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Abstract

X-ray tomography is used to produce three-dimensional images of an alu-

minium alloy foam with a high porosity (> 93 %). These data allow de-

scribing the foam structure from which a finite element model is derived

to predict the thermal conductivity of the foam. The results are compared

with experimental values measured by a new guarded hot plate apparatus

adapted for the range of thermal conductivity values of interest. Good agree-

ment is observed which validated the finite element model used to evaluate

the thermal properties of any porous metallic foam with stochastic cell size

and configuration. Furthermore, the thermal conductivity of the foam has

also been predicted using previous analytical models. The differences with

previous values show that it is important to account for the real geometry of
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the foam to get an accurate value of the thermal conductivity.

Keywords: Image analysis, 3-D modeling, Numerical simulation,

Measurement, Open-cell foam, Conduction

1. Introduction

Manufacturing technologies produce new types of porous materials which

are widely used as key elements where low Thermal Conductivity (TC) is

required. Therefore, they are mostly applied for refrigeration [1], thermal

energy storage [2] and insulation [3] purposes. They divide into closed-cell

and open-cell types based on their morphologies. For each cell type, the

structure might be stochastic or periodic. Open-cell foams normally have

higher TC than closed-cell foams of similar densities due to bigger cell sizes

and disclosed gas volume which causes convection [4].

In the case of open-cell foams, the architecture and material of the foam

skeleton influence TC. Bhattacharya et al. [5] mentioned that the value of

TC depends strongly on the foam porosity and the configuration of struts

and their intersections. Afterwards, Singh and Kasana [6] stated that TC

relies on the ratio of the TC of the constituents as well. Peak et al. [7]

mentioned that TC increases as the porosity decreases. However, it varies

little by changing the cell size at fixed porosity.

Heat transfer mechanism through a foam is a consequence of conduction

in the solid phase, conduction and convection in the gaseous phase and ther-

mal radiation. The contribution of each heat transfer mechanism is a key

factor when the TC is supposed to be set to a desired value while keeping
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the porosity fixed. Calmidi and Mahajan [8] remarked that at low tempera-

tures, (between 333 and 348 K) nonlinear effects such as natural convection

and radiation are negligible. However, at higher temperatures, they have a

significant influence on TC [9, 10, 11, 12, 13]. In this paper, we focus on the

prediction of the solid phase contribution to TC. The studied foam is a 40

PPI (Pores Per Inch) Duocel R© open-cell foam produced by ERG Aerospace

Corporation depicted in Figure 1. The samples are made of 6101 aluminium

alloy subjected to a T6 precipitation-hardening heat treatment. The pre-

diction and measurements are done in two conditions: first the foam with

air and secondly the foam embedded in epoxy resin. The densities and TC

of aluminium, air and epoxy resin are given in Table 1. These parameters

do not vary significantly within the temperature ranges considered in this

study. Thus, they are assumed to be constant. For the first configuration, it

has been shown that the convective and radiative heat transfer are negligible

as compared to conduction heat transfer. For the second configuration, the

convective and radiative heat transfers are suppressed. So, the experimental

and predicted values might be directly compared.

The geometry of the foam is determined using X-ray tomography (sec-

tion 2). The measurement methodology is detailed in section 3. From the

geometry obtained by X-ray tomography, a Finite Element (FE) analysis is

Table 1: TC and densities of foam components.

Material Density (kg·m−3) TC (W·m−1·K−1)

6101-T6 2700 [14] 218 [15]

Epoxy resin 1147 0.1813

Air (305 K, 1 atm) 1.1839 0.0265
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(a) (b)

Figure 1: (a) Open-cell aluminium alloy foam with a porosity of ε = 0.927 . (b) Close-up

view of a single cell of the foam via optical microscopy.

conducted to predict the conduction part of TC (section 4). Also, the X-

ray tomography images are used to extract the geometrical characteristics to

evaluate the conduction part of TC using analytical models (section 5). The

results are compared in the last section.

