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e Numerical techniques were used to calculate the extended surface efficiency and analyze
the impact of the foam's thickness on its efficiency.

e It was considered copper and nickel foams with different thicknesses and two dielectric
fluids, HFE-7100 and Ethanol.

e The foam efficiency increases as the thickness decreases.

e The Cu foam shows higher foam-finned efficiency than the Ni foam.

e Metal foam under pool boiling of HFE- 7100 has higher efficiency than pool boiling using
Ethanol.

e The classical pin fin model with an adiabatic tip was the one that most suitably represents
the efficiency of the foams.


mailto:elaine.cardoso@unesp.br

Manuscript File Click here to view linked References %

NUMERICAL MODELING OF OPEN-CELL METAL FOAMS THERMAL EFFICIENCY

Leonardo Lachi Manetti 2, Iago Lessa de Oliveira > and Elaine Maria Cardoso 23*

IJFMS - Federal Institute of Education, Science, and Technology of Mato Grosso do Sul, Campus Campo
Grande, Campo Grande, MS, Brazil.
2UNESP - Sao Paulo State University, School of Engineering, Graduate Program in Mechanical Engineering,
Av. Brasil, 56, 15385-000, I1Tha Solteira, SP, Brazil.
SUNESP - Sao Paulo State University, Campus of Sao Joao da Boa Vista, Sao Jodo da Boa Vista, SP, Brazil.
*Correspondence: elaine.cardoso@unesp.br

Abstract: This work used numerical techniques to calculate the extended surface efficiency and analyze the
impact of the foam's thickness on its efficiency. Heat conduction was simulated in an open-cell metal foam of
copper and nickel with three different thicknesses, 3 mm, 2 mm, and 1 mm, under convection boundary con-
ditions obtained from pool boiling experiments with two dielectric fluids, HFE-7100 and Ethanol, at satura-
tion conditions and atmospheric pressure. The geometries of the foams were segmented from puCT images,
converted to the stereolithography (STL) format, and used to build the computational meshes. The numerical
simulations were carried out in foam-extend-4.0. The numerical extended surface efficiency was compared
with classical analytical models and other correlations from the literature. The foam efficiency increased as the
thickness decreased, i.e., the thinnest foams showed better efficiency than the other ones. Metal foam under
pool boiling of Ethanol had lower efficiency than HFE-7100. The pin fin model with adiabatic tip exhibited the
lowest mean absolute error, lower than 10% for copper foams and 20% for nickel foams; the copper foam with
1 mm and HFE-7100 had the lowest error, approximately 1%. On the other hand, the models that consider a
three-dimensional matrix presented errors higher than 30%.
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1. Introduction

Direct-immersion cooling with two-phase change can increase power density and energy efficiency in
electronic cooling [1,2]. The dielectric liquid cooling used to avoid a short-circuit has relatively poor thermo-
physical properties and an extremely small contact angle, requiring a large superheat to initiate the boiling
process [3].

Heat transfer in immersion cooling begins with natural convection at low surface temperature. With fur-
ther increase in the surface superheating, nucleate boiling starts up to the critical heat flux (CHF). Electronic
devices should operate with temperatures below this superheat value to prevent reaching the CHF. In addi-
tion, reports show that this operating temperature must be lower than 85 °C [4]. Therefore, the use of an engi-
neered surface has been studied to meet the cooling requirements of modern electronic devices [5,6].

Open-cell metal foams, a type of porous structure, were tested by Manetti et al. [7,8] and their findings
showed that the metal foam surfaces provided a higher heat transfer coefficient (HTC) than plain surfaces and
prevented thermal overshoot at the onset nucleate boiling. Moreover, the optimal foam thickness varies with
the heat flux, and the thermal conductivity of the foam plays a role in the foam-finned efficiency.

Previous works tried simplifying models of the heat conduction in metal foams to obtain the foam-finned
efficiency. Dukhan et al. [9] presented a one-dimensional heat transfer model for open-cell metal foams, as-
suming the geometry of the solid ligaments as a bank of cylinders (pin fin). Ghosh [10,11] modeled forced-
convection heat transfer in an open-cell metal foam attached to an isothermal surface by assuming the foam
matrix as a repetitive cubic structure. He considered the forced-convective heat transfer coupled with heat
conduction through the foam fibers. Analytical expressions have been derived for the gas-solid temperature
difference, the total heat transfer through the foam, and the efficiency of the foam as an extended surface in
analogy with the traditional fin theory. Mancin et al. [12,13] developed a simplified scheme for overall foam-
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finned surface efficiency, which considered the metal foam specific area and an equivalent length proposed
by the authors.

