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Abstract. Metal foams are very attractive materials for thermal and electronic packaging
applications due to their improved heat transfer capabilities. Their improved heat transfer
effective properties are due to the relatively large contact area they possess because of their
cell structure. This comes at the expense of the pressure drop. This work presents a
methodology based on ¢-CT scan to develop a realistic metal foam 3D model. The model is
validated with experiments and used to study the behavior of the metal foam as a fin in
terms of the temperature variation within the fin as well as the effect of the airflow velocity
and fin orientation to the pressure drop. Results showed two major observations. First, this
methodology could be used to identify a velocity value at which the fin orientation becomes
obsolete and has no effect on the temperature variation. Second, the pressure drop alone
could not be used to assess the fin, but also the fin orientation has to be taken into account
to examine the total pressure drop.

1. Introduction

Open cell metal foams have been getting more attention recently in heat transfer and heat recovery
applications. Due to their geometrical nature, the open cells increase the surface area in contact with
any cooling fluid, leading to a more rapid temperature drop in any electrical or mechanical
component. Two major drawbacks used to hinder the use of metallic foams, their manufacturability,
and the pressure drop associate with their use. Recent advances in 3D printing, casting, and other
techniques have helped in overcoming any issues related to manufacturing the desired foam shape
for an application. The problem with the pressure drop cannot be avoided nor solved, but a more
detailed analysis and understanding is needed to identify if the amount of pressure drop is
considered relatively high or not.
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In addition to their large surface area, metal foams have higher effective heat transfer properties
because of the randomness in the cell structure. Therefore, it is sometimes difficult to identify a best
configuration for a metal foam in a thermal or electronic packaging application without testing the
model first. Experiments are useful but mostly for effective properties rather than a detailed
assessment of the metal foam component. Therefore, the use of computational means has been a lot
in the literature to assess the mechanical and thermal behavior of metallic metal foams [1-4].

A common approach in the literature is to model the metal foam using its effective properties
without the need to have the actual geometrical representation. This approach overcomes the issues
that comes with the difficulty in having a realistic 3D model but gives results in terms of the
effective performance instead of a detailed analysis. Odabaee and Hooman [5] studied the effect of
various parameters such as free stream velocity, metal foam thickness, metal foam porosity, etc. on
the heat and fluid flow in metal foam heat exchangers. The numerical model used in their work
modeled the metal foam as an isotropic homogenous porous media. Bayomy et al. [3, 6] used
effective metal foam properties to simulate the metal foam behavior and investigate the heat transfer
characteristics in a metal foam heat sink. The approach is useful to study the behavior of the metal
foam based heat sink design, but one has to pay attention to the calculation of the effective
properties, as the accuracy of the model will depend on it.

A more involved approach is to develop geometrical construction of the metal foam open cells.
This approach would allow a more detailed analysis of the fluid flow within the foam and would
give results that are more detailed. Kopanidis et al. [1] constructed a 3D geometrical model for few
metal foam open cells. The cells were used to generate a larger foam sample using symmetry.
Finally, a random part of the large foam sample was cut out to produce a more random metal foam
cell structure. The model was used to study the fluid flow characteristics of metal foams. A similar
approach was used by Peng et al. [7] by using a body centred structure to construct a single cell.
The unit cell model was used to compute the effective thermal conductivity and analyse the heat
transfer at the gas-solid interface. This approach of the 3D geometrical construction is based on the
Lord Kelvin’s model and is not practical for performance analysis of thermal applications.

The most appropriate approach for detailed analysis of metal foams and metal foam components
is the use of u-CT scan to develop a realistic 3D representation. Della Torre et al. [8] used u-CT
scan to study the micro-structure of the foam. Mathematical calculations based on the CT scan
model were compared with numerical computations of an ideal geometry. The models were used to
study the fluid flow and the pressure drop. Ranut et al. [2, 9] used u-CT scan to develop a 3D metal
foam geometry that was used to study the flow and thermal behavior using CFD analysis at the pore
level. A detailed analysis on the effect of fluid flow Reynolds number on the heat transfer
coefficient was presented. The model was useful in providing detailed analysis of the metal foam
and its thermal behavior.