2. Tomography

The architecture of the foam block is obtained by X-ray tomography

[16, 17]. It relies on the Beer-Lambert law which implies that every line

integral of the attenuation coefficient along the X-ray beam path corresponds

to an object in the recorded projection [18]. The result is a Two-Dimensional

(2-D) image of a Three-Dimensional (3-D) object projected on the detector

screen. In order to obtain the 3-D structure, the sample is rotated in 720 steps

between 0 ◦ and 360 ◦ and an average of three images is taken at each step.

Then, a standard filtered back-projection algorithm is used to reconstruct
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the final 3-D image.

The best resolution that can be obtained by global tomography depends

on the dimensions of the sample and the size of the detector. Several tricks

are played to scan the whole samples that are 80 mm × 80 mm × 40 mm.

The distance between the detector and the X-ray tube shown in Figure 2(a)

is fixed. The sample can be displaced in x direction and the closer to the

X-ray tube results in the better resolution obtained by the detector. In a

common tomography procedure, the detector is fixed in front of the X-ray

tube and the sample should be placed at distance x1 away from the detector.

However the resolution obtained using this technique is 46µm, which is not

enough in this study. Therefore, another method called “double detector” or

“stitching” tomography is used. In this method, the detector is displaced in

the y direction which expands the cone beam volume recorded. The sample

can then be placed at distance x2, closer to the X-ray tube, which provides

a 23µm resolution. Also, the sample is displaced in the z direction to be

scanned locally step by step as illustrated in Figure 2(b). The X-ray tube

operates at an acceleration voltage of 80 kV using a tungsten transmission

target with a 280µA current. The spot size is between 2-3µm during all

scans.

Nodes and struts of the foam are analysed in the 3-D image using the

Fiji software to evaluate node-to-node distance and average node and strut

thicknesses (Table 3). In order to evaluate node-to-node distance distribu-

tion, voxels from the edges of the solid phase in the binary 3-D image are

removed using the Binary-Erode plugin of Fiji. Voxels of struts are removed
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entirely while some voxels of nodes remain by repeating the erosion procedure

because the average node thickness is higher than that of the struts. The

clusters of voxels are labelled by giving them different colours. An in-house

plugin is used to compute node-to-node distances. This plugin computes all

minimum distances between pairs of labelled objects.

The solid phase is analysed using the local thickness plugin of Fiji. The

plugin estimates the local thickness by the largest sphere that fits in the

solid phase and contains its voxels. The result of the analysis is a 3-D stack

of the foam structure with different colours corresponding to different local

thicknesses. The histogram plot of colours in such 3-D image illustrating the

number of voxels against local thickness has two peaks, the average strut

diameter and the average node diameter respectively.

The average and distribution of void-cells in three directions are evalu-

ated by analysis of the gaseous phase of the 3-D binary image using a 3-D

Watershed plugin implemented in Fiji. This plugin splits the continuous

gaseous phase into void cells without overlapping and gives them different

labels. These segmented void cells do not contain any strut or node. One

slice in the resulting labellized volume is illustrated in Figure 3. The so-

called “Feret” diameter of each segmented cell can be evaluated by another

in-house plugin from the minimum and maximum x, y and z values of its

voxels.

Furthermore, the average diameter Di (i = x, y, z) of void-cells is cal-

culated in x, y and z directions and their probability distribution functions

are plotted in Figure 4. These functions can be fitted by normal distribution
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functions, resulting in the values given in Table 3. The average diameter of

void-cells is bigger in the z direction, corresponding to the rolling direction.

(a)

(b)

Figure 2: Schematic illustration of X-ray tomography from (a) top and (b) side views.
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3. Experimental Approach

3.1. Experimental Set-up

TC is measured using the guarded hot plate principle. Figure 5 shows

a schematic illustration of the developed Guarded Hot Plate Apparatus

(GHPA), utilising Peltier modules. This apparatus consists of the specimen,

cold plate, hot plate, surrounding thermal insulation materials and several

electrical devices. The cold plate and guard plate present a penny shape.