An alternative approach to study the heat transfer in open-cell metal foams is to use computational simu-
lations and several works in the literature employed them [14]. However, the majority of these works focused
mainly on the flow through the foam structure. For example, Dixit and Ghosh [15] and Ranut et al. [16] pre-
sented a computational simulation of the flow through a three-dimensional foam structure reproduced using
X-ray pu-CT. In contrast, Kopanidis et al. [17] modeled the metal foam geometry as a basic cell, i.e., a matrix of
polyhedral-shaped volumes with a triangular cross-section. Also, another group of studies investigated the
effective thermal conductivity of metal foams by using computational simulation of conductive heat transfer
[18-20]. Khaled [21] went further and, by reconstructing the foam geometries from u-CT scans, studied the
effect of assembly methods between the heat sink base and the metal foam fin. The authors employed a finite
element model to perform their simulations and explored the effect of forced convection, fin orientation, and
the number of fins on the efficiency, effectiveness, and thermal resistance.

Nevertheless, none of the mentioned previous works investigated the influence of the foam thickness on
its operating parameters, such as efficiency. They exemplify, however, how flexible numerical techniques can
be to study different physical aspects of the flow and heat transfer through metal foams if their geometries
can be obtained. In this scenario, we performed numerical simulations of heat conduction in open-cell metal
foams of two different materials, which geometries were obtained from p-CT scans with different thicknesses.
Our goal is to investigate the impact of varying thickness on the metal foam-finned efficiency and effective-
ness and assess the analytical model (or models) of foam-finned efficiency that can be most suitably used to
predict their thermal efficiency.

2. Materials and Methods

2.1 Foam geometries

The metal foams of copper (Cu foam) and nickel (Ni foam) with an open structure and original thickness
of approximately 3 mm were used to obtain the geometries for the numerical simulations. First, the 3 mm-
thick foams were scanned using micro computational tomography (uCT) using a Skyscan 1272 at a resolution
of 15 um (100 kV X-ray source voltage). Subsequently, the foams images were segmented by using the Vascu-
lar Modeling Tookit (VMTK)® library [22] by using the level-sets segmentation technique and, then, converted
to the stereolithography (STL) format using the marching cubes algorithm [23]. Although primarily used to
segment vascular structures, Vascular Modeling Tookit (VMTK)® library [22] has a suitable framework to deal
with any medical-type images, like the ones generated by uCT scans. The segmented surfaces were reduced
to one-eighth of their original size to decrease the computational cost of the mesh generation (Figure 1a and
Figure 1b show the resulting geometry for the Cu and Ni foams, respectively). This approach is reasonable
because the structure of the foams is homogeneous. Finally, we cut the 3 mm-thick foams along a plane paral-
lel to their base (indicated in Figure 1a) to obtain two geometries with 2 mm and 1 mm in thickness, as shown
in Figure 1c (each new geometry is indicated and illustrated with different opacities). This procedure followed
closely the one performed by Manetti et al. [8] in their experiments.

The puCT images were also used to characterize the foam surface area, as, and granulometry (porous and
fiber diameters) using the iMorph software, as reported by Manetti et al. [24]. Table 1 shows the main charac-
teristics of Cu foam and Ni foam.

Table 1. Metals foams characteristics from Manetti et al. [24]
PPI» & Aasf dp ds
[in1] [%] [mm?] [mm] [mm]

Cu 31.75 90.0 2166 0.46 0.13

Ni 62.72 98.4 5133 0.25 0.07
aPores Per Inch

Foam
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Figure 1. (a) Cu foam geometry with an indication to its base where a fixed temperature, Tw, was applied as
the boundary condition for the numerical simulations; (b) Ni foam geometry; (c) indication of the plane cuts
performed in the 3 mm-thick foam to obtain the geometries 1 and 2 mm thick; (d) details of the Cu foam com-
putational mesh (green part in the thumbnail at the top left corner) showing its hexahedral-dominant cells
structure.

2.2 Computational Meshes and Numerical Strategies

We used the open-source foam-extend library, version 4.0, to build the computational meshes and carry
out the numerical simulations. This library implements the Finite Volume Method (FVM) to discretize partial
differential equations, which guarantees second-order accuracy. The steady-state 3D conduction equation was
solved for the temperature until its convergence with a normalized residual tolerance of 1x10-'2. The second-
order accurate central differences scheme, with non-orthogonal correction, was used to discretize the Laplaci-
an term of the conduction equation [25].