A similar u-CT scan model was developed by Al-Athel et al. [4, 10] and used to study the
thermo-mechanical behavior of metal foam heat sinks. The model used was validated against
experiments and used to calculate the heat transfer coefficient under free and forced convection. It
is of importance to note that the foam geometry used was bigger than a unit cell, which is required
to capture the number of pores per inch (PPI). This has an advantage of being able to look at the cell
level to extract any needed data, in addition to studying the thermal behavior of the heat sink
component as a whole.

In this work, the metal foam model developed in [4, 10] is used to study the temperature
variations and pressure drop in metal foam fins using computational fluid dynamics (CFD) analysis.
In the literature, there exists a lot of work on metal foams using CFD and most of it can be
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categorized into two types: Using an effective model but on a large scale or using a u-CT scan
model but on a unit cell model. This work utilized a heat sink x-CT scan model fin-size model using
CFD analysis.

2. Metal Foam u4-CT Scan Model

To develop a realistic 3D metal foam model, u-CT scan is used on a metal foam sample of size
25x25x6.35 mm made of 6101 aluminum alloy from GoodFellow [11]. The sample has pore density
of 4PPC (pores-per-centimetres, i.e. 10 PPI) and porosity of 93%. The planar dimensions of the
sample (2.5x2.5 cm) cover the minimum dimensions required to capture the foam pore density of
PPC. The metal foam model was developed through three stages. First, Skyscan 1172 was used to
scan the model using an X-ray with electron gun voltage of 40 kV and gun current of 250 nA. 512
slice images were captured using a rotational step size of 0.7°. The resulted image pixel size was
27.34 um. The 3D model can then be imported into any CAD software to clean it and generate a 3D
surface model. This model represents the geometry of the foam but is hollow from the inside and
can only have a surface mesh. In the final step, the 3D surface model is imported into any FE or
CFD software to generate the 3D solid model that can be used for any heat transfer or CFD analysis.
Figure 1 summarizes the steps for developing the 3D u-CT scan model. More details on the
scanning parameters can be found in [10].

(c) Cleaned CAD surface model (d) Final 3D volume model
Figure 1 Metal Foam 3D Modelling Steps.



3. Metal Foam CFD Model Validation

Before the use of the model in the CFD analysis, the 3D model developed from the x4-CT scan
approach has to be validated. In this case, an experimental setup is used and the results are
compared with the computational values. The metal foam sample is attached to a heat source with
heat input of SW. The metal foam was heated until the heat source and the bottom of the foam
reached 60°C, at which, a cooling fan is turned on with air velocity of 3.6 m/s, while adapting the
heat source to keep the temperature at 60°C. The temperatures were recorded until the foam reaches
steady state. The airflow was perpendicular to the metal foam (90°) and thermocouples were
attached at various locations to measure the temperature change with time. The details of the
experimental setup are shown in Figure 2.
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Figure 2 Schematic of Metal Foam Forced Convection Experimental Setup.

For the CFD simulations, the metal foam was placed in a computational domain large enough to
allow the air streams to travel through and around the model and reach steady state. The metal foam
fin was set to be at room temperature of 25°C. The bottom of the metal foam was set to reach 60°C
in 15 min (experiment took around 15 minutes for the base to reach 60°C), and then the air was
given a velocity of 3.6 m/s. Because of the cooling fan, the air was given an initial temperature of
22°C as measured from experiment. Figure 3 shows the setup of the CFD simulation.

The temperature variation with time from the experiment and the CFD simulation is shown in
Figure 4. As can be seen in the figure, the 3D CFD model predicts the temperature variation very
closely to the experimental results. It is important to note that the exact matching in the base
temperature between the two curves is due to the fact that the 60°C was enforced in both the
experiment as well as the simulation. At this point, the CFD 3D u-CT scan model of the metal foam
fin can be used with confidence to perform the desired parametric study.
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Figure 3 CFD Boundary and initial conditions.
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Figure 4 Temperature variation at the base and top of the metal foam.