The cold plate is made of pure aluminium (k = 228 W·m−1·K−1 ). A Neg-

ative Temperature Coefficient (NTC) thermistor is settled in the centre of

the plate surface to measure surface temperature using a digital multimeter.

Two Peltier modules are also put into the hot and cold plates to maintain

the temperature at the target value. A water cooling bath is set on the cold

plate to remove exhaust heat from the Peltier module. Both the guard and

the main plates are made of pure copper. A silicone rubber heater is rolled

around the guard plate to be used as the guard heater. A precise foil resis-

tor is placed on top of the hot plate as the main heater. Loading voltages

of the Peltier module, the guard heater and the main heater are regulated

Table 2: Dimensions of the samples used in this study.

Sample No. Configuration Width (mm) Length (mm) Depth (mm)

1 Foam-air 79.79± 0.39 79.91± 0.43 09.75± 0.44

2 Foam-air 79.93± 0.18 79.94± 0.24 20.03± 0.19

3 Foam-air 80.03± 0.09 80.15± 0.31 30.00± 0.18

4 Foam-air 79.79± 0.95 79.89± 0.85 39.98± 0.44

5 Foam-resin 79.88± 0.33 79.97± 0.49 09.36± 0.10

6 Foam-resin 79.21± 0.35 79.42± 0.51 19.05± 0.10

7 Foam-resin 79.37± 0.62 79.49± 0.25 29.33± 0.16

8 Foam-resin 78.91± 0.33 79.06± 0.06 39.32± 0.11
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Figure 3: One slice of the 3D stack with labelized segmented void-cells generated by the

3D watershed plugin. The plugin works with two parameters called inspect radius and

expand radius, both set equal to 5.

by the power supply. The Peltier module installed between the hot and

guard plates measures the temperature difference. All components are sur-

rounded by thermal insulation material to decrease heat loss from the GHPA.

The temperature difference between hot and guard plates can be controlled

within ±0.02 mK, which is higher than the sensitivity of the thermocouple.

This allows generating a uni-dimensional temperature gradient in the heat

transfer area and a precise measurement of TC.

It lasts between one and two hours for the testing devices to stabilise

under steady state condition depending on the sample thickness and thermal

properties. The hot and cold plate temperature evolutions with time are
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Figure 4: Normal distributions of pore diameters in x, y and z directions.

plotted in Figure 6(a). The diagram of temperature difference in the Peltier

module as a function of time is depicted in Figure 6(b).

The cold and hot plate temperatures are set to the target temperatures

with 1 mK and 22 mK fluctuations respectively. Furthermore, temperature

difference fluctuation measured by the Peltier module shall be fixed to the

value below 0.1 mK. The temperature difference of the stabilised system

with the Peltier module fluctuates approximately 100 times less than that

of the thermocouple [19, 20]. Thus, heat transfer in the lateral directions is

Table 3: Geometrical characteristics of the studied foam.
Average (mm) Standard deviation (mm)

Strut thickness 2t 0.188 0.001

Node thickness 2b 0.293 0.001

Void-cell diameter in x 2.163 0.204

Void-cell diameter in y 2.273 0.212

Void-cell diameter in z 2.597 0.400

Node-to-node distance L 1.538 0.433

10



Figure 5: Sketch of the measurement system: (1) guard heater (silicone rubber heater),

(2) Peltier module, (3) main heater, (4) NTC thermistor, (5) polystyrene foam, (6) hot

plate (Cu), (7) guard plate (Cu), (8) silicone pad, (9) foam sample, (10) cold plate, (11)

Peltier module, (12) cooling water flow.

negligible which implies one-dimensional vertical heat transfer through the

specimen.

