkable 
differences on the heat transfer at different sections along 
flow directions. The random structure improves heat 
transfer performance by destroying boundary layer, but 
increases temperature inhomogeneity in the direction 
perpendicular to the flow. 

The temperature gradually increases along the 
direction of fluid flow, which determines the non-
uniformity of temperature of the whole bottom plate. This 
non-uniformity can also be shown by the temperature field 
of the XZ-section. The average temperature increases 
almost linear along the flow direction, indicating that the 
difference is not great in heat transfer capacity under this 
condition. The random structure effectively breaks the 
formation of a stable boundary layer in the flow direction, 
and results in stable heat exchange capability. 
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Fig. 4. Average temperature of different sections of the bottom 
plate (v=1×10-2 m/s, ε=70%). 
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pressure drop increase. Mancin et al [18, 19] studied the 
heat transfer and pressure drop inside aluminum foam 
with different parameters, and the results show that heat 
transfer coefficient increases as the pore density increases. 
Al-Athel, et al. [20] gave a detailed approach to create a 
detailed and accurate 3D metal foam model, and then 
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foam heat sinks. 
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found that the performance will be improved substantially 
when a metal foam is inserted in the tube/channel, and 
introduced a performance factor including the effects of 
both heat transfer rate and pressure drop. Some other 
studies also proved that foam material has better heat 
transfer performance than conventional fin arrays [23, 24]. 

There are two main concerns on the convective heat 
transfer inside metal foam: resistance characteristics and 
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can improve the convective heat transfer coefficient, but 
internal resistance increase observably. In this study, we 
generated a porous model with random structure and 
conducted a simulation with COMSOL on the forced 
convection heat transfer inside. The optimal solutions 
were obtained in the simulation range by focusing on the 
heat transfer capacity, the temperature of base plate and 
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the pores of which are almost entirely open. It is generated 
as following process: (1) Gaussian random function is 
wrote by MATLAB language with given standard 
deviation, mathematical expectation et al., which obeys a 
normal distribution as we hoped. (2)The data point 
coordinates and function values generated (VTK files) are 
visualized with Paraview (Version 5.5.1, US). (3) Suitable 
porous structures are obtained by adjusting the thresholds 
to filter out some of the data.  

The porosities of cross-sections at different locations 
are verified to ensure the homogeneity of the structure 
(density, thermal conductivity, etc.). Fig. 1 shows the real 
porosity at different sections of two models, the porosity 
of which is setted to 50% and 90%, respectively. It is easy 
to note that the actual value is highly consistent with the 
expected value, so we can regarded the generated structure 
as homogeneous. 
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Fig. 1. Porous structure generation and verification for their 
homogeneity. 
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Fig. 4. Average temperature of different sections of the bottom 
plate (v=1×10-2 m/s, ε=70%). 
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3.2 Field synergy analysis 

The heat transfer intensity at the heat exchange interface 
depends on the velocity vector field, the temperature 
gradient vector field, and the angle between them (synergy 
angle Φ) according to the field synergy principle[28, 29]. 
The smaller the synergy angle, the higher the convective 
heat transfer intensity. 

   (8) 

Fig. 5 shows the isotherm distribution, flow direction 
and local synergy angle of the fluid at a section, which is 
1mm away from the bottom plate metal foam. The synergy 
angle at the edge of skeleton is generally greater than 58° 
implying that the boundary layer near by skeleton interfere 
go against the convective heat transfer process, thereby 
worsening the heat transfer. 

 
(a) Isotherm distribution and flow direction 

 
(b) local synergy 

Fig. 5. The isotherm distribution, flow direction and local 
synergy angle of the fluid at Z=1mm section. (v=1×10-2m/s，
ε=70%). 

3.3 Uniformity of base plate temperature  

Two indexes are used to evaluate the temperature 
uniformity of the bottom plate, which can present the heat 
transfer characteristics of foam metal. One   index   η   is  
defined as formula (8), which reflects the relative 
relationship between the maximum and the minimum 
temperature.  The  other  ψ  is defined by formula (9) as the 
ratio of the standard deviation to the average value of the 
temperature, which reflect the dispersion degree of each 
sample point (mesh nodes).  

                   (9) 

                   (10) 

As shown in Fig. 6, low porosity is more favorable for 
uniformity of the temperature of the bottom plate at low 
inlet flow rate, but porosity of 50% and 70% have better 
uniformity at higher inlet velocities. 
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Fig. 6. Substrate temperature uniformity index η and ψ. 