4. Metal Foam CFD Analysis

This study focuses on the effect of two parameters on the metal foam fin performance, the
orientation and the forced convection air velocity. The set of operating conditions is the same as the
conditions used for the validation. The set of simulations is listed in Table 1, and the material
properties for 6101 aluminum alloy are listed in Table 2.

For each CFD analysis, the temperature distribution is captured at steady state in addition to the
air velocity streamlines for analysis of the flow behavior. Figure SFigure 7 show the temperature
distribution and the airflow streamlines for the nine cases.



Table 1 Metal foam fin CFD set of simulations.

Case Orientation Air Velocity
1 90°

45° 1 m/s

00

90°

45° 5m/s

00

90°

45° 10 m/s

0°

O 00 [N D KW N

Table 2 Material properties of 6101 aluminum alloy.

Property Value
Density (Kg/m’) 2700
Thermal Conductivity (W/mK) 218
Coefficient of thermal Expansion (1/°C) 23.58 x107°
Specific heat (J/Kg.K) 895

A major advantage of temperature distribution results in Figure SFigure 7 is that the CT scan
model is detailed and can be used to extract the special temperature distribution at any point instead
of having average values in effective models. Another observation can be clearly seen by
comparing the temperature field in Figure 5,Figure 6, and Figure 7. In the case of airflow with 90°
fin orientation, the temperature values are almost uniform along every cross section, whereas for 0°,
and to some degree at 45°, there is a special temperature gradient at both horizontal and vertical
axes. These two observations provided by the 4-CT scan model can be very useful for designers of
heat sinks, heat exchangers, and other applications that require the use of a heat transfer cooling
system. Two major design parameters could be looked at for example, the efficiency or
effectiveness of the fin, and the thermal resistance. The effectiveness of a fin in a heat sink could be
defined as [12]:

(7,-75)

(T'b - T;me)

where R, 1s the heat sink capacity, 7} is the base temperature, 75, is the fin temperature at the top,
and T, is the ambient temperature. The thermal resistance is defined as [13]:

(1

Effectiveness = R,

(TIVJ _Tz'zmb)

R, = 0

)

where Q is the total dissipated power. As can be seen from Eq. (1) and (2), the temperature data
is important in calculating such parameters. The advantage of having a detailed model is the ability
to utilize the temperature field data available to optimize the size and shape of the fin to minimize
the thermal resistance and increase the efficiency. The analysis provided here does not require the
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computation of the heat transfer coefficient 4 as in previous studies [4]. The airflow streamlines
provides insight on the disturbance of the airflow because of the metal foam nature. From the
analysis, it can be seen that fin orientation of 45° is worst when it comes to the disturbance, whereas
the 90° gives the least drop in the airflow velocity.
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Figure 5 Temperature distribution and airflow streamlines for 90° Orientation.
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(c) Airflow velocity of 10 m/s

Figure 6 Temperature distribution and airflow streamlines for 45° Orientation.
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5. Results and Discussion
5.1. Temperature Variation

The metal foam fin in a heat sink application is supposed to dissipate heat via convection. First, we
look into the maximum temperature variation within the metal foam fin as a function of airflow
velocity. Figure 8 shows the temperature variation for all three orientations as a function of the
airflow velocity. All fin orientations seems to have the same trend with the airflow velocity when it
comes to the maximum temperature difference. At a certain velocity, the temperature difference
becomes constant and does not increase with increasing airflow velocity. More importantly, from a
design point view, the point at which this occurs appears to be the same for all the cases regardless
of the fin orientation.