3.2. Methodology

Two Peltier modules inside the cold and hot plates are set so that the

temperature difference between hot and cold plates becomes ∆T = 10 K for

aluminium foam with air and ∆T = 5 K for aluminium foam embedded in

the epoxy resin. In addition, the power of the main heater in the hot plate is

adjusted so that the temperature difference between the hot and guard plate

detected by the Peltier module becomes 0 K. In steady state condition, the
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(a) (b)

Figure 6: (a) Hot and cold plate temperatures and (b) temperature difference in Peltier

module as a function of time.

heat transferred from the hot plate to the cold plate, Q, equals to the heat

power dissipated in the main heater of the hot plate and is proportional to

the temperature difference ∆T .

∆T =
R.Q

A
(1)

where R is the total thermal resistance between the hot and cold plates and

A is defined as the cross-section area of the hot plate. The latter exhibits a

penny shape with a diameter equal to 28 mm and 30 mm for the experiments

concerning samples with air and embedded in epoxy resin respectively.

A preliminary study has shown that when the foam is in direct contact

with the hot and cold plates, the thermal contact resistance is much higher

than the sample thermal resistance; it is then difficult to extract the thermal

resistance of the sample [8, 20, 21] with high accuracy. Consequently, two
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(a) (b)

Figure 7: Equivalent thermal circuits of the aluminium foam (a) without and (b) with

silicone pads.

5 mm thick silicone pads are installed between the specimen and the plates to

reduce thermal contact resistances. The total thermal resistance is evaluated

by a thermal-electrical analogy [22]. It consists in summing the thermal

resistances of pads, Rpad, the thermal contact resistances, Rc′ and Rc′′ , and

the thermal resistance of the aluminium foam Rfoam (Figure 7(a) and (b)).

Therefore, the total thermal resistance is expressed as:

R = Rfoam + 2(Rpad +Rc′ +Rc′′) (2)

If heat is transferred only by conduction in the foam sample, then the thermal

resistance of the foam Rfoam is equal to:

Rfoam =
tfoam
λfoam

(3)

where tfoam is the thickness of the foam sample. Different measurements

have been done varying the pressure between the cold and hot plates. When
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the pressure is high enough, 2(Rpad + Rc′ + Rc′′) converges to a constant

value. Then the thermal resistance between the plates depends linearly on

the sample thickness.

R =
tfoam
λfoam

+ 2(Rpad +Rc′ +Rc′′) (4)

Therefore, λfoam is evaluated from the slope of the R− tfoam curve, which is

determined by measuring the thermal resistance R for samples with different

thicknesses.

From Eq. 1 the uncertainty of the measured R can be estimated as

following equation:

U = kcf

√√√√ n∑
i=1

(c2
iu

2
i ), ci =

∂R

∂ηi
(5)

where U is the expanded uncertainty with a coverage factor kcf = 2, which

provides an interval with a level of confidence of approximately 95 %. ui and

ci are the standard uncertainty and sensitivity coefficients of variable ηi, re-

spectively. The variables (heat transfer area of the main plate A, heat power

Q and the temperature difference between two plates ∆T ) were considered

as ηi to estimate the measurement expanded uncertainty. The expanded

uncertainty of the thermal resistance was evaluated to be in the range of

1.6-2.0 %.

3.3. Results

Eight samples were used for TC measurement, with the sizes listed in 2.

Four samples in air and four samples embedded in epoxy resin were used. In
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order to minimise the influence of natural convection when the foam with air

is characterised, the hot and cold plates are placed on the top and bottom

of specimens respectively.

The thermal resistance of the foam varies linearly with the thickness.

Consequently, the foam TC is independent of its thickness. It means that the

foam thicknesses chosen for TC measurements are large enough to consider

the foam as a homogeneous material. In addition, the aluminium phase TC

remains constant around ambient temperature.