3.4 Comprehensive performance evaluation 

An  evaluation  index  β is used as a criterion for optimizing 
the foam structure, which defines the relative magnitude 
of heat transfer and pressure drop. 

            (12) 
Fig. 7 shows the relationship between the evaluation 

index   β   and   the   porosity at different flow rates. The 

 

   

porosity of 30% has a large convective heat transfer 
coefficient, but its  β  value  is  the  lowest due to the larger 
pressure drop. The optimal porosity is 57%, 66% and 76% 
at inlet flow rates of 0.001 m/s, 0.01 m/s, and 0.1m/s, 
respectively. It can be found that the bending degree of the 
β  curve  gradually  decreases  as  the  velocity  increases, and 
the peak gradually shifts to the right. Therefore, the 
optimal porosity will become larger when the flow 
velocity increases to a certain value, and the pressure drop 
will play a major role compared to the heat exchange 
capability. 
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Fig. 7. The change of evaluation index β with porosity  ε. 

4 Conclusions 
The heat transfer, temperature uniformity of the 

bottom plate, resistance and field synergy degree inside 
metal foams was simulated by finite element method in 
this study. The results show that the foam metal has better 
heat exchange capacity at higher inlet flow rate, and the 
boundary layer can develop well along the flow direction. 
The open-cell foam metal structure has a uniform heat 
transfer perpendicular to the flow direction. The bottom 
plate temperature of the low-porosity structure is more 
uniform at low flow rates. The intermediate porosities 
(50% and 70%) at high flow rates has a higher uniformity. 
As the porosity decreases, the internal pressure increases 
significantly and the pressure loss also becomes 
significantly larger. The corresponding optimal porosity is 
57%, 66% and 76% at inlet flow rates of 0.001 m/s, 0.01 
m/s and 0.1 m/s, respectively. 

The boundary layer at more regions inside foam 
metal was destructed , resulting in an increase of the 
overall heat exchange capacity. The increased porosity 
reduces the synergy degree between the flow field and the 
temperature field, and the heat exchange gradually 
deteriorates. 
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Fig. 5. The isotherm distribution, flow direction and local 
synergy angle of the fluid at Z=1mm section. (v=1×10-2m/s，
ε=70%). 
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Fig. 6. Substrate temperature uniformity index η and ψ. 

3.4 Comprehensive performance evaluation 

An  evaluation  index  β is used as a criterion for optimizing 
the foam structure, which defines the relative magnitude 
of heat transfer and pressure drop. 

            (12) 
Fig. 7 shows the relationship between the evaluation 

index   β   and   the   porosity at different flow rates. The 

 

   

porosity of 30% has a large convective heat transfer 
coefficient, but its  β  value  is  the  lowest due to the larger 
pressure drop. The optimal porosity is 57%, 66% and 76% 
at inlet flow rates of 0.001 m/s, 0.01 m/s, and 0.1m/s, 
respectively. It can be found that the bending degree of the 
β  curve  gradually  decreases  as  the  velocity  increases, and 
the peak gradually shifts to the right. Therefore, the 
optimal porosity will become larger when the flow 
velocity increases to a certain value, and the pressure drop 
will play a major role compared to the heat exchange 
capability. 
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Fig. 7. The change of evaluation index β with porosity  ε. 

4 Conclusions 
The heat transfer, temperature uniformity of the 

bottom plate, resistance and field synergy degree inside 
metal foams was simulated by finite element method in 
this study. The results show that the foam metal has better 
heat exchange capacity at higher inlet flow rate, and the 
boundary layer can develop well along the flow direction. 
The open-cell foam metal structure has a uniform heat 
transfer perpendicular to the flow direction. The bottom 
plate temperature of the low-porosity structure is more 
uniform at low flow rates. The intermediate porosities 
(50% and 70%) at high flow rates has a higher uniformity. 
As the porosity decreases, the internal pressure increases 
significantly and the pressure loss also becomes 
significantly larger. The corresponding optimal porosity is 
57%, 66% and 76% at inlet flow rates of 0.001 m/s, 0.01 
m/s and 0.1 m/s, respectively. 

The boundary layer at more regions inside foam 
metal was destructed , resulting in an increase of the 
overall heat exchange capacity. The increased porosity 
reduces the synergy degree between the flow field and the 
temperature field, and the heat exchange gradually 
deteriorates. 
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