Figure 9 shows the maximum temperature variation as a function of the fin orientation. Similar
to Figure 8, the fin orientation does not have much effect on the temperature drop for 0° and 45°
orientations, whereas the 90° has a significant impact, especially for low airflow velocities. At
higher airflow velocities, 5 and 10 m/s, the fin orientation has no effect on the maximum
temperature drop within the metal foam fin. It is important to note that these results and
observations are not to be taken as absolute rules, as they only compare the maximum variation but
not the distribution. For example, cases with 0° orientation have temperature variation along both
the horizontal and vertical axes as shown in Figure 7.
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Figure 8 Metal foam fin maximum temperature variation as a function of airflow velocity.
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Figure 9 Metal foam fin maximum temperature variation as a function of fin orientation.

5.2. Pressure Drop

Another important factor to investigate in thermal applications using metal foams is the pressure
drop. Usually, due to the random nature of the foam pores, a significant pressure drop occurs.
Depending on the nature of the application, this drop might be acceptable to a certain degree. The
airflow pressure can be calculated as:

1
P=—p 3
5PV (3)

where p is the density and v is the airflow velocity. Figure 10 and Figure 11 show the airflow
pressure drop per unit length as a function of the airflow velocity and fin orientation, respectively.
For very low velocities, the pressure drop is insignificant as the metal foam fin is close to behaving
in its natural convection state. That being said, there is some effect of the fin orientation as seen in
Figure 10. It is important to note that even though a fin orientation of 0° appears to have the lowest
pressure drop per unit length for low-intermediate velocities, its orientation allows for more total
pressure drop, as its total length is larger than the others are.

The behavior changes as the airflow velocity increases, as the 0° and 45° becomes closer and 90°
becomes the base with the least pressure drop per unit length. The only significant decrease in
pressure drop for high velocities occurs at 90° orientation. In this case, the velocity is considered
high enough to overcome the disturbance of the foam geometry and minimize the pressure drop per
unit length. The 45° orientation has the maximum pressure drop per unit length in all the cases. The
reason behind this is that parts of the streamlines of the air disturbed by the foam geometry gets in
the way of the remaining streamlines that has not been in contact with foam yet. In the case of 0°
and 90° orientations, any disturbed streamlines are reflected to the sides of the foam. Therefore, a
designer would not only look into the effect of airflow velocity on the pressure drop per unit length,
but also to the effect of the fin orientation.
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Figure 10 Pressure drop as a function of airflow velocity.
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Figure 11 Pressure drop as a function of the fin orientation.
6. Conclusions

This study provided a complete 4-CT scan based methodology to assess the behavior of metal foam
fins that could be used in thermal and electronic packaging applications using CFD. The model was
previously presented [4, 10] to assess the thermos-mechanical behavior of metal foam heat sinks
using thermal analysis. The model was extended in this study for a CFD analysis to investigate the
special temperature variation and the pressure drop.

A combination of three airflow velocities and three metal foam fin orientations (with respect to
the airflow) were studies. The effect of fin orientation on the horizontal and vertical temperature
distribution was presented. In addition, the effect on pressure drop was quantified per unit length for
the same cases. Having a fin orientation of 0° (parallel to the airflow) causes the temperature field to
vary not only on the vertical axis, but also for the horizontal axis. This has a great impact as it
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means that efficiency of the metal foam fin is not the same for the whole fin. This could lead to
more optimized designs of the fin cross section that would give the fin a uniform efficiency.

The analysis also showed that, depending on the size of the metal foam fin, the effect of the fin
orientation on the temperature variation within the fin becomes negligible at high velocities.
Actually, this appears to happen at a fixed velocity value for all cases.

The pressure drop was calculated per unit length and analyzed as a function of the airflow
velocity and fin orientation. It is of high importance to not only look at the pressure drop values, but
to examine the fin orientation associated with it. For example, a fin orientation of 0° appears to have
the least pressure drop per unit length for low to intermediate velocities. That being said, the 0°
orientation is the case where the airflow has to pass through more metal foam as compared with 45°
and 90°m therefore making it the worst case for total pressure drop.

The methodology provided in this study extends on previous work presented in the literature that
utilized u-CT scan to develop a realistic metal foam model. The model presented in this work is of
relatively large size and has 2.5x the minimum length required to capture the real behavior.
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