For the foam embedded in epoxy resin, convective heat transfer does not

exist and radiative heat transfer is negligible as compared to conduction heat

transfer since the solid phases are opaque. Hence, the measured TC is due

to conduction heat transfer in both phases (aluminium and resin).

For the aluminium foam sample in air, air conduction heat transfer is

negligible even if the porosity is around 0.93 since the ratio between the TC

of aluminium and air is about 10000. Moreover, as the hot plate is above the

cold plate and the temperature between these two plates is equal to 10 ◦C,

considering the pore size (around 2 mm) and the air thermal properties, the

Rayleigh number (Re = 16.55) is not high enough to allow the develop-

ment of convection cells. Radiative equivalent TC in the foam with air can

be expressed by a diffuse approximation that depends on the average cubic

temperature of the sample [23, 24]. The TC of the foam exhibits a constant

response to increasing T−3 (Figure 8) when the temperature level varies be-

tween 20 ◦C and 34 ◦C. Thus, the radiative contribution to heat transfer is

then assumed to be negligible compared to the conduction heat transfer. This
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is coherent with previous measurements which led to the conclusion that the

radiative heat transfer is negligible for the foam at temperature levels lower

than 75 ◦C [8].

Figure 8: Effect of thermal radiation on the measured thermal resistance of the foam

sample.

Figure 9 depicts the thermal resistances of aluminium foams with vari-

ous thicknesses with air and embedded in the epoxy resin, as measured for

evaluating the TC. The approximate line is obtained using the least-square

method. The y-intercept of the approximate line is assumed to be the sum-

mation of contact and silicone pads thermal resistances. The TC of the foam

sample in the z direction is determined using the slope of a line based on

Eq. 4. The resulting values of TC are 4.65 ± 0.41 W·m−1·K−1 and 5.70

± 1.78 W·m−1·K−1 for the foam with air and embedded in the epoxy resin

respectively. The uncertainty of TC of the aluminium foam with air is less

than that embedded in the epoxy resin due to the better surface condition.
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Figure 9: Measured thermal resistance between hot and cold plates as a function of foam

sample thickness.

4. Finite Element Analysis

The aim of the FE analysis is to estimate the conduction part of the

foam TC based on its geometry obtained by X-ray tomography. The X-ray

tomography volume is meshed with continuum finite elements [25, 26]. TC is

predicted by simulating a guarded hot plate experiment with the ABAQUS

software [27]. A temperature difference is applied between the two parallel

sides of the sample perpendicular to the direction in which the TC is to be

predicted. The steady state computed temperature profile is shown in Figure

10. It allows the determination of the heat flux across the sample between

the hot and the cold surfaces. TC is calculated using the Fourier’s Law. In

the case of the foam with air and the foam embedded in the epoxy resin, the

simulation is conducted only through the metallic phase and the metallic +

epoxy phases, respectively.
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Figure 10: Temperature contour plot computed by FE simulation based on Fourier’s law.

The simulation of the whole 3-D volume of real samples with the dimen-

sion of 80 mm × 80 mm × 40 mm requires a computer equipped with large

memory and is time-consuming. So the minimum representative volume size

should be determined to prevent edge effect due to the sample inhomogene-

ity. Figure 12 shows the variation of TC as a function of volume size. Each

volume considered here is meshed with an identical characteristic element

size of 88.8µm. The difference between the resulting values of TC for the

volume with 15 mm × 15 mm × 15 mm and 10 mm × 10 mm × 10 mm is less

than 1 %. As a compromise between computational time and accuracy of

the resulting TC, a minimum representative volume size of 10 mm × 10 mm

× 10 mm is chosen. This is comparable with previous results suggesting at

least seven [28] and five [29] void-cells in the testing direction.