The computational meshes were created using the utility "cartesianMesh" of foam-extend (within the li-
brary cfMesh), which automatically builds polyhedral hexahedral-dominant meshes for better accuracy of the
numerical solution. The computational meshes of the Cu foam for each thickness, as shown in Figure 1b, had
approximately from 1 to 4 million cells to ensure a mesh-independent solution (the mesh-independence test
was performed with the geometry of 3 mm thickness, yielding changes of less than 1% in the calculated heat
flux) and with cells small enough to better capture the foam surface curvature. Figure 1d shows a portion of
the Cu foam mesh with 3 mm (indicated in green in the thumbnail at the top left corner) with a detail of the
mesh structure obtained with the cartesianMesh utility.

2.3 Boundary Conditions

The conduction problem's boundary conditions (BCs) were: fixed temperature on the base of the foam, T«
(indicated in Figure 1a), and the convective condition on the foam's surface. The base temperature, Tw, and the
HTC used in the convective BC were obtained from Manetti et al. [24], who carried out pool boiling experi-
ments with two dielectric fluids, HFE-7100 and Ethanol, at saturation conditions and atmospheric pressure.
For each thickness, both fluids were tested. Table 2 shows the BCs of the cases simulated, each considering a
surface-fluid combination for four heat fluxes (low, low-medium, medium, and high heat flux).



Table 2. Boundary conditions employed for the metal foams with different thicknesses and different fluids
obtained from experiments performed by Manetti et al. [24]

Foam Cu foam Ni foam
thickness Fluid Case Tw hexp q" Tw hexp q"
K] [KkW/m>K] [KW/m?] Kl [KkW/m2K] [kW/m?]
A 33736 487 2044  338.64 3.41 18.81
HFE- B 33951 716 4578 34047 6.10 44.77
71000 C  345.99 1132 14602  343.18 9.38 94.60
D 35721 1234 29480  344.90 9.83 11854
3 mm A 356.86 9.54 5631  357.56 8.94 57.14
B 358.14 1449 10447 35897 1299 10147

Ethanolb
C  361.05 2448 24446  361.17 2342 23462
D 36450 2739 36798  363.92 2500  318.68
A 33711 519 2073 337.79 3.85 18.34
HFE100 B 33871 816 4764 34029 6.54 47.76
C 34285 1511 14951  342.34 10.11 94.58
o D 35112 1680 30427  344.06 1066  119.39
A 35672 9.61 5442 357.09 9.95 58.27
B 35871 13.03 10021  359.90 1219 10552
Ethanol

C 36095 2774 27651 36213 2157 23673
D 3629 3293 36950  363.07 2733 32632
A 339.99 2.81 1957  338.09 3.84 19.15
B 340.05 657 4615  340.05 6.81 47.81
HEEZ100 — 34357 1386 14500  342.80 9.94 97.40
_— D 34847 1894 29396  343.83 1153 12496
A 35885 7.01 53.63  358.22 7.89 55.14
Ethanl B 358.99 13.02 10401  360.19 11.66  104.65
C 36078 2427 23752 36345 2141 25552
D 36256 328 37965 36521 2564  350.92

Too,urE-7100 = 333.3 K; *Tes ptnanot = 351.1 K.

2.4 Data Analysis
With the results of the numerical experiments, we calculated the total heat transfer rate from the surface
of the foam to the fluid as follow:

Qfoam = f hexp [T(x) — Too]dAfoam 1)
Afoam
which allow us to calculate the foam-finned efficiency,

q
Nfoam = foom (2)
qmax
and the foam effectiveness,
€ — qfoam 3
foam = pa (T — o) ®)
where
Qmax = heprfoam(Tw —Ts) 4)

is the maximum heat transfer rate expected, i.e., if the foam was entirely at the base temperature; and Acs is
the cross-sectional area at the base of each foam.



The foam efficiency calculated with Eq. (2) was compared with analytical models from the literature
(three classical ones presented in a heat transfer technical book [26]), consisting of a circular pin fin of uniform
cross-section and one-dimensional heat transfer. As Dukhan et al. [9], the metal foams were simplified as a
bank of one-dimensional circular cylinders with a diameter equals to the foam fiber diameter, dy.

The first classical analytical model used for comparison was the well-known model of the fin with an ad-
iabatic tip. The foam-finned efficiency can be calculated by using:

_ Qpin-fin-1 _ tanh(mlL)

nfoam,pin—fin—l - Tmax mL (5)

where
, hP  4h ‘
™ T A, kd, ©)

and L is the thickness of the foam.
The second classical analytical model was the fin with convection heat transfer on the tip in which the
foam-finned efficiency can be calculated as follows:

qpin—fin—Z
Nfoampin—fin-2 — (7)
qmax,pin—fin
where
. h
sinhmlL + (—) coshmlL
_ mk
Qpin—fin—z =M h (8)
coshmL + (W) sinhmL
and

M = /hPA(T, — Ts) )
Finally, the third classical analytical model was the infinite fin with foam-finned efficiency calculated as:

Qpi —fin—3 M
Nfoam,pin-fin-3 = P = (10)

qmax,pin—fin CImax,pin—fin

where the maximum heat transfer rate, gmaxpin-fin, for the last two models were calculated as:
Qmax,pin—fin = hApin—fin(Tw —Ts) (11)

and Apin-fin is the convective area of the pin fin.
Furthermore, the results were also compared with specific models for open-cell foams. The first one was
from Ghosh [10], based on the traditional fin theory. The model considers the random geometry of the solid
ligaments as a repetitive cubic structure. The authors calculated the foam-finned efficiency as follows:

tanhML

Nfoam,Ghosh = T (12)
where
hP
M = k_A(l + 4771/2) =m/1+4n,, (13)
s‘tc
and
tanh(md,/2
N2 = tanh(m dy/2) (14)

(md,/2)



due to cross-connections in the foam filaments.
The other two specific models were obtained from Mancin et al. [12,13], who developed a simplified
scheme for overall foam-finned surface efficiency that takes into account the foam surface area,

1+0-ay-L 5
n , in = "2 .7
foam,Mancin 1+ ags - L ( )
where
tanh(mg, - L
0= ( eq EQ) (16)

(Meq - Leq)
with m1eq and Leq being empirical factors adjusted to the authors' experimental data. According to Mancin [12]:

4h
Meg = 17)

kyds
Leg = 6.6 - L - PP1°°(0.0254 — d, - PPI) (18)

Moreover, according to Mancin [13]:

my, = |- (E)_OJSZ (19)

ed ksde \k,
0,66 (20)

Leg = 1055 - L - PP[(0.0254 — d; - PPI)

3. Results and Discussion

In general, for all surfaces-fluid combinations, the first case of BCs presented the best foam-finned effi-
ciency, as shown in Figure 2. According to the experimental work of Manetti et al. [7], at low heat flux, there
are just a few bubbles on the surface, which causes a lower HTC and the temperature field is more uniform in
the foam. Hence the foam heat transfer rate, gpan, is close to the maximum heat transfer rate, gma. As the exper-
imental heat flux increases, the wall temperature (foam base) increases, more nucleation sites are activated
and more bubbles rise from the surface, increasing the HTC. On the other hand, the foam-finned efficiency
decreases because the higher HTC dissipates the heat faster, and therefore, there is no need to use the entire
foam thickness. Moreover, as the thickness decreases, the foam-finned efficiency increases; so, the thicker
foams have a significant part of their length useless, as can be seen in Figure 3 to Figure 6. Therefore, there is a
balance between thickness, efficiency, and heat transfer rate.
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Figure 2. Foam-finned efficiency as a function of the experimental HTC for different foam thicknesses. (a) Cu
foam in HFE-7100; (b) Cu foam in Ethanol; (c) Ni foam in HFE-7100; and (d) Ni foam in Ethanol.

Furthermore, by comparing the same thickness and fluid, but different materials, as shown in Figure 3
and Figure 4, or Figure 5 and Figure 6, it is reasonable to expect that the efficiency of the Cu foam to be higher
than the Ni one, as suggested by the plots in Figure 2, because the thermal conductivity, ks, and the foam fiber
diameter are higher for Cu foam than Ni foam.

For different fluids, the foam-finned efficiency is higher for HFE-7100 (approximately 40%) than for Eth-
anol. Figure 3 and Figure 5 show the temperature fields of the numerical results of the extreme cases (A and
D) for all three Cu foams thicknesses and both fluids, HFE-7100 and Ethanol, respectively. The Cu foam of 1
mm presents a temperature field relatively uniform, mainly for Case A, while 2 mm and 3 mm present a tem-
perature gradient. This behavior is related to the HTC, which is higher for Ethanol, mainly due to the thermo-
physical properties, as explained by Manetti et al. [24].