Afterwards, five 3-D images with the representative volume size are cropped
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Figure 11: Three volumes with different sizes used to check the edge effect on the resulting

values of TC in FE simulations .

randomly from different spots of the entire stack. The tomographic image

contains an unclear border changing from black to grey levels between the

two phases of the foam. In order to investigate the effect of the solid phase

thresholding on the resulting TC, every 3-D image is thresholded to get the

average, lower bound and upper bound values (0.927, 0.927 - 0.001 and 0.927

+ 0.001) of the porosity which has been previously determined. The porosity

is defined as the volume of the aluminium phase divided by the total volume

of the foam. The value is calculated by dividing the density of the foam in

air by the density of bulk aluminium.

All 15 images are analysed with the commercial Avizo R© software [30] to

define the surface mesh of the foam with 3-node triangles. The surface mesh
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can be simplified and optimized to reduce the number of triangles while pre-

serving a good description of the surface. Finally, the volume mesh is gener-

ated automatically from the closed surface mesh using the frontal tetrahedral

meshing algorithm of Avizo. The procedure was described initially in Youssef

et al. [31]. The resulting 3-D mesh is finally exported to second order thermal

tetrahedra (DC3D10) in the ABAQUS commercial software [27].

Figure 12: Variation of TC as a function of volume size. The three volumes (shown in

Figure 11) are meshed with a characteristic element size of 88.8µm.

Figure 13 shows the effect of characteristic element size on the resulting

value of TC. As the computation time increases exponentially with the num-

ber of elements [32], a compromise between computation time and accuracy

should be found. According to Figure 13, the element size should be smaller

than 5.33× 10−5 m. TC was calculated in the x, y, and z directions. The

converged value of TC in the z direction is higher than those in x and y

directions, revealing the anisotropy of TC inherited from the rolling process.
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The average strut thickness is 188µm in the volume, while the average

tetrahedron size is 50µm based on the above mesh convergence study. This

means that at least three tetrahedra are present across the thickness of the

foam struts. Moreover, the generated 3-D volumes are systematically in-

spected visually to ensure that the mesh is sufficiently fine to describe the

actual architecture properly. The mesh convergence study of Figure 13 also

illustrates the fact that decreasing the size of the tetrahedra below 50µm

does not affect the resulting value of the calculated TC significantly.

Figure 13: Mesh convergence of the computed foam TC in x, y and z directions.

The average value of computed TC and uncertainty are calculated for

every three series of five images with different porosities. They are evaluated

according to formulas from the theory of error propagation. Resulting values

of TC are listed in Table 4.
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5. Analytical Models

Semi-analytical models have been developed in the literature to predict

the conduction part of TC in open-cell ERG aluminium foam with porosity

values ranging between 0.9 ∼ 0.98 [8, 20, 33, 34, 35, 36]. In these models,

the equations determining the TC of the foam have been derived using the

thermal-electrical analogy to calculate the thermal resistance of the foam

modelled either by a hexagon in 2-D or by a tetrakaidecahedron in 3-D mod-

els. These models require the knowledge of geometrical parameters which

may be determined by the analysis of the geometry obtained from X-ray to-

mography. However, due to the difference between the real geometry and the

models, the results may not match the experimental values. Previous authors

fitted some parameters to get results in closer agreement with experiments.

Five analytical models are presented below, giving the formulae of the

foam TC as a function of aluminium TC, λs, the other phase TC (air or

epoxy resin in our case), λf , and the geometrical parameters.

Clamidi and Mahajan [8] proposed a 2-D hexagonal structure consisting

of square nodes linked by struts (Figure 14(a)). The formula for the TC of

the foam equals:

Table 4: Values of TC obtained by FE simulations in x, y and z directions.

Configuration λfoamx = (W·m−1·K−1) λfoamy = (W·m−1·K−1) λfoamz = (W·m−1·K−1)

Foam 3.35± 0.09 3.38± 0.18 4.60± 0.27

Foam-resin 4.03± 0.15 4.19± 0.12 5.29± 0.24
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(a) (b)

(c) (d)

Figure 14: (a) Hexagonal structure and unit cell of Clamidi and Mahajan [8] model.