(a) Case 1: I mm (b) Case 1: 2mm (c) Case 1: 3mm

Figure 3. Temperature distribution in the Cu foam with different thicknesses and Cases A and D for HFE-
7100.
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Figure 6. Temperature distribution in the Ni foam with different thicknesses and Cases A and D for Ethanol.

Similarly to the behavior shown in Figure 2 for the foam efficiency, the foam effectiveness with the first
set of BCs also showed the best foam-finned effectiveness among all surfaces-fluid combinations, as shown in
Figure 7 (however, the foam effectiveness does not have the unity as the upper limit, as the foam efficiency
has). Moreover, the effectiveness also decreases as the HTC increases, whereas, as foam thickness decreases,
the effectiveness exhibited a different behavior than the efficiency.
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Figure 7. Foam-finned effectiveness as a function of experimental HTC for different foam thicknesses. (a) Cu
foam in HFE-7100; (b) Cu foam in Ethanol; (c) Ni foam in HFE-7100; and (d) Ni foam in Ethanol.

The Cu foam's effectiveness at the low and medium heat fluxes is very similar between 3 mm and 2 mm,
and higher than the foam's effectiveness for 1 mm. This indicates that the thicker Cu foams dissipate more
heat than the thinner ones even with lower efficiency, supported by Manetti et al. [8]. As the heat flux increas-
es, the HTC increases as well, and the effectiveness tends to be equal for the three thicknesses while the foam-
finned efficiency of the thinner ones is higher (see Figure 3). Therefore, larger foam thicknesses improve the
foam-finned effectiveness but negatively impact the foam-finned efficiency. According to Dixit and Ghosh
[27], the selection of an optimum foam thickness becomes necessary due to these two opposing effects. In this
way, Manetti et al. [8] proposed an inverse S-shaped curve correlating the optimum foam thickness and the
heat flux.

For the Ni foam, with a thermal conductivity 4.5 times lower than the Cu foam, the effectiveness is al-
most independent of the thickness. This behavior was also noted by Dixit and Ghosh [27] in their parametric
work by using the Ghosh [10] model, wherein foams materials with low thermal conductivity exhibited effec-
tiveness almost independent of their length. Therefore, the heat dissipated in the thicker foam is almost the
same dissipated in the thinner one.

3.1. Comparison between the numerical results and the efficiency models
Figure 8 to Figure 10 compares the numerical results and the efficiency predicted by models presented in
Section 2. The mean absolute percentual error (MAPE) for each analytical model relative to the numerical data



is shown in each plot. The classical models (circular pin fin models) presented lower errors than the foam-
specific models for all foams.

For classical models, similar behavior was found for the thickness of 3 mm, regardless of foam material
and working fluid (MAPE was close to 10%). Therefore, for 3 mm, the temperature at the fin tip is equal or
very close to the fluid temperature; hence the infinite tip boundary conditions fit well with the numerical re-
sults. In addition, the tip cross-section is small and both the convective or adiabatic boundary conditions yield
the same predictions. As the thickness decreases, the material of the foam plays a vital role in the comparison.
For the Cu foam, the MAPE of the infinite tip model increased up to 56.5%, whereas the MAPE of the convec-
tive and adiabatic tips decreased. Therefore, for thicknesses lower than 3 mm, the temperature at the top of
the foam is different from the fluid temperature; also, the thickness of 1 mm with HFE-7100 was the case in
which the adiabatic tip model showed the lowest error, approximately 1%, probably due to the convection
area, which is more significant in the radial area (lateral) than in the axial area (tip).

On the other hand, as the thickness of the Ni foam decreased, the infinite tip conditions showed a good
agreement with the numerical results as well as the convective and adiabatic tips conditions. Therefore, the
temperature at the top of the foam with a thickness of 1 mm is very close to the fluid temperature. Overall, the
adiabatic tip model showed the lowest average from the MAPE of the three thicknesses of each surface-fluid
combination.