Tetrakaidecahedron cell of (b) Boomsma and Poulikakos [33], (c) Yang (the variation of

the strut cross-section on the lower-right side) [35] and (d) Yao [20] models. Dashed

hexahedra represent unit cell control volumes for one-sixteenth of the tetrakaidecahedron.

λfoam =

√
3

2

(
rd

λf + (1 + d)
λs−λf

3

+
(1− r)d

λf + 2d
3

(λs − λf )
+

√
3

2
− d

λf + 4rd
3
√

3
(λs − λf )

)−1

(6a)

where r = t
b

is related to the ratio d which is the dimensionless node thickness

given by the following equation:
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d =
−r +

√
r2 + 2√

3
(1− ε)

(
2− r(1 + 4√

3
)
)

2
3

(
2− r(1 + 4√

3
)
) (6b)

The authors recommended setting r = 0.09 to predict the TC of the foam

with 3 % deviation from experimental values.

Boomsma and Poulikakos [33] developed one of the first 3-D tetrakaidec-

ahedron cell heat conduction model illustrated in Figure 14(b) to calculate

the TC of a highly porous metal foam by ignoring the contributions from

natural convection and thermal radiation:

λeff =

√
2

2(RA +RB +RC +RD)
(7a)

where RA, RB, RC , RD are defined as:

RA =
4d(

2e2 + πd(1− e)
)
λs +

(
4− 2e2 − πd(1− e)

)
λf

(7b)

RB =
(e− 2d)2

(e− 2d)e2λs +
(
2e− 4d− (e− 2d)e2

)
λf

(7c)

RC =
(
√

2− 2e)2

2πd2(1− 2e
√

2)λs + 2
(√

2− 2e− πd2(1− 2e
√

2)
)
λf

(7d)

RD =
2e

e2λs + (4− e2)λf
(7e)
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where d is dimensionless foam strut thickness defined as:

d =

(√
2
(
2− (5/8)e3

√
2− 2ε

)
π(3− 4e

√
2− e)

) 1
2

(7f)

and e = b
L

is the dimensionless ratio of the edge length of the cubic node to

the node-to-node distance. Choosing e = 0.339, the difference between the

TC value calculated with this model and the experimental value may be as

large as 72 %. In order to improve the model, Dai et. al. [34] introduced a

modification of Boomsma-Poulikakos model taking the strut orientation into

account which presented the new definition of d and RC as:

d =

(√
2
(
2− (3/4)e3

√
2− 2ε

)
π(3− 2e

√
2− e)

) 1
2

(8a)

RC =
2(
√

2− 2e)√
2πd2λs + 2(2−

√
2πd2)λf

(8b)

The best agreement between the predicted and measured values was obtained

for e = 0.198 with an average deviation of 10 %.

Yang et al. [35] proposed a tetrakaidecahedron cell consisting of square

cross-sectioned struts with length L shown in Figure 14(c) under the assump-

tion of parallel heat conduction flow along the highly tortuous cell struts and

saturating fluid. The thickness of struts varies between 2t in the middle and

2b in both ends which equals to the node thickness:
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λfoam =
(1− ε)λs

(1− e+ 3e
2α

)
(
3(1− e) + 3

2
αe
) + λfε (9)

where α =
(
b
t

)2
is the ratio of cuboid node to strut cross-sectional area

and e = 2b
L

is the ratio of the node thickness to the node-to-node distance.

Assigning α = 1.5 and e = 0.3 provides the best agreement with an average

deviation of 8 % between the model and the experimental results.

Yao et. al. [20] developed a model taking into account the effect of

embedding medium and strut orientation and under assumption of Kelvin

tetrakaidecahedron cell illustrated in Figure 14(d) assuming that the struts

section is triangular. The TC is given by equation:

λfoam =
( γ
λA

+
1− 2γ

λB
+

γ

λC

)−1
(10a)

where λA, λB and λC are defined as:

λA =
5
√

2

27
πγ(3− 4γ)λs +

(
1− 5

√
2

27
πγ(3− 4γ)

)
λf (10b)

λB =
5
√

2

9
πγ2λs +

(
1− 10

√
2

9
πγ2
)
λf (10c)

λC =
5
√

2

27
πγ2λs +

(
1− 5

√
2

27
πγ2
)
λf (10d)
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where γ = b
L

. The author recommended evaluating gamma from the porosity

using Eq. 10e to get the TC with an average deviation of 8 % compared to

the experiment.

ε = 1− 5
√

2

9
πγ2(3− 5γ) (10e)

Firstly, the foam TC is calculated using the above five analytical models

and taking into account the geometrical parameters obtained from tomogra-

phy. The results are plotted in Figure 15(a) and (b) for aluminium foam with

air and that embedded in the epoxy resin respectively. The uncertainties in

the values of TC are due to the uncertainties of geometrical parameters given

in Table 3 and porosities. Secondly, values of foam TC are calculated using

the same models but using the recommended fitted parameters proposed by

the original authors. In this case, the uncertainty is due to the measured

value of porosity only.

6. Discussion

In the case of foam embedded in the epoxy resin (Figure 15(b)), the heat

transfer depends only on the conduction mechanism in the two solid phases.

The values from analytical models taking into account the fitted parame-

ters by authors are in good agreement with the experiment. However, the

analytical models considering sets of parameters defined by the real geomet-

rical characteristics do not estimate proper values except for Yang’s model

[35]. It is because Yang’s model takes the strut cross-section changes into
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account, describing the real geometry more accurately. Therefore, consider-

ing the real geometry of the foam plays an important role in predicting TC

values matching with experiments. This is why the TC values obtained from

FE calculations performed on the 3-D geometry of the foams are in good

agreement with experiments.

In the case of foam with air, good agreement has been found between the

experimental measuremnet and the predicted TC values from the analytical

models using the recommended fitted parameters (Figure 15(a)). It proves

that under the experimental approach, using GHPA leads to the measure-

ment of the conduction part of the foam TC. Similarly to the previous case,

only Yang’s model estimates a TC value that is close to the experiment. In

addition, the TC value obtained from FE calculation based on the real 3-

D geometry from X-ray tomography is also in pretty good agreement with

experiment.

7. Conclusion

In the scope of this paper, experimental and FE investigations were con-

ducted to evaluate the conduction part of the TC of an open-cell aluminium

alloy foam block. The FE model was developed based on the 3-D image of

the stochastic architecture obtained by X-ray tomography. In an alternative

approach, the TC values of the foams with air and those embedded in the

epoxy resin were evaluated experimentally measuring the thermal resistance

of samples with various thicknesses. The adopted GHPA method was used

so that the average temperature remains below 30 ◦C to prevent thermal ra-

diation. The agreement between the results from FE and experiments for
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(a) (b)

Figure 15: Comparison between the TC of the foam (a) with air and (b) embedded in

epoxy resin, evaluated by experimental, FE and five analytical approaches. Square markers

correspond to the analytical results based on geometrical characteristics of the foam and

triangle markers to those on the recommended fitted parameters by authors. Solid lines

correspond to the measured experimental values and dashed lines to the uncertainties.

the foam embedded in the epoxy resin validates the rest of the results for the

foam with air.

Analytical approaches can be easily established knowing the values of

porosity and geometrical parameters. However, they do not estimate the

value of TC accurately. Previous researchers had to use fitted parameters to

get values in agreement with experimental measurements. The FE analysis

requires the description of 3-D geometry obtained from X-ray tomography

and gives the valid TC value without any fitting parameters. This method

is used for the first time, to estimate the TC value of the foam. Moreover,

this method could be used to simulate the convection flows through the foam,

predicting mechanical and electrical properties in order to optimise materials

design.
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