The foam-specific models presented larger MAPE, higher than 30%, probably due to the particular mod-
eling conditions used in Mancin et al. [12,13], who used empirical factors from experimental tests with forced
convection of air. Ghosh's model [10] exhibited a similar trend as the 1D circular pin fin. However, the values
are of the order of two times smaller. The lowest efficiency presented by Ghosh's model should be related to
the term 112, which in turn is related to the cross-connection in the simple cubic structure. Therefore, the one-
dimensional pin fin model provides efficiencies closer to the numerical simulation results for the boiling pro-
cess.
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Figure 8. Comparison for foam efficiency between numerical results and analytical models for the 3 mm-thick
foam: (a) Cu foam in HFE-7100; (b) Cu foam in Ethanol; (c) Ni foam in HFE-7100; and (d) Ni foam in Ethanol.
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Figure 9. Comparison for foam efficiency between numerical results and analytical models for the 2 mm-thick
foam: (a) Cu foam in HFE-7100; (b) Cu foam in Ethanol; (c¢) Ni foam in HFE-7100; and (d) Ni foam in Ethanol.
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Figure 10. Comparison for foam efficiency between numerical results and analytical models for the 1 mm-
thick foam: (a) Cu foam and HFE-7100; (b) Cu foam and Ethanol; (c) Ni foam and HFE-7100; and (d) Ni foam
and Ethanol.

5. Conclusions

This work presented a numerical study of heat conduction in copper and nickel foams using the foam-
extend library with BCs based on experimental data obtained by pool boiling of dielectric fluids to assess the
impact of different foam thicknesses on its efficiency and effectiveness, while also comparing which foam-
finned efficiency analytical models better predicted the numerical data.

The numerical results represented well the findings of our previous experimental works, where it was
shown that the foam-finned efficiency increases as the thickness decreases, and both the foam-finned efficien-
cy and effectiveness decrease as the heat flux increases.

In general, the thinnest the foam, the highest the foam-finned efficiency, since the temperature fields in
the thinnest foams are more uniform and closer to the wall temperature. Moreover, pool boiling using HFE-
7100 as the working fluid has higher efficiency than pool boiling using Ethanol due to the lowest heat transfer
coefficient for HFE-7100, which allows the heat conduction in a larger part of the foam length compared to
Ethanol.

More specifically, the Cu foam showed higher foam-finned efficiency than the Ni foam, mainly due to
the higher thermal conductivity of the copper and larger fiber diameter of the Cu foam.

The behavior of foam effectiveness and foam efficiency was different. For the Cu foam, as the thickness
decreases, the effectiveness decreases for lower and medium HTC; however, the effectiveness tends to be



equal at high HTC. On the other hand, for the Ni foam, the foam-finned effectiveness is quite the same inde-
pendently of the HTC and thickness.

These results regarding the foam thicknesses can be helpful as a guide to select the optimum thickness
for operational conditions of foams in applications such as direct-immersion cooling. In this case, our study is
the first step to complete modeling the pool boiling in metal foams where the phase-change should be includ-
ed in the simulations, solving for the heat interaction between the foam and the fluid. Nevertheless, this is
substantially challenging due to the complex foam geometry.

Finally, the classical pin fin model with an adiabatic tip was the one that most suitably represented the
efficiency of the foams, with the lowest MAPE compared to the numerical data, lower than 10% for Cu foams
and 20% Ni foams, regardless of thickness or working fluid. Therefore, this model can be used as a guide dur-
ing the design step to determine the metal foam characteristics of a cooling system.
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Nomenclature

A Area [m2]
Ach Cross-sectional area at the base of foam [m2]
Ach Fin Cross-sectional area [m?]

asf Metal foam specific area or density area [m?/m3]
d Diameter [m]

h Heat transfer coefficient [W/m2K]
k Thermal conductivity [W/m-K]
L Foam thickness [m]

m Factor defined in Eq. (6) [-1

M Factor defined in Eq. (9) [-1
MAPE Mean absolute percentual error [%]

PPI Pores per inch [in?]

q Heat transfer rate [W]

q” Heat flux [W/m2]
T Temperature K]

Tw Temperature of the convective fluid K]

x Cartesian axis direction [m]
Special characters

€ porosity [-]

€ Fin effectiveness [-]

n Fin Efficiency [-]

M2 Efficiency of the half struct from Ghosh [10] [-]

Q Factor defined in Eq. (16) [-]
Subscripts

Cu Copper

eq equivalent

exp Experimental



f fiber

foam Metal foam

pin-fin-1 fin with an adiabatic tip
pin-fin-2 fin with convective tip
pin-fin-3 fin with infinite lenght
Ghosh From Ghosh [10]

/ Satured liquid

Mancin from Mancin et al. [12,13]
max Maximum

Ni Nickel

p pore

s Metal foam solid material
sat Saturation

w Heating Wall
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